Geophys. J. Int. (2003) 153, 133145

Moment tensor inversion of recent small to moderate sized
earthquakes: implications for seismic hazard and active
tectonics beneath the Sea of Marmara
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1 INTRODUCTION

SUMMARY

We retrieve the moment tensors of 64 small to moderate sized events that occurred mostly
beneath the Sea of Marmara using near-field data recorded at strong-motion and broad-band
seismic stations. The near-field displacement records are inverted to their sources utilizing
Kuge’s method where the best fit between the synthetic and observed seismograms is achieved
through searching a centroid moment tensor (CMT) point in a grid scheme. We also analyse
the stress fields acting in the eastern and western parts of the Sea of Marmara by inverting the
P- and T-axes of the focal mechanisms obtained. Significant biases in the stress tensors are
obtained. The nearly horizontal maximum compressive axis o in the western part is rotated
16° counter-clockwise compared with o in the eastern part. The o,-axis is close to vertical
(shear tectonic regime) in the east and the plunge of o,-axis in the west is 36° (transpressive
tectonic regime). Changes in the o;-axis are also observed, that is, it is close to horizontal in
the east and dips 49° in the west.

The spatial distribution of the focal mechanisms suggests that the stress field in the eastern
part of the Sea of Marmara is homogenous compared with the western part, and we identify five
distinct subsidiary faults. (1) a WNW-ESE-striking, right-lateral strike-slip fault located a few
kilometres SW of the Princes’ Islands, (2) a WSW-ENE-striking, right-lateral strike-slip fault
named the Yalova—Hersek fault, (3) an E-W-striking normal fault located onshore between
Yalova and Cinarcik, (4) a NNW-SSE-striking, left-lateral strike-slip fault located NE of the
Princes’ Islands and (5) minor thrust faults located in the Central High of the Sea of Marmara
and in the vicinity of the Hersek Delta. The locations and the sense of motion of these five shear
zones are explained by a very simple deformation model that requires a major E-W-striking
right-lateral strike-slip fault, namely the North Anatolian Fault (NAF), within a stress field
with maximum compression, o |, in the NW=SE direction and minimum compression, o3, in
the NE-SW direction, as was derived from the stress tensor analysis. The mechanisms of the
events occurring in the western part of the Sea of Marmara reveal a heterogeneous stress field
that may result from the change in the strike of NAF from nearly E-W to WSW. The western
Marmara Sea events are consistent with a deformation model that requires a major right-lateral
strike-slip fault striking ENE-WSW with a stress field with maximum principal stress axis,
o1, oriented ESE and minimum principal stress axis, o3, oriented NNE.
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whole accumulated deformation has been seismically released and
major earthquakes are characteristic of the region (Ambraseys &

Recent GPS studies indicate that the rate of strain accumulation
along the faults in the Sea of Marmara region is 22 & 3 mm yr™!
(Straub et al. 1997; Kahle et al. 2000; McClusky et al. 2000). The
historical and recent earthquake catalogues suggest that almost the
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Jackson 2000; Parsons et al. 2000). Two major events, one that
occurred immediately to the west of the Sea in 1912 (M, = 7.4)
and a second that recently took place to the east of the Sea (M,, =
7.5), define the whole Marmara Sea as a seismic gap. The recently
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determined GPS velocities rates and the fact that more than two cen-
turies have passed since the previous major moment release clearly
indicate that the seismic hazard potential has already drastically in-
creased and encourages researchers to identify the faults beneath
the Sea of Marmara so as to better assess the seismic hazard of the
region (Smith et al. 1995; Wong et al. 1995; Okay et al. 1999, 2000;
Parke et al. 1999; Imren et al. 2001).

Since only one moderate sized event (1963 Cinarcik earthquake,
M, = 6.3) has occurred beneath the Sea since the deployment of the
Worldwide Standardized Seismograph Network (WWSSN), most
studies of fault kinematics in the region are based on seismic reflec-
tion and/or bathymetry data. Imren et al. (2001) recently analysed
multichannel seismic and multibeam bathymetry data and suggested
that the region beneath the Sea is the subject of a shear tectonic
regime. They further suggest that the North Anatolian Fault (NAF)
crosses the Sea of Marmara as a continuous strike-slip fault system
connecting the Izmit fault (IF) broken by the 1999 event with the
Ganos fault (GF), broken by the 1912 event (Fig. 1a). According to
their model, the three deep basins were formed earlier and are cut
by the so-called Marmara fault, which is believed to accommodate
most of the deformation west of Izmit fault.

Parke et al. (1999) acquired and analysed seismic reflection pro-
files and came to the conclusion that the three deep basins are located
above the hanging walls of large normal faults that bound the basins
in the north and the south and cross the sea in an east—west direction
in an en echelon fashion.

Okay et al. (2000) added a few more multichannel reflection pro-
files to the data set of Parke ef al. (1999) and re-interpreted the
seismic cross-sections, concluding that strike-slip faulting is the
dominant deformation pattern beneath the sea and the motion is
mainly accommodated along two branches of NAF. The northern
branch follows a trace similar to the Marmara fault of Imren et al.
(2001) shaping the three deep basins and another bounding the
southern shelf (Fig. 1b).

Siyako et al. (2000) reinterpreted 4300 km of seismic reflection
profiles acquired by the Turkish petroleum organization, TPAO, and
identified the whole Marmara Sea as a negative flower structure in
its centre comprising a series of four offset right-lateral strike-slip
fault segments connecting the Izmit segment of the NAF in the east
with the Ganos fault in the west (Fig. 1c).

