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A B S T R A C T

We investigate the crustal seismic structure and anisotropy around the central portion of the North Anatolian
Fault Zone, a major plate boundary, using receiver function analysis. The characterization of crustal seismic
anisotropy plays a key role in our understanding of present and past deformation processes at plate boundaries.
The development of seismic anisotropy in the crust arises from the response of the rocks to complicated de-
formation regimes induced by plate interaction. Through the analysis of azimuthally-varying signals of tele-
seismic receiver functions, we map the anisotropic properties of the crust as a function of depth, by employing
the harmonic decomposition technique. Although the Moho is located at a depth of about 40 km, with no major
offset across the area, our results show a clear asymmetric distribution of crustal properties between the northern
and southern blocks, divided by the North Anatolian Fault Zone. Heterogeneous and strongly anisotropic crust is
present in the southern block, where complex intra-crustal signals are the results of strong deformation. In the
north, a simpler and weakly anisotropic crust is typically observed. The strongest anisotropic signal is located in
the first 15 km of the crust and is widespread in the southern block. Stations located on top of the main active
faults in the area indicate the highest amplitudes, together with fault-parallel strikes of the fast plane of ani-
sotropy. We interpret the origin of this signal as due to structure-induced anisotropy, and roughly determine its
depth extent up to 15–20 km for these stations. Away from the faults, we suggest the contribution of previously
documented uplifted basement blocks to explain the observed anisotropy at upper and middle crustal depths.
Finally, we interpret coherent NE-SW orientations below the Moho as a result of frozen-in anisotropy in the
upper mantle, as suggested by previous studies.

1. Introduction

As an intercontinental dextral strike-slip fault with significant strain
localization, the 1600-km-long North Anatolian Fault Zone (NAFZ) re-
presents a major plate boundary between the Eurasian plate in the
north and the Anatolian plate in the south. Although collision between
the Arabian and Eurasian plates (in the east) was initially thought to be
the main driving force for the westward motion of the Anatolian plate
(e.g. Dewey and Şengör, 1979), recent advances in high-resolution GPS
data have revealed a clear role of the southwest-trending rollback of the
Hellenic subduction zone in the south Aegean Sea for the rapid de-
formation of the Aegean-Anatolian region (e.g. McClusky et al., 2000;
Reilinger et al., 2006). In this respect, the deformation history of the
rocks at various depth ranges remains enigmatic within the crust and
mantle of this complex tectonic setting. A detailed sketch of the Ana-
tolian tectonic setting can be found in Fig. 1.

The determination of the directional dependence of seismic wave
speed, also known as seismic anisotropy, plays a fundamental role in
the elucidation of the complicated deformation regimes induced by
plate interaction along such plate margin.

Crustal seismic anisotropy is generally attributed to the alignment of
joints or microcracks, to lattice preferred orientation (LPO) of aniso-
tropic minerals, or to highly foliated metamorphic rocks (e.g.,
Sherrington et al. 2004). In the upper crust, possible sources of seismic
anisotropy can be either stress-induced or structure-induced (Boness
and Zoback, 2006). Stress-induced anisotropy can be generated either
by the extensive dilatancy of fluid-filled microcracks (Crampin, 1987)
or by the preferential closure of fractures by the in situ stress field
(Boness and Zoback, 2006). In the latter case, the orientation of fast
waves of vertically propagating shear waves aligns parallel to the
maximum horizontal stress (SHmax). When structure-induced mechan-
isms are dominant, seismic anisotropy may be associated to the
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alignment of macroscopic features due to shear-induced deformation
near active faults (Zhang and Schwartz, 1994; Zinke and Zoback, 2000;
Tadokoro et al., 2002), sedimentary bedding planes (Kern and Wenk,
1990), and preferred mineral alignments (Sayers, 1994).

