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Abstract

We investigate aftershock focal mechanisms along the eastern part of the lzmit
My = 7.4 August 17, 1999 rupture zone during the time period August 22, 1999 - October
17, 1999. Two spatial clusters of aftershock activity are analyzed representing the
Karadere Fault (KF) and the Diizce Area (DA). Based on an aftershock hypocenter
catalogue restricted to events with horizontal and vertical errors < 2 km, we determine
fault plane solutions for 221 events. The high number of focal mechanisms at the eastern
Izmit rupture zone could be determined only due to the low magnitude-detection
threshold of the seismic network and allows to resolve the local deformation pattern with
unprecedented precision. Focal mechanisms along the Karadere Fault allow us to identify
dominantly dextral strike-slip mechanisms with normal faulting components on NE-SW
trending fault planes. Focal mechanisms in the Diizce Area predominantly exhibit NE-
SW extensional normal faulting but also a substantial part of strike-slip faulting. Further
subdivision of the data set slightly decreases for the misfit for deeper (z > 10 km) events.
At the junction between the Karadere and Duizce Faults, where the North Anatolian Fault
Zone (NAFZ) strike is bending from 65° to 90° (EW) at the eastern end of the Izmit
rupture we observe a high variance in stress field orientation. High variance northeast of
Karadere Fault correlates with lower b-values. While the Karadere Fault reflects a
predominant dextral strike-slip regime with normal faulting components, the Diizce Area
further to the East that also hosted the forthcoming M,, 7.2 mainshock 87 days after the
Izmit earthquake can be subdivided into a dominantly NE-SW extensional normal
faulting regime below the Diizce Basin (DB) and a first-order strike-slip regime along the

western Dizce Fault (DF). We conclude that the Diizce Basin was set under tension by



the Izmit rupture and partly released the slip deficit by extensional faulting on Karadere
Fault parallel to the coseismic displacement. At the same time this area and in particular
the Dilzce Fault that bounds the Diizce Basin to the south reflects mostly strike-slip
events representing a major asperity along the NAFZ before initiating the Dizce rupture

87 days after the 1zmit event.
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1. Introduction

The North Anatolian Fault Zone (NAFZ) is one of the seismically most active
transform faults worldwide extending along 1600 km from eastern Anatolia to the
Aegean Sea (Figure 1a). The direction of slip corresponds well with the Global
Positioning System (GPS) derived 25-30 mm yr' westward motion of the Anatolian
Block with respect to Eurasia (McClusky et al., 2000; Reilinger et al., 2006). The M,, =
7.4 August 17, 1999 Izmit earthquake exhibits a maximum surface displacement of >5 m
at the Sapanca-Akyazi segment (Barka et al., 2002, Figure 1b). Average coseismic slip
obtained from teleseismic waveform inversion is 2.5 m (Tibi et al., 2001) and 2.9 m from
regional strong-motion records (Bouchon et al., 2002). Moreover, Synthetic Aperture
Radar interferometry (INSAR) data inversion (Wright et al., 2001) and GPS data by
Reilinger et al. (2000) show a maximum displacement of 5 m and 3.5 m near the
mainshock epicenter, respectively. Delouis et al. (2002) identified four individual
segments along the Izmit rupture by using combined GPS, SAR, teleseismic and strong-
motion data.

Rupture propagation towards the east ended near Diizce where a large earthquake
occurred 87 days after the Izmit event (November 12, 1999 M,, = 7.2). Fault plane
solutions of both mainshocks reflect right-lateral strike-slip faulting on vertical (I1zmit)
and steeply northward dipping (Duzce) fault plane (Tibi et al., 2001, see Figure 1b). The
easternmost segment of the 1999 Izmit earthquake rupture is right stepping at the
Karadere area (1.5 m of co-seismic slip) with respect to the Dlizce Area (no co-seismic

slip at the surface). 1zmit aftershock focal mechanisms for this area for magnitudes > 2



based on recordings from the combined German Task Force (GTF) and SApanca BOlu
NETwork (SABONET) are predominantly strike-slip with normal faulting components
(Bohnhoff et al., 2006).

The apparent dissimilarity between aftershock mechanisms is so strong that it
suggests a post-earthquake stress field with little resemblance to stresses release in the
mainshock. The local stress field is not mainly controlled by the rupture characteristics of
the mainshock (Michael et al., 1990: Michael 1991).

In this study we determine and analyze a total of 221 Izmit aftershock focal
mechanisms for the Karadere-Diizce branch for the entire recording period of the seismic
network (August 22, 1999 - October 17, 1999) and down to M, = 0.9. We perform stress
tensor inversion to determine the local stress field orientation. Results are compared to
the local tectonic setting and discussed in the light of the proceeding Dilizce earthquake

that occurred on November 12, 1999 extending the Izmit rupture by ~50 km to the east.

