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1 INTRODUCTION

SUMMARY

Detailed source process of the 2000 November 15 Lake Van (eastern Turkey) earthquake
(M = 5.6) was retrieved using the method of Kikuchi & Kanamori for source inversion of
complex body waveforms. The event has been reported by USGS as a deep (67 km) subcrustal
earthquake resulting from a rupture on a normal fault beneath the Bitlis Suture zone where
continental collision is in action between the Arabian and Eurasian plates. However, our source
model based on the analysis of complex body-waveforms suggests that the earthquake is a
shallow crustal event comprised of two subevents on a predominantly reverse fault at depths of
12.5 and 15 km with a time interval of about 18 s. The seismic moment of the second subevent
(M, =1.6 x 10" Nm; strike = 76°, dip = 55° and rake = 120°) is larger than the first subevent
(Mo = 1.0 x 10'7 Nm; strike = 87°, dip = 62° and rake = 110°). Visual inspection of the
strong ground motion records and waveform inversion analysis of the near-field records from
four broad-band stations confirm the occurrence of the two subevents at shallow depths. We
examined whether or not the observed complex waveforms of the main shock can be modelled
in terms of a single point source embedded at an intermediate depth, and the result turned
out to be further evidence for the multiple rupture. The plausibility of the focal depths and
mechanisms of the two subevents was also examined by retrieving the source parameters of
14 aftershocks from near-field waveform data. Most of the aftershocks were relocated at depths
around 15 km, which agrees with the shallow main shock. In addition, the analysis of near-field
waveform data indicates subcrustal earthquake activity neither in the source region of the Lake
Van earthquake nor in the Turkey—Iran border region. In the Turkey—Iran border region, an
event on 1999 February 19 was reported to have taken place at a depth of 66 km (USGS)
and 77 km (ISC), which also conflicts with our focal depth (18 km) determined through CMT
inversion analysis of the broad-band records at the station GNI.
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The 18 mm yr~! N-NW motion of the Arabian plate results in
westward escape of the Anatolian plate along the two prominently

The Lake Van region was hit by a moderate size earthquake at 15h
05m GMT on 2000 November 15 (38.397°N and 42.922°E, h =
67 km, M, = 5.6, mb = 5.2, United States Geological Survey
(USGS); 38.41°Nand42.95°E, h=48.4km,M =5.4,mb=5.2,In-
ternational Seismological Center (ISC 2001); 38.14°N and 42.86°E,
h =32 km, M, = 5.6, Harvard seismology group). The hypocen-
tre is located to the north of Bitlis Suture Zone, a convergence
zone between the Arabian and Eurasian plates in Eastern Anatolia

(Fig. 1).
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large transform faults, the North Anatolian fault (NAF) and the East
Anatolian fault (EAF). GPS vectors in Fig. 1 show that the north-
eastern part of the Eastern Anatolia moves towards N—NE along the
Northeast Anatolian fault (NEAF). The intersection of these trans-
form faults forms a triple junction (McClusky et al. 2000; Bozkurt
2001). The area to the east of the triple junction is squeezed in a
nearly N-S direction, which causes NW- and SE-trending dextral
and sinistral faults, thrust-to-reverse faults, E-W trending folds,
strike-slip basins, Plio-Quaternary volcanic activity and elevation
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Figure 1. Seismotectonic map of Eastern Turkey. The thin white arrows are the GPS vectors showing the azimuth and slip rate of ground motion, and the thick
white arrows show the plate motions given by McClusky ef al. (2000). The best-double-couple focal mechanisms of moderate to large size earthquakes in the
Harvard CMT catalogue during the period from 1976 to 2006 are illustrated on the lower-hemispheres with the equal-area projection. The size of the beach
balls is proportional to the size of the events, as shown in the right-hand side of the figure. The circles with varying size and colour, as illuminated with a legend,
are the ISC epicentres of earthquakes (M > 4) since 1964. The grey arrows in the mid of the figure show the direction of the maximum (o ;) and minimum
(0 3) principal stress axes determined by Sezgin & Pinar (2002) using the focal mechanisms illustrated in this figure along with additionally published data. The
solid rectangle shows the study area, which is enlarged in Fig. 7. Within the rectangle are shown the locations and abbreviations of the four broad-band stations
used to retrieve the moment tensors of the aftershocks. The black star is the USGS epicentre of the 2000 November 15 Lake Van earthquake. The white star
is the epicentre of the 1999 February 19 earthquake (mb = 4.5) analysed using the broad-band records at the station GNI. The solid lines indicate the active

faults compiled by Saroglu et al. (1987).

of topography with the average height of 2 km (Sengdr & Kidd
1979; Sengér & Yilmaz 1981; Dewey et al. 1986; Keskin et al.
1998; Bozkurt 2001; Kogyigit et al. 2001; Keskin 2003; Sengor
et al. 2003). The sense of motion on the faults, which is illuminated
by the Harvard focal mechanism solutions of moderate to large
earthquakes since 1976, is mostly strike-slip (Fig. 1). Stress tensor
inversion of these focal mechanisms shows that the azimuth of the
maximum compressive axis, (o 1), is N350°E and the azimuth of the
minimum compressive axis, (o'3), is N80°E, that is, the compression
is in the N-NW direction and the extension is in the E-NE direction
(Sezgin & Pmar 2002). The focal mechanism solutions also clearly
show that the present-day Arabia-Eurasia plate convergence results
in continental deformation mainly taken up by the left-lateral strike-
slip faults in the west of the region and the right-lateral strike-slip
faults in the east. Thus, the prominent feature of strike-sip faulting
suggests that the only driving force of tectonics in the region is the
motion of the Arabian plate that causes escape tectonics (McKenzie
1972; Kogyigit et al. 2001).

