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ABSTRACT

The Eurasia-Arabia continental collision region, including surrounding areas of
eastern Turkey, the Caucasus, and the Iranian plateau, is one of Earth’s most seismi-
cally active and rapidly deforming continental regions. The wide range of deformation
processes occurring in this relatively confined region makes the eastern Mediter-
ranean region a unique place in which to improve our understanding of the complex-
ities of continental collision, including strike-slip faulting and crustal extension, as well
as the associated seismicity and volcanism. The Arabia-Eurasia continental collision
mainly forms fold belts along major thrust faults in southeastern Anatolia and in the
Caucasus, while originating major strike-slip faults in eastern Anatolia and north-
western Iran capable of generating major destructive earthquakes. The Arabia plate
is moving northerly at a rate of ~18 mm/yr, whereas there is a shortening of 6-10
mm/yr along the Caucasus. However, it is not certain how much of this shortening by
seismic activity is due to the insufficient time of observations and the lack of reliable
data. In addition, the continental collision in eastern Anatolia and the northward sub-
duction of the Africa plate beneath western Turkey and the Aegean region are caus-
ing extension of the continental crust in the overlying Aegean extensional province.
Eastern Turkey is experiencing crustal shortening and thickening due to northward
motion of the Arabia plate relative to Eurasia. Although the interplay between dy-
namic effects of the relative motions of adjoining plates controls large-scale crustal
deformation and the associated earthquake activity on the major fault zones in the re-
gion, a few large earthquakes have occurred since the 1960s, and many great earth-
guakes have been reported in historical records.

The source mechanisms and rupture histories of the earthquakes that occurred in
the Caucasus and surrounding regions are estimated from teleseismic long-period and
broadband body waveform (P- and SH-waves) data recorded by worldwide seismo-
graph networks. We have studied twenty earthquakes and compiled the other reported
twenty-four earthquakes’ source parameters to correlate with the regional tectonic
process under way. In general, the dip angles of the thrust faulting in the Caucasus are
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shallow, and the depths of the events are no more than 20 km, which indicates
seismogenic thickness. Contrary to previous studies, the sources of the earthquakes in
the region do not have complex rupture properties. The north-south seismic deforma-
tion in the Lesser and Greater Caucasus was found to be ~1 mm/yr from moment sum-
mation of the events. The slip vectors indicate that the northward plate motion changes
its direction not only in the Caucasus but also on the Northeast Anatolian fault.

Keywords: Caucasus, eastern Turkey, earthquake source mechanism, seismotectonics

INTRODUCTION

Seismic activity at continental plate boundaries is distrib-
uted over zones that are commonly many hundreds of kilome-
tersin extent rather than being restricted to narrow zonesonly a
few kilometers wide, as observed in the oceanic plate bound-
aries. Furthermore, the study of activedeformation of continents
has been an attractive research topic in recent decades, though
the number of events studied still remains relatively small, and
detailed studies arelimited in numbers (Taymaz et ., 2004). In
this study, we have analyzed the source mechanism properties
of the earthquakes that have occurred in the Caucasus and the
surroundings regions.

The Caucasus are made of different geological units with
complex interactions. Zonenshain and Le Pichon (1986) de-
scribed the main geological structure of the Caucasus in three
parts: (1) the Jurassic and Cretaceous vol canic belt of the L esser
Caucasus, (2) the Dzirula massif, and (3) the anticlinorium
of the Greater Caucasus. The reason for the calc-akaline vol-
canic belt of the Lesser Caucasus is the activity of a Jurassic—
Cretaceous island arc. The Dzirula massif has a Hercynian
(late Paleozoic) core, and its sedimentary cover consists of the
Jurassic—Cretaceous sequence. The Greater Caucasusis an anti-
clinorium, and there is a folded Paleozoic core at the center.

Crustal blocks are expelled to the west and east toward the
Black Sea and the South Caspian basin, respectively (Kazmin,
2002). Block expulsion toward the South Caspian basin is less
prominent. It is defined by dlip vectors of displacement in the
earthquakes studied and by development of north-south folds
in the western coastal area of the basin. Similar folds and west-
directed overthrusts are prominent on the eastern side of the
basin and in west Turkmenia. The South Caspian basin, there-
fore, iscompressed in an east-west direction (Kopp, 1997). Ex-
pulsion of the South Caspian crust leads to compressional
deformation below the Apsheron sill and possibly to southward
motion of the Alborz arc (Mangino, 1996).

The shortening between Arabiaand Eurasiabegan ca. 12 Ma
(Sengor et a., 1985; Dewey et al., 1986). On the other hand,
collision at the northern border of the Lesser Caucasus began
ca. 3.5Ma(Philipetal., 1989). Arabia-Eurasiaconvergence cre-
ates strong shortening in the Caucasus segment of the Alpine
fold belt. Here, opposite the Arabian promontory, the width of
the belt is ~500-600 km (Figs. 1 and 2). East and west of the

Caucasian syntaxis, the belt widens to ~800-1000 km and in-
cludes the relics of the Mesozoic—Cainozoic backarc of the
Black Sea and the south Caspian. The axis of maximum com-
pression and shortening can betraced from eastern Turkey tothe
Transcaucasus, whereit coincides with the wedge-shaped block
bounded by the Akhurian and Garni-Alavar strike-dlip faults
(Trifonov et al., 1996). Farther to the north, the north-trending
axis deviates to the north-northeast and crosses the area of the
closet convergence between the Transcaucasus and the Greater
Caucasus in the Combori Ridge east of Thilisi. From there the
axis traverses the Greater Caucasus to the Daghestan wedge, a
tectonic promontory overthrusting sediments of the Terek-
Caspian foredeep (Sobornov, 1996).

Today, high mountain ranges cover most of theregion, such
as the East Anatolian high plateau and Greater Caucasus (Figs.
1 and 2). There are aso several ramp basins that have been
formed between the mountains (i.e., Rioni, Alazani, and Kura).
These basins are bounded on one side or on both sides by thrust
to reverse faults and characterized by 6-km-thick shallow ma-
rine and continental sediments (Kogyigit et a., 2001). In the
L esser and Greater Caucasus, major structurestrend west-north-
west, and focal mechanisms indicate primarily thrust faults
striking paralel to the mountains, with shallow dipping to the
north (Jackson and McKenzie, 1984; Tan, 2004). The earth-
guake focal mechanisms suggest that observed convergence
along the Eurasia and Arabia plate boundaries is further parti-
tioned into almost pure shortening by thrusting in the Greater
Caucasus, and pure right lateral strike-slip motion in eastern
Turkey (Taymaz et al., 1991b; Jackson, 1992). North-dipping
thrust sheets or nappes characterize extensive deformation on
the southern slope of the Greater Caucasus, while agently north-
dipping monocline bounds the northern slope (Philip et al.,
1989). By contrast, in the eastern Greater Caucasus, thrust faults

L

Figure 1. (A) Relative plate motions in the eastern Mediterranean re-
gion. The numbered arrows show motion direction and velocity
(mm/yr) according to the GPS data (McClusky et al., 2000). The big
rectangle is the region shown in B. (B) Neotectonic structures in the
Caucasus and eastern Turkey. EAF—East Anatolian fault; K—
Karliova; Ka—Karthaliny basin. Compiled from Philip et al. (1989);
Taymaz (1990); Taymaz et a. (1991b); Saroglu et a. (1992); and
Bozkurt (2001).
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Figure 2. Seismicity of the Arabia-Eurasia collision zone with ISC (International Seismological Centre) epicenters for M >4 earthquakes that
occurred during the period 1964-2001. Shuttle Radar Topography Mission topography data taken from NASA. Bathymetry data are taken from
the British Oceanographic Data Centre—Global Earth’s Bathymetric Chart of Oceans. A—Alazani basin; GC—Greater Caucasus; LC—Lesser

Caucasus; K—Karliova; T—Tales.

dip beneath the mountains on both sides. Late Quaternary vol-
canics occur in isolated locations throughout the western part
of the Greater Caucasus (Philip et al., 1989), including Mount
Elbruz (5642 m), which is the highest point of the Caucasus oro-
genic belt, and may still be active.

Four main strike-slip faults control the local tectonics. The
Anatolia plate lies between the right lateral North Anatolian
fault and the left lateral East Anatolian fault, and escapes to
west. The Iranian block escapes to the east along the Main
Recent fault (Fig. 1; McKenzie, 1972; Taymaz et al., 1991b;

McClusky et al., 2000, 2003), while the right lateral fault dis-
placement continues to the east of the Karliova triple junction
(i.e., the Caldiran and Tebriz faults). The other strike-slip fault
of the region is the left lateral Northeast Anatolian fault from
Karliova to the southern border of the Greater Caucasus.
According to Philip et al. (1989), this zone (also called the
Borjomi-Kazbeg fault) continues into the Greater Caucasus and
divides the region into two parts: the western Greater Caucasus
and the eastern Greater Caucasus. The topography and isobaths
of the Moho show that there is a left lateral displacement be-
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tween the western and eastern parts (Shengeleya, 1978). Sarker
and Abers (1998) reported that large-scale boundaries between
tectonic provinces, such as those observed in the Caucasus, can
generate sharp boundariesto seismic attenuation variations, and
concluded that a significant fraction of the topography of the
Greater Caucasus may be supported by decreased density rather
than by crustal thickening.

