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The 1200 km long North Anatolian Fault (NAF) is part of an east-west trending dextral shear zone (NAF system),
along the boundary between the Anatolian and Eurasian plates, that widens to the west. This widening zone of
deformation complicates potential earthquake rupture paths and highlights the importance of understanding
the geometry of active fault systems. In the central portion of the NAF system - just west of the town of Bolu —
the NAF splits into two major faults: the northern and southern strands. These two faults diverge, almost
converge, and then diverge again to border the Marmara Sea. Earthquake data from the region where the two
faults converge indicate that they may be linked by an active fault. We model the active fault geometries with
and without the linking fault to explore its impact on the output regional stress field (from a finite element
model). These results are compared to focal mechanism records and lineament analyses to determine which
geometry best simulate the stress field in a regional model. Our results show that a linking fault between the
northern and southern strands of the NAF system is necessary to best match the primary stress orientations of
the model with the maximum paleostress orientations inferred from deformation patterns, and observed in
earthquake focal mechanisms. Furthermore, the linking fault should be a significant component in future models
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of the NAF system within the region.
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1. Introduction

Due to the effect of fault geometry on modeled stress and strain
fields, accurately representing the active fault geometry is a critical
component of the modeling process (Bilham and King, 1989; Lesne
et al., 1998). Longer, linked faults play host to the majority of earth-
quakes - particularly high magnitude earthquakes - in a fault system
(Barka and Kadinsky-Cade, 1988; Slemmons and Depolo, 1986), and
are the most influential in the development of the regional stress and
strain field (Bilham and King, 1989; Lesne et al., 1998; Schwartz and
Coppersmith, 1986). In strike-slip systems, short extensional faults
linking echelon fault segments allow for long-term transfer of fault
slip, thus affecting the stress field distribution, and may also act as kinet-
ic barriers impeding or arresting rupture propagation (King, 1986; King
and Nabélek, 1985; Sibson, 1986). Fault geometry is sometimes hard to
observe as a trace on the surface when there is little to no topographic
expression, or if the fault has been covered by young sediments. In
this study, we examine the relationship between fault geometry, and
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numerically determined stress and strain fields along a strike-slip fault
in Turkey by utilizing a methodology adapted from McElfresh et al.
(2002).

The North Anatolian Fault (NAF) system has seen several devastat-
ing and high magnitude earthquakes, particularly in the Marmara Sea
region (Bohnhoff et al., 2013; Parsons, 2004 ). The 1999 earthquake of
August 17th was of particular note for being the largest recorded earth-
quake in Turkey by modern digital networks (Ozalaybey et al., 2002)
with a devastating death toll of over 17,000 people (Scawthorn and
Johnson, 2000). In the region impacted by the 1999 earthquake, the
through-going NAF splits into two strands just west of the town of
Bolu (Barka et al.,, 2002; engor et al., 2005; Hergert and Heidbach,
2010): the Diizce and Karadere faults (NE portion of the northern
strand), which we refer to as a single fault called the Diizce-Karadere
and the Mudurnu fault (SE portion of the southern strand) (Fig. 1).
Two potential geometries of the active through-going strands of the
NAF are proposed. One active fault geometry suggests that two strands
almost converge (west of Bolu) and then diverge as distinct fault traces
(Fig. 1B) (Akyiiz et al., 2002; Barka et al., 2002). The fault strands contin-
ue on to border the Marmara Sea in the north and south respectively
(Fig. 1B): the northern strand as the Izmit fault, and the southern strand
as the Iznik fault (Armijo et al., 2002; engor et al., 2005). The second
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Fig. 1. A) Tectonic setting of the NAF. The NAF splits near the town of Bolu and continues on as two strands around the Sea of Marmara; B) possible fault geometry where the northern and
southern strands converge, then diverge (model 1); C) second possible fault geometry where the two strands are linked (model 2).