Smith e al. (1995) investigated the southern shelf, collecting very
high-frequency shallow-penetrating sparker seismic profiles, and
identified several active normal faults dipping north and striking
nearly E-W. They also observed large displacements on some of
these faults.

The seismic reflection study of Wong et al. (1995) shows two
fault systems: one consists of two en echelon normal fault systems
that bound the northern and southern shelves and the other con-
sists of NE-SW right-lateral strike-slip faults and their conjugate
NW-SE left-lateral strike-slip faults. These two fault systems di-
vide the Sea of Marmara into five subsiding blocks: three deep pull-
apart basins with higher subsidence rates separated by two push-up
blocks (Fig. 1d). The slightly different tectonic model of Barka &
Kadinsky-Cade (1988) also suggests that the three deep basins were
formed as transtensional pull-apart basins (Fig. le).

In this study we retrieve moment tensors of 64 small to moderate
sized events that occurred in the Sea of Marmara to complement
existing information. As discussed above, there are several compet-
ing tectonic models. We believe that our moment tensor results will
assist in discriminating amongst and perhaps even eliminating some
of the present models of the tectonics acting beneath the Sea of Mar-
mara. For example, although some models suggest that extensional

tectonics should be dominant in the Cinarcik basin, we could not
derive a single normal faulting mechanism among the several events
analysed.

2 MOMENT TENSOR RETRIEVAL

No events of M > 5.5 have occurred in the Sea of Marmara since the
installation of the WWSSN, except the 1963 September 18 Yalova—
Cmarcik earthquake (M, = 6.3). Therefore, the seismotectonics be-
neath the Sea of Marmara is still a matter of debate as discussed by
Straub et al. (1997), Kalafat (1998), Siyako et al. (2000) and Giirbiiz
et al. (2000) and others in the previous section. Fortunately, during
the previous decade, along with the deployment of three-component
broad-band stations, near-field and regional moment tensor inver-
sion methods have been developed and are widely used to recover the
source parameters of small to moderate sized events (Fan & Wallace
1991; Dreger & Helmberger 1993; Singh ef al. 1997; Delouis &
Legrand 1999; Kuge 1999; Legrand & Delouis 1999; Legrand et al.
2000).

Recently, six broad-band seismic stations were installed around
the Sea of Marmara (Fig. 2). We analyse seismic records from these
stations to retrieve the faulting parameters of events occurring be-
neath and around the Sea of Marmara using the technique developed
by Kuge (1999) and Ritsema & Lay (1995). In this method, wave-
form fitting between the observed and the synthetic displacement
seismograms from one or more stations at local distances is achieved
by searching for a CMT point on a grid scheme for which the best fit
between the observed and the synthetic displacement seismograms
is achieved. Because the events we analysed were located using a lo-
cal seismic network, only the centroid depths were explored, though
the method allows for a 3-D search. The synthetics are calculated
following Kohketsu (1985) for a horizontally layered structure. We
examined the crustal structure velocity models of Kalafat et al.
(1987) and Giirbiiz et al. (2000), correlated the observed arrival
times with those predicted for P and S waves and found that the
model of Kalafat e al. (1987) fits the observed P and § traveltimes
more satisfactorily. For most of the events, the data were bandpass
filtered between 0.04—0.1 Hz. Higher frequencies were used only
for a few smaller events. Fan & Wallace (1991) showed that the
waveforms in the low-frequency band are less sensitive to crustal
models and that fault parameters can be successfully determined
without knowledge of fine crustal structure.

During the inversion process we give uniform weight to all the
seismograms. The quality of fit between the observed and predicted
seismograms is measured by variance reduction (VR)—the larger
the value of VR, the better the fit. The variance reduction is calcu-
lated for various depths and we select the faulting mechanism for
which VR is the maximum as that of the analysed event. Fig. 3 shows
an example of the results of a moment tensor inversion for broad-
band records at six stations; however, in some cases, waveform data
were available only at a smaller number of stations. For analyses
of several events we used a three-component waveform data from
a 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 moment tensor reliably (Fan & Wallace 1991;
Delouis & Legrand 1999; Dreger & Savage 1999; Kim & Kraeva
1999; Legrand & Delouis 1999). We performed a test to examine
the reliability of the results obtained by inversion of waveforms at a
single station, using the records of the 1999 August 31 (M,, = 5.2)
event at ISK, an event for which a Harvard CMT is available. The
results are shown in Fig. 4, which can be considered as an example
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Figure 1. Tectonic models proposed by various investigators for the Sea of Marmara, (a) Imren et al. (2001), (b) Okay et al. (2000), (c) Siyako et al. (2000),
(d) Wong et al. (1995), (e) Barka & Kadinsky-Cade (1988). The abbreviations are as follows: GF, Ganos fault; CMF, Central Marmara fault; SBF, southern
boundary fault; NBF, northern boundary fault; NAF, North Anatolian fault; IM, Izmit fault. The arrows indicate the sense of motion. The contour interval for
bathymetry is 50 m.
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Figure 2. The locations of the events for which moment tensors are re-
trieved, shown by the solid circles. The broad-band seismic stations operated
by Kandilli Observatory and Earthquake Research Institute (KOERI) are ab-
breviated as ISK, CTT, MRM, MFT, KCT and YLV, the locations and names
of which are available in the international seismological centres. A CMG-3T
seismometer is operated at station ISK and CMG-40Ts at the rest. TKR is
the three component accelerometer deployed in Tekirdag and operated by
the Earthquake Research Department of the Directorate of Disaster Affairs,
Ankara: WB, western (Tekirdag) basin; WH, western high; CB, central basin;
CH, central high; EB, Eastern (Cinarcik) basin.

of a calibrated Green function for the eastern Marmara up to fre-
quencies of 0.1 Hz and even higher. The amplitude and waveform fit
between the observed and calculated seismograms and the similar-
ity between our CMT solution and the independent Harvard CMT
solution are perfectly good. These, in turn, suggest that our crustal
structure model predicts the amplitude and phase of waveforms at
station ISK; thus, three-component broad-band data at a single sta-
tion can be successfully used in retrieving CMT of the events that
occur in the eastern part of the Sea. Unfortunately, we could found
no event to perform a similar calibration test for the western part of
the Marmara.

