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Multi-scale full waveform inversion of complete continental- and regional-scale seismograms reveals the
crustal and upper-mantle signature of the North Anatolian Fault Zone which shapes the neotectonics of
Turkey and the eastern Mediterranean. Within the crust, the fault zone is mostly bounded by several high-
velocity blocks, suggesting that it developed along the edges of continental fragments with high rigidity.

correlate with a pronounced low-velocity band that extends laterally over 600 km. Around 100 km depth, the
low-velocity band merges into the shallow Anatolian asthenosphere, thereby providing a link to the Kırka–
Afyon–Isparta Volcanic Field and the Central Anatolian Volcanics. We interpret the low-velocity band
beneath the North Anatolian Fault Zone as the upper-mantle expression of the Tethyan sutures that formed
60–15 Ma ago as a result of Africa-Eurasian convergence. The structurally weak suture facilitated the
formation of the younger (less than 10 Ma) crustal fault zone. In this sense, the North Anatolian Fault Zone is
not only a crustal feature, but a narrow zone of weakness that extends into the upper mantle.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

The North Anatolian Fault Zone (NAFZ, see Fig. 1) is one of the
Earth's major continental strike–slip fault zones that shapes the
neotectonic evolution of Turkey and the eastern Mediterranean
region. It is characterised by strong seismic activity, posing a high
risk to densely populated areas. Despite its importance for the
general understanding of large strike–slip fault systems, Eurasian
tectonics and earthquake cycle modelling, the deep structure of
the NAFZ remains largely enigmatic. Key to further progress are
detailed tomographic models of the Anatolian region that provide
a consistent 3D picture of both the crust and the upper mantle.

The NAFZ, with its most prominent member the North Anato-
lian Fault (NAF), extends for ∼1500 km from the Karliova triple
junction in eastern Anatolia to the Sea of Marmara. It began to
develop in the form of a broad shear zone 11–5 Ma ago in response
to the north–south convergence of the Eurasian and Arabian
plates, and the resulting south-west extrusion of the Anatolian
block (Barka, 1992). Starting ∼11 Ma ago in the eastern part of
the shear zone, strain localisation propagated westward, thereby
forming a narrow fault zone that reached the Sea of Marmara no
ll rights reserved.
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earlier than 200 ka ago (Şengör et al., 2005). Today, the width of
the fault zone increases from ∼10 km in the east to ∼100 km in the
west (Şengör et al., 2005).

Along much of its length, the NAFZ is located in the vicinity of
the Intra-Pontide and İzmir–Ankara–Erzincan sutures (Fig. 1). Both
sutures formed during the closure of the Neotethyan Ocean
60–15 Ma ago as a result of Africa-Eurasian convergence (Okay
and Tüysüz, 1999; Bozkurt, 2001). This suggests a close relation
between the near-surface expression of the NAFZ and deeper
lithospheric zones of weakness that remains to be explored.

A remarkably regular migration of major earthquakes along the
NAF from east to west over a time scale of several decades was
recognised as early as 1944 (Egeran and Lahn, 1944), and later
modelled successfully by stress propagation (Stein et al., 1997).
Shear zone evolution and earthquake migration can be simulated
with increasing accuracy when detailed information on the litho-
spheric structure is available (Lyakhovsky and Ben-Zion, 2009;
Takeuchi and Fialko, 2012), which underlines the need for highly
resolved tomographic models of the crust and uppermost mantle.

Owing to its elevated seismic risk and importance for Eurasian
neotectonics, Anatolia has been the subject of various recent tomo-
graphic studies. While crustal structure was imaged with local earth-
quake tomography (Koulakov et al., 2010; Yolsal-Çevikbilen et al.,
2012), receiver functions (Saunders et al., 1998; Vanacore et al., 2013)
and refraction profiles (Karabulut et al., 2003), models of the upper
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Fig. 1. Neotectonic map of Anatolia, including major fault zones (black lines, after Bozkurt, 2001), sutures of the Tethyan ocean (blue lines, after Okay and Tüysüz, 1999) and
Holocene volcanoes (red diamonds, after Siebert and Simkin, 2002). The North Anatolian Fault Zone (NAFZ) is marked by dashed transparent lines (adapted from Şengör
et al., 2005). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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mantle were obtained from teleseismic body and surface waves (Biryol
et al., 2011; Bakırcı et al., 2012; Salaün et al., 2012). Inversions for
either the crust or the mantle require assumptions on one of them,
which can lead to artifacts in the tomographic model, especially at
shallow depth (Bozdağ and Trampert, 2008; Ferreira et al., 2010). A
consistent model of both crust and upper mantle beneath Anatolia is
still not available, due to the difficulty of simulating and inverting
broadband seismic wavefields in Earth models with strong 3D
heterogeneities.