2. Data base and procedure

We focus on recordings obtained by a 36-seismic station network covering the
entire Izmit rupture zone extending from the eastern Sea of Marmara towards the Duzce
Area. A long-term seismic network consisting of 15 stations was in operation since 1996
(SApanca-BOlu NETwork - SABONET, Milkereit et al., 2000, yellow triangles in Fig.
1b). With the aim to monitor the Izmit aftershock activity at low magnitude-detection
threshold, the German Task Force for Earthquakes (GTF) of the Helmholtz-Centre

Potsdam - GFZ deployed additional 21 stations (Figure 1b, red triangles) in the area



within the first four days after the mainshock (Zschau and Grosser, pers. comm.). The
hypocenter catalog derived from the combined network consists of 10066 hypocenters
that show distinct spatial clustering along the rupture (Bohnhoff et al., 2007; Bulut et al.,
2007).

With the aim to further analyze the seismotectonic setting after the 1zmit event
and prior to the Dizce event we focus on the eastern Izmit rupture zone in the Karadere-
Duzce Area (Figure 1b). There, the Izmit rupture terminated at depth of the intersection
between the Karadere and Duzce Faults where the NAFZ bends by ~25°. We select all
events in that area that have at least 10 P onset picks at good azimuthal coverage
(maximum gap < 110°). This resulted in a total of 353 events that cover a magnitude
range from 0.9 < M, < 4.3. We use relocated hypocenters that were determined based on
applying the double-difference technique resulting in a relative location accuracy of ~400
m (see Bulut et al., 2007 for details). Using P polarities we apply the FOCMEC program
(Snoke, 2003) that performs a grid-search assuming a pure double-couple mechanism. At
least 10 P-wave first-motion polarities with a maximum gap of 110° are used to
determine fault plane solutions and only events with errors < 10° for strike, dip and rake
were considered for further analysis. A total of 211 events fulfilled the error quality test
for the area of investigation. Error bounds for the 211 obtained fault plane solutions are
plotted in Figure 2 in terms of errors for strike, dip and rake, respectively. Averages of P-
wave polarity and azimuthal gap are 15 and 92°, respectively. In addition, we include
fault mechanisms for this area as determined from earlier studies including events from
the first week after the mainshock (Bohnhoff et al., 2006) resulting in a total of 221 fault

plane solutions.



Figure 3a shows the entire set of fault plane solutions in a lower hemisphere
equal-area/angle projection. Predominant activity is observed throughout the Diizce Area
(DA) in more cloud-type distribution and along the Karadere Fault (KF) that strikes 65°
and that dips at ~80° to the NW. In Figure 3b we plotted all epicenters shown in Figure
3a and added the focal mechanisms of the three largest aftershocks (M, > 4) that all
occurred during the first hours of the mainshock, the 1zmit subevent S1 that represent the
last part of the segmented Izmit rupture (M, = 6.9, see Tibi et al., 2001) and the Dizce
mainshock (M,, = 7.2). Interestingly, all these events have an almost identical focal
mechanism indicating right-lateral slip on a steeply northward dipping, EW-trending fault
below the southern part of the Duzce Basin. For further analysis we focus on the
orientations of the axes of maximum compression (P) and tension (T) in the following. In
Figure 4a-d we show four events that are representative for the entire set of fault
mechanisms. The events shown in Figure 4a (15 P-wave first-motion polarities, 104°
azimuthal gap), 4c (10 P-wave first-motion polarities, 109° azimuthal gap) are examples
of strike-slip fault plane solutions along Karadere and Dizce Faults. The focal
mechanisms shown in Figure 4b (13 P-wave first-motion polarities, 96° azimuthal gap),
4d (12 P-wave first-motion polarities, 71° azimuthal gap) are examples for normal
faulting mainly in the Diizce Basin. In Figure 5a and 5b we plot the P and T axes of the
entire catalogue of focal mechanisms in an equal-area/angle projection of the lower
hemisphere and scale the size and shading of circles with magnitude and time,
respectively. While P axes form a great circle trending NNW-SSE the T axes cluster at
low dip angle trending NE-SW. Dominantly strike-slip and normal faulting mechanisms

are observed for the events of the data set.



To further analyze the data set for spatial clustering of similar faulting
mechanisms we proceed as follows: As a first step the Karadere-Dizce area is divided
into the Karadere Fault (KF) and Duizce Area (DA) (see Figure 3a) containing 56 and 165
events, respectively. This subdivision is based on structural information of the area and
spatial clustering of hypocenters that allow defining a steep NE-SW trending plane of
activity along the Karadere Fault and a diffuse cloud-type activity in the Dilzce Area.
Note that this difference in hypocentral distribution is real and not an artifact of varying
location precision with the area (Bulut et al., 2007).The Duzce Area was then further
subdivided into a northern part covering the Duizce Basin (DB) and a southern part along
the Duzce Fault (DF) (Figure 3b).

The Duzce Area (DA) contains 165 fault plane solutions at depths between 2 and
16 km and at a magnitude range between 0.9 and 4.3. The fault mechanisms within DA
reflect a predominant NW-SE extensional normal faulting mechanism and some are
right-lateral strike-slip mechanisms (Figure 6a). The Karadere Fault (KF) covers the area
surrounding the Karadere Fault and contains 56 events. These occurred at depths between
10.5 and 15 km and reflect the down-dip extension of the surface trace of the KF. The
event magnitudes are between 1.2 and 3.5. The distribution of P and T axes indicates a
dominantly strike-slip mechanism with normal faulting components. The P axes reflect a
scattered orientation with an average NW-SE trend and the T axes are found to cluster at
a subhorizontal NE-SW trend (Figure 6D).