We also checked the quality of the CMT solutions of smaller
sized events by resampling the stations. Event 6 in Table 1 is one of
the small events we analysed. Three-component broad-band records
at stations MRM and MFT were available for this event. In many
cases, for events of this size and smaller, only single-station three-
component data were available and they were used to retrieve a
moment tensor. To check the reliability of the moment tensors for
such smaller sized events, we performed the following analysis in
respect of Event 6: first, we obtained a CMT using the waveforms
of both MRM and MFT stations. Then, we obtained two further
CMT solutions for the same event, using only the records at MFT
and using only the records at MRM station. The similarity of the
resultant moment tensor for the three cases was satisfactory. Be-
fore concluding with the success of a single-station solution we
should state that if the station is at the ‘wrong azimuth’, that is,
close to nodal planes then certain fault parameters could be poorly
resolved.

In addition to the six broad-band stations, data were available from
the strong motion station deployed at Tekirdag (TKR in Fig. 2), and
we analysed four moderate sized events (M,, > 4.5) that occurred
in the Tekirdag Basin during 1995 and 1996.

Thus, in total we determined the moment tensor of 64 events,
most of which took place following the 1999 Izmit earthquake
(M,, = 17.5). The locations and the results are given in Fig. 5 and

Table 1 shows the parameters of these events. Recently, Orgiilii &
Aktar (2001) analysed 10 of our 64 events using the same data set but
a different technique. They used the regional moment tensor inver-
sion method described by Dreger & Helmberger (1991, 1993) and
obtained results that are similar to ours, even though they modelled
only the longer periods.

3 REGIONAL STRESS
TENSOR ANALYSIS

The method we use to derive the stress tensor acting on the faults
in the Sea of Marmara is described by Gephart & Forsyth (1984),
Gephart (1985, 1990). Our data are the orientation of the P- and
T-axes of the fault plane solutions we determined. In the method,
the earthquakes are assumed to have occurred in a region with no
spatial or temporal changes in the stress field, and the associated slip
direction is the shear stress direction on the fault plane. The method
yields a stress tensor defined by the three principal stress compo-
nents, namely, maximum compression, (o), intermediate compres-
sion, (0;), minimum compression, (o), and the stress magnitude
ratio defined as R = (o, — 01)/(03 — o). The value of R is an
indicator of the dominant stress regime acting in the region under
investigation; R = 0 when o' = o, (biaxial deviatoric compression
or state of confined extension), R = 1 when o, = o3 (uniaxial devi-
atoric compression or state of confined compression) and R = 0.5
when o, = 0, = o3 (uniform triaxial compression) (Christova &
Tsapanos 2000). The combination of these four parameters (o, 02,
o3 and R) is called a stress model and the model that most closely
matches the whole observed data set is called the best-fitting stress
model. The best-fitting model is searched for in a grid over the four
model parameters, systematically adjusting one at a time through a
wide range of possibilities (Gephart 1990). The measure of misfit
is given by the smallest rotation about an axis of any orientation
that brings one of the nodal planes and its slip direction into an
orientation consistent with the stress model (Slancova et al. 2000).
Thus, for each stress model, the misfits between the orientation of
the observed data and prediction are estimated and summed. The
minimum misfit is the one that yields the smallest sum of misfits
and is selected as the regional stress tensor for the region.

In our study, we start the inversion with an initial stress model
close to that obtained by Pinar ez al. (2001), with horizontal ; and
o3 compression axes striking 120° and 30°, respectively. A fine grid
search with an increment of 5° is performed around the o;- and
o3-axes to find the best stress tensor. Our data set includes 64 pairs
of P- and T-axes derived in this study (Table 1). We performed the
analysis using two data sets: (1) a subset of the data including only
the events that occurred in the eastern part of the Sea of Marmara
and (2) the same, but for the western part of the Sea of Marmara. The
inversion yielded the following results: (1) for the data set including
only the eastern Marmara Sea events the azimuth and plunge pairs
for the three principal stress axes o1, 0, and o3 are 128°, 18°; 19°,
69°; 221°, 11°, respectively, and (2) for the data set including only
the western Marmara Sea events the azimuth and plunge pairs for
the three principal stress axes 01, 0, and o3 are 112°, 18°; 9°, 36°;
223°, 49°, respectively.

