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SUMMARY

We investigate aftershock focal mechanisms of the My, = 7.4 Izmit earthquake of 1999 August
17, on the western North Anatolian fault zone (NAFZ). Spatial clustering and the orientation
of 446 fault plane solutions are analysed. The Izmit mainshock occurred as a right-lateral slip
on an EW-trending near-vertical fault plane. Aftershock clusters define four individual fault
segments. Focal mechanisms surrounding the epicentres of the Izmit and subsequent Diizce
mainshock (M, = 7.1, 1999 November 12) indicate predominantly strike-slip but also normal
faulting. Aftershocks in the area between the Izmit and Diizce segments are mainly related to
EW-oriented normal faulting delineating a small pull-apart structure. Beneath the easternmost
Sea of Marmara, alignments of aftershocks suggest branching of the NAFZ into three or more
active segments that differ significantly in terms of their focal mechanism characteristics. The
distribution of aftershock focal mechanisms corresponds to fault segmentation of the NAFZ in
the Izmit-Diizce region produced by coseismic slip. Areas with large amounts of coseismic slip
show aftershocks that are predominantly strike-slip, but low-slip barriers show mostly normal
faulting aftershocks.

Stress tensor inversions of the aftershock focal mechanisms show rotations of the local
stresses following the Izmit mainshock. In the Izmit-Sapanca area, the maximum horizontal
compressive stress axis is horizontally rotated counter-clockwise by 8° with respect to the
coseismic and long-term regional stress field. Towards the eastern end of the rupture (Karadere-
Diizce area), stresses are rotated clockwise. We conclude that the Izmit earthquake caused
significant stress partitioning along the rupture. The direction of stress rotation is related to
the orientation of the individual fault segments along the NAFZ.

GJI Seismology

Key words: aftershocks, fault plane solutions, North Anatolian Fault, seismotectonics, stress
tensor inversion.

geodetic data all indicate separation of the mainshock into subevents
occurring on distinct fault segments (e.g. Reilinger ef al. 2000; Tibi
et al. 2001; Barka et al. 2002; Delouis et al. 2002; Giilen et al.
2002; Bos et al. 2004). The western termination of the Izmit rup-

1 INTRODUCTION

The Izmit M, = 7.4 (1999 August 17) earthquake occurred on the
northern strand of the North Anatolian fault zone (NAFZ) in the

Gulf of Izmit region. The rupture extended about 140 km between
the Sea of Marmara and the Diizce region along a right-lateral,
predominantly EW-trending, near-vertical fault plane (Fig. 1). Esti-
mates of average coseismic fault slip vary between 2.5 m (e.g. Tibi
et al. 2001) and 2.9 m (Bouchon et al. 2002) from inversion of
teleseismic data and records of near-fault accelerometers, respec-
tively. Maximum slip at the surface reached about 5-6 m (Barka
etal. 2002; Bouchon et al. 2002; Bos et al. 2004, others). The direc-
tion of slip corresponds well to the overall horizontal GPS-derived
2-2.5 cm yr~! westward motion of the Anatolian block with re-
spect to Eurasia (e.g. Noomen et al. 1996; McClusky et al. 2000,
Fig. 1a). Analyses of surface rupture, teleseismic, strong motion and
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ture is located offshore beneath the Sea of Marmara (e.g. Wright
et al. 2001), possibly extending to the area south of the Prince
Islands about 20 km southeast of Istanbul (Bouchon et al. 2002;
Ozalaybey et al. 2002). Rupture propagation towards the east ended
near Diizce where a large earthquake occurred 87 days after the
Izmit event (1999 November 12, M, = 7.1). Nodal planes of fo-
cal mechanisms for the Izmit main event, the major subevent (S2,
Tibi et al. 2001) and for the Diizce earthquake strike dominantly
EW (Fig. 1b). The combined rupture length for the [zmit and Diizce
earthquakes is estimated to be about 200 km. The Marmara region
west of the Izmit rupture is considered to be a seismic gap. Recent
estimates of Coulomb stress changes and earthquake probability
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Figure 1. (a) Location map of the Aegean-Anatolian region (courtesy of K. Fischer). Red arrows represent the GPS-derived horizontal velocity field (after
McClusky et al. 2000). The bold black line is the simplified trace of the North Anatolian fault zone (NAFZ). The Izmit segment of the NAFZ is indicated by
the black rectangular and enlarged in Fig. 1(b). (b) Coulomb stress map after the Izmit M, = 7.4 (1999 August 17) earthquake (after Parsons et al. 2000, their
Fig. 1). Red and blue colours indicate regions of increased and decreased Coulomb stress, respectively. White dots indicate locations of Izmit aftershocks. Fault
mechanisms are shown for the [zmit mainshock, Izmit subevent S2 (M, = 6.9, Tibi et al. 2001) and Diizce mainshock (M, = 7.1, 1999 November 12) from

West to East. The black rectangle indicates the area investigated in this study.

calculations (Parsons et al. 2000; Wright ef al. 2001; Parsons 2004)
suggest that the [zmit earthquake increased the seismic hazard for
the Marmara and Diizce regions (Fig. 1b). The Diizce earthquake
as also the 1992 Erzincan event indicate an eastward propagation
of mainshocks. However, this is in contrast to an overall westward
migration of strong earthquakes along the NAFZ observed since the
1939 Erzincan event (e.g. Toksoz ef al. 1979; Stein et al. 1997).