Local shear waves splitting analyses, performed over detected
micro-seismic earthquakes along various segments of the NAFZ, have
indicated a spatial correlation between the fast polarization directions
(FPDs) and station distance from the fault (e.g. Tadokoro et al., 2002;
Peng and Ben-Zion, 2004; Hurd and Bohnhoff, 2012; Eken et al., 2013).
Lateral variations of the FPDs inferred from local shear waves implied
the presence of both stress- and structure induced mechanisms causing
seismic anisotropy in the upper 8–10 km of the crust. In addition, these
local splitting studies have highlighted the structural control of the
complex geologic and tectonic environment along the western segments
of the NAFZ on the spatial variation of FPDs.

For the deeper part of the crust, i.e.> 20–25 km, several studies
have shown that aligned minerals are the most likely cause of aniso-
tropy (Sherrington et al., 2004, and references therein) and that hex-
agonal anisotropy with a unique slow symmetry axis can explain se-
venty percent of the observations (Brownlee et al., 2017). In particular,
the alignment of micas along the plane of foliation is often the primary
cause of bulk anisotropy in this depth range (Sherrington et al., 2004;
Audet 2015).

Over the last decade, receiver function (RF) data have been widely
used for the characterization of seismic anisotropy. RFs are time series
that represent the impulse response of the near receiver structure in
terms of P-to-S conversions contained in the P-coda of teleseismic
events (Vinnik, 1977; Langston, 1979). After deconvolution of the
vertical trace from the horizontal ones, P-to-SV and P-to-SH converted
phases are isolated on the Radial (R) and Transverse (T) components of
the RFs, respectively. In particular, P-to-SH conversions are generated
from the rotation of the energy out of the source-receiver plane induced
by anisotropy and/or dipping velocity contrasts at depth (Sherrington
et al., 2004; Maupin and Park, 2007; Piana Agostinetti and Chiarabba,
2008; Schulte-Pelkum and Mahan, 2014a). The analysis of the azi-
muthally varying characteristic of the P-to-S conversions (amplitudes
and delay times) can provide robust information about the location of
anisotropy at depth (e.g. Rümpker et al., 2014; Licciardi and Piana
Agostinetti, 2016). RFs provide complementary depth-dependent in-
formation about seismic anisotropy that is difficult to obtain with other
common seismological data (e.g. shear wave splitting and surface
waves dispersion), since RFs are strongly sensitive to the depth of
contrasts in anisotropic properties.

More in detail, the RF harmonic decomposition technique (Bianchi

et al., 2010; Park and Levin, 2016) has proven to be effective to
quantify seismic anisotropy in various geodynamical settings over the
last decade and at different scales of investigation (Piana Agostinetti
et al., 2011; Bianchi et al., 2015; Olugboji and Park (2016); Vinnik
et al., 2016) including the shallow crust (Licciardi and Piana
Agostinetti, 2017; Piana Agostinetti et al., 2017). In particular, RF
harmonics have been used to map the depth-dependent distribution of
seismic anisotropy in areas of intense crustal deformation, e.g., around
the San Andreas Fault (SAF) (Audet 2015), the Tibetan Plateau (Liu
et al., 2015), the Cyclades (Cossette et al., 2016), the Canadian Cor-
dillera (Tarayoun et al., 2017) and the Appennines (Bianchi et al., 2010;
2016).

In this work, we analyse RF harmonics using data from the North
Anatolian Fault passive seismic experiment ([dataset]Beck and Zandt,
2005; Biryol et al., 2010), in order to delineate the first-order seismic
structure of the crust and to map crustal anisotropy as a function of
depth. In particular, our main objectives are to elucidate i) orientation
and strength of deformation in the crust at various depth ranges ii) how
much the strain fields within crust and upper mantle are coupled iii)
possible link between lateral variation of crustal anisotropy parameters
and existing lithology contrast across the NAF. These results yield in-
sight into the poorly known role of crustal seismic anisotropy in the
area.