To overcome this difficulty, we developed a multi-scale full
waveform inversion that integrates teleseismic and regional data.
This allows us to simultaneously constrain the crust and the upper
mantle, thereby shedding light onto the interaction between deep
lithospheric structure and shallow tectonic features.
2. Data and tomographic technique

The key element of our tomographic technique is a spectral-
element method (SEM) for the solution of the seismic wave
equation, described in Fichtner et al. (2009). The SEM produces
highly accurate synthetic seismograms for Earth models with strong
3D heterogeneities, and in particular for laterally variable crustal
structure (Komatitsch and Vilotte, 1998; Komatitsch and Tromp,
2002). In contrast to classical body or surface wave tomography,
full waveform inversion exploits information from complete
seismograms, including body and surface waves, for the benefit of
improved tomographic resolution (e.g. Chen et al., 2007; Tape et al.,
2010; Fichtner et al., 2010; Zhu et al., 2012; Rickers et al., in
preparation). The major innovation of this study is the simultaneous
inversion of regional and teleseismic data within the framework of
full waveform inversion. This allows us to constrain both crustal and
upper-mantle structure beneath Anatolia, and to avoid contamina-
tion of the Anatolian model by unknown Earth structure outside
that region.

2.1. Data selection and processing

We obtained three-component seismic data from the data centres
of IRIS, ORFEUS, the Kandilli Observatory and Earthquake Research
Institute (UDIM), the National Seismic Array of Turkey (AFAD-DAD)
and the IberArray project. From the available data we selected
recordings where the noise estimated from waveforms prior to the
arrival of the first P wave is negligible compared to the differences
between observed and synthetic seismograms. Our final data set
contains 16,836 seismograms from 113 earthquakes that occurred in
Europe and western Asia between 2005 and 2011. The data were
recorded on nearly 800 stations. The magnitude of the earthquakes
ranges between 4.9 and 6.8, so that finite-source effects can be ignored
when recordings close to the source are rejected. A summary of the
source–receiver distribution is provided in Fig. 2.

Of the 16,836 seismograms in the complete data set, 2312
originate from 29 earthquakes in the Anatolian region that were
recorded within Anatolia itself. We analyse these regional data in
the period range from 8 to 50 s. Short periods below ∼30 s allow us
to resolve crustal structure beneath Anatolia. The remaining 14,524
seismograms originate from 84 earthquakes throughout Europe and
western Asia. These continent-wide data are analysed in the period
range from 30 to 200 s. They are mostly sensitive to upper-mantle
structure but also to the broad patterns of crustal heterogeneities.
2.2. Iterative non-linear inversion

The goal of our tomographic inversion is to find a 3D Earth model
that minimises the cumulative misfit between observed and synthetic
seismograms of all source–receiver pairs. For this, we start with SEM
simulations of the earthquakes in our data set using a 3D initial model
of the crust (Meier et al., 2007) and mantle (Ritsema et al., 1999),
as well as initial earthquake source parameters obtained from the
Centroid Moment Tensor Catalogue (www.globalcmt.org). The syn-
thetic seismograms from these initial simulations are then compared
to the observed seismograms, using time–frequency phase misfits
(Fichtner et al., 2008). Time–frequency phase misfits have various
advantageous properties that are crucial for the success of a regional-
to global-scale full waveform inversion. They are not affected by
the absolute amplitudes of the seismogram, and they automatically
balance small- and large-amplitude waveforms. Furthermore, the
time–frequency phase measurements can be applied to complete
seismograms, without the need to identify or window particular
seismic phases. To improve the quality of the tomographic model,
we merely apply windows to eliminate time intervals where observed
and synthetic waveforms are more than a half cycle out of phase.