Here, we focus on aftershocks of the Izmit earthquake covering
the time span 1999 August 17-November 12. We analyse the spa-
tiotemporal evolution of aftershock focal mechanisms and perform
stress tensor inversion to determine the local stress field. The results
are compared to the coseismic rupture and afterslip of the Izmit
earthquake and to the regional tectonic setting.

2 ANALYSIS OF AFTERSHOCK
FOCAL MECHANISMS

The data set consists of 446 aftershock focal mechanisms out of
which 254 were determined from recordings of a 41-station seismic
network covering the entire Izmit rupture area. A part of the network
(29 stations) was installed four days after the Izmit mainshock and
was operated by the German Task Force for earthquakes hosted at
the GeoForschungsZentrum Potsdam (Grosser et al. 1998; Baum-
bach et al. 2003). These stations enlarged a 12-station network that
had been installed in that region in 1996 (SABONET, Milkereit et al.
2000). Fault mechanisms for these 254 events were determined by a
grid search over all possible fault plane solutions assuming a double-
couple model (FPFIT program, Reasenberg & Oppenheimer 1985).
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Figure 2. (a) Epicentre distribution of the 446 fault plane solutions analysed in this study in map view of the lower hemisphere. The size of the beachballs
scales with magnitude. The Izmit and Diizce mainshocks are indicated by their fault mechanisms. Numbers indicate (sub) segments along the Izmit rupture
zone that were identified based on spatial clustering of fault mechanisms as discussed in the text. (b) Distribution of P and T axes for the 446 fault plane
solutions in polar projection of the lower hemisphere. The size of circles scales with magnitude and the shading indicates the hypocentral time (lighter
colour ~ later occurrence). In addition we plotted the density distribution for the P and T axes of the entire data set where shading is scaled to maximum for P

and T separately.

Almost complete spatial coverage allowed us to reject all events for
which the grid-search results suggested multiple fault plane solu-
tions. The accuracy of individual fault mechanisms is 5° for strike,
dip and rake.

In addition, 192 fault plane solutions were collected from pub-
lished studies. The data are from seismic networks with different
geometries covering parts of the [zmit rupture area (Karabulut ez al.
2002; Ozalaybey et al. 2002; Polat et al. 2002). We also include
source mechanisms determined by regional moment tensor inver-
sion of the 30 largest Izmit aftershocks (Orgiilii and Aktar, 2001).
Multiple occurrences of events are excluded from the data set. We
estimate the average orientation error of the fault plane solutions in
our data set to be ~10°. The events cover an area between 28.95°—
31.4°E and 40.5°~41.0°N and extend to a maximum depth of 18 km
(a single event was located at a depth of 23 km, Fig. 2a).

Spatial clustering of the aftershock locations, fault mechanisms
and slip directions are investigated statistically. Temporal distribu-
tion and event magnitude are also considered. Orientation distribu-
tion of aftershock fault mechanisms is given by the respective P and
T axes in lower-hemisphere polar projection plots (Fig. 2b). Pand T
axes represent the centre of the dilatational and compressional quad-
rants of the focal mechanisms, indicating the direction of maximum
compressional and dilatational deformation, respectively.

3 SEGMENTATION OF THE IZMIT
RUPTURE ZONE

Aftershock epicentres are clustered in an E-W direction along the
NAFZ between 40.55°N and 40.90°N. The distribution of P and
T axes suggests a spatial separation of the 446 fault mechanisms
into four major segments along the rupture zone (Fig. 2a). Between
29.5°E and 30.4°E, aftershock epicentres follow the strike of the
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rupture trace of the Izmit event. A prominent cluster containing
169 events is located at about 30.6°E in the Akyazi area. Trains
of aftershocks indicate activation of secondary fault structures in-
clined by ~10° to the E-W trending NAFZ. In general, P axes
are either subvertical or subhorizontal trending at N9O°E-N180°E;
T axes are predominantly subhorizontal with a large scatter
(N160°E-N290°E). The distribution of P and 7 axes indicates that
strike-slip and normal faulting dominate the Izmit rupture after the
mainshock.