Along with the dominant strike-slip motion, ongoing compres-
sion is obvious from E to W trending compressional ramp basins.
The 2000 November 15 earthquake occurred beneath one of these
ramp basins, namely the Lake Van basin. Lake Van, which is located
1648 m above the sea level (Fig. 1), is the largest soda lake in the

world (Utkucu 2006). An active volcano called Nemrut is located
on the western shore of the lake, which last erupted in 1441 or in
1597 (Aydar et al. 2003).

Several tectonic models have been proposed to explain the style
of deformation in Eastern Turkey, as summarized in Keskin (2003).
Some of them are as follows. (1) Tectonic escape of the microplates
to the east and the west along the NAF, EAF and NEAF trans-
form faults has been proposed by McKenzie (1972), Sengdér &
Kidd (1979) and Jackson & McKenzie (1988). Most of the focal
mechanisms shown in Fig. 1 support this model because they are
dominantly of a strike-slip type, including a little components of re-
verse and normal faulting. (2) The second model based on subcrustal
earthquake activity is subduction of the Arabian plate beneath Eura-
sia (Rotstein & Kafka 1982). The circles in Fig. 1 show earthquakes
(M > 4) compiled from the ISC catalogue since 1964. Focal depths
of several events were reported to be larger than 40 km. (3) Another
model that requires intermediate-depth earthquake activity stems
from the study of Dewey et al. (1986), suggesting that the Arabian-
Eurasian collision results in thickening of the lithosphere in Eastern
Anatolia. In Fig. 1, the epicentre of the 2000 November 15 Lake Van
earthquake is indicated by the black star near the southern shore of
Lake Van. If the hypocentre is deep, the occurrence of the Lake Van
earthquake will support the models (2) and (3). Therefore, the depth
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of the Lake Van earthquake is important to evaluate these tectonic
models in eastern Turkey.

The hypocentres of the Lake Van earthquake determined by
USGS, ISC and Harvard University are located subcrustal, support-
ing the geodynamics model that requires relatively deeper seismic-
ity. However, the results of recent studies indicate that the seismo-
genic thickness in Eastern Turkey is shallower than 30 km (Sandvol
et al. 2003; Turkelli et al. 2003; Zor et al. 2003). We, therefore,
investigate in detail the source parameters of the 2000 Novem-
ber 15 Van earthquake and its aftershocks with a special emphasis
on constraining their focal depths. For this purpose, we utilize
records at local and teleseismic distances. We invert the teleseis-
mic data to analyse the main shock and the local records to analyse
its aftershocks. Furthermore, we invert the local broad-band records
of'the 1999 February 19 earthquake (mb = 4.5, 7 = 66 km (USGS),
h =77 km; ISC 2001) which was located in a cluster of subcrustal
events to the northeast of Lake Van.

2 NEAR-FIELD RECORDS
OF THE MAIN SHOCK

One of the stations that recorded the main shock of the Lake Van
earthquake is the broad-band station, VAN (Fig. 1), operated by
Kandilli Observatory and Earthquake Research Institute (KOERI)
and equipped with a Guralp CMG-3T broad-band sensor having
a flat velocity response up to 300 s. The station is located about
45 km to the NE of the epicentre. High-pass filtering with 5 Hz cut-
off frequency was applied to the original records to clearly show
the three distinct arrivals within 1 min after the P onset (Fig. 2a).
These arrivals can be also identified on the acceleration waveforms
recorded at Tatvan which is located about 50 km to the west of the
epicentre (Fig. 2b). The broadband and strong motion data show that
the amplitude of the third arrivals is smaller than those of the first
two arrivals. The amplitude of the second arrival in the broad-band
record is larger than the first one, whereas the acceleration amplitude
of the second event is weaker. This could be due to eastward rup-
ture propagation, variations in focal mechanisms and/or locations
of subevents if the arrivals are manifestations of subevents during
the earthquake rupture. In the next section, we show that the sec-
ond arrival is attributed to the second subevent and that the second
subevent has a larger size and a slightly different mechanism than
the first one.

3 SOURCE INVERSION OF THE
TELESEISMIC BODY WAVES

Of the three distinct arrivals observed at local distances, the first
two arrivals can be depicted in the teleseismic records. The smaller
amplitude and the low S/N ratio of the records could make the
third arrival invisible. The second phases observed at the initial part
of the teleseismic seismograms could be either surface reflection
or the second subevent associated with the source process of the
earthquake. In the case of surface reflection, the first phase is the
P phase and the second one is the pP depth phase (Fig. 3), and
the time difference between the P and pP phases provides the most
reliable information on the earthquake depth. In the case of the
2000 November 15 Van earthquake, the time difference is about
18 s, corresponding to a depth of about 65 km (pP_DEPTH = 65.2 +
0.91; ISC). On the other hand, if the earthquake is shallow, we predict
no phases for about 18 s after the P onset at teleseismic distances,
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which can lead to a notion that the second phase was radiated from
the second rupture. We, therefore, analyse the teleseismic records
to distinguish between the two possibilities.

