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Abstract. = We present high resolution S-wave teleseismic tomography im-
ages of the western segment of the North Anatolian Fault (NAFZ) in Turkey
using teleseismic data recorded during the deployment period of the DANA
array. The array comprised 66 stations with a nominal station spacing of 7
km, thus permitting a horizontal and vertical resolution of approximately
15 km. We use the current S-wave results with previously published P-wave
teleseismic tomography to produce maps of relative Vp/Vg anomalies, which
we use to highlight the difference in overall composition of the three terranes
separated by the northern (NNAF) and southern (SNAF) branches of the
NAFZ. Our results show a narrow S-wave low velocity anomaly beneath the
northern branch of the NAFZ extending from the upper crust, where it has
a width of ~10 km, to the lower crust, where it widens to ~30 km. This low
velocity zone most likely extends into the upper mantle, where we constrain
its width to be <50 km and interpret it as indicative of localised shear be-
neath the NNAF; this structure is similar to what has been observed for the
NAFZ west of 32°and therefore we propose that the structure of the NNAF
is similar to that of the NAFZ in the east. The SNAF does not show a very
strong signature in our images and we conclude that it is most likely rooted
in the crust, possibly accommodating deformation related to rotation of the
Armutlu/Almacik Blocks situated between the two NAFZ branches.

Keypoints:

e An ~15-km resolution teleseismic S-wave velocity model constrains width

and depth of the North Anatolian Fault in the crust and upper mantle
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e The northern branch of the NAFZ is <10 km wide in the upper crust,
widens to ~30 km in the lower crust and continues into the upper mantle
e The southern branch of the North Anatolian Fault is likely a narrow weak

zone within a complex juxtaposition of stronger lithospheric blocks
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1. Introduction

Continental strike-slip faults, such as the North Anatolian, San Andreas, Altyn Tagh
and Alpine faults, are major structures accommodating the relative movement between
tectonic plates. Whether or not intracontinental strike-slip faults are rooted in the middle
to lower crust or penetrate the upper mantle, however, is still a subject of debate (e.g.
Sibson [1983]; Vauchez and Tommasi [2003]; Wilson et al. [2004]). In this study we exploit
passive seismic data to image the western section of the North Anatolian Fault Zone
(NAFZ) in Turkey, a dextral continental strike-slip fault which extends for approximately
1200 km across the north of the Anatolian peninsula (Fig. 1). Our aim is to understand
its structure in the mid-lower crust and examine the extent to which it penetrates into
the upper mantle.

The inception of the North Anatolian Fault occurred between 13 and 11 Ma (Sengdr
et al. [2005]), and came about due to the confluence of two factors: the push of the
Arabian plate towards the Eurasian plate in the southeast and subduction along the
Aegean arc in the west. However, the importance of these two tectonic events and the
mechanisms that drive them in present day motion of the Anatolian peninsula are debated
(e.g Reilinger et al. [2006); Ozeren and Holt [2010]; England et al. [2016]). Geological
evidence (Sengdr et al. [2005]) supports the notion that the NAFZ, after inception in
eastern Turkey, progressed westward and only reached the Marmara Sea approximately 4
Ma ago (Le Pichon et al. [2016]). The NAFZ is seismically active and has experienced a
series of migrating earthquakes in the last century (Stein et al. [1997]), the most recent

of which were the M;7 Izmit and Diizce events in northern Anatolia in 1999 (Fig. 1).
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Geophysical signatures of the NAFZ to the east of our study area (Fig. 1), before it
splays into northern and southern branches, can be found in several studies; Biryol et al.
[2011] found that the NAFZ forms a rather sharp, lithospheric scale structural boundary,
separating older lithosphere of the north Anatolian province and the younger central
Anatolian province. A substantial north-south increase in Bouguer anomaly across the
NAFZ also supports these findings and may indicate an increase in crustal density to the
north (Ates et al. [1999]). Results from full waveform inversion (Fichtner et al. [2013])
image, along strike, low S-wave velocities linking the crustal expression of the NAFZ to a
broad (i.e. 50-100 km wide at 60 km depth) region of low velocity in the mantle, however,
the authors note that no clear signature of the NAFZ can be seen west of 32°, where our
current study is located. In addition, low upper-crustal velocities (Vp <6 km/s at depths
of 5-15 km) along the NAFZ in central Anatolia were also reported by a local earthquake
tomography study ( Yolsal-Cevikbilen et al. [2012]).