Segment 1 (28.95°E-29.30°E) contains 110 fault plane solutions
covering the western termination of the Izmit rupture located be-
neath the easternmost Sea of Marmara (Fig. 3). Aftershock clusters
indicate activation of three different branches of the NAFZ. For
each branch, the fault mechanisms are very similar and one of the
two nodal planes often coincides with a mapped fault. The north-
ern part (subsegment 11) contains mainly strike-slip events located
on a ~N305°E-striking vertical plane. A series of events indicat-
ing normal faulting is aligned along a parallel small fault segment
(Fig. 3). The southern branch (subsegment 12) contains NNE-SSW-
extensional normal fault events and some NW—SW-compressional
thrust fault events revealing a complex local fault structure. This
area largely coincides with the Yalova cluster that showed swarm
activity covering a time period of several years prior to the Izmit
event (e.g. Gurbuz et al. 2000; Baris et al. 2002).

Segment 2 (29.3°E-30.4°E) covers the Izmit-Sapanca area and
contains 107 aftershocks and the Izmit mainshock epicentre (Fig. 4).
In the western part (subsegment 21), aftershock epicentres are
aligned with the surface rupture trace trending E-W. P and T axes
indicate a wide distribution of focal mechanisms. However, in the
eastern part (subsegment 22) the aftershock locations trend ~N80°E
and, therefore, strike at an angle of ~10° to the rupture trace and
slip direction of the Izmit mainshock. Focal mechanisms indicate
predominantly right-lateral strike-slip and some normal faulting.
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Figure 3. Density distribution of P and 7" axes and map view of fault plane solutions for all events contained in segment 1 (see Fig. 2). The epicentral distribution
exhibits trains with highly similar focal mechanisms matching one of the two possible fault planes. This suggests further subdivision into a northern (11) and

a southern (12) subsegment (see text for details).

P axis trends and the nodal planes of individual strike-slip events
are rotated counter-clockwise by ~10° with respect to the Izmit
main shock focal mechanism.

Segment 3 (30.4°E—30.85°E) is located near the town of Akyazi at
a triple junction formed by the Izmit-Sapanca and Karadere-Diizce
faults and the ESE-striking Mudurnu fault, where a major earth-
quake occurred in 1967 (Fig. 1b). This segment contains 169 fault
plane solutions, that is, 40 per cent of the entire data set. The focal
mechanisms of a dense cluster of events indicate E-W extensional
normal faulting (Fig. 5). The high aftershock activity is in striking
contrast to the small coseismic displacement of <1 m in this area
suggested by surface slip and the inversion of strong motion data
(Barka et al. 2002; Bouchon et al. 2002; Langridge e al. 2002).
The ESE-striking southern branch of the NAFZ exhibited few af-
tershocks and no surface slip, possibly due to stress relaxation after
the 1967 event.

Segment 4 (30.85°E-31.3°E) contains 60 aftershock fault plane
solutions, including the epicentres of the Izmit subevent S2 (Tibi
etal. 2001) and the Diizce mainshock (Fig. 1b). Aftershock locations

indicate a 25° clockwise rotation with respect to the local trend of the
Karadere segment (N65°E). P axes of the events are in accordance
with activation of an ENE-WSW striking fault segment. In general,
a broad distribution of focal mechanism parameters reflects uniform
right-lateral strike-slip with frequently E-W-oriented sets of nodal
planes (Fig. 6).

4 STRESS TENSOR INVERSION

The aftershock fault mechanisms investigated in this study were
used for an inversion of the stress tensor. Stress tensor inversion
techniques using focal mechanisms have been discussed in detail
by various authors (e.g. Gephart & Forsyth 1984; Gephart 1990;
Michael 1987a, 1991; Hardebeck & Hauksson 2001; Bohnhoff et al.
2004). We use a technique proposed by Michael (1984, 1987a). The
analysis allows us to estimate the orientation of the three principal
stresses (o) = maximum compressive stress, o, = intermediate
and o 3 = minimum) and the stress ratio R = (0, — 03)/(01 — 03),
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Figure 4. Density distribution of P and 7 axes and map view of fault plane solutions for all events contained in segment 2 that includes the epicentre of
the Izmit mainshock. Scanning the data from West to East allows identifying a significant variation in clustering of similar mechanisms within this segment.
The eastern subsegment (22) consists dominantly of strike-slip mechanisms in good accordance with the mainshock in first order approximation and contains
a number of NNE-SSW extensional normal faulting events; the western subsegment (21) does not exhibit a preferred fault mechanism. In subsegment 22,
hypocentres follow a trend that is inclined to the E-W striking fault west of the Izmit epicentre; P axis distribution in this subsegment shows several preferred

orientations some of which are rotated by ~10° with respect to the Izmit mainshock.

0 <R <1(with R <0.5and R > 0.5 indicating a transpressional
and transtensional regime, respectively). The method is based on
the assumptions that

(1) in the area of investigation stresses remain uniform in time
and space,

(2) earthquakes represent shear dislocations on existing faults,
and

(3) slip occurs in the direction of the maximum resolved shear
stress on the fault plane.

Heterogeneity of the stress field is reflected by the misfit level
and the width of the confidence interval of the inversion (Table 1
and Fig. 7). For each stress inversion, 2000 bootstrap iterations were
performed.