We show the stress inversion results for the data sets (1) and (2)
in Fig. 6. The observed P- and T-axes distributions are given in
Fig. 6(c); the quality of fit evaluated through the misfit measure and
the area of the 95 per cent confidence limit are shown in Fig. 6(b);
and the amplitude stress ratio diagram, R, is shown in Fig. 6(a).
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Figure 3. The moment tensor inversion result for the 1999 September 18 earthquake (/,, = 4.3) is illustrated as an example. The focal mechanism diagram
is shown at the upper left, the source parameters are denoted to the right of the focal sphere, the synthetics (upper) and observed (lower) seismograms for
east—west (e), north—south (n) and vertical (z) components at each station are shown along with the synthetic-to-observed ratio, the number between the two
seismograms. The quality of the solution is given by the variance reduction versus depth plot at the bottom of the figure.
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Table 1. Earthquake parameters and moment tensor inversion results of 64 events: H, depth in km; P,,, azimuth of the
P-axis in degrees; Pp, plunge of the P-axis in degrees; T ,;, azimuth of the 7-axis; and T'p, plunge of the T-axis.

No Date Time Lat. Long. H M, Strike  Dip Rake Py Py Ta Tp
1 16.11.1999  00:29  40.61 27.06 5 34 79 79 172 305 2 35 13
2 14.04.1996  08:30 40.70  27.20 12 46 274 61 —112 143 66 20 13
3 20.12.1999 22:35 40.79 27.48 11 3.6 99 65 -96 357 69 166 20
4 02.10.1999 11:28 40.76  27.51 8 3.0 272 75 170 138 4 229 18
5 24.09.1999 18:28 40.74 27.54 14 3.1 195 39 135 74 14 189 60
6 21.09.1999 01:09 40.71 27.56 5 34 224 75 168 90 2 181 19
7 21.09.1999 12:46 40.70  27.57 11 34 208 34 —42 208 58 84 19
8 20.09.1999  21:28 40.69 27.57 11 4.8 245 40 166 105 26 220 41
9 20.09.1999 20:36 40.70 27.57 11 33 246 51 156 115 13 216 42