In the northern DA (Diizce Basin) there are 96 fault plane solutions and the P and
T axes reflect dominantly normal faulting. The P axes show NW-SE orientation and the T

axes display a scattered orientation with an average NE-SW trend (Figure 6c). The



southern zone of DA (Dlzce Fault) contains 69 aftershock fault mechanisms. The P axes
are trending NNW-SSE at various dip angles and the T axes are trending NE-SW at
shallow dip angles. Therefore, this area reflects both strike-slip and normal faulting
mechanisms (Figure 6d).

In a second step, we subdivide the Dilizce Area data set according to event
magnitude (M > 2, 53 events, and M < 2, 112 events) and depth (z > 10 km, 104 events
and z < 10 km, 61 events). In the following each of the subsets introduced above is
inverted to determine the directions of the principal stresses and the relative stress

magnitude.

3. Stress tensor inversion

Numerous methods have been proposed for the determination of the stress field
orientation from fault plane solutions. The most widely used ones are the inversion
algorithms of Gephart and Forsyth (1984) and Michael (1984). Both methods are based
on the assumption that, if various orientations of focal mechanisms exist within a region
of uniform stress, one may determine the directions of the principles stresses (o1-3) and a
relative stress magnitude (@) from the condition that slip occurs in the direction of
maximum shear stress. The main difference between these methods is the description of
the deduced misfit and the way to define the best model. The reliability of the deduced
stress field orientation (misfit value and variance) reflects the level of stress field

heterogeneity (Gephart, 1990; Michael 1987, 1991; Bohnhoff et al., 2004).



Hardebeck and Hauksson (2001) performed an extensive comparison of both
methods based on synthetic focal mechanism data sets. The accuracy with which both
inversion methods determine stress parameters were found to be generally good. The
accuracy of both methods improves with increasing size of data sets, with the most
improvement occurring between N = 20 and N = 50 (Hardebeck and Hauksson, 2001).

In our study we applied the technique of Michael (1984; 1987) to the catalogue as
a whole as well as to the individual subsets as described above. The method of Michael
(1984; 1987) provides a more appropriate estimate of uncertainty (Hardebeck and
Hauksson, 2001). The algorithm uses the statistical method of bootstrap resampling and
allows determining the orientation of the three principles stresses (o1 = maximum
principal compressive stress, o, = intermediate and o3 = minimum) as well as a relative
stress magnitude @ = (o2- 03)/ (01- 03) (Bott, 1959). The stress magnitude is defined using
the standard geologic/geophysical notation with compressive stress positive and ;> ,>
03, SO that o7 is the maximum and o3 the minimum principal compressive stress (Zoback,
1992). These parameters are determined by finding the best fitting stress tensor to the
observed focal mechanisms. Assumptions that need to be fulfilled by the input data are:
(1) stress is uniform in the area of investigation during the observed time interval, (2) the
earthquakes are shear-dislocations on pre-existing faults, (3) similar shear stress
magnitude are present on each fault (specific for Michael routine) and (4) slip occurs in
the direction of the resolved shear stress on the fault plane.

To quantify the misfit between the best stress tensor and the data, the angle

between calculated slip vector from stress tensor inversion and observed slip vector from

fault plane solutions is used. This angle is referred to as 4, and the angle /3 refers to the
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mean g for the data in a single inversion (Michael, 1987). A synthetic control study also

showed that the amount of heterogeneity in the stress field could be characterized by the

average misfit (,E) between the observed and predicted slip directions (Michael et al.,
1990). For focal mechanism data with errors of < 10°, ,E ~ 33° when the spatially

uniform and variable parts of the stress field have equal size (Michael, 1991). If E > 33°,
we will interpret the inversion results to imply a spatially heterogeneous state of stress.
We start to invert the entire data set for the stress tensor followed by independent

inversions for various subsets in order to detect variations of the local stress field.

4. Results

In order to determine the stress field orientation at the Karadere-Duizce segment of
the NAFZ from the fault mechanism data we started by inverting the entire set of 221
fault plane solutions (Figure 7). A vertical orientation (plunge of 84°) is found for the
maximum principal stress, ¢;. The minimum principal stress, o3, is found to be
subhorizontal striking NE-SW. The intermediate principal stress, o, is subhorizontal
trending NW-SE. The confidence intervals of o1 and o> are strongly clustered around the

stress axes indicating a stable normal faulting stress regime. However, substantial
heterogeneity is observed due to the large misfit of E = 58°. According to Michael
(1991), we can state that the stress field is heterogeneous and does not show the actual
result, the acceptable level of ,E should be < 33° if errors of fault plane solutions are <