There are several waveform inversion methods to determine the
source parameters of moderate to large earthquakes recorded at tele-
seismic distances. The method of Kikuchi & Kanamori (1991) is
unique in that it not only determines the source parameters of the
subevents but also their spatial and temporal distribution by invert-
ing the body waves into their sources. Thus, the temporal and spatial
distribution of the subevents yields a rupture model for the multiple
events. In the method, the observed complex waveforms are mod-
elled with point sources. First, a grid scheme of equally spaced point
sources is constructed along the strike and dip directions of the fault
plane. If the strike of the fault plane is not known, the azimuth of
the grid scheme is gradually varied from 0° to 360° to search for
the best azimuth that maximizes correlation between the observed
and synthetic waveforms. Theoretical seismograms are first calcu-
lated for different depths at the epicentre, and then by shifting the
theoretical seismograms in time, Green’s functions are prepared for
the other point sources located along the strike direction. Centroid
Moment Tensor (CMT) parameters of an earthquake are determined
by computing correlation between the observed and theoretical seis-
mograms and looking for the maximum in the grid scheme. The
node with the maximum correlation is retrieved for the centroid lo-
cation of the analysed event. If that point source does not explain
all the phases of the observed waveforms and we have evidence for
the second rupture, as in the present case, the inversion procedure
is carried out for two subevents and CMT parameters of the two
subevents are retrieved through fitting calculated seismograms into
observed ones. Usually, in standard inversion routines, the parame-
ters of the second subevent are inferred in a trial-and-error manner.
Fortunately, the method of Kikuchi & Kanamori (1991) can retrieve
the source parameters of the whole subevents through inversion of
the observed waveforms. Subevents are added until a satisfactory
waveform fitting is achieved between the observed and synthetic
seismograms.

Fig. 4(a) shows the waveform inversion result obtained by mod-
elling the teleseismic waveforms with two subevents as suggested on
the strong motion and near-field broad-band waveforms. We utilized
13 P and 10 SH phases recorded at different azimuths. Although the
faulting mechanisms of the two subevents show predominantly re-
verse faulting, a considerable strike-slip component emerges in the
second subevent. The following two centroid locations are deter-
mined by waveform inversion process in a grid scheme: (1) the
first subevent is located at a depth of 15 km below the epicentre of
USGS, (2) the second subevent is located 7.5 km to the north of the
first subevent, at 12.5 km depth. The seismic moment of the second
subevent (M, = 1.6 x 10'7 Nmy; strike 76°, dip 55°, rake 120°) is
considerably larger than the first subevent (M, = 1.0 x 10! Nm;
strike 87°, dip 62°, rake 110°), which is in good agreement with
our observation on the filtered waveform at VAN. The total CMT
parameters obtained by summing up the seismic moment tensor
components of the two subevents are as follows: seismic moment
M, = 2.5 x 10'7 Nm, strike = 81°, dip = 58° and rake = 117°
(Fig. 4a). The total seismic moment yields a moment magnitude
M, =5.6.

We also implemented a single subevent inversion using the P
waves only, in order to see whether or not the second phase can be
modelled as the pP depth phase. Since the time difference between
the P and assumed pP phases is about 18 s, we placed the grid scheme
deeper and found out that a satisfactorily good fitting between the
observed and synthetic seismograms is achieved for a depth of
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Figure 2. (a) Vertical-component broad-band seismogram of the 2000 November 15 Lake Van earthquake main shock from the station VAN. The upper trace
is the original seismogram and the lower one is the 5.0 Hz cut-off high-pass filtered seismogram. The units of the original and filtered waveforms are different
and denoted in the vertical axis. Note the three phases emerging after the filtering process, which correspond to three different ruptures in the source region.
(b) The strong motion records of the main shock at Tatvan, also indicating the multiple ruptures associated with the main shock.
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Figure 3. Teleseismic waveform records of the main shock. Note the two distinct phases at the initial portion of the seismograms that could be either a
combination of P and pP phases or phases radiated from two different ruptures at an interval of 18 s.

65 km. The best-fitting focal mechanism was predominantly normal
faulting. Then we included the SH phases in the inversion, with small
weights, and found that the solution obtained from the P waves
does not fit the SH waves (Fig. 4b). Therefore, the intermediate
focal depth is not plausible for the 2000 November 15 Lake Van
earthquake, that is, the second phase in the observed seismograms
is not the pP phase but a phase denoting a subevent. Increasing the
weights of the SH phases to normal values, that is, weights according
to the observed amplitude values, and including the second subevent
at an intermediate depth did not provide a solution that fits the
waveforms at all azimuths.

Next, we analyse the near-field broad-band records of the main
shock and its aftershocks recorded at four nearby stations to verify
the results from the teleseismic data.

4 SOURCE PARAMETERS OF THE
MAIN SHOCK AND ITS AFTERSHOCKS
USING NEAR-FIELD RECORDS

The worldwide deployment of three-component broad-band stations
stimulated studies on developing the near-field and regional moment
tensor inversion methods, which are now widely used in recover-
ing the source parameters of small to moderate size events (Fan &
Wallace 1991; Dreger & Helberger 1993; Singh et al. 1997; Delouis
& Legrand 1999; Kuge 1999; Legrand & Delouis 1999; Legrand
et al. 2000; Kuge 2003; Pinar et al. 2003).