To successively update the initial model, we compute sensitivity
kernels of the cumulative phase misfit with the help of adjoint
techniques (e.g. Tarantola, 1988; Tromp et al., 2005; Fichtner et al.,
2006; Liu and Tromp, 2008; Chen, 2011). The sensitivity kernels
determine the descent direction in an iterative non-linear conjugate-
gradient minimisation. We simultaneously update the P wave velocity,
vP, the velocity of horizontally polarised S waves, vSH, and the velocity

www.globalcmt.org


Fig. 3. Illustration of the multi-scale approach and the domain decomposition: (a) The master model has a variable grid size. A fine grid is used for the Anatolian region
where short-period (8–50 s) waves are propagated. A coarser grid is used throughout the remaining study region. Superimposed on the figure of the model are the elements
used in the spectral-element simulations. (b) The coarsely gridded version of the master model is obtained by upscaling the detailed structure on the finely gridded
Anatolian subvolume using the 3D variant of non-periodic homogenisation (Capdeville et al., 2010a, 2010b). The upscaling procedure introduces apparent anisotropy that the
wavefield simulations must account for. The coarsely gridded model is used for the simulation of the longer-period (30–200 s) data across the whole continent. (c) The small
Anatolian subvolume is extracted from the master model in order to simulate shorter-period regional data that are capable of resolving crustal structure.

Fig. 2. Summary of data used in the tomographic inversion. Shown is the distribution of receivers (blue dots), epicentres in the continent-wide data set (red stars) and
epicentres in the regional Anatolian data set (yellow stars). Also indicated are the period ranges and the volumes of the continent-wide and regional data subsets,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of vertically polarised S waves, vSV. Furthermore, we re-invert for the
earthquake source parameters every three iterations.

During the iterative inversion we successively broaden the period
range to avoid trapping in a local minimum. In the first iterations on
the continental scale, we use seismograms with periods from 120 to
200 s. The period band is extended to 30–200 s during the last few
iterations. On the regional scale, we start with a narrow band from 30
to 50 s, broadened to 8–50 s in the last iterations. The iterative
improvement of the model allows us to increase the number of
recordings that can be incorporated into the inversion because
observed and synthetic waveforms become sufficiently similar to
make a meaningful phase measurement. The algorithm successively
explains waveforms that were not previously used in the inversion,
thereby providing additional evidence for convergence towards the
global optimum.
2.3. Multi-scale full waveform inversion

The key methodological development of this study consists in
the simultaneous full waveform inversion of seismic data sets
on different spatial scales, i.e. on a continental scale (Europe and
western Asia) and a regional scale (Anatolia). This development
is essential for the resolution of both crustal and upper-mantle
structure, needed to draw inferences on the interaction between
the brittle and ductile parts of the lithosphere.
Upper-mantle structure can be resolved using continental-scale
data with epicentral distances above 51 and comparatively long
periods between 30 and 200 s. For these periods, the grid point
spacing in the SEM mesh is required to be ∼9 km, meaning that
simulations for the whole continent are computationally feasible. To
resolve crustal structure beneath Anatolia, regional seismic wave-
forms with periods below 10 s should ideally be used. The required
grid point spacing is then ∼3 km. Thus, the grid used for the
continental-scale wavefield simulations must at least be refined
within the Anatolian region. Despite being local, this refinement of
the grid by a factor of 3, forces a reduction of the time step by a factor
of 3 as well, meaning that the time required by a simulation is three
times as long as without the grid refinement. Further refinements of
the grid, e.g. to incorporate high-frequency local data in an area of
special interest, would rapidly increase the computational require-
ments beyond an acceptable level.

To make a simultaneous inversion for crust and mantle practically
feasible, we developed an efficient multi-scale full waveform inversion
based on a decomposition of the computational domain and the
solution of multiple wave propagation problems. Our method rests on
the definition of a master model with a refined grid in the Anatolian
region and a coarser grid beneath the rest of the continent (Fig. 3a). In
the first iteration, we upscale the finely-gridded Anatolian submodel
onto a coarser grid that can be used for the continent-wide longer-
period simulations (Fig. 3b). This upscaling is based on the 3D variant
of non-periodic homogenisation (Capdeville et al., 2010a, 2010b), and
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it introduces apparent anisotropy that must be accounted for in the
numerical simulations. On the coarser grid, we perform one iteration
with the continental-scale data, and the resulting update is added to
the master model. From the updated master model, we extract the
finely-gridded Anatolian submodel (Fig. 3c). The SEM simulation of the
shorter-period regional data is then restricted to a small model
subvolume that comprises the crust and upper mantle beneath
Anatolia. Since the Anatolian subvolume is small, the numerical
simulations are sufficiently inexpensive, despite the fine grid spacing.
Based on the regional simulations, we compute an update for Earth
structure beneath Anatolia that we add to the master model. We then
iterate this alternating procedure. For further details on the multi-scale
approach, the reader is referred to Fichtner et al. (in press).