10° for strike, dip and rake angles. Heterogeneity of the stress field is reflected by the

average misfit level of the inversion. For each stress inversion, 2000 bootstrap iterations
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were performed. In order to further resolve the source of stress field heterogeneity,
subsets of the fault plane data are formed based on the inferred extent of the mainshock
rupture, structural variations within the area of investigation, and the relocated aftershock
hypocenters as discussed in the previous section. Results of the individual inversions are
given in Table 1. Inverting the subsets for the Karadere Fault (KF) and the Duzce Area
(DA) result in a significantly decreased misfit of 30° for KF. However the misfit of DA
(54°) can be hardly reduced. A clear NE-SW extensional normal faulting regime is found
for the Dlizce Area with an almost vertical orientation for o1 (plunge 84°) (Figure 8a).
The results are thus very similar to that found for the entire data base which is well
explained by the large number of events that dominate the whole data set. The relative
stress magnitude for the Dlizce Area is 0.5 indicating that the magnitude of o> is equal to

+ . . . . . .
9179% p contrast, a strike-slip regime with notable normal faulting component is

observed for the Karadere Fault (o; trend N133°E, plunge 19°, o, trend N38°W, plunge
70°) (Figure 8b). The relative stress magnitude is estimated to be ~0.8 for the Karadere
Fault. The confidence intervals for o1 and o, strike in NW-SE direction and almost
overlap. These results confirm that two separate stress field orientations exist in the
broader Karadere and Duizce area.

Inversion of the remaining subsets DB and DF reveal that both segments
separately reflect a substantial higher level of uniform stress with E:32° and ,E: 30°,

respectively. A NE-SW extensional normal faulting regime is observed below the Diizce
Basin (Figure 8c). Instead, the Diizce Fault shows a strike-slip stress regime with normal
faulting components; o1 is subhorizontal and trends N151°E (Figure 8d). The stress field

at the Duzce Fault is thus similar to that identified at the Karadere Fault but rotated ~20°
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clockwise. The Duzce Fault may be the main active branch of the NAFZ forming the
southern boundary of the NE-SW extending Dizce Basin.

We subdivide the DA data set into large (M, > 2) and small (M, < 2) events to look
for scale-dependent variations of the stress field. We observe no first-order variation for
o1-3and only minor differences in the size of confidence intervals (Figure 9a-b).

Looking for depth-dependent changes we subdivide the data at DA after
hypocentral depth. Stress tensor inversion results for z > 10 km (104 fault plane
solutions) and z < 10 km (61 fault plane solutions) are shown in Figure 9c and 9d,
respectively. At > 10 km depth the stress field is purely NNE-SSW extensional whereas it
reflects NE-SW extensional normal faulting regime with a strike-slip component at

shallow depth.
As we observe a dramatic decrease in ,E value with respect to DA in case the

fault plane solution catalogue is divided into the subsets, it has to be checked whether this
observation has a physical meaning. We experiment with randomly defined subsets of
DA for which the number of inputs as well as spacing of events in regional scale is
similar to the scale-dependent analysis (number of fault planes is for example 55 and 91).
Stress tensor inversion results from the randomly created subsets show that 4 values do
not depend on decrease in number of inputs (in Figure 10).

To search entire data set (221 fault plane solutions) for spatial variations of the
stress field we apply the relevant part of the software package ZMAP (Wiemer, 2001).
We apply Michael’s inversion algorithm to measure heterogeneity and misfit along the
Karadere-Diizce Area (KDA). High variance, or high misfit, indicates a poor fit of a

homogeneous stress tensor to the observed focal mechanism, and shows high

13



heterogeneity of the stress field (Michael et al., 1990; Lu et al., 1997; Wiemer et al.,
2002). The results from the stress tensor inversions based on subvolumes with a radius of
1 km in horizontal direction and no depth limitation containing at least 12 focal
mechanisms are shown in map view in Figure 11a. The direction of the maximum
principle stress (o1) from the stress tensor inversion result is plotted on KDA of the
NAFZ (Figure 11a). This is expected from the derived local stress fields as described
above. A systematic change from a strike-slip regime at the Karadere and western Diizce
Faults towards an extensional regime below the Diizce Basin and eastern DF is observed
in more detail from Figure 11a. Note, that the Dizce Fault was active after the Izmit
event and prior to the Diizce event only at the western part close to the bending point of
the NAFZ (at the intersection between the Karadere and Diizce Faults) [Bohnhoff et al.,
2007]. The Duzce Fault towards the east south of the Diizce Basin was only activated
during the Duizce mainshock and thus is not sampled based on the Izmit aftershocks used
in this study. The variance of the resulting stress tensor at each subvolume is calculated
and shown color coded in Figure 11b. The highest values for the variance (> 0.2) are
found near the junction of the Karadere and Duzce Faults where the NAFZ has its
bending point from 65° to EW.