Fortunately, the network Eastern Turkey Seismic Experiment
(ETSE) consisting of 29 broad-band stations operated in Eastern
Anatolia when the 2000 November 15 Lake Van earthquake took
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place. Orgiilii ef al. (2003) obtained a CMT solution for the main
shock by modelling the waveforms with a single point source. Their
solution is similar to the Harvard CMT solution. However, here we
show that single source modelling of the near-field records does
not give a satisfactory fit between the synthetic and observed wave-
forms bandpass filtered between 0.04 and 0.1 Hz. We used data
from the three nearest ETSE stations along with the broad-band
station VAN, providing a good azimuthal coverage (Fig. 1) to re-
cover the source parameters of the main shock using the technique
developed by Kuge (2003). The method is based on waveform mod-
elling of displacement seismograms at one or more stations at local
distances. A centroid location can be searched for in a 3-D-grid
scheme by achieving the best fit between observed and synthetic
displacement seismograms. The synthetics are calculated follow-
ing Kohketsu (1985) for a horizontally layered structure given in
Table 1. We fixed the crustal structure model, inspecting the velocity
models of Turkelli ez al. (2003) and Zor et al. (2003). By comparing
our observed arrival times for P and S waves to the predicted ones,
we confirmed that the velocity model based on the receiver-function
analysis beneath the station AHL well explains the observed P and S
traveltimes (Table 1). For most of the events, data were bandpass fil-
tered between 0.04 and 0.1 Hz, while the waveforms of the smaller
events were bandpass filtered between 0.06 and 0.15 Hz. Fan &
Wallace (1991) showed that waveforms at a low frequency band
are not so much sensitive to crustal models and fault parameters
can be successfully determined from the waveforms even without
knowledge of fine crustal structure.

During the inversion process, we give uniform weighting to
all the seismograms. The goodness of fit between observed and
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Figure 4. (a) Results of source inversion with two subevents for the main shock. The source time functions, the focal mechanisms of the first and second
subevents, and the total moment tensor are shown above the seismograms. The observed (upper) and calculated (lower) waveforms are shown. The values given
above the station code indicate the peak-to-peak amplitude (in microns) of the observed records, and the numbers given below the names of the component
indicate the azimuths of the stations. (b) Results of source inversion with a single point source embedded at an intermediate depth. Whether or not the second
subevent inferred in (a) could be explained with the pP depth phase is tested. Note a satisfactory good fit to the P waves but no to the SH waves.

predicted seismograms is measured by variance reduction (VR) VR is the maximum, as faulting parameters of the analysed event.
(Kuge 2003). The larger the value of VR, the better is the fitting. The result of the moment tensor inversion is illustrated in Fig. 5(a).
The maximum of VR is 100. The variance reduction is calculated Note that we only model the initial pulses of the main shock records
for various depths, and we select the faulting mechanism, for which (Fig. 5b) corresponding to the first subevent since the technique of
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Table 1. Crustal model used to estimate the source parameters of the main
shock and its aftershocks. Vp, Vs, p and H are P-, S-wave velocity, density
and thickness of the layers, respectively.

Vp (kms!) Vs (kms!) p (kg m~3) H (km)
4.50 2.6 2210 2
5.54 3.2 2540 6
6.23 3.6 2760 10
6.92 4.0 2980 12
7.78 4.5 3260 00

Kuge (2003) does not support analysis of subevents with varying
focal mechanisms. The variance reductions determined for different
depths suggest a focal depth of 20 km for the first subevent (Fig. 5¢),
which is slightly deeper than the depth determined from the inver-
sion of the teleseismic waveforms. Nevertheless, it is obvious from
the analysis of both the near-field and teleseismic waveforms that
the Lake Van earthquake occurred within the crust.

We have also determined moment tensor solutions for 14 after-
shocks. In Fig. 6, we show an example of the CMT inversion using

(a)

waveforms of a small aftershock (M,, = 3.5). The results of the
aftershocks are illustrated in Fig. 7 and Table 2 gives their CMT
parameters.

5 CMT PARAMETERS OF 1999
FEBRUARY 19 EVENT (mb = 4.5)

Waveform data for this event were available only at the broad-band
station GNI (Garni, Armenia) of IRIS-USGS. Therefore, we used
three-component waveform data from the single station. There are
several studies in the literature showing that three-component broad-
band data from a single station can be used to retrieve a reliable
moment tensor (Fan & Wallace 1991; Delouis & Legrand 1999;
Dreger & Savage 1999; Kim & Kraeva 1999; Legrand & Delouis
1999; Pinar et al. 2003). For example, reliability of the result ob-
tained by inversion of waveforms from a single station was exam-
ined by Pinar ef al. (2003) using the records of the 1999 August 31
(M, = 5.2) Western Turkey event from the broad-band station
ISK of KOERI and comparing their result with the Harvard CMT

15/11/2000, 15:05 GMT, Mainshock
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Figure 5. (a) Result of moment tensor inversion using the near-field waveform records of the main shock at four broad-band stations. Note that only the initial
portions of the seismograms, which were generated by the first subevent, are used. The focal mechanism is illustrated in the upper-left part, and the source
parameters are shown in the right of the focal sphere. The synthetics (upper) and observed (lower) seismograms for the East-West component (e), for the
North—South component (n) and the vertical component (z) at each station are shown along with the synthetic-to-observed amplitude ratio between the two
seismograms. (b) Bandpass filtered (0.03—0.1 Hz) displacement seismograms of the main shock recorded by the four broad-band stations. The boxes indicate
the time windows used for CMT inversion in (a). (¢) Variation of VR with respect to depth to determine the best CMT depth.
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solution. They showed that the three-component data recorded at a
distance of about 100 km from the epicentre could successfully be
used to retrieve a moment tensor solution of the earthquake.
Comparing hypocentres located by the dense ETSE network with
ones of USGS, Tiirkelli ez al. (2003) showed that the USGS epicen-
tres are on the average about 20 km away from their epicentres for

30 35 40 45 50 55

Depth,km

events in Eastern Turkey. Taking this fact into account, we estab-
lished a 3-D grid scheme with grid points extending 20 km to the
east, west, north and south directions from the USGS epicentre,
at intervals of 5 km. To compute the Green’s function, we used
the same crustal structure of Table 1 as used in the analysis of the
aftershocks.