We stopped the inversion after 42 iterations, when most
synthetics explained the data to within the noise. Before present-
ing the final model, ECOS.TU.42, we provide an analysis of its
spatial resolution.
2.4. Resolution analysis

A detailed resolution analysis for the isotropic S velocity,
vS ¼ 2vSH=3þ vSV=3, is presented in Fig. 4. Shown are the resolution
lengths in the E–W and N–S directions, respectively, as a function of
position in the 3D model volume. The resolution length is defined as
the width of the point-spread function, measured along a specified
direction, i.e. E–W or N–S in this case. Resolution lengths and other
proxies for tomographic resolution can be computed efficiently with
the help of SEM and second-order adjoints, so that finite-frequency
and 3D wave propagation effects are accurately accounted for
(Fichtner and Trampert, 2011a, 2011b). The presented resolution
analysis is more complete and diagnostic than chequerboard-type
synthetic inversions that are highly dependent on the characteristics
of the input structure and provide potentially misleading results
(Lévêque et al., 1993).

At 20 km depth the resolution length in both E–W and N–S
directions is ∼25 km throughout most of Anatolia (Fig. 4a). This
means that structural features that are more than 25 km wide are
resolved, and can thus be interpreted. From 50 km to 100 km
Fig. 4. Resolution analysis for the isotropic S velocity, vS. Shown is the resolution length
(λNS, bottom row) as a function of position in the 3D model volume. The resolution leng
direction; either E–W or N–S in this case: (a) Distribution of resolution lengths in the An
colour scale. (For interpretation of the references to colour in this figure legend, the rea
depth, resolution lengths beneath Anatolia are generally below
50 km. Outside Anatolia, where structure is constrained only by
the longer-period data set, resolution length increases beyond
80 km. In general, the minimum resolution length tends to
increase slightly with increasing depth.

To visualise the larger resolution length outside Anatolia, a resolu-
tion analysis for the complete model is shown in Fig. 4b at 50 km
depth and with a wider colour scale. Independent of depth, resolution
is best beneath southern Europe and the easternMediterraneanwhere
most of the earthquakes and stations cluster. At 50 km depth,
resolution lengths vary between 100 km and 200 km throughout
most of Europe.

As demonstrated in Fichtner et al. (in press), the Anatolian part
of ECOS.TU.42 reproduces Moho depth estimates from receiver
function studies (Vanacore et al., 2013), indicating that vertical
resolution within the lithosphere is comparable to that of receiver
function inversions.

ECOS.TU.42 is the first model that jointly resolves crustal and
mantle structure, thereby going beyond the classic separation
of crustal studies via local tomography, receiver functions and
refraction profiles (Koulakov et al., 2010; Yolsal-Çevikbilen et al.,
2012; Saunders et al., 1998; Vanacore et al., 2013; Karabulut et al.,
2003), and mantle tomography based on teleseismic body and
surface waves (Biryol et al., 2011; Bakırcı et al., 2012; Salaün et al.,
2012). Good resolution of the boundary region between crust and
mantle is essential to understand interactions between mantle
convection and near-surface tectonics.
3. Shear velocity distribution of model ECOS.TU.42 beneath
Europe and western Asia with focus on the Anatolian region

Horizontal slices through the complete continent-wide distri-
bution of the isotropic S velocity, obtained after 42 iterations, are
shown in Fig. 5. The model confirms well-established features,
including the anomalously high velocities of the East European
Platform, the low-velocity Iceland plume, and the high velocities
of the Hellenic Slab.
for model ECOS.TU.42 in the E–W direction (λEW, top row) and in the N–S direction
th is defined as the width of the point spread function measured along a specified
atolian region. (b) Resolution lengths in the whole model, shown with an adapted
der is referred to the web version of this article.)