10 03.12.1999  08:20 40.71 27.58 5 3.8 237 22 —139 40 56 185 29

11 07.10.1999 00:55 40.71 27.59 8 3.0 214 74 142 269 13 169 38

12 20.09.1999 21:44  40.70  27.59 5 32 211 50 138 89 5 187 55

13 21.09.1999 20:34 40.72 27.59 11 33 273 46 —168 123 37 232 23

14 20.09.1999 22:16 40.71 27.59 11 3.6 238 42 166 99 24 211 40

15 06.10.1999  06:59 40.72  27.60 14 32 208 46 139 85 9 189 56

16 20.09.1999 23:40 40.72  27.60 5 32 209 77 160 257 4 165 23

17 14.03.2001 20:34 40.85 27.64 17 3.7 75 79 147 127 14 29 31

18 13.04.1995 04:08 40.86 27.67 12 5.0 92 46 —137 291 57 34 8

19 08.02.1995 21:24 40.82 27.77 12 45 33 42 —137 226 58 335 12

20 18.04.1995 05:36  40.80 27.84 12 45 20 70 133 80 14 335 47

21 17.11.1999 19:14 40.83 2797 11 34 276 82 132 335 25 223 38

22 22.09.1999 23:02 40.62 27.82 11 3.0 89 79 —163 313 20 222 4

23 23.08.1999 20:01 40.57 28.10 15 3.7 270 67 162 138 4 230 29

24 07.01.2000 01:48 40.79 2841 5 3.2 283 77 —165 146 20 56 1

25 29.12.1999 12:26 40.83  28.58 14 34 98 27 132 337 23 115 60

26 29.05.1999 22:43  40.79 28.71 20 3.1 341 22 72 265 24 102 65

27 03.09.1999 04:18 40.83 28.74 5 32 353 70 19 305 1 214 27

28 21.08.1999 11:36 40.84 28.77 11 3.1 293 58 —143 147 47 237 1

29 21.08.1999 21:08 40.83  28.81 11 3.2 5 72 —40 321 41 61 12

30 24.03.2001 13:07 40.84  28.83 11 3.7 106 87 —160 332 16 239 12

31 17.08.1999  18:35 40.38  28.71 11 3.8 255 59 —169 113 29 211 14

32 17.08.1999 14:31 4044  28.76 17 3.7 248 60 177 110 19 208 23

33 20.10.1999  23:08 40.79  29.00 8 49 32 71 16 345 3 254 24

34 17.08.1999  06:20 40.78  29.03 16 3.1 108 54 —175 325 28 67 21

35 17.08.1999  05:54  40.79  29.04 11 4.5 207 89 -7 162 6 252 4

36 17.08.1999  01:48 40.77  29.07 11 42 208 82 —-27 163 25 259 13

37 18.08.1999  00:45 40.75  29.09 5 3.5 196 66 —18 156 29 64 5

38 17.08.1999  01:31 40.75 29.11 11 4.7 202 68 1 159 15 65 16

39 17.08.1999  01:33  40.76  29.11 11 52 112 88 170 158 6 67 8

40 17.08.1999 04:18 40.76  29.11 15 3.7 95 79 —177 319 10 50 6

41 17.08.1999 02:09 40.76  29.12 11 3.5 204 76 2 160 8 68 11

42 17.08.1999 04:14 40.76  29.13 13 4.7 105 82 163 152 6 60 18

43 16.01.2001 03:33 4090 29.14 8 3.7 256 68 —163 117 27 209 4

44 07.07.2000 00:15 40.84 29.19 5 42 142 39 -32 128 52 13 18

45 19.08.1999  15:17 40.59  29.08 6 49 121 37 —66 138 72 14 10

46 20.08.1999 20:12 40.59  29.05 2 3.9 121 46 —65 109 72 14 2

47 19.08.1999 14:15 40.60  29.06 5 44 131 45 —61 121 70 21 4

48 19.08.1999 14:24  40.60 29.10 2 3.8 146 49 —-56 125 65 33 1

49 20.08.1999 09:28 40.59 29.12 5 44 105 46 —-56 91 66 352 4

50 28.08.1999 05:23  40.60 29.13 5 3.5 217 77 —161 81 23 349 4

51 31.08.1999 22:28 40.56  29.13 5 4.2 270 59 —105 144 72 11 13

52 19.08.1999  15:48 40.64  29.15 11 3.7 154 75 —45 106 42 212 17

53 22.08.1999 01:47 40.60 29.16 2 4.1 140 23 —-77 206 67 40 22

54 18.09.1999  00:48  40.61 29.16 6 43 146 56 —48 114 56 208 2

55 20.08.1999 09:34  40.62 29.18 8 3.6 114 30 —41 119 58 349 22

56 09.09.1999 01:32  40.69 29.16 7 4.0 69 80 148 121 14 23 29

57 23.08.1999 22:36 40.69 29.21 14 34 65 36 178 277 34 36 36

58 23.08.1999  21:54 40.69 29.22 5 3.9 48 56 —168 264 31 4 16

59 31.01.2000 14:38  40.71 29.34 8 4.1 76 32 —149 262 52 28 24

60 29.09.1999 00:13  40.70 29.34 14 5.0 244 71 170 109 7 202 20

61 17.08.1999  14:27 40.73  29.35 11 32 356 49 86 89 4 231 85

62 17.08.1999  20:30 40.73  29.35 11 39 20 72 17 333 1 242 25

63 22.08.1999 08:23  40.69 29.42 8 3.6 354 84 —43 302 34 50 24

64 17.08.1999  11:29  40.70  29.47 5 3.1 342 20 25 303 34 159 50
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Figure 4. Moment tensor inversion using a single station three-component broad-band data. The moderate sized aftershock (M,, = 5.2) of the 1999 Izmit
earthquake (M,, = 7.5) which occurred at 08:10 (GMT) on 1999 August 31 and was recorded at ISK station is used for analysis. Harvard centroit moment
tensor (CMT) for this event is available and compared with the result obtained using the single-station data. For explanations, see the figure caption for Fig. 3.
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Figure 5. The locations and moment tensor inversion results for the 64 events studied The events and their source parameters are given in Table 1. The
locations are from Ito et al. (2002) and the KOERI catalogue (http://www.koeri.boun.edu.tr).

4 DISCUSSION

4.1 Tectonic models

The GPS studies and the morphological signature of the NAF show
that it changes direction from E-W to WSW to the west of 27.5°E.
How the local stress field is influenced by such a change and how the
local stress field varies along the Sea of Marmara are investigated
using the focal mechanisms shown in Fig. 5 and Table 1. The stress-
tensor analysis results yield a similar stress magnitude ratio, R =
0.5, for both the eastern and western parts of the Sea of Marmara
(Fig. 6). The orientations of the principal stress axes in the east-
ern part are nearly vertical for o, and nearly horizontal for o, and

© 2003 RAS, GJI, 153, 133-145

03. According to Anderson’s (1951) theory of faulting this suggests
a tectonic regime where strike-slip faulting is dominant (Twiss &
Moores 1992, p. 203). This is the case for the eastern part, as ob-
served in Fig. 5, where most of the faults except the Yalova—Cinarcik
fault experience strike-slip faulting. The situation is more compli-
cated in the western part. The plunge of the o ;-axis is the same as
for the eastern part, but the azimuth is rotated counter-clockwise by
16°. The minimum misfit error between the observed and predicted
P- and T-axes was 5.8°. Significant biases are also observed in the
plunges of the o,- and o;-axes. While the plunge of the o ;-axis is
close to vertical in the eastern part, it is close to horizontal in the
western part. Significant differences are also observed in the plunge
of o;. The stress field associated with these parameters suggests a
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Figure 6. The results of regional stress tensor analysis for the eastern and western parts of the Sea of Marmara, based on the P- and T-axes of the focal
mechanisms given in Fig. 5: (a) the histogram of R-values, (b) the distribution of the predicted principal stress axes and their 95 per cent confidence regions
and (c) the distribution of the observed P- and T-axes. In (b), red dots show the azimuth and plunge of the maximum stress axis o1, blue circles those of the
minimum stress axis o3 and green triangles those of the intermediate stress axis o3. In (c), red dots show the P-axes and blue circles the T-axes. Black symbols
denote the axes for the best stress model. For both the regions, the best fit was attained for R = 0.5 and for the azimuth and plunge pair of (128°, 18°) for oy,
(19°, 69°) for o5 and (221°, 11°) for o3, respectively, for the eastern Marmara events and the azimuth and plunge pair of (112°, 18°) for o1, (9°, 36°) for o,

and (223°, 49°) for o3, respectively, for the western part.

transpressive tectonic regime in the western part of the Sea of Mar-
mara, probably resulting from a left step-over of the E-W-trending
NAF as it approaches the western coastlines.

The focal mechanisms of the events that occurred in the eastern
part of the Sea of Marmara are more homogenous than those of the
events that occurred in the western part. From the results shown in
Fig. 5 three distinct faulting types are easily identified. The focal
mechanism diagrams of the ten events numbered from 33 to 42 and
their locations imply a right-lateral strike-slip fault striking NW-SE;
this is called the Princes’ Island (PI) Fault in Pinar e al. (2001). We

estimate the length of this fault to be 60 km, taking into account the
locations of events 29, 30 and 62 and their mechanisms. This fault
was also identified by Okay ef al. (2000) and Imren et al. (2001),
who claim that it is the main fault trace. The relation between the
fault length and the magnitude of Wells & Coppersmith (1994), log
L =0.69 M,, — 3.22 (global scale for M,, = 5.2-8.1), suggests that
this fault has the potential to generate an event of M,, = 7.2.