geometry is similar, except that the southern and northern faults
described above are linked by a fault through the Mudurnu valley
(Fig. 1C). A study of fracture zones attributed to major earthquakes of
the 20th century by Koulakov et al. (2010) shows this link, as does
previous work to understand stress transfer on the NAF by Stein et al.
(1997). Studies of dextral displacement of Eocene volcanic rocks in
the region between the northern and southern also imply an extension-
al linking fault (Armijo et al., 1999; Hisarli et al., 2011; Yilmaz et al.,
1997). Seismic data from the Mudurnu valley show a normal sense of
motion, indicating that the link may be an extensional fault between
two major echelon fault segments (Mudurnu and Izmit faults)
(Heidbach et al., 2008; International Seismological Centre, 2011;
Neugebauer et al., 1997). A 100 year record of earthquakes (KOERI-
UDIM, 2012) clusters around the northern strand, but also illustrates
that the Mudurnu valley is seismically active, suggesting a connecting
fault and supporting the second geometry (Fig. 2A). Additionally, it is
proposed that the rupture of the 1967 M7.1 Mudurnu earthquake, the
most recent of a series of historical earthquakes at its location
(Palyvos et al., 2007), reached Lake Sapanca (along the Izmit fault) as
distributed deformation (Ambraseys and Zatopek, 1969; Muller et al.,
2003). Elevation data from a 10 meter Digital Elevation Model (DEM)
- courtesy of the (GLCF) (USGS, 2008) - highlight pronounced topo-
graphic features that are a result of the southern and northern fault
strands. The southern strand is located along narrow river valleys,

while the northern strand controls the sharp transition from high to
low topography (Fig. 2B). This fault-controlled topography has led to
the inference of no connecting fault between the two segments. A po-
tential linking fault from the Mudurnu fault to the Izmit fault can be
traced through a narrow river valley, but loses any topographic expres-
sion as it nears the northern strand. Previous studies evaluating earth-
quake ruptures on this portion of the NAF system identify the
Mudurnu fault in the southern Mudurnu valley, but terminate the
fault trace before it links to the northern strand (Akyiiz et al., 2002;
Barka et al., 2002). This raises a question regarding the significance of
a fault linking the two strands as part of the through-going NAF geom-
etry within the region, and which geometry will best duplicate the re-
gional stress and strain in geophysical models.

Determining the geometry of the active fault system would allow for
more detailed and accurate models of the stress accumulation along the
NAF, one of the world's largest active strike-slip faults. Stress accumula-
tion can be used to define a region with a higher probability for seismic
risk (Bowman and King, 2001; Stein et al., 1997). This study utilizes
simplified fault geometries and friction values, surficial geology, rock
physics parameters, and GPS velocities as model inputs. We created
simplified two-dimensional models for each of the fault geometries
and processed them with a finite element method to evaluate primary
stress orientations for the region. The stress orientations from the two
models are compared to lineament analyses and a record of focal
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Fig. 2. A) A 100-year record of earthquakes (KOERI-UDIM, 2012) along the NAF sized according to magnitude with GPS vectors as arrows (Ozener et al., 2009), and location of focal mech-
anism data (Heidbach et al.,, 2008; International Seismological Centre, 2011) as stars. B) A DEM of the region (USGS, 2008). The linked fault can partially be traced along a river valley, but as

it approaches the northern strand, the nature of the link remains ambiguous.

mechanisms from the region to determine which geometry of active
faults best reproduces the inferred stress field within an 85 km wide
by 111 km long region centered around the Mudurnu valley. We evalu-
ate the accuracy of the generated stress field from the finite element
model (FEM) by comparing it to regional focal mechanisms, and
inferred paleostress orientations determined from relating lineaments
to potential structures.

We utilize PyLith - a finite element code tectonic deformation
software — (Aagaard et al., 2012) to calculate the stress field in the
region of interest for both models and compare the o; orientation
frequency and magnitude of the stress field to the principal stress orien-
tations suggested from lineament analyses and focal mechanisms. The
overall goal of this study is to identify the active fault geometry of the
NAF within the region of interest, which best duplicates the regional
stress field as determined from focal mechanism data and lineament
analyses.