Fig. 5. Horizontal slices through the isotropic S velocity, vS, at 70 km and 150 km depth beneath Europe and western Asia. The Anatolian region where shorter-period data
have been incorporated is marked by the black rectangle. Details of the Anatolian region are shown in Figs. 6–8.

Fig. 6. Horizontal slices through the isotropic S velocity, vS, at 20 km (a) and 40 km (b) depth. Indicated are the surface expressions of the NAFZ and Tethyan sutures. The
North Anatolian Fault (NAF) marks the northern boundary of the NAFZ. Dashed rectangles mark regions that are amplified in the two leftmost panels of the figure. Dotted
ellipses indicate thin (20–30 km) crust as inferred from receiver function analysis (Vanacore et al., 2013). Key to marked features: ATB, Anatolide–Tauride Block; IZ, İstanbul
Zone; KM, Kırşehir Massif; SZ, Sakarya Zone.
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In the following paragraphs, we focus our analysis on the
Anatolian region where the incorporation of shorter-period regio-
nal data provides a particularly high resolution. This allows us to
study the imprint of the NAFZ on both crustal and upper-mantle
structure.
3.1. The signature of the NAFZ in the crust and crust–mantle
transition

The crustal structure of Anatolia is complicated by the succes-
sive amalgamation of continental fragments during the closure of
the Tethys ocean (Okay and Tüysüz, 1999). The resulting seismic
velocity structure is a combination of compositional effects from
widely varying rock types, thermal effects related to recent
volcanism, and variations in Moho depth that can be difficult to
distinguish from volumetric velocity variations. Despite these
complexities, a crustal signature of the NAFZ can be distinguished
throughout most of its length.

From 351E to 381E the position of the NAFZ correlates with a
low-velocity streak visible in the 20 km slice of Fig. 6a. This feature
could be the deep expression of several fault-related basins (e.g.
Barka, 1992; Şengör et al., 2005). However, the extension of the
low-velocity streak to greater depth and into the lithospheric
mantle favours a relation to the bulk properties of the persistently
weak Tethys suture (see Fig. 7 and Section 3.2).
A high-velocity block bounds the NAFZ to the south near 331E.
The block boundaries, however, do not coincide with the surface
trace of the İzmir–Ankara–Erzincan suture which separates the
Sakarya Zone from the Kırşehir massif (see Fig. 1). This suggests that
the surface-geologic evidence for the western boundary of the
Kırşehir massif may not be representative of its deeper crustal
structure. A second high-velocity block bounds the NAFZ to the
north, around 311E. It corresponds to the western part of the İstanbul
zone, which is characterised by crystalline Precambrian basement.

Strongly elevated S velocities of ∼3:7 km=s appear at 20 km
depth beneath the eastern- and westernmost segments of the NAFZ.
Instead of being volumetric velocity perturbations related to thermal
or compositional anomalies, these high velocities represent lower-
crustal or upper-mantle material in regions where receiver function
studies (Saunders et al., 1998; Vanacore et al., 2013) attest to the
presence of a shallow (20–30 km) Moho. This effect is particularly
pronounced inwestern Anatolia where crustal extension in response
to slab roll-back in the Aegean exposes lower-crustal material at the
surface (e.g. van Hinsbergen et al., 2010).

Some of the large-scale characteristics observed so far continue
into the crust–mantle transition near 40 km depth (Fig. 6b). These
include various high-velocity blocks bounding the NAFZ to the
south and the north. The neutral to slightly lowered velocities
at 20 km depth beneath the central part of the NAFZ develop into
a more pronounced low-velocity band. This trend continues into the
lithospheric mantle, as we will discuss in the following paragraphs.



Fig. 7. Horizontal slices through the isotropic S velocity, vS, from 60 km to 300 km depth. Indicated are the surface expressions of the NAFZ and Tethyan sutures. Key to
marked features: CAV, Central Anatolian Volcanics; KAIVF, Kırka–Afyon–Isparta Volcanic Field; NAF, North Anatolian Fault.