2. Geological setting of North-Central Anatolia

The study region is located in an important area of orogenic amal-
gamation of Anatolia, a transition zone between compressional-de-
formed eastern Anatolia and extensional western Anatolia. There are
numerous key structures developed under the complex deformation,
such as the Ezine Pazarı – Sungurlu Fault, the İzmir – Ankara – Erzincan
(IAESZ) and Intra – Pontide Suture Zones, the İstanbul Zone, the
Sakarya Continent, the Central Pontides, the Kırşehir Massif and the
Çankırı Basin (Okay and Tüysüz, 1999; Fig. 2). It is reported that some
of these structures (e.g., the Istanbul Zone; Şengör, 1979) were parts of
Eurasia, while other fragments were separated from the Arabian-
African Plate. Görür et al. (1998) further inform that the major basins in
Central Anatolia were formed on continental units; i.e., the Sakarya
Continent and the Kırşehir Massif adjacent to the suture zones. These
structures have significant importance on understanding the tectonic
evolution of the region. For example, the İzmir–Ankara–Erzincan suture
zone (IAESZ) is a remnant of the Neo-Tethys Ocean and hence consists
of ophiolitic units (Rojay, 2013). It separates the Pontides to the north
from the Anatolide–Tauride and the Kırşehir blocks to the south

Fig. 1. A sketch map of active tectonic boundaries in the
study area and surroundings. For the source of compiled
data, please see Taymaz et al. (1990, 1991, 2004, 2007a,b),
Yolsal-Çevikbilen and Taymaz (2012) and references
therein. Abbreviations: AS: Apşeron Sill, ASM: Anaxi-
mander Sea Mountains, BF: Bozova Fault, BGF: Beyşehir
Gölü Fault, BMG: Büyük Menderes Graben, BuF: Burdur
Fault, CTF: Cephalonia Transform Fault, DSF: Dead Sea
Transform Fault, DF: Deliler Fault, EAF: East Anatolian
Fault, EcF: Ecemiş Fault, EF: Elbistan Fault, EPF: Ezine
Pazarı Fault, ErF: Erciyes Fault, ESM: Eratosthenes Sea
Mountains, G: Gökova, Ge: Gediz Graben, GF: Garni Fault,
HB: Herodotus Basin, IF: Iğdır Fault, KBF: Kavakbaşı Fault,
KF: Kağızman Fault, KFZ: Karataş-Osmaniye Fault Zone,
MF: Malatya Fault, MRF: Main Recent Fault, MT: Muş
Thrust, NAF: North Anatolian Fault, NEAF: North East
Anatolian Fault, OF: Ovacık Fault, PSF: Pampak-Savan
Fault, PTF: Paphos Transform Fault, RB: Rhodes Basin, SaF:
Salmas Fault, Si: Simav Graben, SuF: Sultandağ Fault, TeF:
Tebriz Fault, TF: Tatarlı Fault, TGF: Tuz Gölü Fault. Black
arrows exhibit relative plate motions with respect to Eur-
asia (McClusky et al., 2003; Reilinger et al., 2006).

A. Licciardi et al. Physics of the Earth and Planetary Interiors 277 (2018) 99–112

100



(Koçyiğit, 1991; Okay and Tüysüz, 1999; Taymaz et al., 2007a,b).
Yolsal-Çevikbilen et al. (2012) identified three major high-velocity
blocks in the mid-crust of north-central Anatolia, separated by the
İzmir-Ankara-Erzincan Suture Zone, and they interpreted these blocks
to be continental basement fragments that were accreted onto the
margin, following the closure of Neo-Tethyan Ocean. They also pro-
posed that these high-velocity basement blocks might control the rup-
ture propagations of the historical 1939, 1942 and 1943 earthquakes.
Similarly, the Çankırı basin is a natural laboratory for studying the
subduction and collision processes, and therefore it is accepted as an
essential unit shaping active tectonics of the north-central Anatolia. It
locates at the contact region between the Pontides and the Anatolide-
Tauride Block, where the 1200 km long North Anatolian Fault Zone
bifurcates into a number of small-scale splay faults deforming the
Anatolian Block internally, with a complex rotational deformation
(Seyitoğlu et al., 2004; Kaymakçı et al., 2009; Lucifora et al., 2013).
Recently, Lucifora et al. (2013) have obtained asymmetric tectonic
rotations along the opposite edges of the Çankırı Basin from palaeo-
magnetic data. They have correlated that complex pattern of paleo-
magnetic rotations with a local block rotation mechanism caused by the
strike-slip fault activity along the margins of the Basin.