Recent studies on the western portion of the NAFZ (Fig. 1) revealed additional infor-
mation on the structure of its two strands. The presence of different lithologies bounding
the northern branch of the NAFZ has been inferred by Bulut et al. [2012] and Najdah-
madi et al. [2016] by tracking fault head waves caused by the presence of a bimaterial
interface. This is also consistent with a change in Moho signature and depth observed in
the Istanbul Zone and has been attributed to either the presence of a thicker crust (Fred-
eriksen et al. [2015]) or a weak Moho underlain by a highly anisotropic layer (Kahraman
et al: [2015]). These observations support the idea that a clear separation between the
north 'Anatolian province and the central Anatolian province exists across the northern

NAFZ. Receiver function and autocorrelation studies (Kahraman et al. [2015]; Taylor et
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al. [2016]) reported truncation of several sub-horizontal structures throughout the crust
beneath both NAFZ strands. Furthermore, an absence of Moho signature beneath the
northern NAFZ may indicate a fault zone rooted in the upper mantle (Kahraman et al.
[2015]). Results from P wave teleseismic tomography in the same area (Papaleo et al.
[2017]) provided the first direct evidence for a narrow (j50 km) fault zone that extends
into the upper mantle to a depth of at least 80 km beneath the northern branch of the
NAFZ.

The S wave teleseismic tomography presented in this study, together with a §(Vp/Vg)
model obtained by combining our S and P wave results (Papaleo et al. [2017]), comple-
ments the P wave study and effectively outlines different characteristics of the two fault
strands. We are able to map the northern branch of the NAFZ (NNAF) as a low velocity
anomaly from crust to upper mantle using our new S-wave velocity model, while high-
lighting major differences in crustal geology with the §(Vp/Vs) model. We discuss our

findings in terms of fault structure and the evolution of fault width with depth.

2. Data and methods

In this study we use teleseismic data collected during the operational period of the
DANA (Dense Array for Northern Anatolia, 2012) array (Brisbourne [2012]), composed
of 73 broadband stations deployed between May 2012 and October 2013. The main array
comprises 66 stations covering an area of approximately 70 x 35 km with a 7 km nominal
station spacing; the remaining stations were deployed in a semicircle around the main
array to the east (Fig. 1). A total of 10,650 arrival time residuals from 198 events have
been used to perform the S wave teleseismic tomography; of these events, 98 are direct S
wave arrivals, 55 are SKS arrivals, 25 are SKKS arrivals and 20 are SS arrivals (Fig. 2).
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The north-south and east-west components recorded by the instruments were rotated
into transverse and radial components and filtered between 0.04 and 0.5 Hz with a But-
terworth bandpass filter. To check the dependence of the results on the use of a particular
component, we carried out two separate inversions using recordings from solely radial and
solely transverse components. We found that the final results do not differ significantly,
therefore, we selected the component with the highest signal to noise ratio for each event
in the final inversion.

Relative arrival time residuals were obtained using an adaptive stacking technique
(Rawlinson and Kennett [2004]), which is particularly effective in this setting because
teleseismic waveforms are coherent across the array. This method works by initially align-
ing phases from a single event using move-out correction based on ak135 global reference
model. The remaining time shifts required to perfectly align the phases correspond to
the arrival time residuals which can be attributed to lateral variations in wavespeed be-
neath the array. Since there is no absolute reference frame for the alignment, the arrival
time residuals are meaningful in a relative rather than absolute sense. The results of
the stacking procedure were manually checked to eliminate all traces with poor signal to
noise ratio. In addition, all residuals with a discrepancy between observed and predicted
values greater than 0.5 s after an initial inversion, were removed to improve the final
model. To perform the tomography, we use the Fast Marching Teleseismic Tomography
code (Rawlinson et al. [2006]), an iterative method based on subspace inversion (Kennett
et al: [1988]) and the Fast Marching Method (Sethian [1999]) to compute arrival times
through the laterally heterogeneous model volume. Traveltimes from the source to the

boundary of the local model volume are based on ak135 predictions. The final velocity
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model is computed by minimising the function
1
F(m) = 5[®(m) + ¥ (m) +nQ(m)], (1)

where m is the vector of model parameters, ®(m) is the data misfit function, ¥(m)
the model misfit function (i.e. misfit of the current model with respect to the starting
model) and 2(m) constrains the model roughness; € and 7 are the damping and smoothing
parameters which control the overall trade-off between how well the model m fits the data,
how close it is to the starting model and how smooth it is.

The local 3D volume used in this inversion, extending to a depth of 100 km, is defined
by a grid with a 5 km node spacing in all directions. Reference 1D velocities within the
volume (Table 1) are modified from the general ak135 velocity model, taking into con-
sideration seismic refraction and receiver function derived velocity models from previous
studies in the same area (Karahan et al. [2001]; Kahraman et al. [2015]). We also set our
Moho depth at 37 km in accordance with previous receiver function studies ( Vanacore
[2013}; Kahraman et al. [2015]) and to be consistent with our previous P wave teleseismic
tomography study in the same area (Papaleo et al. [2017]). However, we note that the
Moho in the inversion is not explicitly expressed as an additional interface in the model;
instead it is represented by a sharp velocity gradient. Station terms are inverted for and,
prior to the final inversion, damping and smoothing parameters were calibrated to obtain
a good trade-off between data fit, model perturbation and roughness (see Supplementary
Figures S3, S4, S5 and S6 for further details).