2. Geologic background

The NAF forms the most prominent part of a strike-slip dominated
belt of deformation between the Eurasian and Anatolian plates ( engor
et al., 2005). It extends from the junction of the NAF at the East Anato-
lian Fault (EAF) near the town of Karliova Turkey (Fig. 1) to the north
Aegean region ( engor et al., 2005) nearly 1200 km, paralleling the
southern margin of the Black Sea. East-west widening of a dextral
shear zone associated with the NAF system continues across the north-
ern Aegean sea, broadens across the northern and central mainland
parts of Greece (the Grecian Shear Zone) ( engor, 1979), and is postulat-
ed to link up with the Hellenic subduction zone (Dewey and engor,
1979; McKenzie and Jackson, 1983). The NAF system is mostly
contained within late Paleozoic to early Tertiary age Tethyan
accretionary complexes ( engor and Natal'in, 1996), which also widen
from east to west ( engor et al., 2005). The accretionary complex
is bound by more resistant pan-African and Hercynian magmatic or
metamorphic assemblages (Kroner and Stern, 2004): the Menderes
and Kirsehir Massifs to the south, and the Istanbul zone and Eastern
Pontides to the north ( engér et al., 2005; Yilmaz et al., 1997). Magni-
tudes of fault displacement are not the same along the through-going

NAF and generally decrease from east to west ( engdr and Canitez,
1982; engor et al., 2005; Hubert-Ferrari et al., 2002). This implies that
total displacement must be taken up by smaller faults within the greater
NAF system that are not part of the through-going NAF. In addition, the
age of fault initiation is older in the east than the west ( engor et al.,
2005). The bifurcation of the NAF west of Bolu is interpreted to be a re-
sult of westward widening in the zone of deformation that accompanied
the westward development of the NAF. The Pleistocene northern strand
borders the northern shores of the Marmara Sea, while the more poorly-
defined late Miocene southern strand marks the southern sea edge
(‘engor et al.,, 2005), and additionally splits and extends through the
Bursa graben (Armijo et al., 2002). engor et al. (1985) and Le Pichon
et al. (2003) note that the southern strand has yet to materialize a
through-going main fault, and appears “fragmented”. The complexity
of such fragmentation can be seen within the Mudurnu valley region
of which we are modeling.

3. Stress modeling of the region
3.1. Fault parameters

A wide range of proposed friction coefficients () have been
suggested for the NAF (Hergert and Heidbach, 2011; Jiménez-Munt
et al., 2006; Kasapoglu and Toksoz, 1983; Provost et al., 2003; Stein
et al.,, 1997). Provost et al. (2003) created a 3D mechanical model of
the NAF and determined the friction coefficients (i = 0.05 to = 0.1)
necessary to match the calculated velocity field to the GPS velocity
field. Stein et al. (1997) determine that the friction is p = 0.75 based
on laboratory rock experiments, but also consider moderate pore
pressure (B = 0.5) which makes the effective friction (p') 0.4. Early
two-dimensional, plane-stress, finite element modeling of the NAF by
Kasapoglu and Toksoz (1983) resulted in the faults locking at u = 0.4.
This agrees with the thin-shell finite element tectonic model of the
Mediterranean proposed by Jiménez-Munt et al. (2006) who also
predict that a very low friction (0.05) on the NAF is necessary to
match the Anatolian block rotation seen by GPS measurements. Based
on observations that large-offset plate boundary faults are weak,
Hergert and Heidbach (2011) employ ' = 0.05 in their model of the
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NAF system in the Marmara Sea. With so many discrepancies regarding
the value of friction coefficient for the NAF, we use | = 0.4, because it
most closely matches experimentation by Byerlee (1978) while also
considering a pore pressure value of 0.5. This value is applied to all the
faults within the region in both models.

3.2. Geometry and rock properties

The faults defining the main strands of the NAF within our study area
are nearly vertical (Ben-Zion et al., 2003) with strike-slip motion. As
mentioned in Section 1, two possible orientations of the active fault ge-
ometries exist within the region of interest: (Model 1) the two strands
as distinct fault traces which don't interact west of Bolu, converge
from east to west, but then diverge near the center of the region of inter-
est and continue on to border the Marmara Sea in the north and south
respectively (Armijo et al., 2002; engor et al.,, 2005), or (Model 2) that
the southern strand links up with the northern fault through the
Mudurnu valley (Oztiirk et al., 2009). West of the Mudurnu valley,
both models are identical as the northern strand and southern strands
continue on to border the Marmara Sea (Fig. 3).