The regional tectonics is mainly characterized by north-
south compression as the Arabia plate moves against the Eurasia
plate with a convergence velocity of ~25-30 mm/yr NUVEL-1)
across northern Iran (De Mets et al., 1990, 1994). The most
recent GPS measurements have shown that the sites on the
northern Arabian platform move relative to Eurasia at arate of
18 +£ 2 mm/yr at N25 + 5°W, dlightly less than the NUVEL-1
circuit closure rate (25 +£ 1 mm/yr at N21 + 7°W), and that the
shortening rate of the Caucasus is ~10 £ 2 mm/yr (McClusky
et a., 2000, 2003). This shortening rate is a factor of 3 to 10
higher than can be accounted for by earthquakes, indicating sub-
stantial aseismic deformation (Jackson and McKenzie, 1988;
Philip et a., 1989; Jackson and Ambraseys, 1997; Reilinger
et al., 1997; McClusky et al., 2000). The GPS stations located
between the Lesser and the Greater Caucasus have a northeast
velocity of between 5 and 6 (+2) mm/yr, suggesting that ~60%
of shortening occurs within the Greater Caucasus (McClusky
et a., 2000, 2003). The collision of the Arabia and Eurasia
plates, in turn, results in the lateral escape of the Anatolia and
Iran plates and major thrust zones along the Bitlis-Zagros moun-
tains to the south and along the Lesser and the Greater Cauca-
sus to the north. The region between the Lesser Caucasus and
the Bitlis massif is an elevated volcanic plateau where defor-
mation is characterized by dispersed conjugate strike-dip faults
(Sengdr and Yilmaz, 1981; Sengdr et al., 1985; Dewey et al.,
1986; Taymaz et al ., 1991b). The mation of the Arabiaplate ap-
pears to be transferred to the north of the Bitlis suture zone,
where eastern Anatoliais characterized by distributed deforma-
tion, while central Turkey is characterized by coherent plate
motion involving westward displacement and counterclockwise
rotation of the Anatolia plate. In other words, the North Anato-
lian fault, East Anatolian fault, Northeast Anatolian fault,
and Lesser and Greater Caucasus accommodate most of the ob-
served motion between the Eurasia and Arabia plates.

The epicentral distribution of earthquakes shows the seis-
mically active regions (Fig. 2). Although the Lesser Caucasus,
the eastern Greater Caucasus, and the Northeast Anatolian fault
have experienced many earthquakes clustered nearby, the west-
ern Greater Caucasus has had few earthquakes. Thisisduesim-
ply to the Northeast Anatolian fault, which partitions the
significant part of the northward motion of the Arabia plate to
the eastern Greater Caucasus (Jackson, 1992). On the other
hand, seismicity studies of the convergence zone reveal that
only asmall percentage of the deformation isdueto earthquakes
(Taymaz et a., 1991b). Large (M >7) historical earthquakes
have been rare, although Ambraseys (1970, 1971, 1975, 1988,
1989) and Ambraseys and Adams (1989) show that there have
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been several historically devastating earthquakes with magni-
tudes of less than 7. Ambraseys and Jackson (1998) presented
the case of coseismic surface faulting in which they conclude
that faults in the region that appear to be quiescent today have
been activein historical times, sometimes more than once.

METHODS

We used both long-period (LP) P- and SH-waveforms, and
broadband (BB) P-waveforms to constrain earthquake source
parameters. We took analog World Wide Standard Seismic Net-
work (WWSSN) seismograms and digitally recorded seismo-
gramsfrom the Global Digital Seismographic Network (GDSN)
of the Incorporated Research Institute for Seismology (IRIS).
All available analog records were digitized, but not all of them
could be used for theinversion dueto bad quality of microfilms,
instrumental calibration problems, and background noise.

Inversion for Source Mechanism and Depth

We used two types of digitally recorded seismograms, from
displacement and vel ocity recorders. We deconvolved the veloc-
ity responses from the records and then reconvolved them
with the response of the old WWSSN 15-100 long-period
instruments, which have a bandwidth that iswell suited for the
resolution of shallow, moderate-sized events (McCaffrey and
Nabelek, 1987). We used an instrument response parameters
corresponding to a 15 s seismometer and 100 s galvanometer
(both damped critically, Ds = 1, Dg = 1) system with a maxi-
mum magnification of 375 at T = 14.4 s (PleSinger et al., 1996).
The recorder response gives good magnification between 0.01
and 0.5 Hz (Fig. 3). Thisfrequency range is used in most of the
body waveform modeling studies with broadband data. The ap-
proach we followed is that described in previous studies (i.e.,
Molnar and Lyon-Céen, 1989; Taymaz, 1990; Taymaz et al.,
1990, 1991a,b; Taymaz and Price, 1992; Foster and Jackson,
1998; Maggi et al., 2000a; Jackson et al., 2002). We compared
the shapes and amplitudes of body waveforms (P- and SH-)
recorded by the stations in the teleseismic distance range (A =
30°-90°) with synthetic waveforms. To determine source
parameters we used the MT5 version of McCaffrey and Abers's
(1988) agorithm (McCaffrey et al., 1991; Zwick et al., 1994).
First, we used a moment tensor solution routine to find source
depth and source time function in general mean, and then con-
strained the source to be a double couple.

Seismograms are generated by combining direct (P or S)
and reflected (pP and sS, or sS) phases from a point source em-
bedded in agiven velocity structure. Receiver structures are as-
sumed to be homogeneous half spaces. Amplitudes are adjusted
for geometrical spreading and for attenuation using a Futterman
(1962) operator, witht* = 1 sand t* = 4 sfor P- and SH-waves,
respectively. As explained by Fredrich et a. (1988), uncertain-
ties in t* mainly affect source duration and seismic moment
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Figure 3. TheWorld-Wide Standardized Seismograph Network recorder
response and the frequency range (shaded) that is used in most of the
body waveform modeling studies with broadband data.

rather than source orientation or centroid depth. Seismograms
were weighted according to the azimuthal distribution of sta-
tions and wave types. The inversion routine then adjusts the
strike, dip, rake, centroid depth, and source-time function,
which is described by a series of overlapping isoscelestriangles
(Nabelek, 1984) whose number and duration we selected.

The focal sphere was generally covered by observationsin
al quadrants, though with more stations to the north than the
south, and we found that estimates of the strike, dip, rake, and
centroid depth were relatively independent of each other. Thus,
if one parameter wasfixed at avalue within afew degrees or km
of itsvalue yielded by the minimum misfit of observed and syn-
thetic seismograms, the inversion routine usually returned val-
uesfor other parametersthat were closeto those of the minimum
misfit solution. The strikes and dips of nodal planes werein all
cases consistent, within afew degrees, with virtually all P-wave
first motion polarities (Fig. 4). The estimate of seismic moment
clearly depended on the duration source time function, and to
some extent on centroid depth and velocity structure. Because
our main interest is in source orientation and depth, we did
not concern ourselves much with uncertainty in seismic mo-
ment, which in most cases is probably ~30%. We estimated the
lengths of the source time functions by increasing the number of
isosceles triangles until the amplitudes of the later ones became
insignificant.

Uncertainty in the average velocity structure above the
source leads directly to an uncertainty in centroid depth, which
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we estimate to be about + 2 km for the range of depthsinvolved
inthisstudy. Although uncertaintiesin source site vel ocity struc-
ture are an important problem, general half-space or one-layer
model s are enough for tel esei smic waveforminversion. We used
a 5-km-thick layer over a half space. The seismic velocities of
the upper layer are 5.6 km/s and 3.2 km/s for P- and S-waves,
respectively. The half space has 6.8 km/s P-wave and 3.9 km/s
S-wave velocities, and the densities are 2.6 and 2.9 gr/cm?3.
Additionally, a thick sedimentary layer (Vp = 4.0 km/s) was
used for the earthquakes that occurred in the Caspian Sea. Our
velocity structureis in agreement with several previous studies
(i.e., Taymaz et ., 1991a; Dorbath et al., 1992; Maggi et al.,
2000a).

Having found aset of acceptabl e source parameters, wefol-
lowed the procedure described by McCaffrey and Nabelek
(1987), Nelson et al. (1987), Fredrich et al. (1988), Taymaz et al.
(1990), and others, in which theinversion routineis used to carry
out experiments to test how well individual source parameters
are resolved. We investigated one parameter at atime by fixing
it at aseries of values on either side of the value yielded by the
minimum misfit solution, allowing the other parameters to be
found by the inversion routine. We then visually examined the
quality of fit between observed and synthetic seismograms to
see whether it had deteriorated from the minimum misfit solu-
tion. In this way, we were able to estimate the uncertainty in
strike, dip, rake, and depth for the event. In common with the
authors cited earlier, we believe this procedure givesamore re-
alistic quantification of likely errors than the formal errors de-
rived from covariance matrix of solution.

