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SUMMARY

The North Anatolian Fault Zone (NAFZ) is a major plate boundary that separates the Eurasian
Plate to the north from the Anatolian Plate to the south and is associated with powerful
damaging earthquakes. Despite numerous studies of the crust and upper mantle across the
NAFZ, our understanding of the exact mechanisms and distribution of deformation with depth
is still limited. Accurate models of the crustal velocity structure are key to assess seismic
hazard associated with strike-slip deformation. Here, we address this need by employing a
novel method that jointly inverts receiver function waveforms and P-wave polarizations to
recover S-wave velocity structure from the surface to the upper mantle. The method is applied
to a dense teleseismic data set collected across a segment of the central NAFZ in Turkey. The
results provide important new constraints on the sedimentary thickness, depth to basement and
Moho discontinuity beneath the region. Our estimates of uppermost sedimentary thickness
range from 0 km in some areas (e.g. in the Central Pontides) to 6 km in the Cankiri Basin.
Smaller basins are scattered along the NAFZ. A similar pattern is observed for the basement
depth, with values exceeding 10 km beneath the Cankiri Basin, where the Moho is shallowest
with a depth of 32 km. The Moho reaches a maximum depth of 42 km beneath the
Central Pontides. Most other areas have an average Moho depth of 35-38 km. The results
reveal clear structural-tectonic relationships in the crust: areas of fundamentally different
sedimentary and crustal architecture are bounded by faults and suture zones. The NAFZ
appears to accommodate small-scale basin and basement-highs, and acts as a thick-skinned
(i.e. full crustal-scale) boundary between laterally displaced crustal blocks to the north and
south. Seismicity clusters are centred on areas of low Vp/Vs ratios that may be representative
of weak zones.

Key words: Composition and structure of the continental crust; Joint inversion; Body waves;
Crustal imaging.

is the presence or absence of a large and abrupt Moho response

1 INTRODUCTION beneath a fault zone, which could hint at whether deformation is

Active continental fault zones have been the focus of extensive sci-
entific attention owing to their seismic hazard potential. Continental
strike-slip faults can reach lengths of hundreds of kilometres and
may accommodate large deformation (Molnar & Dayem 2010). The
deep structure of strike-slip fault zones and distribution of defor-
mation is still a matter of debate. It is unclear whether shear zones
remain narrow and localized in the lower crust and upper mantle
or whether they expand into wide, distributed deformation bands
at depths (Platt & Behr 2011), possibly accommodated by lower
crustal ductile flow (Burgmann & Dresen 2008). A key diagnostic

accommodated at depth via brittle or ductile behaviour, respectively
(Zhu 2000; Weber et al. 2004; Wilson et al. 2004). Which process
dominates, in turn, has important consequences on the distribution
of seismicity along continental fault zones.

The North Anatolian Fault Zone (NAFZ) is a prominent example
of an active continental strike-slip fault and forms an important part
of the complex tectonic setting in the eastern Mediterranean and
Anatolia. The recent tectonic evolution of this region is dominated
by the Cenozoic closure of the Tethys Ocean and subsequent con-
vergence of the Arabian and Eurasian plates. At the same time, the
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African Plate converges and subducts northward beneath Anatolia
along the Hellenic and Cyprus trenches (Dewey & Sengdr 1979;
Taymaz et al. 1991, 2007b; Schildgen et al. 2014). GPS measure-
ments (Reilinger et al. 2006) indicate that slab rollback of the sub-
ducting African lithosphere could have a major effect on the rapid
deformation of Anatolia. The NAFZ, a right-lateral (dextral) fault
system of Miocene age, forms the boundary between the Anatolian
Plate to the south and the Eurasian Plate to the north (Barka 1992;
Sengor et al. 2005; Le Pichon et al. 2015). It stretches over 1600 km
across Anatolia and has generated several destructive earthquakes
in the 20th century (Sengdr et al. 2005).