We model the geometry of two distinct faults as boundaries which
separate three distinct blocks/zones within the region of interest: the
Istanbul zone north of the northern strand which is part of the Eurasian
tectonic plate, the Armutlu-Almagik zone between the two strands, and
the Sakarya zone south of the southern strand (names adapted from
Yilmaz et al. (1997)) (Fig. 3). Each zone has distinct rock types exposed
at the surface, which we use to determine average densities and seismic
velocities - using empirical relationships - as inputs into our models. A
breakdown of the surficial geology within each zone is provided in
Table 1.

Each block's density was calculated by weighting the general
densities of the three rock types by their percentage of block area:
2775 kg m~> for igneous rocks (Bell, 2007), 2400 kg m~> for sedimen-
tary rocks (Boyd, 2003), and 2800 kg m~3 for metamorphic rocks
(Boyd, 2003). The densities calculated for each block were then used
to extract compressional wave velocities (Vp) from the Database of
Global Rock Properties by Dalhousie University/Geological Survey of
Canada High Pressure Laboratory (DU/GSC, 2001). We used the Vp
values for 10 MPa, as the 2-D model addresses the surface (near surface)
geology, and we can assume a low confining pressure near the surface.
From these compressional velocities we were able to calculate the shear
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Fig. 3. Simple model of the region of interest depicting the three zones, and the two
strands of the NAF separating them. The white line (fault) connecting the two strands is
the difference between Model 1 (without) and Model 2 (with).

wave velocities (Vs) using a Vp/Vs ratio of 1.7, which is the prescribed
ratio for hard (zero-porosity) rocks (Barton, 2007). The empirically
determined seismic velocities indicated a high-velocity for the
Armutlu-Almagik block relative to the Istanbul block, which is support-
ed by local earthquake tomography by Koulakov et al. (2010). The
resulting densities, Vp and Vs of each region were applied to their
respective blocks in the model for processing with a finite element
method.

3.3. Plate motions

The NAF, together with the conjugate East Anatolian Fault (EAF),
accommodates the westward extrusion of the Anatolian plate toward
the Aegean subduction zone (Hubert-Ferrari et al., 2008). The NAF and
EAF meet near the town of Karliova at what is known as the Karliova
triple junction of the Anatolian plate, the Eurasian plate, and the Arabian
plate (Fig. 1A). Lateral forces acting upon the Anatolian plate include the
NNW motion of the Arabian plate at its eastern flank, the northern
motion of the African plate in the south and west (where it subducts
beneath the Anatolian plate at the Cyprus and Hellenic trenches), and
the fixed Eurasian plate in the north. The westward extrusion of the
Anatolian plate likely started some 10-12 Ma during a late phase of
collision between Arabia and Eurasia (Dewey et al., 1986; Hubert-
Ferrari et al., 2008; McQuarrie et al., 2003) and initiating motion along
the NAF (Barka, 1992; engor et al., 1985). From GPS data, the Anatolian
plate exhibits northwest motion along the East Anatolian Fault (EAF),
and rotates counterclockwise to an orientation of southwest in the
south Aegean region (McClusky et al., 2000; Reilinger et al., 2006).
Current block motions of the Anatolian plate are 24 mm/yr in the central
plate to 30 mmy/yr in the SW part of the plate at the Hellenic trench
(Giilen et al., 2002; McClusky et al., 2000; Reilinger et al., 2006).

Within the region of interest, the motions of each zone described in
Section 3.2 were determined from GPS campaigns conducted in Turkey.
GPS measurements have been carried out at both campaign and perma-
nent geodetic control points to measure/monitor crustal movements
(Ergintav et al., 2002; McClusky et al., 2000; Ozener et al., 2009;
Reilinger et al., 2006). We use the horizontal GPS velocities in a
Eurasia-fixed reference frame of Ozener et al. (2009). In this reference
frame the Istanbul zone is on the fixed Eurasian plate (0.0 cm/yr), the
Armutlu-Almagik zone moves westward at 2.0 cm/yr, and the Sakarya
zone at 2.4 cm/yr west. These rates are used to push/pull the blocks
past one another.

3.4. Simplified model

We simplified the potential fault geometries based on existing
geologic maps and marked changes in topography identified on a
DEM. The two potential geometries are identical except for the addition
of a fault connecting the southern to northern strands at their bends in
Model 2 (Fig. 3). Each zone is prescribed a density, P-wave velocity, and
S-wave (see Table 1). The northern and southern boundaries of
the models are prescribed with roller conditions, and using the GPS
velocities for each zone, the blocks are both pushed on their eastern
boundary and pulled on their western boundary at their respective
rates.