The stress inversion of all focal mechanisms results in a normal-
faulting regime with clear separation of the principal stresses
(Fig. 7). The maximum compressive stress o ; is almost vertical
and o3 is horizontal, trending N237°E. This result is in contrast
to estimates of the regional long-term stress field in NW Turkey
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that suggest predominantly strike-slip deformation witha ~N125°E
striking subhorizontal direction of 0| (Kiratzi 2002; Heidbach et al.
2004; Reinecker et al. 2004, see Table 1) and points towards signif-
icant variations of stress field orientation along the NAFZ after the
Izmit event. Furthermore, the data set as a whole is dominated by
the large number of events located in segment 3 showing predomi-
nantly normal faulting. To investigate further local variations in the
stress regime along the Izmit rupture we subdivided the catalogue
according to the segmentation identified from the distribution of P
and T axes (segments 1—4). Stress inversion of the four segments
reveals a clear variation of the local stress field orientation along
the Izmit rupture (Fig. 7). For the Akyazi area (segment 3), the re-
sults indicate a separation of the principal stresses (black dots) with
narrow lo (68 per cent, dark grey) and 20 (95 per cent, light grey)
confidence intervals. For the remaining segments, however, confi-
dence intervals for the largest and intermediate principal stresses
form a girdle (Fig. 7).

Stress ratio (R = 0.83) and confidence intervals for segments
1 and 2 reflect the dominating deformation regimes (strike-slip
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Figure 5. Density distribution of P and 7" axes and map view of fault plane solutions for all events contained in segment 3. A dominant EW-extensional normal
faulting regime is observed along this segment that contains about 40 per cent of the entire set of fault plane solutions analysed in this study. Different to the
three other segments no alignment is observed from the distribution of aftershock hypocentres; instead the aftershock activity cover the entire Akyazi plain that

is identified as a pull-apart structure.
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Figure 6. Density distribution of P and 7 axes and map view of fault plane solutions for all events contained in segment 4 that includes the Karadere segment and
the Diizce mainshock epicentral area. A dominant strike-slip mechanism is observed for this easternmost part of the Izmit rupture area. Events with annotated
magnitude mark the largest and earliest aftershocks in this segment and are discussed in the text. Most hypocentres are aligned on an almost EW-trending
direction that is inclined to the local fault trend of N65°E (Karadere segment, see Fig. 8) by ~25°.

and normal faulting). The principal stresses o ; and o, differ only
slightly in their magnitude and both stress directions trend roughly
NW-=SE within both segments (N314°E and N117°E, respectively).
The minimum compressional stress o ; is clearly differentiated from
o and o0,, trending subhorizontally NE-SW. The Izmit-Sapanca
area (segment 2) includes the Izmit mainshock epicentre. Here, the
post-seismic trend of ¢ ; indicates a counter-clockwise rotation of
8° with respect to the regional stress field and the coseismic stress
field derived from inverting the focal mechanisms of the six Izmit
subevents (Giilen et al. 2002, Table 1). In the Akyazi area (segment
3), directions of principle stresses oy — o3 are well constrained
and correspond to an E-W extensional normal faulting regime. The
relative stress magnitude R = 0.62 indicates that the magnitude of
0, is close to the mean of 6| and o3.

The easternmost segment 4 covers the N65°E-trending Karadere
segment pointing towards the Diizce area where a M, = 7.1 earth-
quake occurred 87 days after the [zmit mainshock. Stress orientation
and confidence intervals for this area indicate a strike-slip regime
with a stress ratio of R = 0.63 (Fig. 7). The maximum principle stress
(0 1) is subhorizontal and trends N159°E, indicating a clockwise ro-
tation with respect to the regional stress field of > 30°.

5 DISCUSSION

5.1 Segmentation of the Izmit rupture zone
The Izmit earthquake ruptured a 140 km-long E-W trending seg-

ment of the western NAFZ. Offshore in the easternmost Sea of
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Table 1. Overview on stress field orientations along the Izmit part of the NAFZ observed from the different sources and determined in this study. Data sets
cover different areas and time intervals. Azimuth (tr = trend) and angle of incidence (pl = plunge) for the principal stresses are given in N over E and against

horizontal, respectively.

Area covered Time covered Focal mech. o (tr/pl) Std o, (tr/pl)  Std o3 (tr/pl) std  Misfit R Source
[no.] [°1 [’1 1 rl 1 rl

NW Turkey 1943-1999 11 126/3 13 269/86  — 353 13 33°@ 05 Kiratzi (2002)
NW Turkey 1943-1999 13®) 124/-@  (25) —/90 - 34/— - - —  Reinecker ef al. (2004)