We compare our stress tensor inversion results with Bohnhoff et al. (2006) for
DF. Bohnhoff et al. (2006) found a strike-slip regime with a relative stress magnitude of
@ = 0.63. The maximum principle stress is subhorizontal and trends N159°E. In this
study we further decreased the magnitude threshold for fault plane solutions allowing to
substantially increase the number of events to be inverted for the stress tensor. We almost

obtain similar results for 1 (N151°E) and @ (0.7) at DF.
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5. Discussion

The 1999 Izmit and Diizce mainshocks reflect a clear E-W trending right-lateral
strike slip faulting mechanism which is in good agreement with the regional tectonic
setting along the NAFZ as a first order approximation (Tibi et al., 2001). Similar results
for fault kinematics and local stress field orientations were found earlier for KDA based
on the analysis of larger magnitude faulting mechanisms (Orgiilii et al., 2001; Bohnhoff
et al., 2006). A regional right-lateral strike-slip regime dominates reflecting the > 25-30
mm yr* westward migration of Anatolia with respect to stable Eurasia (McClusky et al.,
2000; Flerit et al., 2004; Reilinger et al., 2006). However, on the local scale the NAFZ
consists of branches where the fault trends and the local stress regime systematically vary
as shown e.g. for the Cinarcik and Akyazi areas (Bohnhoff et al., 2006).

Areas with high coseismic slip show aftershocks that are dominantly strike-slip,
but low slip barriers show mostly normal faulting aftershocks. A previous stress field
analysis based on stress tensor inversion shows a clear stress partitioning and rotations of
the local stress field following the 1zmit mainshock (Bohnhoff et al., 2006). In this study
we determine a total of 221 Izmit aftershock focal mechanisms including also the smaller
(M < 2) events and using the entire recording period of the seismic network.

The transition between the Karadere Fault and the Diizce Area is located exactly
where the Izmit rupture terminated towards the east. The Diizce Basin itself shows
dominantly normal faulting. Interestingly, the Diizce mainshock reflects dominantly

strike-slip faulting on a steeply northward dipping EW-trending fault plane. It is noted
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that the larger (M, > 4) Izmit aftershock fault mechanisms in the Diizce Area all occurred
during the first hours after the mainshock reflecting a similar mechanism as the Diizce
mainshock (Figure 3b). Furthermore, a subevent of the 1zmit mainshock identified in this
area by Tibi et al. (2001) also reflects the same mechanism. The structure highlighted by
all these events during the small time window right after the Izmit mainshock probably
represents the southern border fault of the Diizce Basin. The Izmit rupture included ~1.5
m right-lateral surface slip on the Karadere Fault but none in the Dlizce Area. Our results
indicate that the Dulzce Basin was set under tension by the Izmit mainshock resulting in
normal faulting within the Basin and strike-slip on the vertical Dlizce Fault representing
the main branch of the NAFZ in this area. However, it was only 87 days later that the
whole Diizce segment was activated extending the rupture by ~50 km to the east. Figure
11a shows the distribution of the faulting types for the entire Karadere-Diizce area. Bars
display the orientation of the maximum principle stress (o1) with regard to different
faulting regimes. It is noted that there are two different faulting types, strike-slip and
normal faulting, between the southern and northern Diizce areas, respectively. The focal
mechanisms along the Karadere Fault reveal dominantly right-lateral strike-slip motion
but also a contribution from normal faulting.

The focal mechanisms analyzed in this study have errors < 10° and high

confidence levels as they were determined from a local seismic network with good
azimuthal coverage. The resulting ,E < 33° for the individual areas is acceptable to

propose a rather homogeneous and uniform stress field in the different areas (Karadere
Fault, Duzce Fault, Dlzce Basin) (Michael, 1991). The subsets for magnitudes > 2.0 and

depths > 10 km give slightly smaller misfit than the subsets for magnitudes < 2.0 and
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depths < 10 km but highly similar stress field orientations in general. The volumes have
small enough misfit values to satisfy our criterion for relatively homogeneous data sets
but do not hint towards a first-order dependence of the stress field homogeneity on the
size of the rupture planes or the confining pressure down to ~16 km depth.

Mapping out the variance of the best fitting stress tensors we find the highest
values north of the 65° striking Karadere Fault and the EW-striking Diizce Fault (Figure
11b). The variance of the stress field is also high close to the location of the Diizce
mainshock. High variance or high misfit indicates a poor fit of a homogeneous stress
tensor to the observed focal mechanism and therefore indicates high heterogeneity of the
stress field (Michael et al., 1990; Gillard et al., 1996; Lu et al., 1997; Wiemer et al.,
2002).

Seeber et al. (2000) observed that the focal mechanisms of aftershocks in this area
are highly diverse, pointing to a strongly heterogeneous stress field that may have been
partially created during the ruptures of the 1zmit mainshock. Such a heterogeneous stress
field may be responsible for generating or activating complex sets of fractures in the
material off the mainshock rupture zones, so-called secondary faults. The average fast
polarization directions from ray paths that propagate inside the Almacik block, south of
the Karadere-Duizce area, are neither parallel to the local fault strike nor to the expected
regional maximum compressive stress direction. The large overall spatial variations of
the results imply that multiple structures and mechanisms contribute to the observed
crustal anisotropy in this area (Peng and Ben-Zion, 2004).