4. Model processing

We use PyLith (Aagaard et al., 2012), to process the models using
finite elements. A triangular mesh over the region of interest was creat-
ed with a grid spacing of 5 km along the outer boundaries and a finer
grid of 2 km near the faults. The grid spacing is used as input to create
a finer triangular mesh near the faults, which grades into a coarser
mesh towards the outer boundaries. The models are processed using
the rock physics and fault parameters described in Section 3, and
the block's respective velocities are applied as quasi-static Dirichlet
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Table 1

Surficial geology seen within the region of interest for each block and rock physics parameters-density, P-wave velocity, and S-wave velocity determined for the three blocks/zones. The
Istanbul Zone is mostly softer sedimentary rocks, the Armutlu-Almagik zone is harder metamorphic and igneous packages, and the Sakarya Zone is mostly sedimentary units, but there are

metamorphic and volcanic units present.

Zone Surficial geology Density [kg/m®] Vp [m/s] Vs (1.7) [m/s]

Istanbul Devonian to Quaternary sedimentary units 2409 23239 1367.0

Armutlu-Almagik  Nearly equal distributions of early Cenozoic sedimentary units, Paleozoic-Mesozoic metamorphic rocks, and 2476 29139 17141
Paleozoic-Early Cenozoic igneous rocks

Sakarya Mostly paleogene sedimentary units, some Paleozoic—-Mesozoic metamorphic rocks, and Paleozoic igneous rocks 2501 31341 1843.6

boundary conditions on the east and west bounds of the blocks. Once
the friction is overcome, the blocks slip along the faults at a steady
rate. The models are processed for a thousand years, at a five year inter-
val, to allow the stress field to develop enough to cause slip along all the
faults while avoiding large distortions within the model area due to
displacements.

From the model we calculate the orientation and magnitude of
the principal stresses at the center of each triangular cell. From this,
rose-diagrams of 0, orientation frequencies for the two models were

A Model 1: Azimuth Frequency
of Maximum Principal Stress

270°

180°

B Model 1: Azimuth Frequency
of Maximum Principal Stress
(weighted by magnitude)

270°

180°

plotted to extract a general sense of the maximum principal component
trends for the region (Fig. 4). For model 1 (Fig. 4A), the largest peak
associated with oy can be seen at the interval from 055°-060°, with a
second, almost equally large peak at 115°-120°. For model 2 (Fig. 4C),
the largest peak can be seen at 120°-125°, with a second large peak at
100°-105°. Weighting the principal stress orientations by their respec-
tive magnitudes (as absolute values), we see that model 1 maintains
its first strong peak, but the second peak appears at 125°-130°, with a
minor peak at 90°-105° (Fig. 4B). This ‘shift’ in the location of the

C Medel 2: Azimuth Frequency
of Maximum Principal Stress

o

270°

180°

D Model 2: Azimuth Frequency
of Maximum Principal Stress
(weighted by magnitude)
*

180°

Fig. 4. Rose diagrams depicting frequency and magnitude-weighted frequency of modeled azimuths of the maximum principal stress for model 1 (A, B) and model 2 (C, D). North is at 0°.
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peaks is still within the same general azimuthal region 4= 10°, except for
addition of a 3rd, minor peak. Model 2 maintains its predominant peak,
but the second peak becomes less prominent (Fig. 4D).