Inversion for Rupture Propagation

After obtaining agood solution for focal mechanism, we at-
tempted to determine the details of the rupture process using the
high-frequency broadband tel esei smic waveforms. Our mainin-
terests were to determine how the rupture propagates and to find
other parameters (i.e., slip area, stress drop, rupture velocity)
of the earthquakes. For this purpose, we used broadband P-
waveforms recorded at the IRIS-GDSN stations with good
azimuthal coverage and S/N ratio. The instrument responses
wereremoved from therecords, and they were converted to pure
displacement waveforms. The data were filtered between 0.01
and 1.0 Hz and resampled with a0.2 stimeinterval (Yagi et d.,
2004). Teleseismic S-waves were excluded because they have
low-frequency content and do not contain any additional infor-
mation on the source details (Hartzell and Heaton, 1983; Yagi
et al., 2004). It was not possible to obtain S arrival times that
were as accurate as P-waves, and without good timing the
SH-waveforms could introduce erroneous time shiftsin the in-
version (Hartzell and Heaton, 1983). One of the important data-
bases contains near-field records for dlip distribution inversion
methods, but we could not obtain near-field acceleration data
with good S/N ratios for the Caucasus earthquakes.

The source rupture process inversion routine was devel-
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oped by Y. Yagi from previous similar inversion schemes (i.e.,
Hartzell and Heaton, 1983; Yoshida, 1992). Thismultitimewin-
dow inversion method was successfully applied to recent de-
structive earthquakes, such as the August 17, 1999, Golcik,
Turkey, and the January 22, 2003, Colima, Mexico, events (Yagi
and Kikuchi, 2000; Yagi et al., 2004). Therupture processisrep-
resented as a spatiotemporal dip distribution on a fault plane.
Therefore, we divided the fault planeinto M x N subfaults (Fig.
5). We chose sguare (dx = dy) subfaults to void spatial defor-
mation of the dlip distribution on the fault plane. The rupture
model of each subfault was defined by L isosceles triangles that
have a rise time 1 in seconds. The Green’s functions (used to
determine Earth response) are calculated using Kikuchi and
Kanamori’s (1991) method, and each subfault has the same
Green'sfunction. We used the standard Jeffreys-Bullen’s (1940)
crustal structure because there is no detailed velocity informa-
tion for the source region. However, more reliable detailed
velocity structures can be used if they are available. The strike
and dip angles are uniform for each subfault and cannot be
changed in the inversion to decrease unknown parameters for a
stable inversion process. The details of the inversion can be
foundin Yagi et a. (2004). We have tested many different mod-
els to understand model dependency and find a stable solution.

RUPTURE PROPERTIES OF
CAUCASIAN EARTHQUAKES

Although previously reported seismological studies show
that the earthquakes have shallow-dipping fault planes that are
paralel to the main mountain range of the Caucasus, some of
the events that have occurred in the past twenty years have dif-
ferent faulting properties, such as north-south-striking thrust
and strike-slip motions. In this section, we summarize the body
waveform inversion results of the twenty earthquakes that have
occurred in the region. First, we mention the large events (i.e.,
Spitak and Racha) and discusstheir rupture propagation details.
Then the parameters of the other moderate-sized earthquakes
will be represented. Our new seismological evidences for these
earthquakes are in agreement with field observations. We have
also determined the static and dynamic faulting parameters of
the moderate-sized earthquakesin the region. A summary of the
source parametersisgiveninTables 1, 2, and 3. Parameterssuch
as moment magnitude (Mw), stress drop (Ac), and average slip
(D,,) were also recalculated using classical formulations given
in Appendix A.

Case Studies of Large Earthquakes:
December 7, 1988, Spitak, and April 29, 1991, Racha

Two destructive and large earthquakes occurred in the Cau-
casus: the Spitak earthquake (December 7, 1988, Mw = 6.8),
which occurred on the Pampak-Sevan fault zone in Armenia,
and the Racha, Georgia, earthquake (April 29, 1991, Mw = 7.0).
Previous studies have shown that the rupture processes of these
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Figure 5. Parameterization of fault areaused in slip distribution inver-
sion. The star represents theinitiation point of the rupture propagation.
If the slip vector of each subfault isfreein inversion, it is described by
the two components. The rupturein each cell beginsafter T_ time de-
lay and isdefined by L isoscelestriangles (Y. Yagi, personal commun.;
Yagi et a., 2004).

two large events were very complex and can be modeled with
several subsources. However, we will show that thereis no fur-
ther evidence to suggest that they have complex sources.

The WNW-ESE Pampak-Sevan fault on which the Spitak
earthquake occurred has an en echelon faulting system (Philip
et a., 1992). It begins at Cildir Lake and ends southeast of
Sevan Lake, Armenia(Fig. 1). It isa~400-km-long right lateral
strike-dlip fault with athrust component. The 1988 Spitak earth-
quake was the first instrumentally recorded large event in the
Caucasus. Therefore, several seismologists were interested in
the rupture properties of the earthquake. Pacheco et al. (1989),
Haessler et al. (1992), and Kikuchi et al. (1993) used three, five,
and four subevents, respectively, to understand the source com-
plexity of the event. The focal mechanism solutions of some
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O. Tan and T. Taymaz

TABLE 2. DYNAMIC PARAMETERS OF EARTHQUAKES ANALYZED
BY USING SLIP DISTRIBUTION INVERSION

Mo Length Width Area Stress Maximum Average
Date (d.m.y) Mw (108 Nm) (km) (km) (km?) drop (bar) slip (cm) slip (cm)
07.12.1988 6.8 1579.00 28 12 336 64 270 157
29.04.1991a 6.9 1952.00 25 24 600 33 274 108
29.04.1991b 6.1 116.70 10 7 72 48 104 54
03.05.1991 5.6 20.49 6 5 30 31 46 23
15.06.1991 6.2 129.60 8 8 64 63 118 68
04.07.1991 53 6.47 4 3 12 39 37 18
23.10.1992 6.2 209.40 1 7 77 77 231 91
31.01.1999 5.6 31.29 6 7 42 29 53 25
21.02.1999 53 8.94 5 7 35 11 18 9

Notes: Mw—moment magnitude; Mo—seismic moment.

subevents were different (i.e., pure strike-slip), but thrust fault-
ing was dominant. All three studies showed that the first shock
consisted predominantly of oblique faulting, whereas subevents
after the first located northwest of it had a dominant strike-slip
component. However, the field studies indicate that the domi-
nant strike-slip motion occurred southeast of the oblique defor-

mation (Philip et a., 1992). These seismological results are not
in agreement with the field observations.

We use eleven P- and eleven SH-waveforms to find the
focal mechanism solution of the Spitak earthquake. There are
also two stations (SSB and LON) just outside of the teleseismic
distance range with good signal quality that are not used in the

TABLE 3. SOURCE PARAMETERS OF THE OTHER EARTHQUAKES THAT HAVE OCCURRED
INTHE CAUCASUS AND THE SURROUNDING REGION

Origin time Latitude Longitude h Strike Dip Rake S.V. Mo

Date (d.m.y) (h:m:s) (°N) (°E) M (km) °) °) °) ©) P (°) (10 Nm) Reference
20.04.1966 16:42:06 41.71 48.18 5.4b 37 131 28 90 41 41 44.7" M72
14.05.1970a 09:20:22 43.13 47.14 5.5s 17 131 40 90 41 41 46.2 JM84
14.05.1970b 18:12:27 43.09 47.07 6.5s 44 130 26 90 40 40 451.9 JM84
20.12.1971 01:41:04 41.14 48.40 5.2s 33 100 1 90 10 10 23.3" JM84
04.08.1974 15:06:17 42.36 45.97 5.0s 33 120 45 90 30 30 14.8" JM84
03.02.1976 16:40:41 39.93 48.41 5.2b 58 206 86 -18 27 160 20.8" JM84
02.01.1978 06:31:28 41.56 44.27 5.6w 15 50 88 -10 50 5 28.0 CMT
26.05.1978 13:43:37 42.00 46.55 5.2s 38 108 70 90 18 198 23.3" JM84
23.02.1981 04:06:40 41.83 46.08 5.2w 33 333 35 145 3 205 8.1 CMT
18.10.1981 05:22:28 43.31 45.32 5.6w 33 124 34 126 353 8 28.3 CMT
19.11.1981 14:10:36 40.73 49.19 5.2w 33 131 73 23 124 262 6.1 CMT
30.10.1983b 12:40:25 40.45 42.17 5.5w 33 221 82 -2 41 201 20.0 CMT
18.09.1984 13:26:02 40.90 42.24 5.5w 10 17 57 -13 24 341 21.8 CMT
18.10.1984 09:46:21 40.79 42.48 5.4w 10 123 42 119 41 185 14.6 CMT
07.11.1985 08:26:21 40.37 42.29 5.2w 10 233 58 22 41 185 7.3 CMT
03.05.1988 09:15:22 42.48 47.69 5.3w 33 126 16 89 37 37 9.9 CMT
03.08.1989 07:42:42 43.57 45.37 5.2w 17 110 49 98 8 194 6.2 CMT
03.06.1991 10:22:41 40.07 42.85 5.2w 10 24 90 0 24 339 6.2 CMT
06.10.1991 01:46:45 41.15 43.45 5.1w 18 32 70 -3 33 350 5.4 CMT
29.01.1995 04:16:56 39.82 40.64 5.2w 33 211 70 1 31 168 7.6 CMT
21.03.2000 14:07:43 40.05 48.20 5.2w 54 240 45 -145 34 80 6.2 CMT
07.01.2001 06:49:01 40.17 50.12 5.2w 48 249 82 -70 270 181 7.2 CMT
10.07.2001 21:42:07 39.81 41.64 5.2w 29 202 83 -18 25 158 15.2 CMT
11.02.2002 16:18:33 40.03 50.18 5.0w 30 102 22 -112 46 245 3.8 CMT

References: M72—McKenzie (1972); IM84—Jackson and McKenzie (1984); CMT—Harvard—Centroid Moment Tensor.
Notes: Origin time and location are from the International Seismological Centre catalogue. The letters b, s, and w represent body (m,), surface
(Ms), and moment (Mw) magnitudes, respectively. S.V.—slip vector azimuth; P—P-axis azimuth.