Heidbach et al. (2004)
E Sea of Marmara 1996 Jan—Sep 37 305/1 14 206/86 20 35/4 17 031 0.5  Erginetal. (1997)
Izmit rupture Coseismic Izmit 6 124/3 15 231/79 15 34/11 15 0.31 0.5  Gilen et al. (2002)
Izmit rupture Post-seismic Izmit 30 316/13 10 81/68 10 222/18 10 0.16  0.74  Orgiilii & Aktar (2001)
Izmit rupture Post-seismic Izmit 446 66/87 6 327/0 6 237/3 6 022 0.64 Thisstudy
(segment 0)
E Sea of Marmara  Post-seismic Izmit 110 314/23 6 144/57 6 45/ 4 6 020 0.83 This study
(segment 1)
Izmit Sapanca Post-seismic Izmit 107 117/15 6 347/67 6 212/17 6 022 0.83 This study
(segment 2)
Akyazi plain Post-seismic Izmit 169 190/74 6 3/15 6 94/1 6 0.09 0.62 This study
(segment 3)
Karadere Diizce Post-seismic Izmit 60 339/6 8 49/74 8 251/15 8 0.19 0.63 This study
(segment 4)
standard deviation (std) refers to the trend for o ;3.
@8y.
®)and shallow boreholes.
(©)misfit as given by the FMSI routine (Gephart & Forsyth 1984).

Segment 1 Entire data base Segment 4
(Segment 0)
2 \
\u
| A | 3 2 .
A O
Segment 2 Segment 3

-

\II
1 E

i
2

Y
ey,

-

Figure 7. Results of stress tensor inversion for the entire data base containing 446 fault plane solutions and the four segments (see Figs 3—6 for map view
of fault mechanisms contained therein). Bold black dots represent the best fitting orientations for the three principal stresses (o0 ;| = maximum compressional
stress, 05 = intermediate; o3 = minimum). Small and large dots represent the 1o (68 per cent) and 20 (95 per cent) confidence intervals, respectively.

Marmara, the NAFZ splays into different branches producing a com-
plex network comprising the Izmit-Sapanca, Diizce, Iznik, Geyve
and Mudurnu faults (Fig. 8). The width of this network is about
30 km and thus on the order of the thickness of the seismogenic
upper crust. Regional tectonics in western Turkey are dominated
by right-lateral strike-slip along the ~EW-trending NAFZ and a
NE-SW extensional regime associated with a >3 cm yr~' SSW-
ward migration of the South Aegean domain with respect to stable
Eurasia (e.g. McClusky et al. 2000; Flerit ef al. 2004). Atthe NAFZ,
GPS data indicates westward motion of northwestern Anatolia at
about 2-2.5 cm yr~'. In this tectonic regime, the Sea of Marmara

© 2006 The Authors, GJI, 166, 373-385
Journal compilation © 2006 RAS

formed as a large pull-apart structure (e.g. Armijo ef al. 1999) in a
transtensional environment. On a smaller scale, fault segments are
separated by releasing bends and small-scale pull-apart structures
such as Izmit Bay and Lake Sapanca.

Analysis of aftershock focal mechanisms along the Izmit rupture
reveals predominantly strike-slip and normal faulting events in com-
bination with few thrust events, indicating that strain partitioning
and variations in the local stress field is a dominant feature within
this region. Thrust faulting is restricted to a small area near Yalova
where pronounced seismicity was observed prior to the [zmit main-
shock (Gurbuz et al. 2000; Baris et al. 2002). In the Izmit-Sapanca
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Figure 8. Upper part: Topographic map of the Izmit segment of the North Anatolian fault zone (after Fielding er al. 1999). Red dotted lines indicate the
simplified surface rupture of the Izmit event (after Barka e al. 2002). The bold red dot indicates the epicentre of the Izmit mainshock. Middle part: Main faults
of the NAFZ along the Izmit rupture area. Blue lines along the three onshore segments represent lateral distribution of surface slip after Barka et al. (2002)
scaled to the slip maximum of ~6 m. Lower part: Distribution of the 446 focal mechanisms analysed in this study (see also Fig. 2) and segmentation identified

based on special clustering of focal mechanisms.

and Karadere-Diizce areas (our segments 2 and 4), aftershock fo-
cal mechanisms reflect mainly strike-slip and normal faulting. In
general, the epicentres of individual events form trails delineating
fault segments that correspond to one set of aftershock nodal planes
(Fig. 2 and Fig. 8). E-W extensional normal faulting typifying the
Akyazi plain of segment 3 (Fig. 5) is consistent with local topog-
raphy at 30.6°E, which exhibits >500 m subsidence with respect
to the surrounding area (Fig. 8). We interpret this plain to repre-
sent a small pull-apart basin similar to Lake Sapanca, Izmit Bay
and the somewhat larger Sea of Marmara. In the following we re-
late aftershock segmentation along the rupture zone to the spatial
distribution and temporal evolution of coseismic slip of the [zmit
earthquake.