A number of synthetic tests have been carried out on the data to assess the resolution
of our tomographic model. Checkerboard test results (Fig. 3) indicate that there is

good-recovery of the original velocity anomaly pattern to 80 km depth (the maximum
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input velocity perturbation being 0.35 km/s), with a more pronounced (up to 50%) loss
in amplitude below 50 km depth. The original pattern of anomalies is especially well
resolved in the area beneath the stations, where we observe a very good recovery of 15
km size anomalies both horizontally and vertically. Spike test results (see Supplementary
Figures S7 and S8) show that horizontal smearing (relative to our choice of input anomaly)
is modest in the upper mantle (£2 km) and largely absent at crustal and Moho depth,
while vertical smearing is more pronounced and generally within 8 km. We quantify
amplitude loss to be less than 30% in the crust but more significant in the upper mantle,

where we observe an approximately 50% reduction in amplitude at 70 km depth.

2.1.-6(Vp/Vs) estimate

To obtain additional information on the seismic properties of our study area, we pro-
duced 6(Vp/Vs) estimates using the results obtained from P and S wave tomography. Ta-
ble 1-provides the initial Vp/Vg values, which are, on average, similar to results from local
earthquake tomography studies (Koulakov et al. [2010]; Yolsal-Cevikbilen et al. [2012]).
Although there are teleseismic studies that constrain variations in Vp/Vg by jointly in-
verting P and S datasets (e.g. Hammond and Toomey [2003], Schmandt and Humphreys
[2010]), we note that Vp/Vg estimates are not usually obtained from teleseismic data,
which constrain relative rather than absolute velocities. In particular in this study, rather
than the absolute Vp/Vg ratio, we are looking for perturbation in the Vp/Vg ratio (see

Supplemetary Text S1 for a full derivation):

5 (vp> _ 0Vp — OV
Vs)  VE+0Vs '
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where C' = V2 /VE, V8 and V{ are reference model velocities and 6Vp and §Vs their re-
spective perturbations. In this case the sign of the perturbation depends the sign of the
numerator (0Vp — CdVs); therefore, if the model Vp/Vg ratio is too high, it will result in
overly negative perturbations and if it is too low in overly positive perturbations; however,
the relative perturbations are likely robust. Nevertheless, different initial values of Vp/Vg
ratio-were tested to ensure that the changes do not affect our results significantly (see Sup-
plementary Figures S11 and S12). In addition to ensure that the 6(Vp/Vg) anomalies that
we obtain are robust, we performed several tests to ensure that the recovered anomalies
are not the result of arbitrary initial parameter choices, variable data coverage or solution
non-uniqueness (see Supplementary Figures S9 and S10). As an additional measure, we
only interpret the final results in terms of broad changes in §(Vp/Vs) pattern rather than
absolute perturbations.

First, §(Vp/Vs) plots were obtained only using direct P and S arrivals and, to ensure
an even coverage, we only used traces for which both P and S recordings were available.
The initial results were tested by varying the damping and smoothing parameters in eq.
1 for P and S inversions independently, using values of 1, 2, 5 and 10. After checking
that the results obtained by using all these different combinations of values were broadly
consistent with each other, we chose final damping and smoothing values of 10 and 5 for
P and 5 and 2 for S respectively. The final parameters were found to yield good results
both in the independent inversion of P and S waves and the final §(Vp/Vg) results. In
addition, we also checked our results by fixing the damping and smoothing parameters
and varying the initial velocity model. Checkerboard tests for Vp, Vg and §(Vp/Vs)

using the aforementioned subset of data demonstrate that data recovery is most robust
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in the uppermost 40 km; therefore we limit our interpretation to crustal features (see

Supplementary Figures S14 and S15).

3. Results

3.1. Relative S wave model

We present our results in Figures 4 and 5; all velocities are expressed in percentage
variation with respect to the starting model in Table 1. Overall, relatively low velocities
(—2 to — 3%) are constrained in the Sakarya Zone to Moho depths and a relatively high
velocity anomaly (4+1%) is imaged between the two branches of the NAFZ in the Armutlu
Block. The Istanbul Zone, in the north of our study area, predominantly exhibits relatively
high velocities (+1 to + 2%), with the exception of a ~20 km band of relatively low
velocities (—1%) oriented broadly east-west. Depth slices shown in Figure 4 demonstrate
that the velocity patterns are generally consistent between the upper and lower crust.
However, below the Moho, we observe a change in the pattern of velocity anomalies from
an east-west alignment that is consistent with first order changes in the surface geology
at the major NAFZ branches and the highest density of seismicity, to a north-south to
northeast-southwest alignment of velocity anomalies in the upper mantle (Fig. 4)

Our north-south profiles (Fig. 5) span an area between 30.1 and 30.5° E, where we have
the best resolution in our model. We consistently observe relatively high velocities (up
to 2%) in the crust north of the northern branch of the NAFZ (NNAF), while in close
proximity to the surface trace of the NAFZ velocities are relatively low (approximately
—1%). In all our vertical profiles, the low velocity anomaly beneath the NNAF extends
from the upper crust, where its width is constrained to be ~10 km, to the lower crust,

where it widens to ~30 km, and penetrates into the upper mantle. In the western profiles
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(Fig. 5b), this low velocity anomaly merges with a broader upper mantle low velocity
anomaly extending for approximately 80 km in a north-south direction.