Wiemer et al. (2002) proposed a heterogeneous stress field hypothesis. The

mainshock causes a redistribution of stress in its immediate vicinity. It is reasonable to
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assume that the stress will be significantly modified, and overall reduced, near the rupture
zone. The complex slip distribution during the mainshock causes a heterogeneous stress
re-distribution at and near the activated fault segment. Consequently, this produces
locally varying focal mechanisms and, in part, a high variance of the stress field. This
high degree of heterogeneity in stress also causes high b-values, since numerous small
faults in multiple orientations can be activated. Here the resulting stress field is observed
to be more heterogeneous (> 0.2) [Figure 11b] with the mean aftershock magnitude larger
(low b-value) at the KF/DB junction. The Izmit rupture is ended here and does not
continue further east. However, low b-values are correlated with smaller variance (< 0.2)
in east of DB and DF (Figure 11b and 12). In this study a heterogeneous stress field
hypothesis for Wiemer et al. (2002) does not correspond in the KF/DB junction. We
currently cannot offer an explanation why low b-values are correlated with high variance
for this area. This may either be connected with the rupture dynamics, or pre-existing
features of the crust.

The predominant orientation of the Karadere Fault was identified to be N65°E
extending for about 25 km along strike dipping with ~67° to the north. This area hosted
~1.5 m of right-lateral coseismic slip during the Izmit mainshock. It is noted that 53 fault
mechanisms are analyzed as determined for the former study (Bohnhoff et al., 2006) at
the Karadere-Diizce area. Based on 53 fault plane solutions the analysis of stress
orientation and fault mechanisms for this area indicate mainly strike-slip. The maximum
principle stress (o1) is subhorizontal and trends N159°E, indicating a clockwise rotation
of > 30° with respect to the regional stress field (see also Bohnhoff et al., 2006). In this

study the number of Izmit aftershock focal mechanisms was substantially increased
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allowing to further subdivide the Karadere Fault segment and allowing to identify local
variations of the stress field orientation. Right-lateral strike slip faulting is found at the
Karadere Fault. Events with magnitudes ranging from 1.2 to 3.5 are located at 10.5-15
km depths at the down-dip extension of the surface trace of the fault (Bulut et al., 2007).
For the Karadere segment of the NAFZ the orientation of o7 is N133°E with a plunge of
19°.

There was no surface rupture observed along DF after the 1zmit earthquake, thus
the 1zmit rupture was ended at the end of the KF (Barka et al., 2002). The easternmost
segment of the Izmit earthquake ruptured a small part of the east-west trending fault
bounding the Duzce pull-apart basin in the south (the Dulzce Fault). The slip along this
fault associated with the 1zmit earthquake is small (several centimeters) and apparently
vanishes eastward. It is remarkable that the surface rupture associated with the Dizce
earthquake follows the southern boundary fault of the Duzce Basin, rebreaks the last
segment of the Izmit earthquake, and creates significant new rupture along the eastern
part of the fault (Aydin and Kalafat, 2002; Duman et al., 2005; Pucci et al., 2006) [Figure
12]. Obviously, the 87 days between the I1zmit and Duzce earthquakes point out the time
dependence of the failure event.

The hypocenter catalog of Izmit aftershocks indicates a sharp termination of
activity towards the eastern end of the rupture where the Dizce earthquake initiated 87
days later (Bohnhoff et al., 2007; Bulut et al., 2007). This boundary correlates with high
b-values (Gorgun et al., subm.) (Figure 12). Afterslip apparently extended east of the
eastern end of the rupture (Karadere segment), which possibly helped to trigger 12

November 1999 M,, Diizce earthquake that extended the lzmit rupture about 40 km
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further east (Reilinger et al., 2000). The Diizce mainshock initiated its rupture below the
Duzce Basin, probably on the down-dip extension of the Diizce Fault. Evaluating
seismological data that were collected from strong motion and teleseismic records
suggested 64° N for the dip angle of the Dlzce mainshock (Umutlu et al., 2004). The
Duzce epicenter is located ~5 km north of the Dlzce Fault (Figure 12). This epicentral
offset from the Duzce Fault depends on the dip (64° N) and strike (264°) angles, and
hypocentral depth (12.5 km) of the Dlizce mainshock. Evaluating seismological data that
were collected from SABONET suggests about 66° N for the dip angle of the Dizce
rupture (Milkereit et. al, 2000). The rupture propagated to the east along the Dlizce Fault
and also to the west, partly re-rupturing the westernmost Duzce Fault (Umutlu et al.,
2004). The maximum principle stress directions in this study indicate a subvertical NW-
SE trend at the Diizce Basin. The eastern rim of the Izmit aftershock activity indicates
that the I1zmit earthquake already ruptured parts of the Diizce Fault segment (Figure 12).
Comparing the location of the 1zmit aftershocks at the eastern end of the rupture with the
observed surface rupture of the Diizce earthquake, it is apparent that half of the Dizce
rupture trace was seismically active already after the Izmit earthquake. The slip deficit
between the Karadere Fault (1.5 m) and the Diizce Fault (0 m) has set the Diizce Basin
under tension producing NE-SW extensional normal faulting aftershocks at the eastern
end of the Izmit rupture and contributing to activate the Diizce Fault that acted as an
asperity prior to the Dlizce mainshock.