5. Inferring maximum paleostress orientations

Tectonic features such as faults and fractures may exert a strong
control on topographic patterns due to these features creating pathways
for weathering and erosion. Using digital imagery, we can highlight
topographic lineaments and evaluate the potential control of tectonic
induced deformation on topography. Tectonic features that may strong-
ly influence topographic patterns include fault, large fracture systems
and joints. These linear features can be mapped using digital imagery.
Lineament mapping was manually performed using two sets of images:
a 10-meter Digital Elevation Model (DEM) of Universal Transverse
Mercator (UTM) zone 36 N courtesy of the Global Land Cover Facility
(GLCF) (USGS, 2008), and an Advanced Spaceborne Thermal Emission
and Reflection radiometer (ASTER) product (AST14DMO) to highlight
lineament patterns. The 10-meter DEM of the region was processed
by applying hill-shades to highlight topographic changes. The hill-
shades were performed at a 45° vertical sun-angle, as linear features
are most evident at this angle, and the azimuthal direction of the
incoming solar radiation was rotated around the image at 45° incre-
ments. For the ASTER image, the bands with the highest spectral resolu-
tions (15 m) are necessary to use in image processing and lineament
picking — specifically band 3 N in the Very-Near InfraRed (VNIR) region.
A directional filter was applied at 45° increments, creating a series of
filtered images. The lineaments picked in these images specifically high-
light differences in surface feature Digital Number (DN) values, which
vary between materials. These DN value differences should highlight
the main structures (such as fault displacement which juxtaposes two
unique materials), and larger stream valleys, but also could further
emphasize smaller scale linear features that may not show up in the
resolution of the DEM, such as fluvial systems that do not exhibit
prominent topographic valleys, but may take advantage of fractures
and joints.

Lineaments were manually picked for both sets of images, allowing
us to preferentially pick lineaments that are not man-made structures
such as roads or railways. While there may be lineaments picked that
do not have a tectonic source, they are outnumbered and outweighed
by lineaments which are parallel to mapped faults (identified on
geologic maps) (Aksay et al., 2002). To account for any curvature of
lineaments we split each line into 10 sections and calculated the
azimuth for each of those sections. Following this, an average azimuth
and standard deviation were calculated for the orientation of each
line. A very high majority of lineaments from both images had a
standard deviation close to zero, but few exhibited higher deviations.
The results of the average azimuths were plotted on rose diagrams
(Fig. 5). Work by Hisarli et al. (2011) on Eocene volcanic rocks indicated
that there was counterclockwise rotation of the eastern half of the
Armutlu-Almagik block (Almagik) of 22.3° and 17.7° on the western
half (Armutlu). We evaluated the impact of these rotations on the line-
ament analysis, and found that there were no changes to the prominent
features in the rose plots of the lineament analyses.

The DEM lineament analysis results of orientation frequency
(Fig. 5A) has its highest peaks between 80° and 90°, which match the
primary orientations of faults mapped within the region. Additionally,
there is a region of strong frequencies between 60° and 130° with the
most predominant peaks at 60°-65° and 125°-130°. Without knowing
if any faults within the region are reactivated structures, we assume
that the structures that are reactivated are the ones optimally orientated
in the driving stress field. Additionally, we assume that the largest peak
is indicative of the orientation of major strike-slip faults, and secondary
peaks are likely to be associated with Riedel shear features such as R-
shears, R’-shears, P-shears and extensional fractures. With this geome-
try, the maximum principal stress is 45° clockwise (for right-lateral

motion) from the main faults and intersects two populations of
lineaments interpreted to represent R-shears and R’-shears that are
characteristic of strike-slip faulting (Davis, 1999; Riedel, 1929; Wilcox
et al., 1973). Under this assumption, o; would be at about 125°-135°,
This inferred stress orientation overlaps with a secondary peak (125°-
130°), that is at an appropriate orientation to represent extensional
fracturing. By weighting the lineaments according to their length
(Fig. 5B), the dispersal of high frequencies disappears and we are left
with a very strong feature trending 80°-85°, tightening our 0 orienta-
tion estimate to 125°-130°. The secondary peak, which corresponded
with 0y almost disappears, which argues that if these are extensional
fractures they are small and frequent. Plotting the location of our
proposed extensional fractures on topographic and geologic maps
indicates that they are oriented in stream valleys and around the
edges of basins within the region. We propose that the 80° feature is
the “main fault” (MF) orientation and plot the potential orientation of
Riedel shears (Fig. 5A/B); with R-Shears at 100°, R’-shears at 160°, and
P-shears at 75°. Both the average frequency as well as the frequency
weighted by length show peaks in potential orientations of R and P
shears. The presence of orientations corresponding to these shears
helps validate the resolved orientation of ;.