*Calculated from Ms-Mo and m,-Mo relations given in Appendix A.




Active tectonics of the Caucasus

inversion. However, they are plotted in Figure 6A to show wave-
form fit. The minimum misfit solution indicates that the strike
of the fault is 309° + 5° and the dip angle is 54° + 5° (Table 1).
Therake angle (155° + 5°) indicates right lateral strike-slip mo-
tion with asignificant (~30%) thrust component. These faulting
parameters also agree with first motion readings of P-wave
records (Figs. 4 and 6). The centroid depth is 5 km, and its un-
certainty cannot be greater than + 2 km. The rupture duration is
~14 s, and this single source moddl is adequate to generate
good synthetic seismograms. Previous studies discussed earlier
show long source durations from 20 to 90 s. We found no evi-
dence from body waveform records for along rupture time. If
we assume that the fault length is ~25 km from the field obser-
vations (Philip et al., 1992), these long durations require ~1.3—
0.3 km/srupture velocity. Thisrangeistoo slow for such alarge
event.

We also attempted to understand the rupture propagation on
the fault plane. Nine high-frequency broadband records (pure
displacement) with good S/N ratios were used for this purpose.
After testing severa initial models, we found the best solution,
shown in Figure 6B. Each subfault of the final fault model has
an areaof 4 x 4 km? and hasfive isoscelestrianglesto defineits
source time function. The final solution indicates that the rup-
ture of the Spitak earthquake propagated to the southeast and
changed itsrake angle in time and space. This meansthat at the
centroid (the white star in Figure 6B), oblique motion was dom-
inant at the beginning of the rupture and right lateral dlip oc-
curred between 7 and 20 km southeast of the epicenter. The
displacement time history of the two subfaultsis also shownin
Figure 6B, and the time delay of rupture initiation at the two
cellscan be seen clearly. Themaximum slipis~2.7 mat 24 km
depth (Table 2). Theruptureareais~28x 12 km= 336 km?. This
givesamean dip of 1.57 m and a mean stress drop of ~64 bars
over the fault area using Aki’s (1966, 1972) formulations. Our
rupture model agrees well with the field observations. Philip
et al. (1992) observed 160-cm vertical and 90-cm horizontal dis-
placement near the epicenter and only 40- to 50-cm horizontal
displacement southeast of Spitak (Fig. 6C). Aftershocks of the
Spitak earthquakes (Dorbath et al., 1992) occurred outside of the
maximum slip area as observed in other parts of the world: in
1984 at Morgan Hill (Bakun et al., 1986; Scholz, 1990) and
in 1986 at Andreanof island (Yoshida, 1992). This process may
be necessary for the distribution of energy balance around arup-
ture area.

The Racha earthquake (April 29, 1991, Mw = 6.9) was the
largest instrumentally recorded event in the Caucasus. Although
it was shallow (h = 6 km) and produced some landdlides, there
was no observed surface rupture. Triep et al. (1995) studied this
event, but P-wave polarities of some stations close to the nodal
planes(i.e, RER, SLR, and SUR in Fig. 7A) could not be mod-
eled very well. On the other hand, Fuenzalida et al. (1997) used
four subsources to fit the synthetics. However, neither the tele-
seismic P- nor the SH-waveform contains any information that
suggests a complex source with two or more subevents. Fur-
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thermore, using multiple point sources causes unstable inver-
sion and does not improve waveform fit. The Harvard—Centroid
Moment Tensor (Harvard-CMT) solution gives a 29° dip angle
and an extremely deep centroid depth (22 km); therefore, the
synthetic waveforms have large amplitudes and do not fit the ob-
served data. We could represent the observed seismogram very
well with asingle ~16 s simple source time function (Fig. 7A).
If al of the faulting parameters are alowed to be free, the
waveforms at the stations (RER, SLR, and SUR) close to the
south-dipping nodal plane cannot be modeled as in Triep's
study. Therefore, we changed the dip and rake angles manually
according to the P-wave first motion polarities and fixed the in-
version. This allowed us reasonable results for the nodal sta
tions. The misfit solution gave the strike, dip, and rake angles as
287° + 5°, 30° £ 5°, and 90° + 5°, respectively. The centroid
depth was obtained as 6 + 2 km.

The focal mechanism solution parameters of the Racha
earthquake were good inputs for the slip distribution analysis.
We represented the fault plane with sixty cells, and each of them
has an areaof 4 x 4 km?2. The similar waveforms at al azimuths
indicate uniform rupture propagation (Fig. 7B). The minimum
misfit slip distribution inversion showsthat circul ar areaof ~600
km ruptured in ~18 s. We observed 2.0-2.5 km/s average rup-
ture velocity. The velocity can also be found using the equation
v, = (Y9It (Kikuchi et al., 1993). If we use the area (S= 600
km?) and the half duration (t,,, = 9s), the rupture velocity is cal-
culated as 2.7 km/s. The maximum dlip is ~2.74 m at the cen-
troid and ~1.1 m average over the fault area. These results
indicate that the rupture front could not reach the surface asre-
ported from field observations (Fig. 7B).

Other Analyzed Earthquakes
and Their Tectonic I mplications

We have also analyzed eighteen moderate-sized earth-
guakes in the Caucasus (Table 1). The mechanism solutions are
summarized in this section, and the waveform inversion results
are given in Appendix B. Previoudly reported events that have
no good tel eseismic seismograms for use in body waveform in-
version are also mentioned, and their parameters are shown in
Table 3 with references.

Although the most important earthquake in the L esser Cau-
casus was the 1988 Spitak event, there have been moderate-
sized earthquakes in the region (02.01.78C, 13.05.86, 16.12.90,
and 06.10.91 in Fig. 8). Their focal mechanism solutions show
clear strike-slip motion between Cildir Lake (NW Turkey) and
Thilisi (Georgia). The first instrumentally recorded event oc-
curred on January 2, 1978 (Mw = 5.6), southwest of Thilisi.
There are two different solutions for this event. A strike-slip
mechanismisgivenintheHarvard-CMT catal og as50°/88°/-10°
for strike, dip, and rake, respectively, with ahigh (82%) double-
couple component (Fig. 8; Table 3). However, Jackson and
McKenzie (1984) found a very shalow northward-dipping
thrust faulting (280°/12°/90°) from P-wave first motion polari-
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ties. This solution was based on seven compressional (two of
them less reliable) and two dilatational P-wave polarities. The
polarity readings are not sufficient to solve the mechanism
clearly. When both reported parameters are correlated with po-
larity readings, they fit the impulsive P-wave first motion.
Therefore, we have a preferred Harvard-CM T solution because
of using waveform inversion for the available records and be-
cause of its high double-couple component. The other two earth-
quakes (May 13, 1986, Mw = 5.8, and December 16, 1990,
Mw = 5.5; see Fig. A-B4 and A-B6 in Appendix B) occurred in
Georgia (the International Seismological Centre [ISC] epi-
center locations are between the Quaternary Abul-Samsar vol-
canicsand Paravani Lake) and have good tel esei smic waveform
recordsfor inversion. Our full waveform inversion results show
that both events had strike-slip mechanisms at 13 and 11 km
depth. Rebai et al. (1993) also completed geophysical and geo-
logical field studies before the December 16, 1990, earthquake
(July—September 1990) and found strike-slip and normal fault-
ing properties in the Alkhakalaki-Paravani region. The stress
tensor analysis of thelocal earthquakesthat wererecorded inthe
study indicates that northeast-southwest compression and their
maximum (¢} ) and minimum (c} ;) axes agree with our P- and
T-axes from the earthquake focal mechanisms. On the other
hand, Kogyigit et a. (2001) reported northeast-southwest left
lateral strike-slip evidence in this region, called the Kura seg-
ment of the Dumlu rault zone (northeast Turkey). The most re-
cent earthquake occurred on October 6, 1991 (Mw = 5.1) on
the Turkish-Georgia border (northeast of Cildir Lake). If we
think that the left lateral strike-slip Northeast Anatolian fault
extends from eastern Turkey to the Lesser Caucasus, southwest-
northeast nodal planes can be chosen as the fault planes and
northwest-southeast planes as auxiliary. The average slip vec-
tors azimuth of thefour eventsis53°, and the Spitak earthquake
had a 144° dlip vector orientation. The southwest-northeast |eft
lateral system (the Northeast Anatolian fault) and the northwest-
southeast right lateral Pampak-Sevan fault are orthogonal to
each other, and alocal extensional system can be observed be-
tween them. This idea agrees with the observations of Rebai
et a. (1993). Ambraseys and Adams (1989) and Westaway
(1990) also reported historical earthquakes (M >6.0). The April
16 or 22, 1088 (M = 6.0), April 17, 1283 (M = 6.6), and De-
cember 31, 1899 (M = 6.1) earthquakesindicate that destructive
events occurred in thisregion.