The other essential tectonic units in north-central Anatolia are the
Sakarya Continent and the Kırşehir Massif, also known as the Central
Anatolian Crystalline Complex (Akiman et al., 1993). The Kırşehir
Massif has a triangular shape that spans over an area of ∼300 km×
∼200 km (Şengör and Yilmaz, 1981), and is bordered by the right-
lateral Tuz Gölü Fault Zone on the west (Çemen et al., 1999) and by the
left-lateral strike slip Ecemiş Fault Zone on the east (see Fig. 2). It is also
surrounded by ophiolitic melanges associated with subduction-accre-
tion complexes of the Izmir-Ankara-Erzincan and the Inner Tauride
suture zones. This Massif is dominated by Late Cretaceous age high-
grade metamorphism, intruded by batholiths (Ketin, 1966; Göncüoğlu,
1977; Whitney and Hamilton, 2004). It consists of metamorphic crys-
talline rocks, i.e., metasediments, ophiolitic sequences, and magmatic
intrusions (Kaymakçı et al., 2009). Similarly, the Sakarya Continent has
a high-grade metamorphic basement which consists of gneisses, mar-
bles, amphibolites, and metaperidotites, with granodiorite intrusions
(Okay, 1996; Görür et al., 1998).

3. Data and methods

We used teleseismic data recorded between January 2006 and May
2008 at 38 broadband seismic stations belonging to the North Anatolian
Fault (NAF) passive seismic experiment ([dataset]Beck and Zandt,

2005; Biryol et al., 2010). For each station, we selected the events with
high signal-to-noise ratio (SNR) waveforms using a visual inspection
process. These waveforms were extracted from a list of about 1000
teleseismic events with magnitude≥ 5.5 that occurred at epicentral
distances (Δ) between 30° and 100°. Most of the events come from the
first quadrant for the selected Δ range, where the major seismogenic
zones are located. Nonetheless, a good azimuthal coverage is achieved
for almost all stations. An example of such coverage is shown in Fig. 3
for station DOGL. The selected three-component seismograms are then
rotated into the ZRT reference system, where R is the Radial direction
along the great circle path from the epicenter to the station, T is the
Transverse direction perpendicular to R in the horizontal plane, and Z is
the vertical component. In RF analysis, the Z component of the

Fig. 2. Map with the location of the 38 broadband seismic
stations used in this study. Stations belong to the North
Anatolian Fault (NAF) passive seismic experiment (Biryol
et al., 2010), which operated from January 2006 to May
2008. Major faults are indicated in black. Suture zones
modified after Okay and Tüysüz (1999) are indicated with
red lines. Traces of the profiles shown in Fig. 7 are indicated
in blue and labelled. Stations used in Figs. 4 and 5 (ALIC
and DOGL) are indicated by red triangles. CB, Çankırı
Basin; CP, Central Pontides; ESF, Ezinepazari-Sungurlu
Fault; IAESZ, Izmir-Ankara-Erzincan Suture Zone; IPS,
Intra-Pontide Suture; IZ, Istanbul Zone; ITS, Intra-Tauride
Suture; KM, Kırşehir Massif; NAF, North Anatolian Fault;.SZ
Sakarya Zone.

Fig. 3. Azimuthal equidistant projection centered at station DOGL with the source loca-
tion of the teleseismic events used to compute the RF dataset for this station (black tri-
angle). Only events from 30° to 100° of epicentral distance have been used. Size of circles
is proportional to event magnitude (M) as per legend.
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observed seismograms is taken as a proxy of the source wavelet, while
horizontal components hold information about the near receiver S-
wave velocity structure. The latter can be recovered after deconvolution
of the vertical component from the horizontal ones. In this work, RFs
are computed through the frequency domain deconvolution method
developed by Di Bona (1998).