© 2007 The Authors, GJI, 170, 749-763
Journal compilation © 2007 RAS



Source mechanism of Lake Van earthquake in eastern Turkey

757

25.11.2000, 01:19 GMT

epsilon=-0.4831, Frequency Range: 0.06-0.15 Hz
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Figure 6. Results of moment tensor inversion for the 1999 November 25, 01:19 GMT, aftershock (M, = 3.5) as an example for a small event. The focal
mechanism is illustrated in the upper-left part, and the source parameters are denoted to the right of the focal sphere. The synthetics (upper) and observed (lower)
seismograms for the East—West (e), North—South () and vertical (z) components at each station are shown along with the synthetic-to-observed amplitude ratio

between the two seismograms.

For the sake of computing time, we first allowed the grid points up
to a depth of 90 km with a grid spacing of 10 km, and good fittings
were obtained for focal depths around 20 km. Then, for more pre-
cisely estimating the focal depth, we tested depths ranging from 3 to
21 km with an increment of 3 km. The final inversion results show
that the 1999 February 19 event is also a shallow event located at a
depth of 15-18 km. In Fig. 8, we show the focal mechanism solu-
tion and depth for which the largest variance reduction in waveform
fitting is achieved at each grid node. Our preferred focal mecha-
nism solution is predominantly normal faulting, striking in the NE—
SW direction and having a slip vector parallel to the GPS vectors
shown in Fig. 1. Although the focal mechanisms of the large events
in the vicinity of the 1999 February 19 event are predominantly
right-lateral strike-slip faulting, for example, the focal mechanism
ofthe 1976 November 24 Caldiran earthquake (M = 7.3), a normal
faulting mechanism for the February 19 event is plausible since the
large NW-SE oriented right-lateral strike-slip faults in the region
are segmented and offset, giving rise to local extensional features
(Toksoz et al. 1997; Barka & Kadinsky 1988; Kogyigit ef al. 2001)
where NE-SW striking normal faults may occur.

6 STRESS TENSOR ANALYSIS

The focal mechanisms illustrated in Fig. 1 show mostly predomi-
nantly strike-slip mechanisms, whereas the fault-plane solutions in
Fig. 7 are mostly oblique thrusting. This difference implies that a
discrepancy can exist between the local stress field in the source re-
gion of the Lake Van earthquake and the regional stress field acting
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throughout Eastern Turkey. We now investigate the local stress field
in the source region and compare the result with the regional stress
field. In our stress tensor estimations, we assume that the static stress
increase associated with the Lake Van earthquake is small due to
its moderate size and the influence on the regional stress field is
negligible. Eventually, the focal mechanisms of the aftershocks can
be used to derive the stress field in the source region of the Lake
Van earthquake. Along with the aftershock data in Table 2, we use
the faulting parameters of the two subevents of the main shock and
the Harvard CMT solution of the 1988 June 25 earthquake in the
proximity of the Lake Van earthquake.

The method we use to derive the stress tensor acting in the source
region is described in Gephart & Forsyth (1984), Gephart (1985)
and Gephart (1990). Data are orientations of P- and 7-axes from
fault plane solutions. The distribution of used P- and T-axes is
shown in Fig. 9(c). The method yields three principal stress direc-
tions, namely, directions of maximum compression (o ), intermedi-
ate compression (o ;) and minimum compression (o ;) and a stress
magnitude ratio defined as R = (o, — 01)/(03 — o).

A combination of these four parameters (o1, 0,, 03 and R) is
called a stress model, and the model that most closely match the
whole observed data set is called the best-fitting stress model. The
best-fitting model is searched for in grid points over the four model
parameters, adjusting systematically one at a time through a wide
range of possibilities (Gephart 1990). The measure of misfit is given
by the smallest rotation angle about an axis of any orientation that
brings slip directions of data into shear orientations predicted by the
stress model.
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Figure 7. Locations of fourteen aftershocks and their best-double-couple
focal mechanism solutions obtained from our moment tensor inversions.
The locations and focal mechanisms of the two subevents during the main
shock are also shown. Note the two clusters of aftershocks corresponding to
the locations of the two subevents. The southernmost third cluster may corre-
spond to the third subevent observed at the broad-band station VAN (Fig. 2a)
and the strong motion station Tatvan (Fig. 2b). The source parameters are
given in Table 2.

We start the inversion from the stress model of Sezgin & Pinar
(2002), with azimuths of 350° and 80° for horizontal 0| and o3
compression axes, respectively. A fine grid search with an increment
of 5° was performed around the | and o 3 axes to find the best-fitting
stress model. The inversion yields the following results: the azimuth
and plunge pairs for the three principal stress axes, o1, 0, and o3,
are 335,16; 255, 32 and 42, 53, respectively. The best-fitting local
stress model derived for the Lake Van earthquake source region is
different from the regional stress model of the whole Eastern Turkey
with the azimuth and plunge pairs of (350, 0) for o4, (260, 81) for
o, and (80, 9) for o5 (Sezgin & Pinar 2002). In Fig. 9, we show
both our result and the result of Sezgin & Pinar (2002) to compare
with each other, and discuss the difference in the next section.