A relatively high velocity anomaly (up to 2%) is situated in the Armutlu Block between
the two branches of the NAFZ and is visible in all profiles; this anomaly is narrower (~10
km) and confined to the crust in the west, while it increases in volume eastward where,
approximately at Moho depths, it widens (up to 30 km) towards the Sakarya Zone and
extends into the upper mantle.

The southern branch of the NAFZ (SNAF) and the area to its south exhibit the lowest
velocity anomaly imaged in our model (peak perturbation of -3%). The low velocity
anomaly beneath the SNAF extends perpendicular to the NAFZ for approximately 40 km
in the crust and, with the exception of the profile at 30.1° E, only extends into the upper
mantle south of 40.3 ° N. It is cut for most of its horizontal length by the relatively high

(+1to + 2%) velocity body between the two strands of the NAFZ.

3.2. 6(Vp/Vs) model

As described in Section 2.1, the 6(Vp/Vgs) model adds an interpretative tool which
complements the S wave tomography model presented in this study and the P wave
tomography model presented in Papaleo et al. [2017]. Figure 6¢ shows §(Vp/Vg) results
in two vertical profiles, together with the respective P and S wave velocity profiles. Results
are also, in this case, shown as a percentage variation with respect to an initial velocity
model (Table 1). Overall, we observe lower 6(Vp/Vg) anomalies in the Istanbul Zone and
generally higher (up to 3%) 6(Vp/Vs) values in both the Sakarya Zone and Armutlu Block;
the highest values are observed south of the SNAF in the upper crust of the Sakarya Zone.

We also note that the overall pattern of 6(Vp/Vs) anomalies changes between upper and
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lower crust, particularly beneath the SNAF, NNAF and Istanbul Zone, where there is a
polarity reversal in 6(Vp/Vs) anomaly.

We now examine the characteristics of our 6(Vp/Vs) model where prominent anomalies
are identified in the Vg tomography model (i.e. beneath the surface location of the NNAF
and first order variations between the Istanbul Zone, Armutlu Block and Sakarya Zone)
using. the two best resolved north-south profiles (Fig. 6e, f).

The NNAF is clearly situated at an abrupt lateral variation between §(Vp/Vg) values
of -2% to the north and +2% to the south (Fig.6e, ). This characteristic of the §(Vp/Vs)
model extends west-east over 60 km and correlates closely with the surface trace of the
NNAF and elevated rates of seismicity (Altuncu-Poyraz et al. [2015]). This sharp lateral
change in §(Vp/Vg) appears as a sub-vertical pronounced velocity gradient to depths of
15-20 km in our model (corresponding to the seismogenic depth), but either does not
extend deeper or is offset northwards by ~10 km in the lower crust. §(Vp/Vs) values
north of the NNAF, in the Istanbul Zone, are characteristically the lowest observed in our
model (—2 to — 3%) but may increase northwards.

In general, Armutlu Block crust is characterised by medium to high §(Vp/Vg) values
between 0.5-2.5%, whereas Sakarya Zone crust displays the highest §(Vp/Vs) values in our
model (> 2.5%). This first-order change occurs at the surface location of the SNAF, which
is marked by a slight reduction in §(Vp/Vg) within a j10 km wide zone (noting that we can
recover anomalies ~7 in size in the upper region of our model - see Supplementary Figure
5) that may extend from the surface into the mid-lower crust. This feature, although

not prominent in all of our profiles, is the first indication from any velocity model of the
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presence and structure of the SNAF within the crust and correlates well with SNAF-

related seismicity (Altuncu-Poyraz et al. [2015], Fig. 6f).

4. Interpretation

4.1. NNAF

Our S wave velocity model constrains a ~15 km wide low velocity zone (—1 to — 2%)
in the upper crust directly beneath the surface trace of the NNAF; low velocities are often
associated with fault zones (e.g. Smith et al. [1995]; Wittlinger et al. [1998]; Fichtner et al.
[2013]) and are thought to occur due to fracturing and the presence of fluids (e.g. Koulakov
et al. [2010]) or the presence of a fault damage zone (e.g. Hong and Menke [2006]; Allam
and Ben-Zion [2012]). Through plotting the seismicity that occurred during the DANA
deployment period (Altuncu-Poyraz et al. [2015]) onto our velocity images (Figs. 4, 5, 6),
it is clear that the currently most actively deforming parts of the upper crust coincide with
our major low velocity zone and strongest §(Vp/Vg) lateral change beneath the NNAF
(Figs. 5b, 6¢ and 6e), therefore we interpret our results to be consistent with the presence
of a localised damage zone in the upper crust beneath the NNAF at a major geological
interface. We note, however, that not all seismicity coincides with our anomalies and
we observe that clusters of off-fault events occur in the high velocity region north of the
NNAF (Fig. 5d).