Fig. 8. Vertical slices through the isotropic S velocity, vS, of ECOS.TU.42, stretched vertically by a factor of 3. Key to marked features: ATB, Anatolide–Tauride Block; CAV,
Central Anatolian Volcanics; IZ, İstanbul Zone; KAIVF, Kırka–Afyon–Isparta Volcanic Field; KM, Kırşehir Massif; SZ, Sakarya Zone.
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3.2. The upper-mantle expression of the NAFZ

The signature of the NAFZ is most visible from 50 to 80 km
depth (Fig. 7) where the complexities of crustal structure are
absent. There it appears as a low-velocity band extending for
nearly 600 km from 321E to 401E. Around 60 km depth, the band is
50–100 km wide, and therefore well resolved, as indicated by the
resolution analysis shown in Fig. 4. Except for the easternmost part
of the NAFZ (371E–401E) the lithospheric low-velocity band does
not follow precisely the main strand of the North Anatolian Fault
(NAF) which is the most prominent member of the NAFZ. Instead,
it diverges southward in the direction of the Ezinepazar-Sungurlu
Fault Zone (Fig. 1), before bending northward to again meet the
NAF near 321E.
The vertical slices in Fig. 8 reveal relations between the litho-
spheric expression of the NAFZ and neighbouring structural features.
From ∼50 km depth, the low-velocity band (points 1–3 in Fig. 8)
continues vertically to > 100 km depth, where it gradually merges
into a broad regionwith S velocities below 4.2 km/s, that we associate
with the shallow Anatolian asthenosphere (sections AA′, BB′ and CC′
in Fig. 8). Between 100 and 200 km depth, the asthenosphere also
provides a connection between the low-velocity band of the NAFZ
(point 3 in section DD′ of Fig. 8) and the anomalously low velocities of
the Central Anatolian Volcanics (CAV) and the Kırka–Afyon–Isparta
Volcanic Field (KAIVF). To depths of ∼100 km, low velocities asso-
ciated with the NAFZ are bounded by the high-velocity lithosphere of
the İstanbul and Sakarya Zones to the north, and the Kırşehir Massif
and the Anatolide–Tauride Block to the south.
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4. Discussion

4.1. Origin of the fault zone signature

Within the crust, the NAFZ is mostly characterised by neutral to
lower than average velocities that are bounded by high-velocity
blocks. This indicates that the crustal fault zone preferentially devel-
oped along the edges of high-rigidity blocks. In regions where the
crust is unusually thin (< 20–30 km), a clear signature of the NAFZ
cannot be found. This is the case, for instance, in western Anatolia
where the seismic velocity structure is dominated by the recent
extensional tectonics related to slab roll-back in the Aegean. While
the resolution of both crustal and upper-mantle structure for the
complete Anatolian region is unprecedented, we note that it is still not
sufficient to directly image the damage zone which is only 100m to
1 km wide in the near surface (e.g. Ben-Zion, 2008). Imaging the
narrow damage zone requires the use of dedicated arrays in the
vicinity of a fault (e.g. Aki and Lee, 1976; Bleibinhaus et al., 2007) and
the incorporation of fault zone waves (e.g. McGuire and Ben-Zion,
2005; Lewis et al., 2007; Allam and Ben-Zion, 2012) which, however,
have no resolution below a few kilometres depth.

The origin of the subcrustal fault zone expression is likely to be of
combined compositional, textural and thermal origin. Along much of
its length, the NAFZ follows the Intra-Pontide and İzmir–Ankara–
Erzincan sutures (see Fig. 1) that delineate the boundaries of various
continental fragments that collided when the Neo-Tethys ocean closed
around 60 Ma ago. Sutures often persist as zones of weakness
with lowered elastic moduli that manifest themselves in the form of
reduced seismic velocities. The low-velocity band in Figs. 6–8 is
therefore likely to represent the weak boundary between the Pontides
and the Anatolides that may accommodate shear motion below the
crust. In this sense, the low velocity band associated with the NAFZ is
probably not a damage zone produced by the fault, but a pre-existing
zone of weakness that facilitated the development a large continuous
fault zone.

Near the surface, the thermal contribution to the fault zone
signature seems weak, as heat flow anomalies that are obviously
associated with the NAFZ are not observed (Öztürk et al., 2006).
However, the connection of the low-velocity band to the astheno-
sphere (Fig. 8) indicates the presence of elevated temperature and
partial melt at greater depth. This is supported by geochemical
analyses that attest to the involvement of asthenospheric melts to
volcanics erupted along the NAF 10–0.1 Ma ago. The NAFZ may have
served as a channel for smaller quantities of asthenospheric material
(Adiyaman et al., 2001). It follows that the low-velocity band beneath
the NAFZ could partly result from upwelling asthenosphere, with
lowered velocities being the consequence of elevated temperatures
and melt formation in response to decompression. The thermal
contribution to the fault zone signature is likely to increase with
depth. However, a clear discrimination of thermal, textural and
compositional effects requires a tomographic resolution that can
currently not be achieved.