7 DISCUSSION

7.1 Identifying fault planes from GPS data
and SLIP vectors

Incorporating studies of teleseismic, near-field strong ground mo-
tion and broad-band data, and the CMT solutions of the aftershocks
has excellently revealed that the 2000 November 15 Lake Van earth-
quake is a multiple rupture in the upper brittle crust. The focal
mechanisms of the two subevents of the main shock and most of
the aftershocks have nodal planes dipping towards NNW and SSE
(Fig. 7). Given the focal mechanisms, the next question for further
understanding the collision process along the Bitlis Suture Zone is
‘which of the nodal planes is the fault plane?” The aftershock distri-
bution gives no hint on the dip directions of the fault planes because
most of the aftershocks have CMT focal depths at 15 km. To answer
the question, we use GPS vectors around the lake (Fig. 7) and the
azimuths of the slip vectors on the two nodal planes.

First of all, we show cases when GPS vectors or differential GPS
vectors can constrain slip directions on faults, that is, fault planes.
Around the right lateral strike-slip NAFZ (Fig. 1), the GPS vectors
are parallel to the westward motion of the Anatolia plate with respect
to the Eurasia plate (McClusky et al. 2000). For strike-slip faulting
mechanisms, a nodal plane with a slip vector parallel to the GPS
vector is likely to be the fault plane. Therefore, in the vicinity of the
NAFZ, comparison of the GPS vectors with two slip vectors of a fault
plane solution can identify its fault plane. Alternatively, a difference
between two GPS vectors at opposite sides of a fault or a fault zone
can be used to compare with slip vectors on two nodal planes. For
example, the relative motion between the GPS vectors at MLTY and
ADYI (Table 1 in McClusky et al. 2000) is towards N60E or N240E,
corresponding to the slip motion for the East Anatolian fault zone.
This direction perfectly fits the slip vectors on the NE-SW trending
nodal planes of the focal mechanisms (Fig. 1). On the contrary, for
normal and reverse faulting mechanisms, comparison between GPS
data and slip vectors on two nodal planes fails to determine the
fault plane because the slip vectors look nearly parallel when they
are projected on the horizontal plane. In cases of oblique faulting
mechanisms, however, GPS vectors could be still used to determine
the fault plane by examining whether a minor strike-slip motion
on each nodal plane is left- or right-lateral. Our knowledge on the
general pattern of deformation will then help to decide the fault
plane. Based on all these techniques using the GPS data around

Table 2. Earthquake parameters and best double-couple solutions of fourteen aftershocks. H is depth, Str is strike angle and VR is variance reduction to

represent the goodness of the CMT solutions (also see the text).

No. Date Time (GMT) LatN Long E H (km) My, Str deg Dip (°) Rake (°) VR
1 15.11.2000 16:06 38.48 42.89 18 4.5 76 56 113 62
2 15.11.2000 16:43 38.45 4291 15 3.9 85 75 130 65
3 15.11.2000 17:07 38.46 42.94 12 3.5 114 43 142 65
4 15.11.2000 17:44 38.48 42.94 15 3.5 89 50 110 63
5 15.11.2000 18:16 38.48 42.92 15 3.8 90 59 127 58
6 15.11.2000 19:30 38.42 42.87 15 43 109 63 130 63
7 15.11.2000 21:17 38.46 42.94 15 3.6 49 42 104 68
8 16.11.2000 21:13 38.41 42.89 15 4.1 73 55 129 59
9 17.11.2000 00:27 38.42 42.90 15 43 109 55 124 65
10 17.11.2000 09:36 38.39 42.92 15 3.5 117 46 136 54
11 19.11.2000 00:02 38.24 42.86 15 3.7 131 65 149 56
12 25.11.2000 00:59 38.28 42.86 15 3.5 125 64 147 57
13 25.11.2000 01:19 38.27 42.86 15 3.5 130 68 157 61
14 30.11.2000 10:30 38.24 42.85 12 3.4 123 51 127 61
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Figure 8. Result of CMT inversion for the 1999 February 19 earthquake (mb = 4.5) using the broad-band records at the station GNI. The inversion was
performed using a 3-D grid scheme at equally spaced nodes along x, y and z, axes, where the x, y and z, axes are set to longitude, latitude and depth, respectively.
The focal mechanisms show the best solution at z for a grid node located at (x, y). The values above the beach balls indicate the depth and moment magnitude
obtained for the best CMT solution. The observed (upper) and calculated (lower) seismograms are shown for some grid points. The size of the beach balls is
proportional to the variance reduction (VR) estimated in the inversion process. GNI.BHZ, GNI.BHN and GNI.BHE denote vertical, North—South and East—West

components, respectively.

Lake Van and the slip vectors of the focal mechanisms (Fig. 7),
we next try to determine the fault planes of the main shock and
aftershocks.

The strike, dip and rake angles of the first subevents of the main
shock are (87°, 62°, 110°) and (229°, 34°, 57°) for the first and sec-
ond nodal planes, respectively. Hereafter, we call the first and second
nodal planes NP1 and NP2, respectively. Following the notations of
Aki & Richards (1980), the slip vectors on the two nodal planes are
projected on the horizontal plane. For both NP1 and NP2, the az-
imuths of the projected slip vectors are nearly N320°E. However, the
slip on NP1 is thrusting with a right-lateral strike-slip component,
whereas the slip on NP2 is thrusting with a left-lateral strike-slip
component. The tectonic deformation model proposed by Jackson
(1992) suggests that the fault motion in the Lake Van region has a
right-lateral strike-slip component. Therefore, the NP1 could be the
fault plane.