The earthquake mechanisms on the Northeast Anatolian
fault clearly show that |eft lateral strike-slip motionis activein
northeast Turkey. The Narman-Horasan region is the most ac-
tive part of the fault zone. The first recorded and largest event
occurred on October 30, 1983 (Mw = 6.6). We collected good
seismograms at all azimuths and found a northeast-southwest
strike-slip mechanism (see Fig. A-B3 in Appendix B). The so-
lution indicates that the earthquake occurred on a fault surface
that dips to the northwest with an angle of 52°. Thefirst motion
polarities are also in agreement with the inversion results, and
the parameters cannot be changed more than + 5°. The second

O. Tan and T. Taymaz

largest event occurred on December 3, 1999 (Mw = 5.6). The
fault strike of thisearthquakewasvery similar to that of the 1983
event (see Fig. A-B18 in Appendix B). However, the main dif-
ference wasthe dip angle. If welook at the other solutions from
the Harvard-CMT catalogue, the dip angles of the earthquakes
on the Northeast Anatolian fault vary from place to place. This
means that the earthquakes occurred on different fault segments
with different dip angles (northwest, southeast, or vertical).
The Greater Caucasus can be divided into two parts ac-
cording to the seismicity (Figs. 2 and 8). The western part hasa
very low level of seismic activity, with only one moderate-sized
earthquake having occurred in this part of the mountain range.
We used analog records of the earthquake of July 16, 1963 (Mw
=6.3) from the WWSSN to understand the faulting on the south-
ern border of the western Greater Caucasus (Tan, 1998). The
P- and SH-pulses are simple at all azimuths and show charac-
teristics of thrust faulting with a shallow focal depth (see Fig.
A-B1 in Appendix B). There is good coverage of the focal
sphere at al azimuths. SH-waveforms constrain the nodal
planes especially tightly. The minimum misfit solution of this
event shows that a WNW-ESE thrust fault dips to the north by
48° at 3-km depth. It might occur on the Caucasian Main thrust
(McKenzie, 1972). Itsstrikeis288°, itsrake 106°. Thus, itisthe
first seismological evidence of amountain-parallel thrust mech-
anismin the Caucasus. These parametersalso imply that the slip
vector azimuth is 355° and that the P-axis azimuth is 7°. The
error range for focal depth was found to be £1 km, and the un-
certainties for strike, dip, and rake angles are not greater than
+ 5°. Another moderate-sized event onthe Main Thrust occurred
in the vicinity of Gora Shkhara Mountain on May 3, 1991
(Mw = 5.6) after the Racha main shock. Though it was thought
to be an aftershock of the Racha earthquake, its location is too
far from the main shock and the aftershock area. We think that
this was not an aftershock; it was a triggered energy release on
the Main Thrust after the largest earthquake of the Caucasus.
Fuenzalidaet al. (1997) reported the faulting parameters of this
event but did not represent the waveform fits. Therefore, were-
generated the synthetic waveforms using Fuenzalida's parame-
ters and observed significant mismatches between the synthetic
and the observed records(i.e., at HY B, TAM, MAJO, and ESK).
The main reason for unfitting waveforms is the very shallow
(3.5 km) centroid depth given by Fuenzalidaet al. (1997). How-
ever, our solution indicates that the centroid depth is 8 + 2 km.
No seismic activity was observed in the central Greater
Caucasus before 1991. However, the Racha earthquake was the
very first seismological evidence for the active deformation of
this part of the Caucasus. The most important structure of there-
gion is the Dzirula massif. It is bounded by thrusts from north
and south (Dotduyev, 1986). The Racha earthquake and itsthree
moderate-sized aftershocks (on April 29, June 15, and July 4,
1991) were located in a circular path around the massif with
different faulting orientations. While the main shock had a
WNW-ESE strike, the third-largest aftershock, on the same day
(April 29, 1991b, Mw = 6.1), had aWSW-ENE direction (Fig.
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8; seealso Fig. A-B8in Appendix B). However, the P- and SH-
waveforms of the other two eventsindicate north-south faulting
(see Figs. A-B10 and A-B11 in Appendix B). Uncertainty tests
show that the error rangesfor the strike, dip, and rake angles are
not greater than +10°. The centroid depths of the four Racha
earthquakes were 6-8 km. Dotduyev (1986) mapped the north
boundary of the Dzirula massif, called the Abhaz-Lechkum
thrust. The mapped fault line is in agreement with the location
and mechanism of the Racha earthquake series. Triep et al.
(1995) gave two possihilities for the source of the Racha earth-
guake: (1) it may have occurred between the massif and the Cre-
taceous flysch sediments over it, or (2) it may have occurred on
afaultinthe massif. Actually, it isvery difficult to find evidence
to solve this problem. The locations and different faulting ori-
entations of the events are in agreement with the Dzirula mas-
sif. The earthquakes' depths were in the same range, and the
source time function and slip distributions demonstrate simple
and uniform rupture. This may be evidence for rupture between
the massif and sediments.

After the Racha series, another earthquake occurred on the
Main Thrust on October 23, 1992 (Mw = 6.2). The Barisakho
earthquake was a shallow-dipping (32 + 5°) event with a strike
of 297° + 5° strike (Figs. 8 and 9). It is believed that it occurred
under the sediment layers as did the 1991 earthquakes. How-
ever, the centroid depth of this event was much deeper than that
of the Racha earthquakes. We found that the centroid depth of
the Barisakho earthquake was 18 + 2 km from the full wave-
forminversion, while Triep et al. (1995) and Gémez et al. (1997)
reported 14 km and 16 km, respectively. This depth ambiguity
is due to the start time of the source time function (STF). The
function must begin at zero time (t = 0 s). However, the phase
arrival uncertainties increase the time shift for the STF and the
errorsfor centroid depth. Though the STF hasa 1 stime shiftin
Triep'ssolution, the STF beginsat t = 0 in our focal mechanism
solution. On the other hand, we could not avoid a time shift of
~1sinthedip distributioninversion. Therefore, the largest slip
on the fault surface occurred at 6 km away from the centroid. If
the dip angle (32°) and the centroid depth (18 km) are consid-
ered, the 6-km length on the fault surface indicates ~2-km verti-
cal shift, which we estimate to be 2 km. Consequently, we
could not solve the ambiguity between the STF and the source
depth. The maximum dlip is 231 cm, and the average over the
fault areais 91 cm, with uniform elliptical rupture propagation.
Therupture areawasreported to be ~30 x 20 km = 600 km? from
the aftershocks and the surface wave analysis (Rogozhin, 1993;
Gomez et al., 1997). Thisareaistoo large for amoderate-sized
event (Mw = 6.2) and gives an average stress drop of ~5 bar.
However, we have identified a rupture area of 11 x 7 km = 77
km? from high-frequency broadband body waveform inversion
and found a stress drop of ~77 bar, which is areasonable value
for an intraplate earthquake (see Aki, 1972).

Seismological evidence of the shallow-dipping thrust-
faulting mechanism in the Dagestan region was first recognized
by Jackson and McKenzie (1984) after the double earthquakes
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on May 14, 1970 (Fig. 8). The ISC locations of these earth-
guakes are very close, and the P-wave first motion solutions are
very similar. If the focal depths are omitted because of the ac-
curacy problem, it can be thought that the 1970 earthquakes
occurred on the same fault surface on the same day. The 1999
earthquakes also show southwest shallow dipping mechanisms
from the body waveform inversion (see Figs. A-B15 and A-B16
inAppendix B). Theinversion resultsindicatethat asimilar fault-
ing process was responsible for both events at 8- to 9-km depth.
After thefirst events (May 14, 1970a, and January 31, 1999), the
rupture process was blocked by a barrier and delayed until the
second events. The 1970 and 1999 earthquakesindi catethat there
are some strength barriers on this detachment fault and that ac-
cumulated energy cannot easily release with one earthquake.