The secondary peak at 60°-65° remains in both the unweighted and
weighted cases (Fig. 5A/B), and does not correspond to any expected
tensional or Riedel shear features. Since the lineaments oriented 60°-
65° are less pronounced in the weighted rose plot (Fig. 5B), we analyze
the distribution of these features, and additionally compare their orien-
tation to mapped fault data. The DEM lineaments with this orientation
are not centered in a particular region, and correspond to ridges and
valleys that run nearly parallel to the Diizce-Karadere fault, the fault
on the south east edge of the Istanbul zone (Fig. 3). Mapped faults
indicate that this orientation further corresponds with southwest
trending step-over portion of faults within the region.

Fig. 5C depicts the rose plot of the frequency average orientation of
lineaments picked from the ASTER image. The ASTER image covered
approximately a quarter the size of the DEM image near the center of
the region of interest, but highlighted a greater number of lineaments
(n = 1835 versus n = 1461 for the DEM). This lineament density
increase is due to the smaller pixel size and DN value differences
being highlighted rather than topography. Between 10° and 105°
there is a block of peaks, with major peaks at 70°-85° and 55°-65°.
The peak synonymous with the trend of mapped faults, 70°-85°,
would predict an orientation of o7 between 115° and 130°. The second
major peaks are associated with portions of the NE-SW trending faults
and step-over components of other faults. To a first order, all major
peaks (and o, orientations), overlap with those identified in the DEM
lineament analysis. Weighting the results by the lengths of the linea-
ments (Fig. 5D), we continue to see a very strong feature at 70°-85°,
but the second feature at 55°-65° diminishes to background levels.
The possibility of Riedel shears is also present in the ASTER lineament
data, but is more uncertain (Fig. 5C/D).

Combining the frequency of lineament orientations from the two
datasets for the region (Fig. 5E), we can see peaks at 60°-65°, 75°-85°,
and 125°-130°. The peak at 125°-130° is once again attributed
to small extensional fractures parallel to ;. When we weight the
combined lineaments by their length (Fig. 5F), we are left with a strong
peak parallel to the orientation of the mapped faults at 80°-85° (45°
from the inferred orientation of o). Overall the combined (weighted)
rose plot is very similar to the rose plot of the weighted DEM lineament
analysis, indicating that though the density of lineaments from the DEM
analysis was low, their lengths helped them outweigh the smaller,
lineament dense ASTER image. The potential of Riedel shears also exists
within the combined dataset (Fig. 5E/F).

With agreement between the DEM and ASTER lineament analyses -
and their combined dataset - the spread for the inferred maximum
paleostress orientation is between 115° and 130°, with a more likely
orientation of 125°-130°. This is based on a dominant orientation of
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lineaments at around 80°-85° in the DEM and combined datasets,
which correlates with the major orientation of mapped faults within
the region. As a preliminary step to understanding the fault geometry
in tectonically active areas with limited fault maps, we suggest that
prominent features from a lineament analysis provide orientations
that represent dominant fault populations. Thus, we can use the deter-
mined orientation for o; from our lineament analyses to compare
with the orientation of 0; based on the processed FEM to determine
which model best represents the geometry of the through-going faults
within the region.

6. Interpretation

To evaluate which of the two models best represents the active fault
geometry, we compare the maximum principal stress axis orientations
from the finite element method results with the inferred maximum
principal stress axis from the lineament analysis. The maximum princi-
pal stress orientations of model 1 (115°~120°) and model 2 (120°-125°)
have peaks that nearly coincide with the spread of inferred directions of
o7 from the lineament analyses (115°-130°); however, model 2 results
in a 0; orientation most close to the more likely orientation of 125°-
130°. Model 1 shows a very large trend for o7 from 55°-60°. This orien-
tation is located on the Armutlu-Almacik block just south of the Diizce-
Karadere fault portion of the northern strand, at which we would expect
it to host a 0y orientation of 105°. To evaluate how this orientation
occurred, we looked into the time series deformation of the blocks. As
the blocks are pushed/pulled, the lack of a fault linking the bends in
the northern and southern strands allows for the eastern part of the
Armutlu-Almacik zone to be pulled and distorted by the western
portion of the Sakarya zone, subsequently rotating clockwise away
from the Istanbul zone. This creates an extensional opening due to
counterclockwise block rotation along the NE-SW trending portion of
the northern strand (Diizce-Karadere Fault). Additionally, this unex-
pected oy trend occurs as a dominant orientation from the center of
the Armutlu-Almagcik block to the western most portion, particularly
along the Iznik portion of the southern strand, at which we would
expect a 07 orientation of 105° (based on the fault orientation). Model
2, displays only one principal stress orientation (120°-125°) that
overlaps with the inferred orientation from the combined lineament
analysis (115°-130°), and while model 2 shows a fan of principle stress
orientations from 135° to 45°, when these orientations are weighted for
magnitude, they are notably smaller than the peak centered between
135° and 95°. While there is still a peak at 55°-60°, the peak is rather
small and distributed within the bodies of the blocks, rather than
bounding the faults. Though the lineament analyses indicate that both
models reproduce the inferred maximum stress orientation, the
additional maximum stress orientations in the output of model 1 are
not observed, indicating that model 2 is the most likely candidate for
best representation of fault geometry. To confirm this we will compare
the FEM stress orientation results with data from seismic events.