Aftershock fault plane solutions in the Karadere Fault are mainly related to
combined right-lateral strike-slip and normal faulting with a NW-SE orientation for the

maximum principle stress (N133°E trend, 19° plunge). The Diizce Basin is related to a
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clear NE-SW extensional normal faulting regime indicating a pull-apart structure with an

almost vertical orientation (84° plunge) for the maximum principal stress.

6. Conclusions

Fault plane solutions for Izmit aftershocks along the Karadere-Diizce section of
the Izmit rupture are analyzed to determine the deformation and stress regimes. Fault
mechanisms for aftershocks recorded by German Task Force and Sapanca Bolu Network
are used. 221 highly reliable fault plane solutions are determined from Izmit aftershocks
along the eastern part of the rupture (Karadere-Diizce branch) covering a magnitude
range between 0.9 and 4.3, during the time span between 22 August and 17 October
1999. Stress tensor inversion of the data allows to identify two separate predominant
stress regimes. While strike-slip dominates along the Karadere and Diizce Faults we
observe a NE-SW extensional normal faulting regime below the Diizce Basin that is
bounded to the south by the Diizce Fault. The high number of focal mechanisms could be
determined only due to a dense seismic network recording aftershock activity at low
magnitude-detection threshold allowing to resolve variations in the stress field along the
eastern part of the Izmit rupture. At the junction between the Karadere and Duzce Faults,
where the North Anatolian Fault Zone strike is bending from 65° to 90° (EW) at the
eastern end of the Izmit rupture we observe a high variance in stress field orientation.
High variance northeast of Karadere Fault correlates with lower b-values. We conclude
that the Duizce Basin was set under tension by the Izmit mainshock and represents a pull-

apart structure similar to the Akyazi Plain further to the west. The Duzce Fault was

21



activated in part towards the end of the Izmit rupture but did not rupture entirely until 87
days later although producing dominantly strike-slip events along its western part. This

part of the NAFZ is therefore interpreted as a classical example of a fault asperity.
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Figure Captions

Figure 1: a) Topographic map of the North Anatolian Fault Zone (NAFZ) region. Black
arrows indicate the GPS-derived surface displacement rate (McClusky et al., 2000;
Reilinger et al., 2006). b) Izmit-Duzce segment of the NAFZ. The Izmit-Diizce segment
of the NAFZ is indicated by the rectangle and enlarged in Figure 3. Red lines indicate the
Izmit 1999 surface rupture as mapped by Barka et al. (2002) and blue line indicates the
Duzce 1999 surface rupture trace as mapped by Pucci et al. (2006). Hypocenters of the
1999 Izmit (blue) and Duzce (red) EQ are indicated by stars. Maximum surface
displacement observed (5.2 m) is located east of Sapanca Lake. In the lzmit-Sapanca
Lake segment, the maximum surface displacement observed is 3.5 m and in the Karadere
segment 1.5 m. Colored circles represent Izmit aftershock epicenters along the rupture of
the mainshock as recorded by the temporary seismic network (red triangles = stations of
German Task-Force for Earthquakes network; yellow triangles = SABONET stations; see
text for details. Event magnitudes are shown by different sized and colored circles. For
reference, the Izmit M, = 7.4 and the Diizce M,, = 7.2 strike-slip focal mechanisms are

plotted (Tibi et. al, 2001).

Figure 2: Error distributions for Izmit aftershock fault plane solutions. The errors in

given in degree for strike, dip and rake, respectively.

Figure 3: a) Karadere-Duzce branch of the NAFZ. Map view of the lower hemisphere

projection of the 221 Izmit aftershock fault plane solutions analyzed in this study. Blue
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ellipses indicate the Karadere Fault (KF) and Dizce Area (DA), respectively. b)
Epicenters of the events shown in (a) scaled with magnitude. In addition, we plotted fault
plane solutions of the early and M, > 4.0 aftershocks (blue stars) (Orgiilii and Aktar,
2001), the Izmit S1 subevent (M, = 6.9, Tibi et al., 2001) and the Diizce mainshock (M,
= 7.2,) (black star) all reflecting an almost identical mechanism. Red and blue lines
indicate the surface traces of the Karadere and Duzce Faults, respectively (Saroglu et al.,
1992; Barka et al., 2002, Pucci et al., 2006) while the green area to the north of the Duizce

Fault reflects the subsided Diizce Basin.

Figure 4: Representative examples of fault plane solutions from the Karadere-Diizce area
(a-d). T and P indicate orientations of tension and pressure axes. Minus (dilatation) and

plus (compression) signs indicate P wave polarity at the respective station.

Figure 5: Distribution of P (a) and T (b) axes for the 221 fault plane solutions
determined in this study in equal-area projection of the lower hemispheres. The size of
circles scales with magnitude and the shading indicates the source time (lighter color =
later occurrence). P axes form a great circle trending NNW-SSE while T axes tend to
cluster at shallow dip angle trending NE-SW. In total the data sets reflects dominantly

strike-slip and normal faulting.