A similar Vp/Vg pattern to that observed beneath the NNAF (relatively higher
0(Vp/Vs) south of the fault and relatively lower 6(Vp/Vs) to the north) has also been im-
aged at other major fault zones (e.g. Lin and Thurber [2012]; Eberart-Philips et al. [2005])
and we interpret it to result from lithological differences between the older Istanbul Zone

and the younger Armutlu Peninsula terranes, also observed by previous teleseismic studies
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(Biryol et al. [2011]). Clear signatures of the presence of the NNAF in the upper crust
in this region can also be found in other studies, for example, Bulut et al. [2012] find a
6 % change in the velocity of fault head waves across the northern branch of the fault,
which is similar to the 3-4 % change in velocity according to our P and S wave velocity
models (particularly bearing in mind that the magnitude of the perturbations might be
underestimated in the tomography) and a reduction (of 0.2 to 0.6 km/s) in absolute P
wave velocity beneath the fault (Behyan and Alkan [2015]).

Discontinuities throughout the crust mapped by a previous receiver function study
(Kahraman et al. [2015]) are plotted in Figs. 6¢ and 6d and their truncation occurs
where we constrain lateral changes in crustal velocity structure and where either Moho
discontinuity amplitude is reduced (Kahraman et al. [2015]) or there is a step in Moho
depth ( Frederiksen et al. [2015]). In a similar location beneath the NNAF, magnetotelluric
studies (e.g. Tank et al. [2005]) show a boundary in the mid to lower crust between a
resistive body to the north and a conductive body to the south. We expect that below
seismogenic depths (15-20 km in our study area) fault deformation is likely going to be
localised within mylonite belts (e.g. Sibson [1983]; Norris and Toy [2014]), the extent of
which, from a combination of results from this and the aforementioned studies, is likely
to be ~10 km in the upper crust, widening to ~30 km in the lower crust.

The relatively low velocity zone that we observe beneath the NNAF most likely extends
into the upper mantle (Figs. 4 and 5), where it widens to <50 km. We note that while
our synthetic resolution tests indicate that the resolution decreases below ~40 km depth
(see Fig. 3), it is still sufficient to support the increase in width of the low velocity zone

with depth. Therefore, following interpretation of low upper mantle velocity anomalies
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in previous studies using similar techniques (e.g. Wittlinger et al. [1998]; Vauchez and

Tommasi [2003]), we interpret this anomaly as localised shear beneath the NNAF.

4.2. SNAF

We note that our §(Vp/Vs) maps (Fig. 6¢) show up to a 2% lateral change in the
vicinity of the surface trace of the SNAF, which is the most prominent expression of
the southern branch of the NAFZ in our model. Frederiksen et al. [2015] also observe
a change in P-S velocity ratio across the southern NAFZ and attribute it to differences
in crustal composition between the Sakarya Zone and the Armutlu Block. Our S wave
velocity profiles (Fig. 5) show diffuse relatively low velocities beneath the SNAF clearly
terminating at or above Moho depth; coupled with findings from autocorrelation and
receiver function studies (Kahraman et al. [2015] and Taylor et al. [2016]), which do not
image any truncation in the Moho signal beneath this branch of the fault, and therefore
together these results support the hypothesis that the SNAF is rooted in the crust.

Local seismicity recorded in the region (Altuncu-Poyraz et al. [2015]) occurs within the
relatively low velocity area imaged beneath the SNAF and often within zones of lower
d(Vp/Vs) (Fig. 6). Historical records (Ambraseys [2002]) show that the SNAF has been
the source of fewer large (Mg >6.8) earthquakes compared to the NNAF, the latest of
which dates back to the XV century. Moreover, GPS measurements (Meade et al. [2002])
report a lower slip rate (5-10 mm/yr) on the SNAF as compared to the NNAF (~25
mm/yr). We therefore interpret our observations, in conjunction with the findings of
previous studies, to indicate that the SNAF represents a weak zone within the Sakarya
crust that most likely localises deformation caused by local rotation of the Armutlu and/or

Almacik Blocks as central Anatolia extrudes (e.g. England et al. [2016]).
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4.3. Juxtaposed terrains

Our new S wave velocity and derivative §(Vp/Vg) models show clear first-order differ-
ences in lithosphere velocity characteristics between the Istanbul Zone, Armutlu Block
and Sakarya Zone. We show that the Sakarya Zone typically exhibits relatively low ve-
locities and relatively high 6(Vp/Vs), in contrast to the Istanbul Zone, which is typically
characterised by relatively high velocities and low 6(Vp/Vs). Between them, the Armutlu
Block appears more complex, with both fast and slow velocities and varying 6(Vp/Vsg).