We collected thirty-four focal mechanism data (Fig. 2A) associated
with several seismic events and/or their aftershocks (1943 Adapazari-
Hendek, 1957 Abant, 1967 Mudurnu, and 1999 Izmit earthquakes)
located in our study area from the International Seismological Centre
(International Seismological Centre, 2011) and the World Seismic Map
(Heidbach et al., 2008). Data from these two sources are recordings
from global stations. We determined the trend of the maximum princi-
pal stress axis, which is assumed to be synonymous with the P kinemat-
ic axis. Applying density contours to the P kinematic axes, we were able
to procure a nearly horizontal (<5°) orientation for the regional P axis
at approximately 125°. As this value is nearly horizontal, we can
assume that the derived regional orientation of the P kinematic axis is

synonymous to the orientation of the maximum horizontal stress. The
orientation of 125° also matches the o; orientation (low to no plunge)
determined by Kiratzi (2002), Bohnhoff et al. (2006), and Orgiilii
(2011). This orientation falls within the range for the orientation of
maximum principal stress determined from both FEM models. To
further analyze the focal mechanism data, we looked at each focal
mechanism separately and compared it to the immediate FEM stress
orientations from both models within a buffer of 10 km around the
epicenter. While both models exhibited stress orientation values similar
to the individual focal mechanisms they corresponded to, Model 1
orientations showed the greatest deviation from focal mechanism
orientations of oy, particularly along the Diizce-Karadere fault.
Deviations from the focal mechanism data can be associated with the
comparison of 3D focal mechanisms, with 2D model results. In the
latter, orientations are assumed to have no plunge, and this could
subsequently increase the deviation of model stress orientations
as compared to focal mechanisms, especially when focal mechanism
P-axis attitudes exhibit a plunge greater than 30°. In addition, the
majority of focal mechanisms are deeper than what the 2D model
represents, which is the upper 0.5-1.0 km of crust. The focal mecha-
nisms of the earthquakes are as deep as 15 km, at which point the
fault geometry could potentially vary. However, based on the smaller
deviation exhibited, model 2 best represents the fault geometry within
the region.

7. Conclusion

The methodology presented in this paper can be used to remotely
identify approximate active fault geometries, which may not have
well-developed surface expressions. Through an integrative approach
of stress modeling with remote sensing techniques, the active fault
geometry with the linking fault in model 2 best explains the primary
stress orientations as observed from deformation patterns and earth-
quake focal mechanisms within the region of interest. The absence of
a linking fault (model 1) led to multiple maximum stress orientations
not evident in the inferred paleostress or earthquake focal mechanism
data, and is attributed to clockwise rotation away from the Istanbul
zone of the eastern Armutlu-Almagik zone as its western portion pulled
and distorted it. The presence of the linking fault in the model removes
distortion, and allows for transfer of displacement, thus playing an
important role in the development of the regional stress field. Although
the valley in the southern portion of the Mudurnu region has previously
been interpreted to host a fault with both extensional and strike-slip
kinematics based on both topographic and seismic data (Armijo et al.,
1999; engor et al., 2005), we show that it continues northward and it
is an important linking feature of the NAF system. As a linking structure,
this fault must be a significant component in future models of the NAF
system in this region. It is predicted to facilitate long-term slip transfer
and future modeling will help determine if the linking structure
impedes or facilitates earthquake rupture propagation.
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