Figure 6: Distribution of P and T axes for the different subsets in equal-area lower

hemisphere projection. The size of circles scales with magnitude and the shading

indicates the hypocentral time (lighter color = later occurrence). a) 165 fault plane
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solutions in the Diizce Area (DA). b) 56 fault plane solutions at the Karadere Fault (KF).
c) 96 fault plane solutions at the northern DA (Dilzce Basin). d) 69 fault plane solutions

at the southern DA (Duzce Fault).

Figure 7: Stress field orientation as derived for the entire data set of fault 221 plane
solutions. Black squares represent the 95% confidence region for maximum principle
stress (o1 = S1= white square). Red triangles represent the 95% confidence region for the
intermediate principal stress (o> = S2 = white triangle). Blue circles represent the 95%
confidence region for the minimum principle stress (o3 = S3 = white circle). Histogram of
@ values versus frequency is shown at the bottom. The E obtained for this inversion is

58° (see text for discussion).

Figure 8: a) Results of stress tensor inversion for 165 fault plane solutions at DA. b) 56

fault plane solutions at KF. c) 96 focal mechanisms at Dizce Basin. d) 69 focal
mechanisms at the Dizce Fault. Symbols as in Figure 7. The E obtained for each

inversion is plotted in the lower right of each subfigure (see text for discussion).

Figure 9: Results of stress tensor inversion for the two subvolumes within DA containing
a) magnitudes M, > 2.0 (N = 53); b) magnitudes M, < 2.0 (N = 112). Results of stress

tensor inversion for the two subvolumes within DA containing events at ¢) depths z > 10
km (N = 104) and d) depths z < 10 km (N = 61). The E obtained for each inversion is

plotted in the lower right of each subfigure (see text for discussion).
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Figure 10: Stress tensor inversion results for randomly selected subsets DA. High E

obtained for each inversion is shown in the lower right of each subfigure. Stress tensor

inversion results have poor fit.

Figure 11: a) Orientation of the trend of o7 (bars) within gridded subvolumes (1 km2 with
no depth limitation) smoothed over a 1 km radius of each node of the grid. Faulting
regimes are represented by different colors as shown in the legend. The following
abbreviations are used to describe the tectonic stress regime (Zoback, 1992): NF =
Normal faulting, NS = Predominately normal faulting with strike-slip component, SS =
Strike-Slip faulting, TS = Predominately thrust faulting with strike-slip component, TF =
Thrust faulting. The black star displays the Duzce mainshock epicenter. b) Distribution of
the variance of the stress tensor at each node as plotted in (a) according to Michael
(1987). A high variance (> 0.2) indicates a strong heterogeneity of the stress field. The

black star represents the Diizce mainshock epicenter.

Figure 12: Map of the lower hemisphere projection of the 221 Izmit aftershock fault
plane solutions in Karadere Fault (KF) and Diizce Area (DA). Red and blue lines indicate
the surface traces of the Karadere (KF) and Duzce (DF) Faults, respectively. The
maximum coseismic Izmit surface displacement of the area is 1.5 m along the Karadere
Fault. Surface displacement during the Dizce mainshock (12.11.1999 M,, = 7.2) in
different sections of the Diizce Fault are also shown (0.5 m; 4 m; 5 m). Fault plane
solutions of the early aftershocks (M, > 4.0) (blue stars) (Orgiilii and Aktar, 2001), the

Izmit subevent (M,, = 6.9, Tibi et al., 2001) and the Dilizce mainshock (black star) (M, =
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7.2) are reflecting an almost identical mechanism. The inset (a) in the above left shows
the stress tensor inversion result for the Karadere Fault (KF). The inset (b) in the down
left depicts surface map view of the b-value distribution and the depth distribution of b-
values (Gorgun et al., subm.). Numbers indicate coseismic slip for Izmit (red rectangle)
and Duzce (blue rectangles) mainshocks along the Karadere and Diizce Faults,
respectively. Red indicates the highest b-value (> 1.2) while blue reflects the lowest(

0.7). White dots and big white star represent Izmit aftershocks and the Duizce mainshock,
respectively. The inset (c) indicates the stress tensor inversion results for the Diizce Fault
(southern DA) and Dizce Basin (northern DA). Results show that we have more strike-

slip along the DF and more normal faulting at the DB in this study.

Table caption

Table 1: Results of stress tensor inversion for the entire set of 221 focal mechanisms at

Karadere-Diizce Area (KDA) and for the seven subvolumes. DA, DB and DF represent

Duzce Area, Diizce Basin and Dizce Fault, respectively. M1 and M2 refer to M, < 2.0

and M, > 2.0, respectively. D1 and D2 refer to z < 10 km and z > 10 km, respectively.
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Figure 3:
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@ August 1710 1999

e M=20 [
M=0.0 (COctcoer 208h 1959
Magnitude s Time
Figure 6:
ap__"
* e y N

Karadere Fault Diizce Basin Diizce Fault
o =6
. =4 :ﬁﬁmﬂm
« M=2 :
- M=0 © 20 October 1984
Magnitude ~ Time

36



Figure 7:
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