To estimate the present seismic hazard associated with this fault,
we follow the next three steps. First, the facts that the previous
event on this fault was in 1766 (Ambraseys & Jackson 2000) and
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that slip rate in this area is approximately 2 cm yr~! indicate that
strain equivalent to a slip of approximately 450 cm has already
accumulated on the fault. Secondly, we exploit the relation, M, =
w Au, where M, is the seismic moment, p is the rigidity taken as 3 x
10'° MPa, 4 is the fault area and u is the displacement. Assuming a
15 km thickness for the seismogenic zone, if this strain were released
in a single earthquake it would have a seismic moment of 1.2 x 10?°
N m. Finally, using the relation between the seismic moment and
the moment magnitude, M,, = 0.67 log M, — 6.0, we estimate
an earthquake magnitude of M,, = 7.4 for the Princes’ Island fault.
These estimates are valid only if the Princes’ Island fault is the main
fault trace along which the motion between Anatolia and Eurasia is
accommodated. On the other hand, Reilinger ez al. (1997) claim that
no more than 60 per cent of the deformation is accommodated along
the northern boundary faults, implying a smaller amount of strain
accumulation than the above estimation. In addition, Reilinger &
McClusky (2001) and Meade et al. (2002) analysed dense GPS data
acquired in the Sea of Marmara region and came to the conclusion
that the NAF trace should be traversing the sea in its central portions
rather than along its northern shelves. Thus, we have two possible
interpretations of our moment tensor solutions for the events that
occurred on the PI fault. In ‘Case I, the PI segment is the main fault
trace as was recently suggested by Pinar ef al. (2001), Imren et al.
(2001) and Okay et al. (2000) and in ‘Case II’, the PI segment is
a secondary fault as favoured for the local GPS data (Reilinger &
McClusky 2001; Meade et al. 2002).

We are now inclined to consider that the PI fault is not the main
fault trace but rather that it developed as a secondary fault in a right-
lateral strike-slip shear zone, as suggested by our tectonic model
for the eastern part, based on the faults identified from the results
presented in Fig. 5.

The focal mechanisms numbered from 45 to 55 form a distinct
set of events marking out an E-W-striking normal fault. Taking into
account the topography the nodal plane dipping north with a small
right-lateral strike-slip component should be the fault plane. The av-
erage depth of these earthquakes is approximately 5 km as shown in
Table 1, relatively shallower than the CMT depths of Princes’ Island
events. Pimar ef al. (2001) argue the possibility that this fault was
ruptured by the 1963 Cinarcik earthquake (M, = 6.3). The locations
and the mechanisms of events 56—60 together constitute evidence
for a second right-lateral strike-slip fault striking ENE-WSW. Pinar
et al. (2001) identified this fault from the epicentre distribution of
hundreds of earthquakes triggered by the 1999 Izmit event (M,, =
7.5). They called it the Yalova—Hersek fault and considered that it
might be as much as 50 km long. They also claimed that the fault was
not ruptured during the 1999 Izmit earthquake and that the average
Coulomb stress increase on the fault resulting from that earthquake
is approximately 5 bar.

What is the tectonic significance of these three faults with dif-
ferent fault parameters? Hancock (1985) illustrated the styles of
faulting that are likely to occur in a strike-slip deformation zone.
Considering the orientation of the maximum (¢;) and minimum
(03) compressive axes inferred in the previous section and Han-
cock’s work, we construct a deformation ellipse for the eastern part
of the Sea of Marmara as shown in Fig. 7. Here, Y-Y corresponds
to the main fault trace, that is, the Izmit fault segment in Fig. 1.
R-R is the Riedel shear zone and corresponds to the PI segment,
P—P corresponds to the Yalova—Hersek segment. It is also interesting
to note the good correspondence between the extensional faults in
the deformation ellipse and the Yalova—Cinarcik normal fault. The
R;—R; line in Fig. 7 is a conjugate Riedel shear. The characteris-
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Figure 7. The orientations and sense of motion on subsidiary shear zones
associated with a major E-W right-lateral strike-slip fault within a stress
field with principal stress axes of NW—SE maximum compression, Ao,
and NE-SW minimum compression, o3. R-R is a Riedel shear synthetic
to the main fault trace (Y-Y), R1-R1 is a conjugate Riedel shear antithetic
to the main fault, PP is also synthetic but compared with the Riedel shear
zones it develops at a smaller angle to the main fault. N denotes normal fault
and T denotes thrust.

tics of R, shears are such that they are antithetic to the main fault
trace, that is, the sense of motion is opposite to that of the main fault
trace and they are oriented at high angles (approximately 70°—80°)
to the fault (Twiss & Moores 1992, p. 116). Assuming that the nodal
planes striking NNW-SSE are fault planes the locations and the fo-
cal mechanism solutions of event nos 43 and 44 suggest that these
two events occurred on the conjugate Riedel shears. The rest of the
events showing predominantly thrusting or oblique motion with a
thrust component correspond to the locations denoted by T (thrust)
in the deformation ellipse. Note that the deformation ellipse explains
almost all the types of mechanism observed in the eastern part of the
Sea of Marmara. This, in turn, implies that the PI, Hersek—Yalova
and Yalova—Cinarcik segments are subsidiary shear zones controlled
by a larger fault, the orientation of which should be nearly E-W and
should extend into the centre of the Sea of Marmara rather than
along the northern or southern shelves. This result contradicts the
studies of Okay et al. (2000), Pinar et al. (2001) and Imren et al.
(2001), according to which the main strand of the NAF turns from
E-W to WNW as it enters the sea. Fig. 8(a) illustrates schemati-
cally the location of the main strand of NAF and the location of the
subsidiary shear zones (based on the locations and mechanisms of
the events) formed by the present stress distribution of the principal
stress axes and nearly E-W extension of NAF in the eastern part of
the Sea of Marmara.