The Grozny earthquake (July 28, 1976, Mw = 6.0) had a
strike angle of 144° + 5° and a dip angle of 9° + 3° (Fig. 8; see
also Fig. A-B2 in Appendix B). It also shows evidence of a
southwest-dipping detachment fault in the eastern Greater Cau-
casus. However, the main difference with respect to the other
events was its centroid depth. We observed 19 + 2-km depth
from the body waveform analysis of WWSSN analog records.
Thisvalueisdeeper than those for most of the other thrust earth-
guakes in the region, but it is similar to that for the 1992
Barisakho earthquake. This means that thrust mechanism activ-
ity occurs at different depths, and motion of the nappes contin-
ues over different surfaces. These types of detachment systems
control the eastern border of the Greater Caucasus. For exam-
ple, the focal mechanisms of the April 20, 1966 (m, = 5.3;
McKenzie, 1972), and May 3, 1988 (Mw = 5.3; Harvard-CMT),
earthquakes clearly show low-angle thrust mechanisms.

Therearetwo low-angle thrust mechanismsat the northand
south borders of theAlazani basin. Thefirst recorded, moderate-
sized earthquake occurred on February 23, 1981 (Mw = 5.2),
and the northeast-dipping plane, which isin agreement with the
local morphology of the northern Alazani bazin, hasadip angle
of 35° (Fig. 8). However, the earthquake of November 27, 1997
(Mw = 5.4), indicates that a south-dipping low-angle thrust was
active at the southern border (see Fig. A-B14 in Appendix B).
Although the P-waveforms are a bit noisy, the SH-waves and
near-field P-wave first motion polarities help us to obtain the
solution. The strike of the earthquake was of approximately
east-west orientation, and an appropriate lineation can be seen
between the Alanzani and Karthaliny basins on high-resolution
Shuttle Radar Topography Mission (SRTM) topography and
Landsat data.

The Agdas earthquake (June 4, 1999, Mw = 5.5) occurred
at the northern border of the Kurabasin (Figs. 10 and 11). This
was the most interesting event in the Caucasus. It can be clearly
seen from the topography that a northwest-southeast thrust fault
system bounds the Kura basin from the north, and any possible
earthquake mechanism on this system must have the same ori-
entation as the mountain range. We collected eighteen P- and
twelve SH-waveforms with good S/N ratios, and fifty-seven
P-wave first motion polarity readings for the Agdas earthquake
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Figure 10. High-resolution Shuttle Radar Topography Mission (~90 m) topography and Landsat 7 (~28 m) GeoCover im-
age of the June 4, 1999, Agdas earthquake epicenter (white star) region.
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(see Fig. A-B17 in Appendix B). The minimum misfit solution
and uncertainty tests indicate that a north-south thrust fault was
responsible for the earthquake. SH-waveforms especially con-
strain the solution; therefore a northwest-southeast faulting
mechanism was not possible. The strike, dip, and rake values are
190°+10°, 43° +5°, and 84° + 10°, respectively. Because of the
centroid depth (16 km) and the magnitude, there is no reported
field observation. When the morphology around the epicenter is
examined using SRTM and Landsat-7 data, two ridges (~700 m
elevation) can be clearly seen in front of the main mountain
ranges, and there are narrow plains between the ridges (Fig. 10).
They merge with the main mountain range in the east, and their
elevations increase from northwest to southeast. There are also
several narrow, deep river valleys that cut the ridges. This means
that the rivers can dig their valleys while the ridges uplift slowly.
Moreover, the river mouths are not deformed, so the uplift must
be quite young. It is interesting that there are several short, low
elevated ridges that are cut by valleys between Gokcay and Agsu
towns in the northern Kura basin. These small ridges may have
been built by uplift of the region. The elevation level of the
ridges shows that the eastern side of the region uplifts rapidly.
The different uplift rates could have generated new fault sur-
faces that are perpendicular to the main range.
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Understanding the earthquakes of February 3, 1976, and
March 21, 2000, is important to comprehend the faulting struc-
ture under the Kura basin (Fig. 11). In their study of the 1976
earthquake, Jackson and McKenzie (1984) interpreted that
northwest-southwest left lateral strike-slip faulting was active
under the Kura basin. There is no real supporting evidence for
such a fault, as reported by Jackson et al. (2002). On the other
hand, the more recent earthquake (March 21, 2000, Mw = 5.2)
in the region has no good records indicating that body waveform
inversion was conducted. The Harvard-CMT solution gives nor-
mal faulting with a strike-slip component. If both of the earth-
quakes had significant normal faulting components, we can say
that an extensional regime was active under the Kura basin. But
we have no seismological evidence for further discussion.

At the eastern end of the Greater Caucasus range, a double-
source event occurred on November 25, 2000 (Fig. 11; see also
Figs. A-B19 and A-B20 in Appendix B). The time delay of the
second energy release was only ~90 s; both earthquakes had an
equal energy release (Mo = ~2.25 x 10'® Nm). Although their
locations are very close, the differences in the faulting mecha-
nism can be seen from the P-wave first motion polarities (Fig.
4). We found the source parameters and uncertainties of the first
event of the Baku earthquakes to be as follows: strike, 318° +
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Figure 11. Earthquake fault plane solution in the Kura basin and the surrounding region. The black lines represent active faults, and the white cir-

cles represent International Seismological Centre seismicity.
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10°; dip, 85° + 5°; rake, —77° + 10°; and centroid depth, 40 + 2
km. These parameters are very similar to the reported solution
of Jackson et a. (2002). However, we could collect more tele-
seismic waveforms, especially SH-records, for the second event.
The seismic waves of the first event contaminated the P-wave-
forms of the second. Therefore, it is difficult to control the so-
lution with P-records, and the contribution of SH-waveforms
becomes important. The minimum misfit solution of the second
event (285°/60°/-96°) is different from the previous solution
(313°/70°/-115°, 33 km) given by Jackson et al. (2002), but itis
in good agreement with the first motion polarity readings. Our
solution showsthat the strike of the fault orients WNW-ESE and
the centroid depth is 40 £ 4 km. The centroid depths of the two
eventswere the same, but the mechanismswere different. These
two events might have occurred on different faults that are very
close to each other. Because of the waveform contamination, it
is not easy to determine a stable solution for the centroid depth
of the second event. Thefocal depths of the earthquakes around
the Apsheron sill are not clear, as discussed by Westaway
(2004). There was no seismic activity in thisregion prior to the
Baku earthquakes, and the recent data show that a northwest-
southeast zone has become active. If welook at the datesand lo-
cations of the Baku earthquakes and the moderate-sized
aftershocks, it is clearly seen that the faulting propagated to the
southeast between 2000 and 2002 (Fig. 11).

EARTHQUAKE DEPTHS

Recent focal mechanism studies reveal that the reported
depths of shallow earthquakes are inaccurate in the catalogues.
Infrequently used earthquake catal ogues (i.e., the | SC catalogue
and the U.S. Geological Survey—National Earthquake Informa-
tion Center [USGS-NEIC] catalogue), the surface reflection
phases (pP and sP) of shallow events cannot be identified prop-
erly because of near source structure effects and a complex rup-
ture process. I ncorrect phase readings causelarge errorson focal
depths. For example, complex earthquakeswith two or moreen-
ergy rel eases generate secondary phases; these phases are inter-
preted as depth phases. Therefore, the focal depths of complex
events may be reported as too deep. On the other hand, the
depths of earthquakes with a simple rupture (a simple source
time function) may also be reported deeper than centroid
depths from waveform inversion. For example, the focal depth
of the 1991 Racha earthquake is given as 17 km by the ISC and
USGS-NEIC. However, our body waveform analyses indicate
that the centroid depth was 6 + 2 km. The earthquake of June 4,
1999, can be given as another example. Its centroid depth was
16 km, but ISC and USGS-NEIC report 52 km and 33 km,
respectively. The earthquake depths in the catalogues are gen-
eraly fixed values for decreasing the number of unknown
parametersin the routines used. Shallow earthquakesin the con-
tinental regions are fixed at 0, 10, 15, and 33 km. The fixed
depths for the eastern Mediterranean earthquakes can be easily
seen from the depth histogram in Figure 12. The USGS-NEIC
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cataloguein particular hasalot of eventswith fixed depthsat 10
and 33 km. The other catalogue is represented by Engdahl et al.
(1998). Although the epicenter parametersin the Engdahl, Hilst,
Buland (EHB; Engdahl et al., 1998) catalogue are improved
from the I SC readings, the new data set may contain the same
errors as the ISC catalogue.

The Harvard-CMT (Dziewonski et al., 1981; Dziewonski
and Woodhouse, 1983; Ekstrém, 1989) and USGS-MT (Sipkin,
1982, 1986) moment tensor catalogues, which use low-pass fil-
tered long-period body and mantle waveforms, also have fixed
depths. Most of the Harvard-CMT solutions have a fixed depth
of 15 km because the depths of shallow events cannot be re-
solved from the long-period body and mantle waveforms. The
source depths of crustal earthquakes are also poorly resolved in
the USGS-MT inversions (Maggi et al., 2000b).