We derive a similar conclusion from differential GPS vectors.
In addition to the GPS vectors of McClusky ez al. (2000) in Lake
Van region, two more GPS vectors are available from Fig. 3 in
Reilinger et al. (2006) (Fig. 7), so we have the three GPS vectors
to the northeast, east and west of the lake. The three vectors are
almost parallel, indicating uniform NW motion of the Lake Van
region relative to the Eurasia. On the other hand, the relative motions
between the GPS vectors at PATN and KAL2 (Table 1 in McClusky
et al. 2000) and between the two GPS vectors parallel to KAL2
are towards N323E and N143E, respectively. Both directions are
very close to the slip vector direction of NP1. Consequently, the
differential GPS data point out that the NP1 is the fault plane. The
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azimuth of the slip vector on NP2 is N177E, which is 34° deviated
from the direction of the differential GPS vectors.

The strike, dip and rake angles of the second subevent are (76°,
55°,120°) and (211°, 45°, 54°) for the two nodal planes, which are
slightly different from those of the first subevent. The difference
between the focal mechanisms of the two subevents could be par-
tially due to errors in the waveforms because the onset of the second
subevent is in the coda of the first subevent (Fig. 2a). For the second
subevent, the azimuths of the slip vectors on the two nodal planes
are N300°E and N166°E. Both slip vectors are similarly deviated
from the differential GPS vectors, so it was impossible to identify
the fault plane.

As for the aftershock source parameters, based on comparison
between the differential GPS vectors and the slip vectors on the
nodal planes, we found that nine aftershocks (event numbers 3, 4, 6,
7 and 9-13) are thrusting with a right-lateral strike-slip component.
Discrepancies between the differential GPS vectors and the slip
vectors projected on the horizontal plane are in a range from 0° to
7° (Fig. 7 and Table 2).

7.2 The local and regional stress tensors

We presented the results of the stress tensor inversion in Fig. 9. The
measure of the goodness of the analysis, which is evaluated by the
misfit values and the areas of 95 per cent confidence limit, is shown
in Fig. 9(b). The number of the stress models within the 95 per cent
confidence limit is 721, with the average misfit ranging between 3.4°
and 6.0°. All can well represent the stress field in the region. The
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Figure 9. Results of the stress tensor analysis for the P- and 7-axes of the focal mechanisms given in Table 1: (a) The histogram of R-value, (b) the distribution
of the estimated principal stress axes and (c) the distribution of the observed P- and 7T-axes. In (b), solid circles, open circles and triangles indicate the azimuths
and plunges of the maximum compression axis o |, the minimum stress axis o 3 and the intermediate stress axis o 3, respectively. In (c), solid and open circles
indicate the P- and T-axes, respectively. Black symbols denote the principal stress axes for the best-fitting stress model. For the Lake Van region, the best fitting
was attained for R = 0.8 and for the azimuth and plunge pair of (335°, 16°) for o 1, (255°, 32°) for o, and (42°, 53°) for o 3, respectively. The lower panels are
the results of Sezgin & Pinar (2002) for Eastern Turkey based on focal mechanisms shown in Fig. 1 along with additionally published data.

721 theoretical stress models can be divided into two groups. One
is a reverse faulting regime, and the other is a strike-slip faulting
regime. The maximum compression o | axis is nearly horizontal for
both groups, but o, and o ; axes are interchanged from horizontal
to vertical directions. According to Anderson’s theory of faulting,
stress field is in a strike-slip faulting regime when the principal stress
axis, o3, is horizontal and o, is vertical. When the principal stress
axis, 03, is vertical and o, is horizontal, stress field is characterized
by a reverse faulting type (Twiss & Moores 1992; pp. 203). Most
of our stress models show horizontal o ,-axes and vertical o3 axes,
which suggests that transpresive stress field dominates in the source
region of the Lake Van earthquake. Only 10 out of the 721 stress
models denote the strike-slip tectonic regime that the whole Eastern
Turkey undergoes.

The value of R shown in Fig. 9(a) is another measure to character-
ize the stress field. Examples include R &~ 0 when o ~ o, (biaxial
deviatoric compression or state of confined extension), R &~ 1 when
0, ~ 03 (uniaxial deviatoric compression or state of confined com-

pression), and R &~ 0.5 when 0| ~ 0, & o3 (triaxial compression)
(Christova & Tsapanos 2000). More detailed explanations on R are
given by Bellier & Zoback (1995). In a strike-slip faulting stress
regime where 0| and o; are horizontal and o, is vertical (¢ =
O Hmax> O3 = O hmins 02 = O v} O gmax = Maximum horizontal stress,
o, = vertical stress and o ,;, = minimum horizontal stress), the
stress ratio R & 1 represents transition from strike-slip to reverse
faulting stress regime (in which o ymin & 0'y). Accordingly, for East-
ern Turkey, the stress magnitude ratio (R = 0.6) and the orientation
of the principal stress axes suggest that the present-day active tec-
tonics undergoes a predominantly strike-slip stress regime. For the
Lake Van region, however, the large R = 0.8 implies transpression.

Finally, comparing the regional stress model in Eastern Turkey
with the local stress model in the Lake Van region, we observe
a significant discrepancy between the azimuths of the maximum
compression in the two stress models (Fig. 9). The feature is also
evident from the azimuths of the GPS vectors in Fig. 1, which are
located along the north—south direction to the east of 41°E.
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Figure 10. Subcrustal earthquake activities in the Lake Van and Turkey—
Iran border regions. The white star is the epicentre of the 1999 February 19
earthquake analysed in this study. The Harvard CMT solutions of the large
events are also shown. The numbers above the beach balls are the dates of
the events in DDMMY'Y (day, month, year) format. The solid triangles are
the stations of the ETSE experiment, the diamond is the broad-band station
GNI of GSN and the square is the broad-band station VAN of KOERI. The
circles are the epicentres of the ISC events with hypocentral depths larger
than 45 km since 1964.