5.1.1 Coseismic slip along the Izmit rupture trace

Along the Izmit rupture, seismic moment release and coseismic slip
vary from >12*10'” N m and >5 m in high-slip zones to <1*10"°
N m and <1 m at low-slip barriers, respectively (e.g. Bouchon et al.
2002; Papageorgiou 2003). Mapped surface ruptures indicate five
separate fault segments reaching from west to east separated by re-
leasing (pull-apart) step-overs of about 1-4 km width (Tibi ez al.
2001; Barka et al. 2002; Langridge et al. 2002; Polat et al. 2002,

see Fig. 8). From west to east, the segments are the Yalova-Hersek
(striking N80°E), Karamiirsel-G6lciik (N70°—-80°E), Izmit-Sapanca
(~N90°E), Sapanca-Akyazi (N75°-85°E) and Karadere (N65°E).
Step-overs between segments exhibit vertical offsets of up to 2.4 m,
indicating a significant component of normal faulting that is in
agreement with aftershock fault mechanisms at several locations
along the rupture trace.

Coseismic rupture started at the main shock epicentre just west
of Golciik and propagated westwards along the Karamiirsel-Golciik
segment with little moment release (Bos ez al. 2004). Eastward prop-
agation was triggered on the Izmit-Sapanca segment with a short de-
lay resulting in asymmetric rupture of the main source (Delouis ez al.
2002; Li et al. 2002). Rupture propagation was complex, involving
several subevents possibly triggered on different fault segments. To-
tal source duration, the number of subevents and the distribution of
moment release after the first ~20 s remain controversial (Tibi et al.
2001; Delouis et al. 2002; Giilen et al. 2002; Li et al. 2002; Bos
etal. 2004). Using source-time functions of up to 90 s, 3—6 subevents
have been identified (Tibi ef al. 2001; Giilen ef al. 2002).

Inversions of teleseismic, ground motion and space geodetic data
also indicate distributed slip on separate fault segments with two
slip maxima of 5—6 m near Gdlciik and Lake Sapanca (e.g. Reilinger
et al. 2000; Bouchon ef al. 2002; Giilen ez al. 2002; Li et al. 2002).
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Table 2. Energy release, rupture area and average slip for the Izmit and
Diizce mainshocks (coseismic) and the Izmit post-seismic time (after
Bouchon et al. 2002; Biirgmann et al. 2002; Ergintav et al. 2002; Orgiilii. &
Aktar 2001; Reilinger er al. 2000; Tibi ez al. 2001; Umutlu et al. 2004). See
text for details.

M, M, Rupture area  Average slip

[10%° N m] [km?] [m]
Izmit mainshock 7.4 1.4-2.0 140 x 20 2.5-2.9
Diizce mainshock 7.1 0.5 60 x 20 0.8-1.0
Cumulative geodetic 7.0 0.3 140 x 20 0.43
moment (Izmit-Diizce interevent time)
Izmit-Aftershocks 6.6 0.012 140 x 20 0.017
(30 largest)
Izmit-Aftershocks 6.8 0.025 140 x 20 0.036
(4400 largest)

Slip maxima were found between the surface and about 12 km depth.
Delouis et al. (2002) presented a joint inversion of InSAR, GPS,
teleseismic and strong motion data (see also Salichon ez al. 2003)
delineating four fault segments. Maximum slip is up to 8 m at about
6—12 km depth below Golciik-1zmit and Lake Sapanca. The Akyazi
plain (30.4-30.7°E) is consistently identified as an area of reduced
slip (<1 m).

5.1.2 Aftershock activity and post-seismic slip along the Izmit
rupture trace

Post-seismic slip estimated from GPS over the 75 days following
the Izmit earthquake was about 0.43 m. The corresponding total
geodetic moment is equivalent to M, = 7.0 (Reilinger et al. 2000;
Biirgmann et al. 2002; Ergintav et al. 2002) and, therefore, one
order of magnitude higher than the moment liberated by the 4000
largest aftershocks (see Table 2). This indicates that post-seismic
deformation was largely aseismic. Modelling of afterslip suggests
that maximum creep is expected at depths of >20 km (Reilinger
et al. 2000).

The maxima of coseismic and post-seismic slip and the after-
shock activity are anti-correlated. For example, the minima of after-
shock activity in the Hersek Delta (29.6°E) and in the Lake Sapanca
(30.2°E-30.3°E) in segment 2 (Fig. 4) and near Karadere (30.8°E)
in segment 4 (Fig. 6) coincide with the corresponding coseismic
slip maxima. High coseismic slip in the Izmit-Sapanca (segment 2)
and Karadere-Diizce (segment 4) areas is correlated with a predomi-
nantly strike-slip faulting regime of the aftershocks. In contrast, high
rates of aftershock activity and abundant normal faulting events in
the Akyazi area and at the western end of the rupture trace coincide
with low slip at barriers and step-overs between fault segments.