The source depths of the earthquakes in our study area
(M >4.0) are reportedly as deep as 100 km. The ISC and EHB
catalogues report earthquakes deeper than the continental crust
intheregion. Generally, these earthquakes arein eastern Turkey
and the eastern Greater Caucasus. However, body waveformin-
version results show that the earthquake depths are not deeper
than 20 km in the continental collision zone. We used the depth
values given in Table 1 and our other solutions (Tan and
Taymaz, 2002, 2003, 2004; Tan, 2004) in the last histogram of
Figure 12. There have been some deeper events, but they are as-
sociated with oceanic structures (i.e., the Caspian Sed). Maggi
et al. (2000a) summarized the depths of the Zagros, Tibet, and
Iran plateau earthquakes and reported that the earthquakes oc-
curred in thefirst 20 km of the crust. We now add anew data set
to this observation. Consequently, we can say that the continen-
tal earthquakes from eastern Turkey to Tibet occur in the upper
crust and that the thickness of the seismogenic zone (Ts) in this
region is ~20 km.

SLIP VECTORS AND P-AXES

Although the current plate motion in the Arabian-Eurasian
collision zone can be determined from geodetic observation
generaly, the GPS amplitudes are very small in the western
Greater Caucasus, and there are no reported data from the east-
ern part. Therefore, understanding earthquake slip vectors and
pressure (P) axes becomes important in understanding the mo-
tionintheregion.

Jackson (1992) showed that earthquake dlip vectors in the
Greater Caucasus tend to the north in the western part and to the
northeast in the eastern part. Our results differ little from Jack-
son's results. However, we have detailed the motion using the
new earthquake data. The mean dlip vector azimuth of ~20

L

Figure 12. Depth histograms of the earthquakes that have occurred
in the collision zone (see inset maps) for different data sets. Ts—
seismogenic thickness.
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earthquakes in the Greater Caucasus (excluding the N-S strik-
ing 1999 Agdas earthquake) is ~16° (Fig. 13A). If we analyze
the datain detail, the mean dip vector azimuth is 359° (or —1°)
for the eight eventsin the west of 45.5°E, and it is ~29° for the
twelve earthquakes that have occurred in the east. The differ-
ence between the average valuesis~30°. The clockwiserotation
in the slip vectors can also be observed in the P-axis orienta-
tions. The average of the P-axesis ~4° in the western part of the
Greater Caucasus. However, the earthquakes in the east show
that thedirection of the compression isapproximately northeast-
southwest (Fig. 13B).

The clockwise rotation of the vectors is caused by left lat-
era strike-dlip motion on the Northeast Anatolian fault. The
earthquakes in this zone occur between Erzurum (eastern
Turkey) and Thilisi (Georgia). While the dlip vector azimuth is
~35°—40° in eastern Turkey, it is ~53° for the four earthquakes
in the Lesser Caucasus. The differencesin the dlip vector orien-
tations (~15°-20°) between the ends of the NEAF indicate that
it isbounded by block rotations trending clockwise from south-
west to northeast. We have also observed similar dlip vector
orientation changes in eastern Turkey (at Pulimir, Bingdl,
Karliova, and Van).

QUESTIONABLE GEOPHYSICAL
DATA IN THE CAUCASUS

Thefirst misinterpreted data for the Caucasus are those re-
garding earthquake epicenters. Richter (1969) and Nowroozi
(1971) showed some evidence for a large fault system that
cutsthe Greater Caucasus. They thought that the earthquake epi-
centersindicated azone from eastern Turkey to Grozny-Dagestan
that they called the Abul-Samsar fracture. It is true that a fault
zone extendsfrom near the Karliovatriplejunction to the L esser
Caucasus and is named the Northeast Anatolian fault. The fault-
ing mechanisms on this zone clearly show | eft lateral strike-slip
motion (Fig. 8). However, thrust fault mechanisms are observed
in the Greater Caucasus. Using only the earthquake epicenter
distribution is not sufficient to correctly interpret the tectonic
systems there. We must pay specia attention to the faulting
properties of the earthquakes using seismicity data of complex
tectonic regimes (i.e., eastern Turkey and the Aegean).

Philip et al. (1989) reported the Moho depth map of Shen-
geleya (1978) as evidence for Moho offset under the Greater
Caucasus (Fig. 14). They concluded that the Moho deflection
was caused by the large strike-dlip fault discussed earlier. Shen-
geleya (1978) and Philip et al. (1989) did not put latitude and
longitude information on the maps. Therefore, it istoo difficult
to correlate the Moho depth contours to the topography. Philip
et al. (1989) also published an uplift rate map of Lilienberg
(1980) to show the differences between the western and eastern
parts of the Greater Caucasus. The uplift values of the map are
extremely problematic and do not seem to be true. The highest
rates are +12 and +8 mm/yr in western and eastern parts of the
Greater Caucasus, respectively. This requires an elevation of
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~12 and ~8 km/m.y. without compensation and erosion. How-
ever, the maximum elevation is ~5630 m (Elbruz Mountain).
Westaway (1990) indicated this problem and stated that he could
not find the original reference. Theuplift ratefor the L esser Cau-
casus given by Mitchell and Westaway (1999) seemsto be more
reasonable (0.6 mm/yr). Their result is also in agreement with
the uplift of the Caucasus and eastern Turkey over the past 12
m.y. (Westaway, 2004), though Allen et al. (2004) reported that
no uplift was observed after thistime. Thisissueis still open to
debate and needs to be investigated.

Another gravity study was represented by Ruppel and
McNutt (1990). They digitized the isostatic anomaly map of
Artem’'yev and Balavadze (1973). There were no contour val-
ues or latitude and longitude information in this old Russian
study; however, Ruppel and McNutt (1990) used a value of 20
mGal for the interval of the contours. Among their conclusions
is that the contours generally follow the trend of the range, al-
though the gravity minimum occurs directly under the high
ridge of the Greater Caucasus mountains on the east but is dis-
placed southward by up to 80 km relative to the topographic
high in the western part of the range.

We carefully digitized themapsgiven by Philip et al. (1989)
and Ruppel and McNutt (1990) and correlated them to the high-
resolution SRTM topography data. Extension of the M oho depth
contours of Shengeleya (1978) is in agreement with the moun-
tain range (Fig. 14A). We cannot observe any relation between
the topography and gravity data described by Ruppel and
McNutt (1990; Fig. 14B). Moreover, the two minimum contours
occupy the northern border of the western Greater Caucasusand
an area south of the eastern part. Consequently, if the gravity
dataare correct, the areadoes not show aleft lateral offset. If the
data are problematic, it is difficult to interpret the regional tec-
tonics. These data alone are not adequate to provide evidence of
Moho deflection.

On the other hand, the most recent studies give different
crustal thicknesses. Mitchell and Westaway (1999) reported ~50-
to 60-km-deep roots under the eastern Greater Caucasus and ~35
km for the Kurabasin. Others considered it athin crust of 40-50
km (Ruppel and McNutt, 1990; Seber et al., 2001). Furthermore,
receiver function results indicate a ~65-km-thick crust for the
Lesser Caucasus (Sandvol et al., 1998). Mangino (1996) and
Mangino and Priestley (1998) showed an increasing depth from
the Caspian coast of south Azerbaijan (~35 km) to the west (~65
km). These various results may rise due to the questionable cov-
erage of geophysical datain the Greater Caucasus.

It is not possible to correctly understand the tectonics and
geodynamics of the Caucasus with today’s data. New gravity
data must especially be collected in the region to interpret the
deeper part of the mountain range. This data set can be sup-
ported with new receiver function observations. If the number
of seismological stations can be increased, topographic images
of the region can also be obtained. New geophysical data will
provide details of the crust and structure of the Moho beneath
the Caucasus.
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Figure 14. (A) Digitized contour maps of Moho depth in km (Shengeleya, 1978; Philip et al., 1989). (B) Redigitized grav-
ity contour datain mGal (Artem’yev and Balavadze, 1973; Ruppel and McNutt, 1990). The white stars are the minimums.
The coastlines (bold) are a'so digitized to correlate with map fit.
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CONCLUSIONS AND DISCUSSION

We analyzed the earthquakesthat have occurred in the Cau-
casus and surrounding regions using body waveform inversion
techniques. The events considered inthis study (Table 1) and the
other earthquake analyses (i.e., Tan and Taymaz, 2002, 2003,
2004; Tan, 2004) contribute new data on the neotectonics of the
Arabia-Eurasia continental collision zone.

Seismological observations show that the north-dipping
thrust faults (nappes) under the southern border of the western
and central Greater Caucasus are seismically active. Although
the 1963 Abhazya and 1991 Racha earthquakes were surprising
because of thelow seismicity of the area, weknow that thefaults
have the capacity to generate destructive earthquakes. However,
we do not have enough information about micro activity in this
region. On the other hand, the northern and southern boundary
thrust faultsin the east are very active. The main faulting prop-
erty of the thrust faults in Dagestan and the surrounding region
is that the southward-dipping nodal planes have very shallow
dip angles (<10°). This meansthat the eastern part gently moves
over the Russian platform. The depths of a shallow-dipping
earthquake are in the first 10 km generally, but deeper events
(~15-20 km) are also observed occasionally. Though the strikes
of the earthquakes are mostly parallel to the mountains (north-
west-southeast) in the entire region, approximately north-south-
oriented thrust mechanisms (i.e., June 4, 1999) can be observed
because of local tectonics.