This work aims to elucidate the origin of seismic velocity con-
trasts in the crust and uppermost mantle along the central NAFZ us-
ing joint inversion of P-receiver functions and P-wave polarization
data. Several suture zones and tectonic boundaries are located across
Anatolia, bearing witness of the complex tectonic history involving
successive accretion and collision events, that is the Intra-Pontide
and lzmir-Ankara-Erzincan Suture Zones (IAESZ), the Istanbul
Zone, the Sakarya Zone, the Central Pontides, the Kirsehir Massif,
the Ezine Pazari-Sungurlu Fault and the Cankiri Basin (Kaymakgl
et al. 2003, 2009, Fig. 1). The Pontides in the north of the study
area belong to the Sakarya Continent terrane. The Kirsehir Block,
as the northern continuation of the metamorphic Anatolides, is lo-
cated to the south of the study area (Sengér & Yilmaz 1981). The
Cankiri Basin lies above the east—west trending IAESZ between the
Pontides to the north and the Kirsehir Block to the south (Kaymakgi
et al. 2003) (Fig. 1). Kaymakg¢i (2000) propose that the Cankir
Basin was formed from Late Cretaceous to Early Miocene times in
response to the collision and indentation of the Sakarya Continent
and the Kirsehir Block. The sedimentary infill of this basin has a
thickness of more than 4 km, with sediment ages ranging from Late
Cretaceous to present. Information on the crustal seismic velocity
structure across this region will provide new insight into the distri-
bution of the different crustal blocks and weak zones at depth, and
their possible link to seismicity along the NAFZ.

2 PREVIOUS SEISMOLOGICAL WORK

The NAFZ has been subject to several seismic experiments, the data
from which have been analysed using a variety of methods. In the
early 2000s, relationships between seismicity and crustal velocity
structure beneath the NAFZ were investigated by local earthquake
tomography (Nakamura et al. 2002; Yolsal-Cevikbilen et al. 2012;
Polat et al. 2016; Cubuk-Sabuncu et al. 2017) and active-source
seismic tomography (e.g. Karabulut et al. 2003; Bayrakci et al.
2013) in the Marmara Sea region. Gans et al. (2009) interpreted
regional Pn velocity anomalies as evidence for slab break-off under
Anatolia. Koulakov et al. (2010) presented a regional tomography
model showing that the crust in the western NAFZ is characterized
by low Vp and Vs, and high Vp/Vs ratios. Recently, full-waveform
tomography of the crust in western Anatolia by Cubuk-Sabuncu
etal. (2017) confirmed these results. Seismic activity, as an indicator
of ongoing deformation within the crust, has been shown to occur
not only along the main branch of the NAFZ but also to extend to
the south. (see Taymaz et al. 2007a for the 2000 Orta earthquake,
Cubuk-Sabuncu et al. 2014 for the 2005 and 2008 Bala-Sirapinar
earthquakes; Karasozen et al. 2013).

In the last decade, two dense temporary seismic arrays were de-
ployed across the western and central NAFZ. These new stations
allowed for local high-resolution seismic analyses and expanded the
data coverage for regional seismological models. Yolsal-Cevikbilen
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et al. (2012) imaged small-scale Vp/Vs variations in the crust of
the central NAFZ and identified high-velocity blocks in the mid
to lower crust that appear to be dissected by suture zones. Us-
ing ambient noise tomography, Warren et al. (2013) imaged the
crust of central and eastern Anatolia. They found that most crustal
velocity variations could be attributed to tectonic boundaries and
suture zones. However, they did not detect robust correlations be-
tween velocities and the NAFZ, consistent with the results of Yolsal-
Cevikbilen et al. (2012). The receiver function results of Kahraman
et al. (2015) do not show evidence of large Moho variations in
response to the western NAFZ, but they contain signals indicative
of rheological differences across the fault zone reaching into the
upper mantle. In contrast, autocorrelation of ambient seismic noise
suggests a substantial Moho offset related to the northern branch of
the NAFZ in the same region, while no such offset is observed on
the southern branch (Taylor et al. 2016). Polat et al. (2016) carried
out local P- and S-wave tomography to image 3-D seismic veloc-
ity variations across different branches of the NAFZ in the Mar-
mara Sea region. They found that high-velocity anomalies appear
to be coincident with the rupturing segments of the NAFZ where
most of the observed high seismicity is concentrated. Papaleo et al.
(2017, 2018) imaged the lithosphere of the western NAFZ using
teleseismic tomography and identified substantial P- and S-velocity
variations along- as well as across-strike the various branches of the
NAFZ. Licciardi et al. (2018) investigated the anisotropy in the cen-
tral NAFZ based on azimuthal variations of receiver functions and
found that the NAFZ divides a crustal block of relatively weak and
homogeneously oriented anisotropy to the north from a highly and
heterogeneously anisotropic block to the south, with the strongest
anisotropy in the upper 15 km of the crust.