Thus, according to this model, the PI segment is not the main
fault. However, a problem remains. How can we explain the Cinarcik
basin and the lack of normal faulting? These indicate an extensional
tectonic regime. To give a reasonable answer to this problem, we
consider the relation between the basin and the dextral PI fault,
referring to the study of Zachariasen & Sieh (1995, Fig. 5). They
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Figure 8. (a) A tectonic model for the eastern part of the Sea of Marmara based on the subsidiary shear zones illustrated in Fig. 7 and the focal mechanism
results given in Fig. 5. Contrary to the studies of Imren et al. (2001) and Okay et al. (2000), the model suggests an E-W continuation of the North Anatolian
fault rather than a change of strike or bifurcation as it enters the sea (YC, Yalova—Cinarcik fault; YH, Yalova—Hersek fault). (b) Fault configuration in the
eastern part of the Sea of Marmara analogous to the Homestead Valley—Emerson Fault step-over in Southern California (Zachariasen & Sieh 1995 , Fig. 5). The
figure shows how a step-over on the main fault trace forms a strike-slip duplex with a subsided interior. The Harvard CMT solution for the 1988 April 24 event

(M,, = 5.3) suggests a location for the E-W-striking main fault zone.

showed how a step-over on the main fault trace forms a strike-slip
duplex with a subsided interior. In this sense, the PI segment re-
sembles the Homestead Valley—-Emerson Fault step-over in South-
ern California (Zachariasen & Sieh 1995). In this model, we have
the dextral E-W Izmit and WNW-ESE PI faults, and the subsided
Cmarcik basin (Fig. 8b). We have two main faults in this model,
namely the E-W extension of the Izmit fault in the south of the
basin and the trace of the E-W main fault in the north of the step-
over. The first is shown in the study of (Siyako et al. 2000, Fig.
1c) and the second is implied by the Harvard CMT solution of the
1988 April 24 Marmara Sea event (M,, = 5.3), which is likely to
have taken place on an E-W fault located in the north of the basin
(Fig. 8b). Thus, we conclude that the PI segment is a secondary fault
formed as a result of right step-over of the NAF as it enters the Sea of
Marmara.

Using the P- and T-axes of the focal mechanisms of the events lo-
cated west of 28°E in Fig. 5, we derived the azimuths and plunges
of the principal stress axes acting in the western part of the Sea

of Marmara. When we compare the azimuth of o; derived for the
eastern part with the azimuth derived for the western part, we find a
16° counter-clockwise rotation of the maximum compressive axis,
o1, in the west. By virtue of this fact, we rotate the deformation
ellipse given in Fig. 7 by 16° counter-clockwise to examine the
types of faults that may develop in a stress state obtained for the
western part of the Sea of Marmara, resulting in the deformation
ellipse shown in Fig. 9. Here, Y-Y corresponds to the main fault
trace (Ganos fault in Fig. 1) which was subject to rupture during the
1912 Sarkoy—Miirefte earthquake (M, = 7.4). R-R is a subsidiary
shear zone, the strike of which corresponds very well to the strike
slip fault identified by Imren et al. (2001). The focal mechanisms
of the events numbered 516 coincide either with the R;—R; or P-P
shears, depending on which of the nodal planes is taken as a fault
plane. Also, the locations and the mechanisms of predominantly
normal and thrust faulting events 18-20 fit well with the deforma-
tion ellipse. Fig. 9 suggests a significant change of strike of the main
fault trace from nearly E-W to WSW-ENE, which is confirmed by
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Figure 9. A deformation ellipse for the western part of the Sea of Marmara.
The notation is the same as in Fig. 7. 16° counter-clockwise rotation results in
the change of strike of NAF from E-W to WSW-ENE, which corresponds to
the Ganos fault, ruptured during the 1912 Sark6y—Miirefte earthquake (M
=17.4).

GPS studies and the morphological features of NAF. Compared
with the eastern part, the focal mechanisms in the western part are
more heterogeneous, implying a more heterogeneous stress field,
probably resulting both from this sudden change of strike of the
NAF and the increasing influence of the N—S extensional tectonic
regime acting in the Aegean Sea. The deformation models pro-
posed above for the eastern and western ends of the Sea of Marmara
suggest right and left step-over, respectively, of the E-W-trending
NAFE