7.3 Subcrustal seismic activity in Turkey—Iran
border region

Some of the geodynamic models mentioned in the first section pro-
pose that the Eurasia—Arabia collision in Eastern Turkey results in
subduction (Rotstein & Kafka 1982) or thickening of the lithosphere
(Dewey et al. 1986). These models are primarily based on the sub-
crustal seismic activity reported by the international seismological
agencies. Actually, the ISC and USGS earthquake catalogues in-
clude dozens of subcrustal events. Fig. 10 shows the ISC reviewed
events (M > 4) with hypocentral depths larger than 45 km. They
are considered as subcrustal events because the average thickness
of the crust beneath Eastern Turkey is about 45 km and becomes
thinner towards Iran (Zor et al. 2003). Although the KOERI seismic
network covers most of the region, we do not illustrate the Turkish
data because the ISC and USGS depth estimations are primarily
based on pP depth phases and they include the phase arrivals from
all the neighbouring countries including Turkey to constrain depth
better.

The triangles in Fig. 10 show the easternmost stations of the ETSE
experiment carried out in Eastern Anatolia. The main objective of
the experiment was to test the several geodynamic models and de-
termine the style of deformation in the region (Sandvol et al. 2003).
An important result from the experiment was that no subcrustal
earthquake activity occurs in Eastern Turkey.

Similarly, in this study we have revealed that the November 15,
Lake Van earthquake and its aftershocks are also shallow crustal
events, which conflicts with the USGS and ISC earthquake reports.

© 2007 The Authors, GJI, 170, 749-763
Journal compilation © 2007 RAS

Thus, we suggest that the subcrustal activity around Lake Van should
be handled with special care.

Moreover, subcrustal events were reported along a lineament ex-
tending to NW-SE in the Turkey—Iran border region by the ISC and
USGS catalogues in a period from 1964 to 2000. Although broad-
band stations were deployed in the ETSE experiment, unfortunately,
none of the subcrustal events were reported in the region during the
period from 1999 October 23 to 2001 August 9 when ETSE oper-
ated. So, we were not able to use the data to examine CMT depths
for reported subcrustal events. The only permanent GSN (Global
Seismic Network) broad-band seismograph that has been operated
in the region since 1991 July is GNI (Garni, Armenia). For the 1999
February 19, 18:00 event (mb = 4.5) with reported depth of 66 km
(USGS) and 77 km (ISC 2001), we have inverted the three-componet
broad-band records from GNI, and the result provides an additional
piece of evidence that seismic activity in the Turkey—Iran border
region is shallow rather than subcrustal.

We have shown that the 2000 November 15 Lake Van earthquake
was a shallow double event, and it is likely that the event was located
unrealistically deep beneath the crust by ISC and USGS interpreting
the phase of the second subevent as the pP depth phase. However, we
have also shown that although the 1999 February 19 earthquake was
a single shallow event, it was also identified as a subcrustal event
by ISC and USGS. Therefore, further studies may shed light on
the question why all the other ‘subcrustal’ events during the period
between 1964 and 2000 were located at the depths.

8 CONCLUSIONS

(1) Theteleseismic waveform modelling, the near-field data, and
the aftershock distribution clearly depict that the 2000 November
15 Lake Van earthquake (M,, = 5.6) is not a subcrustal event as
reported by ISC and USGS, but is a multiple event comprised of
two subevents within the crust. Incorporation of the teleseismic,
strong motion and aftershock data enabled to precisely constrain
the focal depth, which is a crucial parameter for rapid earthquake
impact assessment.

(2) The inversion results suggest that the first subevent is located
beneath the epicentre of USGS but at the depth of 15 km, while
the second one is located 7.5 km to the north of the epicentre at
the depth of 12.5 km. The seismic moment of the second subevent
(M, = 1.6 x 10" Nmj; strike 76°, dip 55°, rake 120°) is larger
than the first subevent (M, = 1.0 x 10'7 Nm; strike 87°, dip 62°,
rake 110°). The total CMT parameters obtained by summing up
the seismic moment tensor components of the two subevents are as
follows: seismic moment M, = 2.5 x 10" Nm (M, = 5.6), strike =
81°, dip = 58° and rake = 117°.

(3) Using our focal mechanisms of the aftershocks and the two
subevents of the main shock as well as the Harvard CMT solution
of the June 25, 1988 earthquake (M, = 5.5), our analysis of the
stress tensor inversion for the source region of the Lake Van earth-
quake yields the azimuth and plunge pairs for the three principal
stress axes, 01, 0, and o3, being 335,16; 255, 32 and 42, 53, re-
spectively. On the other hand, the regional stress field for the whole
Eastern Turkey was obtained by Sezgin & Pinar (2002) providing
the strike and plunge pairs of the principal stress axes (350, 0) foro 4,
(260, 81) for o, and (80, 9) for o ;. The difference between the two
stress models suggests that the Eastern Anatolia rotates clockwise
with respect to the Lake Van region.

(4) Besides the deep seismic activity in the Lake Van region, the
ISC and USGS bulletins reported subcrustal events to the northeast
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of'the lake in the Turkey—Iran border region. An example is an event
at 18:00 on 1999 February 19 for which ISC and USGS estimated
the depth to be 66 and 77 km, respectively. However, our CMT
analysis of the three-component broad-band data suggests that the
hypocentral depth (18 km) is much shallower and the event occurred
within the crust.
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