We estimate likely Vp/Vg ranges (at 400 MPa) of the terranes separated by the NNAF to
be 1.76-1.82 (south) and 1.71-1.73 (north) using values published by Christensen [1996]
and hence find that a 4-5 % range in §(Vp/Vg) would be reasonable to expect. We
therefore conclude that the sharp 6(Vp/Vg) contrast (and, to a lesser extent, velocity
contrast) observed in connection with the NNAF can be explained by the juxtaposition of
two distinct terrains: a Triassic-Cretaceous tectonic assemblage in the Armutlu Peninsula
(Yimaz et al. [1997]) and sedimentary sequences of Ordovician to Carboniferous age
overlaying a Proterozoic granitic and metamorphic basement in the Istanbul Zone (Gérir
et al: [1997]; Chen et al. [2002]). We interpret the higher velocity region in the Armutlu
block (Fig. 5) to represent the steeply dipping thrusts of mafic and ultramafic rocks,
interpreted as the detached basement of the Sakarya Zone upthrusted during the late
stages of the Paleotethys closure by Bozkurt et al. (2012). This is consistent with the
fact that mafic and ultramafic rocks typically exhibit fast S wave velocities (;3.7 km/s)
within the crust (Christensen [1996]).

The Istanbul Zone shows relatively high velocities throughout the crust and upper

mantle in our P and S velocity models (Fig. 6a-d). A relatively low §(Vp/Vsg) ratio is also
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consistent with local earthquake tomography results (Koulakov et al. [2010]). Furthermore
magnetotelluric observations ( Tank et al. [2005]) constrain a strong resistor 10 km beneath
the Istanbul Zone and gravity studies indicate that the Istanbul Zone is anomalously
dense (Ates et al. [1999]). We use these results together to interpret that the Istanbul
Zone represents an ancient and strong (e.g. Tesauro et al. [2007]) terrain with a possibly
limited fluid content.

Geological evidence shows that the Sakarya terrain to the south is comprised of a lower
Jurassic-Eocene sequence overlying a series of subduction-accretionary units (Okay and
Tiystiz [1999]; Sengor and Yilmaz [1981]) and a high grade metamorphic crystalline
basement (Okay et al. [2006]). While our 6(Vp/Vs) values are consistent with estimates
for high grade metamorphic facies from Christensen [1996], our S and P wave velocity
model (Figs. 6a-c) show diffuse low velocities in the Sakarya Zone, which would be
compatible with the presence of serpentinite. However, the presence of some ophiolites
in the area does not entirely justify these results, suggesting that the composition of the

Sakarya Zone may be more complex.

5. Discussion
We discuss the results of the present study, combined with previous P wave teleseismic
tomography results (Papaleo et al. [2017]) and results from several other studies in the

area, in terms of overall fault properties and structure from crust to upper mantle.

5.1. North Anatolian Fault
A number of geophysical studies have been conducted on the North Anatolian fault in

an attempt to better characterise its properties and structure, largely motivated by its
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seismic activity in the past 80 years (Stein et al. [1997]). Receiver function studies of the
Anatolian peninsula are in agreement on a thinning of the crust from east to west (from
~45 km to ~30 km), compatible with the extensional regime predominant in western
Anatolia ( Vanacore [2013]; Kind et al. [2015]); any signature of the NAFZ at Moho depth
1s, however, not detected in these regional studies.

Low velocities associated with the NAFZ in the crust are found both to the west and
east of our study area ( Yolsal-Cevikbilen et al. [2012]; Karabulut et al. [2003]), as well as
beneath the NNAF (Koulakov et al. [2010]). Vp/Vs results from Koulakov et al. [2010],
show higher Vp /Vg values of 1.78-1.80 in the vicinity of the NNAF, while to the east the
NAFZ seems to be associated with either high or low Vp/Vg values ( Yolsal-Cevikbilen et
al. [2012]), which the authors interpret as a result of variable presence of fluids along the
fault zone. Through our §(Vp/Vs) results on the other hand, rather than higher or lower
d(Vp/Vs) beneath the fault, we image the NNAF as a boundary between relatively high
d(Vp/Vs) to the south and relatively low §(Vp/Vg) to the north; while this is compatible
with the observed surface geology, we note that our 6(Vp/Vg) resolution is not as high
as the aforementioned studies and therefore might not be able to resolve smaller scale
changes beneath the NAFZ.

Pn tomography studies show a change in Pn velocities across the NAFZ (Mutlu and
Karabulut [2011]; Gans et al. [2009]), which correlates well with the P-wave velocity
model of Biryol et al. [2011] and highlights a difference in velocity north and south of
NAFZ. This velocity pattern is also observed in recent P-wave tomography (Papaleo et al.

[2017}) and the current S-wave tomography study, and most likely reflects the presence of
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markedly different terrains (i.e. the Istanbul Zone and Sakarya Zone) north and south of
the NAFZ.