Significant afterslip occurred at depth along the eastern Karadere
segment close to the epicentre of the Diizce mainshock (M, = 7.1,
1999 November 12). Interestingly, we observe a relatively high rate
of aftershock activity in this region. Focal mechanisms of the three
largest aftershocks on this segment (M > 4, Fig. 6) are very similar
to Izmit subevent S2 and the Diizce event (both indicated in Fig. 1),
which occurred 30 s and about three months after the Izmit earth-
quake, respectively. The three aftershock events all occurred within
6 hours after the Izmit mainshock. In contrast, fault plane solutions
of small aftershocks show a larger variability, which was not ob-
served on any of the three segments to the west. This observation
suggests that small events also reflect small-scale structural com-
plexity of the NAFZ. With increasing magnitude, focal mechanisms
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increasingly reveal the orientation of the regional stress field orien-
tation. This effect has also been observed for fluid-injection induced
microseismicity (Bohnhoff ef al. 2004), but at a lower magnitude
level (—1 < M, < 1).

5.2 Evolution of the stress field at the NAFZ

To analyse spatial and temporal variations of the stress field along
the NAFZ and especially along the Izmit rupture we collected all
available information on the long-term regional stress field in NW
Turkey covering the past ~5 decades. In addition, we performed
stress tensor inversion of focal mechanisms of events prior (‘pre-
seismic’) and during (‘coseismic’) the Izmit mainshock. The entire
set of information on stress field orientation in the area of investiga-
tion is summarized in Table 1. Information on the long-term regional
stress field in NW Turkey was taken from the World Stress Map data
base (Heidbach ef al. 2004; Reinecker ef al. 2004) which contains
13 stress orientation measurements for the area of interest indicat-
ing a mean maximum horizontal stress (S ) trending N124°E. In
addition, Kiratzi (2002) performed stress tensor inversion of the 11
largest earthquakes that had occurred in the region since 1943 and
revealed a strike-slip faulting regime with subhorizontal NW—-SE-
trending orientation of the maximum principal stress and a near-
vertical intermediate principal stress. Further information on the
pre-seismic stress field was obtained from inverting focal mech-
anisms obtained with a local network in the easternmost Sea of
Marmara during 1996 January—September (Ergin ez al. 1997).

The ‘coseismic’ stress field during the [zmit event was determined
by inverting the focal mechanisms of the six [zmit subevents consti-
tuting the entire Izmit rupture (Giilen ez al. 2002). Furthermore, the
30 largest aftershocks (Orgiilii & Aktar 2001) were used to derive
the regional ‘post-seismic’ stress field. Interestingly, this data set
contains only three EW-extensional normal faulting events within
the Akyazi Plain and yields a well-defined stress regime almost
identical to the ‘pre-seismic’ regional stress field (Table 1).

In Fig. 9 the stress field orientations of the data sets as described
above are shown in chronological order. The angle between the trend
of o and the regional trend of the NAFZ (N90°E) is indicated by
the black lines and the grey-shaded areas represent their standard
deviation. The stress field orientations of Kiratzi (2002) and from
the World Stress Map are identical to within <2°. We consider this
orientation to represent the long-term regional stress field in NW
Turkey. Notably, the regional stress field orientation is almost iden-
tical with the local stress field orientation during the Izmit earth-
quake with both confidence regions in the range of 12°. The local
stress field within the eastern Sea of Marmara in 1996 differs by
~10° with the regional stress field while the 68 per cent confidence
regions overlap.

The stress field after the Izmit mainshock is spatially heteroge-
neous along the rupture. Orientations of the principal stresses vary
significantly between segments 1—4 reflecting fault complexity. For
segments 1, 2 and 4 the maximum compressive stress direction o is
subhorizontal and trends N117°E to N159°E. We, therefore, approx-
imate its azimuth by the azimuth of the largest near-horizontal stress
(SH) and thus equate o' with SH in segments 1,2 and 4 (in segment
3, o is almost vertical, see Fig. 7, Table 1). Note, that the accuracy
for the orientations of ¢ ;_; is in the range of 6-8° for one standard
deviation (68 per cent) and, therefore, unprecedently small for this
region. We interpret the strong partitioning of the post-seismic stress
field to reflect the local fault structure along the rupture. A striking
result of the stress inversion of the aftershock focal mechanisms
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in the Izmit-Sapanca (segment 2) and Karadere-Diizce (segment 4)
areas is that the local stresses are rotated compared to the regional
stress field and local fault trend. A change of the state of stress in the
vicinity of coseismic slip maxima may have reactivated secondary
faults and modified the local fault structure. In particular, shear fail-
ure and the associated drop in shear stress may result in a rotation
of the principal stresses acting on the fault. This has been observed
for some earthquakes at strike-slip and reverse faults in Califor-
nia such as the 1983 Coalinga (Michael 1987b), 1986 Oceanside
(Hauksson & Jones 1988), 1989 Loma Prieta (Michael et al. 1990;
Zoback & Beroza 1993), 1992 Landers (Hauksson 1994; Hardebeck
& Hauksson 1999, 2001), and 1994 Northridge (Zhao et al. 1997)
earthquakes. Stress ratios varied notably indicating local transten-
sional faulting (R = 0.43-0.65, Hauksson 1994) and transpression
(R =0.2-0.55,Michael et al. 1990). Principal stresses were horizon-
tally rotated significantly between about 10°~20° in a clockwise and
counter-clockwise direction. In some cases (Northridge, Coalinga,
Landers) stress rotations reversed with time and varied along the
rupture trace. Notwithstanding that stress rotations during the seis-
mic cycle and especially in connection with large earthquakes are
in accordance with the present understanding of faulting kinemat-
ics, observed stress rotations should be interpreted with care as was
shown for the case of Landers by Townend & Zoback (2001).
Local rotations of the stress field at a fault are extremely diffi-
cult to detect. The accuracy of stress field determination is limited