The Northeast Anatolian and Borjomi-Kazbeg faults are
considered to be in a large right lateral fault zone from the
Karliovatriplejunctionto the Caucasus. Our resultsfrom seismo-
logical data show that the Northeast Anatolian fault changesits
orientation (strike angle) from south to north, and the slip vec-
tors also turn ~15-20° to the east. This indicates a clockwise
rotation of the Northeast Anatolian block. The single event in
the western part (July 16, 1963) of the Greater Caucasus has a
dlip vector of N5°W direction. In the central part, the average of
the dip vectors shows approximately northward motion. The
earthquakesin the eastern part have adlip vector of ~N30°E, and
the region moves toward the northeast. The orientation change
in the dlip vectors is caused by the Northeast Anatolian fault,
which transmits the northward motion of the Arabia plate to
the eastern Greater Caucasus. On the other hand, there is no
recorded earthquake activity with left lateral strike-slip faulting
to the north of Paravani Lake (Georgia). Recent seismological
and GPS data indicating the presence of a seismicaly active
strike-dlip fault in the Greater Caucasus are still speculative.
There are also no clear geophysical data for the offset of Moho
beneath the Greater Caucasus.

Simple and short STF are adequate rupture models for
analyzing the teleseismic body waveforms of the large- and
moderate-sized earthquakesin the Caucasus (i.e., the 1988 Spi-
tak and 1991 Rachaearthquakes). Complex and long sourcesare
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not necessary to model the main part of the recorded P and SH
phases. More complex sources causeinstability inthewaveform
inversion and do not help to solve rupture details. In this study
we have shown that there were no indications of slow and late
moment rel ease during the rupture processes for the Spitak and
Racha earthquakes. We obtained results that show southeast
rupture propagation for the Spitak event and uniform circular
propagation for the Racha earthquake. Our results agreewith re-
ported field observations (i.e., Philip et al., 1992).

The depths of earthquakes in the Caucasus obtained using
teleseismic body waveform inversion are all less than ~20 km,
and they never exceed this. Thus, we may concludethat the seis-
mogenic thickness (Ts) in thisregion is ~20 km. However, it is
difficult to make further conclusions about effective elastic
thickness (Te) and the strength of the lithosphere. Maggi et al.
(20004) reported that Teis 7-8 kmin eastern Turkey and thelran
plateau, and the lower crust is stronger than the mantle beneath
theMoho. If reliable gravity dataare collected for the Caucasus,
it is possible to observe not only the depth of the Moho but also
Teintheregion.

Finally, we calculated seismic deformation in the region.
The north-south seismic deformation in the Lesser and the
Greater Caucasus was found to have occurred at a rate of ~1
mm/yr using the moment tensor components of thirty-four
earthquakes that have occurred in the past 80 years using the ap-
proach given by Kostrov (1974) and by Jackson and McKenzie
(1988). Thelength, width, and thickness of the deformation area
are 750, 450, and 20 km, respectively. The seismic moments of
the well-known events that occurred between 1920 and 1960
were calculated using the magnitude relations given in Appen-
dix A. Moreover, asimilar rate has been found for the region be-
tween Karliova and the Caspian Sea. Thisrate islower than the
~3-3.5 mm/yr reported by Jackson (1992), which was ~10% of
the overall deformation from the NUVEL-1 model. However,
the latest GPS studies (McClusky et al., 2000, 2003) show that
the shortening istaking place at arate of ~10 mm/yr in the Cau-
casus, and our seismic deformation rate (~1 mm/yr) isin good
agreement with the GPS results. The seismic deformation is
~10% of the total shortening.

ACKNOWLEDGMENTS

This study was supported by the Istanbul Technical University
(ITU) Research Fund and the Scientific and Technical Research
Council of Turkey (TUBITAK). TT is grateful for the support
given by the Turkish Academy of Sciences (TUBA) under
their Young Scientist Award Programme (Tuncay Taymaz:
TUBA-GEBIP/2001-2-17). We thank Seda Yolsal, Peter Zwick,
Robert McCaffrey, Geoffrey Abers, Yugi Yagi, Alessia Maggi,
William Lee, and Yildirim Dilek for their contributions. Most of
thefigureswere generated using Generic Mapping Tools (GMT;
Wessel and Smith, 1998).



556

APPENDIX A. RELATIONSHIPS
OF EARTHQUAKE PARAMETERS

In this appendix we present the formulations used to calcul ate the fault
parameters in the present study. The relation equations described by
Tan (2004) were obtained using body waveforminversion results of ap-
proximately eighty earthquakes that occurred in eastern Turkey, the
Caucasus, and northwestern Iran.

Moment magnitude (Mw)  Mw= % log(Mo) —10.73  Kanamori
(2977)
Average slip (D, ) D, = SM—Z Ak (1966)
Mo ;
Stree drop (Ac) Ac=Cc—— Aki (1972)
N
m,-Mo relation log(Mo) = 1.75m, + 15.20  Tan (2004)
Ms-Mo relation log(Mo) = 0.99Ms + 19.22  Tan (2004)
Mo Seismic moment (dyne/cm) S Fault area
Body wave magnitude L Rigidity (3 x 10" dyne/cm?)
Ms Surface wave magnitude ¢ Shapefactor (2.5 for
elliptical and 2.4 for circular
rupture)

O. Tan and T. Taymaz

APPENDIX B. FOCAL MECHANISM SOLUTIONS

Thisappendix contains figures of all minimum misfit focal mechanism
solutions summarized in Table 1. The figures show the radiation pat-
terns and synthetic waveforms for the minimum misfit solution ob-
tained by the inversion procedure, as well as the observed waveforms.
For purposes of display, waveform amplitudes have been normalized
to that of an instrument with a gain of 3000 at a distance range of 40°.
The solid lines indicate observed waveforms, and the inversion win-
dow isindicated by vertical bars. Synthetic waveformsareindicated by
dashed lines. The station codeisidentified to the left of each waveform,
together with an uppercase |etter that indicates its position on the focal
sphere and alowercase | etter that indicates the type of instrument (d—
deconvolved digital velocity records, d*—digital long period dis-
placement record; w—WWSSN analogue long period record). The
vertical bar beneath the focal sphere shows the scale in microns, with
the lowercase letter indicating the instrument type, as before. The
sourcetimefunction (STF) isshown in the middle of thefigure, and be-
neath it is the timescale used for the waveforms. Focal spheres are
shownwith P(top) and SH (bottom) nodal planesin alower hemisphere
projection. Station positions are indicated by letter and arranged al-
phabetically clockwise, starting from north. The P- and T-axes are
marked by solid and open circles, respectively. The strike, dip, and rake
valuesof thefirst (generally fault) planeand second (nodal) plane (NP),
centroid depth (h), and seismic moment (Mo) are given in the header.
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Figure A-B1. Minimum misfit solution for the earthquake of July 16, 1963.
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Figure A-B2. Minimum misfit solution for the earthquake of July 28, 1976.
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Figure A-B3. Minimum misfit solution for the earthquake of October 30, 1983.
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Figure A-B4. Minimum misfit solution for the earthquake of May 13, 1986.
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Figure A-B5. Minimum misfit solution for the earthquake of December 7, 1988.



16.12.1990 — PARAVANI (Mw=5.5)
NP1:65/70/4 NP2:334/86/160 h:11km Mo:22.37E16 Nm
LP-P

—ww

o
ozs

2596d

INr

Figure A-B6. Minimum misfit solution for the earthquake of December 16, 1990.
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Figure A-B7. Minimum misfit solution for the earthquake of April 29, 1991a.
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Figure A-B8. Minimum misfit solution for the earthquake of April 29, 1991b.
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Figure A-B9. Minimum misfit solution for the earthquake of May 3, 1991.
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Figure A-B10. Minimum misfit solution for the earthquake of June 15, 1991.
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Figure A-B11. Minimum misfit solution for the earthquake of July 4, 1991.
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Figure A-B12. Minimum misfit solution for the earthquake of October 23, 1992.
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Figure A-B13. Minimum misfit solution for the earthquake of August 31, 1993.
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Figure A-B14. Minimum misfit solution for the earthquake of November 27, 1997.
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Figure A-B15. Minimum misfit solution for the earthquake of January 31, 1999.
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Figure A-B16. Minimum misfit solution for the earthquake of February 21, 1999.
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Figure A-B17. Minimum misfit solution for the earthquake of June 4, 1999.
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Figure A-B18. Minimum misfit solution for the earthquake of December 3, 1999.
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Figure A-B19. Minimum misfit solution for the earthquake of November 25, 2000a.
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Figure A-B20. Minimum misfit solution for the earthquake of November 25, 2000b.
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