A key feature in our model is the relatively low velocity anomaly beneath the NNAF,
which extends from the crust to the upper mantle. Results showing linked low velocity
anomalies in the crust and upper mantle east of 32°longitude (i.e. east of our study
area), have been documented by Fichtner et al. [2013], and interpreted as a pre-existing
zone of weakness (mostly following the boundary between Pontides and Anatolides) that
subsequently facilitated the development of a large continuous fault zone. We suggest
that our results complement the previous findings and indicate that the NNAF in our
study region has a similar structure to the NAFZ to the east, while the SNAF is rooted
in the crust. In western Anatolia the pull exerted by subduction along the Hellenic arc is
the predominant tectonic force in the region, exerting control over the extrusion velocity
of the Anatolian peninsula (Flerit et al. [2004]) and, as indicated by the GPS vector field
(Reilinger et al. [2006]), causing the rotation of the extruding plate. While the NNAF
propagates in the Sea of Marmara as a single throughgoing dexteral strike-slip fault (Le
Pichon et al. [2001]), the propagation of the SNAF is less clear, suggesting that this
branch of the fault might have been formed to accommodate the rotation of the Almacik

and Armutlu blocks within the Anatolian plate (England et al. [2016]).

5.2. Comparison with other major fault zones

Low velocities related to the presence of major strike slip faults have been documented,
for example, beneath the Alpine Fault (Smith et al. [1995]), San Andreas Fault (Thurber
et-al. [2004]) and Altyn Tagh ( Wittlinger et al. [1998]; Zhao et al. [2006]). Geophysical

images of the Alpine Fault show that it is likely to be j10 km wide in the crust and ;30 km
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wide in the uppermost mantle (almost identical to our observations in this study), with a
possible crustal decollement (e.g. Stern et al. [2007]), while seismic and magnetotelluric
data typically shows a steeply dipping ;5 km wide fault zone beneath the San Andreas
fault that extends in the lower crust and may widen to |25 km as it passes into the upper
mantle (e.g. Fuis and Clowes [1993]; Becken et al. [2008]).

The possible downward continuation of major strike slip faults in the upper mantle has
also been debated (e.g. Wittlinger et al. [2004]; Zhao et al. [2006]; Fuis et al. [2007]); how-
ever, several studies point to the presence of shear zones beneath major faults. Wittlinger
et-al. [1998] image a low velocity zone of ~40 km width in the upper mantle beneath
the Altyn Tagh fault that they interpret as a shear zone; this result, also supported by
a shear wave splitting study by Herquel et al. [2004], is comparable to our observation,
which hints at the presence of a ~30 km wide shear zone beneath the NNAF. Estimates
for the San Andreas fault on the other hand range from a ~50 km shear zone (Ford et
al. [2014]) to a broader, ~130 km wide, zone of shear in the upper mantle (Titus et al.
[2007]), more similar to what has been observed in New Zealand (Audoine et al. [2000];
Wilson et al. [2004]). Interestingly, as has been observed by Molnar and Dayem [2010],
all of these faults appear to be bounded by a stronger block to one side and a deforming
block on the other side, perhaps suggesting that the presence of heterogeneous lithosphere

may -favour the formation of strike slip faults.

5.3. Fault zone width throughout the lithosphere
Field observations of exhumed fault zones report the presence of mylonite belts of up to
30 - km width in the lower crust, which narrow significantly upward (e.g. Hanmer [1988];

Vauchez and Tommasi [2003] and references therein), and suggesting that shear zone
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width narrows with decreasing temperature and depth (Burgmann and Dresen [2008]).
Thisds broadly consistent with the results of our study, where we find that the relatively
low velocity anomalies associated with the NNAF tend to widen with depth. However, we
note that rather than an approximately smooth width variation with depth as predicted by
previous models, we observe a step-like change in width at lower crustal depth, suggesting
that oether variables may play an important role in determining the evolution of fault zone
width with depth.

Platt and Behr [2011] argue that shear zone width depends on the interplay between
the effects of deformation mechanisms, temperature increase and stress decrease with
depth. In particular, they find that upper mantle fault zone width is lowest in strong,
dry, cratonic crust and that below the seismogenic layer fault zone width could reach up
to 180 km for a San Andreas type fault. According to their model, the width of a shear
zone is directly proportional to the plate velocity which, in their calculation, they assume
to be ~50 mm/yr. In the case of the NNAF (assuming similar lithologies for both faults),
the average velocity is ~25 mm/yr (Meade et al. [2002]), implying a fault width of up
to 90 km. This estimate is large compared to our results, showing an average shear zone
width of 30 km in the uppermost mantle. However, this could be explained either by the
potentially invalid assumption of similar lithologies between the two faults or, partly, by
taking into account the resolution limits in our model.