A number of regional-scale seismic studies have been carried out
with combined data sets from nationwide networks of permanent
stations and local temporary arrays. Here we briefly discuss three
of these studies whose results are relevant to this work. Firstly, a re-
cent full-waveform tomography study was performed over the entire
Anatolian Plate by Fichtner et al. (2013a, b). Their results suggest
that Vs structure in the mid/lower crust and uppermost mantle cor-
relates with both the NAFZ and suture zones in the region. These
authors interpreted the NAFZ as a Tethyan suture zone representing
a transition from a broad zone of weakness in the upper mantle to a
narrower focussed deformation zone in the rigid blocks of the crust.
Secondly, Moho depths beneath the entire Anatolian Plate were ob-
tained from receiver function analysis by Vanacore et al. (2013).
Their model implies that small-scale fragments of thinned crust
(i.e. shallow Moho) appear to be dissected by the NAFZ. Thirdly, a
regional ambient noise tomography by Delph et al. (2015) inferred
a clear relationship between suture zones and velocity anomalies
across Anatolia, but only a weak link between the NAFZ and veloc-
ity anomalies.

Although these previous seismic studies have provided important
insight into the interplay between lithospheric structure and the
NAFZ, they have not yet succeeded in providing a coherent picture
of how deformation is distributed with depth along the entire fault.
This may be due to the fact that different methods have inherently
varying sensitivities and resolutions that produce contrasting images
of the same general crust-upper mantle structure along the NAFZ.
Alternatively, the structural variations are real and reflect differences
in rheological properties and style of deformation along the fault
zone. We shall contribute new insight to this critical discussion
by applying a novel joint inversion of P-receiver functions and P-
wave polarization to a large natural-source seismic data set collected
across the central NAFZ.
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Figure 1. Outline of the study area within the broader eastern Mediterranean region (above) and closeup (lower panel), with topography from ETOPO1 (Amante
& Eakins 2009). Major faults are indicated in red. Suture zones, modified after Kaymakg! et al. (2003), are shown in grey. CB, Cankiri Basin; CP, Central
Pontides; ESF, Ezinepazari-Sungurlu Fault; IAESZ, Izmir-Ankara-Erzincan Suture Zone; IPS, Intra-Pontide Suture; 1Z, Istanbul Zone; ITS, Intra-Tauride

Suture; KM, Kirsehir Massif; NAF, North Anatolian Fault; SZ, Sakarya Zone.

3 DATA

In this study, we analysed three-component teleseismic waveform
data extracted from continuous recordings that were acquired be-
tween January 2006 and May 2008 at 38 broad-band seismic sta-
tions within the framework of the North Anatolian Fault (NAF)
passive seismic experiment (Biryol et al. 2010). For each station,
we selected the events with high signal-to-noise ratio waveforms
using a visual inspection process. These waveforms were extracted
from a list of about 1000 teleseismic events with magnitudes =5.5
that occurred at epicentral distances ( ) between 30° and 100°.
Most of the events originate from the first quadrant for the selected

range, corresponding to the major circum-Pacific seismogenic
zones (Fig. 2). Additionally, we used similar teleseismic data from
14 stations belonging to different seismic networks deployed in
the study area (see Table 1)—these data were downloaded through
ORFEUS (http://www.orfeus-eu.org/). Eleven other stations from
ORFEUS, as well as station DOGL of the NAF were disregarded

due to incomplete waveforms, poor data quality or apparent tim-
ing problems. Station DOGL recorded a sufficient number of good
events, but the signals lack P-wave energy on the radial component
(no significant signal at 0 s, see Supplementary File S1). The ab-
sence of P-wave energy on the radial component of a seismogram
indicates a near-vertical apparent incident angle that translates into
unrealistically low apparent velocities. DOGL is located directly
atop the ESF, where strong scattering and boundary effects, as well
as heavily fractured bedrock are expected and may obscure the
signal. As we do not have additional information that could help
mitigate this peculiar behaviour at DOGL, we decided to disregard
the station entirely. The spatial distribution of the 51 stations ul-
timately used in our analysis is shown in Fig. 1. An overview of
station names, locations, network and number of processed events
for all these stations can be found in Table 1. Further details about
the earthquakes used in this study are provided in Supplementary
File S2.
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