4.2 Stress triggering and implications for seismic hazard
Pmar et al. (2001), argued that the main rupture associated with

the 1999 Izmit earthquake terminated just to the east of the Hersek

26° 27°

28°
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delta and that the events occurring to the west of the Hersek delta
were triggered by static stress increase. Then, it would have been
interesting to investigate how the subsidiary shear zones that we
identified in the eastern part of the Sea of Marmara reacted to this
stress transfer. From Table 1 we see that all the events (except no
33) that form the Riedel shear zone in Fig. 7 occurred within 24 h
of the main shock. However, events 56—60 and 63, which form the
P shear zone in Fig. 7, occurred several days after the main shock,
and even the M,, > 4 ones occurred several months later. At first
glance, this fact suggests that the R shears are activated more easily
than the P shears. Pinar ef al. (2001) estimated approximately 0.1
and 0.5 MPa stress increase on the R and P shear zones, respectively.
Both of the shear zones are optimally oriented right-lateral strike-
slip faults determined by the effect of the regional stress tensor
and the main rupture zone of the 1999 Izmit earthquake. Thus,
high seismic activity was triggered on them. However, taking into
account the distance of the shear zones to the site of termination of
the rupture (east of the Hersek delta) of the 1999 main shock, we
can see that the M,, > 4 events occurred within several hours of the
main shock on the R shears and several months later on the P shear
zones.

One possible explanation for the triggering delay comes from
the study of Tchalenko (1970) who conducted a laboratory study
to investigate the rupture patterns that develop in the vicinity of a
major fault zone prior to failure. His experiment clearly shows that
minor slip is required to activate R zones and somewhat larger slip
is necessary to activate the P shear zones. Adapting these results
to our model, we can conclude that 0.1 MPa stress transfer to the
R shear zone was sufficient to trigger the M > 4 events there, but 0.5
MPa stress transfer on the P shear zone was sufficient only to trigger
microactivity. For the M > 4 events on the P shear zone, additional
stress transfer was necessary and it took a couple of months for
additional stress to be provided by post-seismic slip as observed by
Reilinger et al. (2000). An alternative explanation for the time of
triggering is the level of stress on the shear zones prior to the main
shock.

In fact, we know neither the stress values on the R and P shear
zones just before the Izmit earthquake nor the strength of the
R and P shear zones. If we assume similar strengths for the R and P
shear zones and also assume that the M > 4 events were activated on
account of the higher stress level present just prior to the main shock,
we can speculate concerning the previous event that occurred on the
R and P shear zones. Because of these assumptions, the events that

29° 30°

26°

27°

28°

29° 30°

Figure 10. The locations of the M > 6 events occurred along the North Anatolian fault zone in the Sea of Marmara, Gulf of Izmit and Dardaneles during the
last 500 yr (Ambraseys & Jackson 2000). The size of the ellipses is proportional to the event size.
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Figure 11. Fault model showing the segmentation and right and left step-over of the NAF, in eastern and western parts of the Sea of Marmara, respectively.
The morphological map of the Sea bottom is prepared by Gazioglu ef al. (2002). The abbreviations are as follows: GF, Ganos fault; NAF, North Anatolian fault;
IF, Izmit fault; PI, Princes’ Island fault; HSF, heterogenious stress field region. The arrows indicate the sense of motion.

occurred on the PI segments required a higher stress level, implying
longer stress accumulation times. This result favours the study of
Ambraseys & Jackson (2000) who claimed that the PI segment was
ruptured in 1766 May by an event of M, = 7.1 and that the most
recent moment release on the Yalova—Hersek segment occurred in
1894.

The major points of our models are: (1) the PI is not a main
fault trace; (2) the NAF does not bifurcate as it enters the Sea of
Marmara, but terminates south of the Cinarcik basin and then jumps
to the north of it and continues westward nearly E-W; (3) since
there is no branching of the NAF in the eastern Marmara there
should not be strain partitioning and the entire motion along the NAF
is accommodated by the single westward-continuing strand. Thus,
taking into account the 1935 western Marmara Sea event (M = 6.4),
which occurred in the western part, and 1963 Cinarcik event (M, =
6.3), and also the study of Rockwell e al. (2001), which provided
some evidence that the second major event of 1766 occurred to the
west of the 1912 event, we conclude that no major event took place
beneath the sea since 1509, when the greatest known event occurred
(Fig. 10). This conclusion, along with the GPS studies, suggests that
unless creeping is taking place along the main fault trace, the strain
already accumulated is capable of producing an event as large as
M, =709.

5 CONCLUSIONS

Our conclusions are as follows.

(1) The moment tensor solutions of the Marmara Sea events show
that the stress field in the eastern part is homogenous, but in the
western part is very heterogeneous. The heterogeneity may result
from a change in the strike of NAF from nearly E-W to WSW-ENE.

(2) The azimuth of the maximum compressive principal stress
axis, o, for the eastern and western part of the Sea of Marmara is
128° and 112°, respectively, suggesting a counter-clockwise rotation
of the stress field. The 0,-axis is close to vertical in the eastern part
(shear tectonic regime), whereas its plunge in the western part is
36°, suggesting a transpressive tectonic regime.

(3) The locations and mechanisms of the eastern Marmara Sea
events identify several secondary faults. The orientation and sense
of motion on these faults are explained by a simple tectonic model
that requires a nearly E-W-striking main fault trace, namely the

NAEF. Also, the location and sense of motion on the secondary faults
are successfully predicted by R and P shears and their conjugates.

(4) We propose a tectonic model for the eastern and western
ends of the Sea of Marmara that requires right and left step-over,
respectively, of the E-W-trending NAF (Fig. 11).

(5) Taking into account the historical seismicity, our model indi-
cates that no major event has occurred beneath the Sea of Marmara
since 1509. The region between the PI segment and the Ganos fault
ruptured by the 1912 Miirefte earthquake is identified as a possible
gap and if it is to be filled by a single event, it corresponds to an
eventof M,, =17.9.
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