Looking at approximately 90 years of fault deformation data, Kenner and Segall [2003]
showed that the best fitting model for fault zones incorporates a weak vertical shear zone
in the crust beneath major faults, which is in accordance with results from Yamasaki et

al. [2014], who find that the NAFZ can be modelled as a vertical weak zone extending
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to mid-crustal depth. In addition, Yamasaki et al. [2014] indicated that the best fitting
model for the NAFZ is that of a sharp weak zone boundary, implying that the weak zone
(i.e. the NAFZ) may be bounded by a relatively abrupt change in material properties (e.g.
lithological contrast, grain size reduction, water content), consistent with the presence of

different terranes to the north and south of the NAFZ.

6. Conclusions

We have presented results from S wave teleseismic tomography and 6(Vp/Vs) models
obtained from the recordings of a dense array of seismic stations in western Anatolia and
show that SNAF and NNAF exhibit very different characteristics.

Through our results we are able to constrain the width and extent of the NNAF in both
crust and upper mantle. In the upper crust the NNAF appears to localise deformation in
a narrow corridor j10 km wide, which widens -in a sharp rather than smoothly varying
manner- to ~30 km in the lower crust; the low velocities continuing from lower crust to
upper mantle support the idea of a shear zone associated with the northern branch of the
fault, whose width in the upper mantle we constrain to be <50 km. In this context, our
observations support the hypothesis that the NNAF is a narrow fault zone, separating a
stronger block (Istanbul Zone) to the north from a deforming block (Armutlu - Sakarya
Zone) to the south, a feature that has been observed in most major strike-slip faults
(Molnar and Dayem [2010]).In addition, our results suggest that the structure of the
northern branch of the NAFZ is similar to the structure of the NAFZ east of 32°, as
imaged with full waveform inversion (Fichtner et al. [2013]).

The SNAF does not have a very strong signal in our velocity model and §(Vp/Vs)
results, showing a 2% 6(Vp/Vg) change beneath the surface trace of the southern branch
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of the fault, is the clearest expression of the SNAF. The clear change in the velocity
pattern beneath the fault at Moho depth together with results from other studies, however,
support the hypothesis that the SNAF is likely rooted in the crust, accommodating the

rotation of the Armutlu and Almacik Blocks.
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Table 1. Background velocity model used for the inversion (velocity model taken from

Kahraman et al. [2015]).

Depth(km) Vp(km/s) Vs(km/s) Vp/Vs

0 3.776 2.128 1.774
2 3.776 2.128 1.774
2 5.194 2.928 1.774
13 5.194 2.928 1.774
13 6.286 3.540 1.776
24 6.484 3.717 1.744
37 6.484 3.717 1.744
37 7.539 4.367 1.726
7 8.045 4.490 1.792
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Black Sea
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a) Relief map of the study area with station locations (green triangles) and surface

fault traces (red lines). The red square marks the position of Istanbul, while the two blue stars

indicate the epicentres of the 1999 Izmit and Diizce events. b) Map highligting the three main

geological units in the area, bounded by the two strands of the North Anatolian Fault: the

Istanbul Zone, the Armutlu and Almacik Blocks and the Sakarya Zone. The inset shows the

location of the study.
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Figure 2. a) Locations of the events used for S wave teleseismic tomography. Yellow dots
represent earthquakes of m;, >5.5 from which direct S-arrivals are extracted; orange dots are
earthquakes from which SKS arrivals are extracted; purple dots represent earthquakes from
which SS arrivals are extracted and blue dots represent earthquakes from which SKKS arrivals
are extracted. Black concentric circles represent 30° contours in angular distance from the centre

of the array. b) Back azimuth distribution of the sources.
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Figure 4. Depth profiles at 10, 20, 30 and 60 km. The 10 km depth profile (top left) shows the local
seismicity recorded during the period of deployment of the DANA array (Altuncu-Poyraz et al. [2015])),
while the 20 km depth profile (top right) shows the locations of the stations. Surface fault traces are
represented; by red lines.
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Figure 6. a-b) Vertical north-south profiles through the 3D P-wave velocity model; the grid spacing
has been adjusted to match the one used for the S-wave model; black dots show the local earthquakes
within +0.05°, perpendicular to profile, recorded during the deployment period of the DANA array
(Altuncu=Poyraz et al. [2015]); c-d) Vertical north-south profiles through the 3D S-wave velocity model;
black dots show the local earthquakes within +0.05°, perpendicular to profile; e-f) §(Vp/Vg) profiles,
also showing the same set of earthquakes to the corresponding plot above.
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Figure 7. Schematic interpretation of the structure of the fault. The shadowed area represents
the possible variability of the fault shear zone along the profiles, while the yellow lines beneath
the SNAF denote the area of influence of the fault as inferred from local seismicity (Altuncu-
Poyraz et al. [2015]), Vp/Vs results and results from receiver function analysis (Kahraman et al.
[2015]). Blue, red and green dashed lines are results from receiver function analysis (Kahraman
et al. [2015]) and represent crustal structures, the Moho and anisotropic layers respectively. The
shaded blue area represents the high velocity zone observed between NNAF and SNAF and likely

associated with ultramafic rocks upthrusted from the Sakarya Zone (Bozkurt et al. [2013])
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