The absence of a clear subcrustal fault zone signature west of
∼321E can be explained by the absence of a well-localised suture at
depth and insufficient strain localisation observed at the surface along
the young western segments of the NAFZ. Starting around 11 Ma ago
in eastern Anatolia, strain localisation propagated westward, thereby
forming a narrow fault zone that reached the Sea of Marmara no
earlier than 200 ka ago (Şengör et al., 2005). Therefore, the fault and
suture zone beneath western Anatolia may still be too diffuse to be
tomographically visible as a pronounced low-velocity band.

4.2. Improving models of fault zone evolution and stress propagation

Tomographic images produced by multi-scale full waveform
inversion have the potential to improve models of both short- and
long-term lithospheric deformation related to large strike–slip
faults.

On a decadal time scale, variable lithospheric structure should
be incorporated into Coulomb stress models in order to improve
estimates of seismic hazard and aftershock occurrence. Coulomb
stress changes strongly depend on 3D structure in at least two
different ways. First, the presence of heterogeneities in the crust
modifies the static stress field, thereby affecting earthquake
probabilities and predictions of aftershock patterns (e.g. Zhao
et al., 2004; Currenti et al., 2008; Tone et al., 2009; Huang and
Johnson, 2012). Second, the nature of lithospheric shear zones
determines how steady slip and post-seismic relaxation transfer
stress to the seismogenic portion of the fault (Stein et al., 1997).
These issues are particularly relevant for the NAF where Coulomb
stress models in a simple layered Earth with vertically extending
faults have been used to infer an increased likelihood for large
earthquakes near the northern coast of the Sea of Marmara
(Parsons et al., 2000; King et al., 2001).

On time scales of several hundreds to thousands of years,
models for the evolution of continental strike–slip faults are
becoming increasingly realistic as our knowledge of fault zone
rheology improves. These models typically assume a homoge-
neous substrate below the brittle crust, and then predict a shear
zone in the deeper lithosphere precisely beneath the surface
fault trace (e.g. Lyakhovsky and Ben-Zion, 2009; Takeuchi and
Fialko, 2012). Our tomographic model indicates that real fault
zones are more complicated. Their nature is strongly affected by
ancient tectonic features, such as rigid blocks and persistently
weak suture zones, that were already in place prior to the
formation of the fault zone itself. These geologic complexities
should be taken into account to further improve the modelling
of subcrustal shear zones beneath continental strike–slip faults.
5. Conclusions

We developed a multi-scale full seismic waveform inversion
that simultaneously inverts complete continental- and regional-
scale seismograms for both crustal and upper-mantle structure.
The application of multi-scale full waveform inversion to the
Anatolian region reveals the deep structure of the NAFZ and its
relation to Tethyan sutures.

Within the crust, the NAFZ is mostly bounded by high-velocity
blocks, suggesting that the fault zone developed along the edges of
high-rigidity blocks. Exceptions are regions with anomalously thin
crust, e.g. in easternmost and western Anatolia, where a clear fault
zone signature is not present.

The surface expression of the NAFZ correlates with an upper-
mantle low-velocity band that extends laterally for 600 km from
321E to 401E. Near 100 km depth, the low-velocity band merges
into the shallow Anatolian asthenosphere, which also provides
a connection to volcanic provinces observed at the surface. We
interpret the low velocities as the deep expression of the persis-
tently weak Tethys suture that facilitated the development of the
large-scale crustal fault zone. Geochemical analysis also suggests
partial melt and elevated temperatures may contribute to reduced
seismic velocities.

Our results indicate that the NAFZ is not only a crustal feature.
It has a clear expression within the lithospheric mantle, suggesting
that the evolution of the young (≲10 Ma) crustal fault zone is
controlled by older (60–15 Ma) and structurally weak suture zones
at greater depth. Multi-scale models like the one presented here
have the potential to improve simulations of stress-propagation
and long-term fault zone evolution.
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