to ~5° at best, which is mainly due to the uncertainty in orienta-
tion of focal mechanisms used for the stress inversion. Often, these
errors in stress field orientation are of the same order of or only
slightly less than the magnitude of the expected rotations. In the
Izmit-Sapanca area (segment 2) we observe a counter-clockwise
rotation of the post-seismic stress field with respect to the long-
term regional and coseismic stress field of about 8°. In this part of
the NAFZ a more or less uniform EW-trending fault was activated
during the Izmit mainshock. Interestingly, the hypocentral distri-
bution of aftershocks in this area shows the same ~10° counter-
clockwise rotation with respect to the local coseismic fault trend
(Fig. 10) indicating that the mainshock stress drop induced a local
rotation of the stress field that resulted in activation of optimally
oriented secondary faults. Stress rotation is also observed at the
eastern termination of the Izmit rupture (Karadere-Diizce area, seg-
ment 4). Here, the local fault trend of the NAFZ is N65°E along
the Karadere segment where most of the Izmit aftershocks in seg-
ment 4 occurred. The post-seismic orientations of the three principal
stresses in this area are well resolved (see Fig. 7). With respect to the
regional stress field we identify a 34° clockwise rotation of the local
stress field along the Karadere segment due to the mainshock. As
in the Izmit-Sapanca area, the rotation of the local stresses is con-
sistent with the local trend formed by the distribution of hypocen-
tres that indicate a rotation of ~25° (Fig. 10). However, at the Ka-
radere segment the stress rotation occurred in a clockwise direction
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compared to the Izmit Sapanca segment, where the observed ro-
tation was counter-clockwise. We suggest that the different sense
of rotation of the post-seismic stress field is related to the varying
trends of the NAFZ segments in relation to the regional stress field
producing different loading states along the fault trace. In the central
region around the Izmit epicentre, stress drop associated with the
Izmit main event reduced the shear stresses acting on the fault seg-
ment causing stresses to rotate counter-clockwise. However, stress
release at the eastern part of the rupture seems to have produced
a progressive clockwise rotation of the static stress field, since the
Karadere segment is exposed differently to the regional principal
stresses by about 25°. The M, = 7.1 Diizce mainshock extended
the Izmit rupture into a region of positive Coulomb stress (e.g. Par-
sons et al. 2000). However, it was also affected by an increasingly
rotated stress field as shown in this study.

6 CONCLUSIONS

We have investigated aftershock focal mechanisms of the M, =
7.4 1zmit earthquake of 1999 August 17, on the western NAFZ.
Aftershock clusters define 4 individual fault segments. Focal mech-
anisms surrounding epicentres of the Izmit and subsequent Diizce
mainshock (M, = 7.1, 12.11.99) indicate dominantly strike-slip
but also normal faulting. Aftershocks in the area between Izmit and
Diizce segments are mainly related to EW-extensional normal fault-
ing indicating a small pull-apart structure. West of the Izmit main-
shock, alignments of aftershocks suggest branching of the North
Anatolian fault into three or more active segments differing signif-
icantly in dominant focal mechanisms. Areas with high coseismic
slip show aftershocks that are dominantly strike-slip, but low-slip
barriers show mostly normal faulting aftershocks.

Stress tensor inversions of the focal mechanisms show a clear
stress partitioning and rotations of the local stress field follow-
ing the Izmit mainshock. In the Izmit-Sapanca area the direction
of the maximum compressive stress is rotated counter-clockwise
with respect to the regional stress field. Towards the eastern end of
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the rupture (Karadere-Diizce area) stresses are rotated clockwise.
In both areas the stress rotation is consistent with the alignment
of aftershock hypocentres. We suggest that the opposing rotations
of the post-seismic stress field is related to the locally varying trend
of the NAFZ segments in relation to the regional stress field that
results in different loading states along the fault trace through time.
The observed temporal variations in orientation of the principal
stresses are significant, but can only be detected by dense local net-
works with a low magnitude threshold permitting the determination
of highly confident focal mechanisms as the basis for stress inver-
sion. We expect that the observed spatiotemporal changes of the
stress field should affect the modelling of optimally oriented faults
from Coulomb failure stress analysis and thus local estimates of
seismic hazard.
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