A Gaussian filter with low-pass frequency of ∼1 Hz (Gaussian filter
width a= 2) is applied to each RF, in order to rule out the effect of
high-frequency noise. This choice limits the vertical resolution of the
RFs to about 2–4 km (Piana Agostinetti and Malinverno, 2017). Both
radial receiver function (RRF) and transverse receiver function (TRF)
are computed from the three-component seismograms of a single event.
After RFs are obtained, another visual inspection is performed, and only
RF with acceptable SNR, small “ringing” and small amplitudes for delay
times< 0 s are retained. This produces a total number of ∼7100 RFs
with an average value of ∼180 RFs per station.

In a flat-layered and isotropic medium, only P-to-SV conversions are
generated and no energy should be observed on the TRF (Savage,
1998). However, the presence of anisotropy and/or dipping velocity
contrasts at depth (called 3-D features hereinafter) rotates the energy
out of the source-receiver plane and produces P-to-SH conversions that
are commonly observed on the TRF (Park and Levin, 2016). In this case,
two-lobed (360°) or four-lobed (180°) periodicity in amplitudes and
delay times as a function of back-azimuth (ф) are expected on both TRF
and RRF (Levin and Park, 1998; Audet, 2015; Bianchi et al., 2015).

In order to assess the quality of the final RF dataset and to have a
first glimpse at the contribution of 3-D features beneath each station,
we plot both the RRF and TRF as a function of ф, after stacking in ф and
Δ with bins of 20° and 40° width respectively, and 50% overlap to in-
crease the SNR. In Fig. 4 we show two examples for stations ALIC and
DOGL, which are located on top of the surface trace of two major active
faults of the area, i.e. the NAF and the ESF, respectively. Although the
final back-azimuthal sweeps are different between these stations, both
of them show azimuthal variations in amplitude and delay times of the
conversions along the RRF and TRF components. In this work, blue

(red) color is used for positive (negative) pulses associated with an
increase (decrease) of velocity with depth. On the RRF sweeps, the
strong positive pulse at about 5.5 s can be associated with the conver-
sion originated at the Moho. In the time window preceding the Moho
arrival, crustal complexities beneath both stations are represented by
high-amplitude pulses (both positive and negative). High amplitudes
are also observed on the TRF panels at both stations for delay times
between 0 and 6 s. This observation indicates that strong P-SH con-
versions take place at crustal depths. Moreover, clear patterns and
periodicity can be observed in the waveforms on the TRF panels sug-
gesting the presence of 3-D features at depth. In such complex tectonic
settings, useful information about the subsurface can be extracted from
both RRF and TRF.

In the next section, a simple, yet effective method is presented for
the analysis of both the “isotropic“ and “anisotropic” components of the
RF dataset, i.e. the energy contained in the RF dataset generated from
bulk S-wave velocity discontinuities, also referred as “isotropic struc-
ture”, and from anisotropic materials at depth, also referred as “ani-
sotropic structure”.

3.1. Harmonic decomposition

Classical RF studies assume isotropic and flat-layered media for
which the response of the subsurface is invariant with the back-azi-
muth, resulting in all the P-to-S converted energy to be confined in the
RRF. Anisotropy and/or dipping velocity contrasts introduce amplitude
and delay time variations as a function of back-azimuth on both RRF
and TRF with distinct periodicity (either π or 2π). These effects are
coupled on the RRF and TRF, drastically increasing the complexity of a
given RF dataset. This makes even a qualitative analysis of raw RF
datasets (as those shown in Fig. 4) difficult, leading to strongly non-
unique interpretations. To overcome this difficulty, RRF and TRF
should be analysed jointly. The harmonic decomposition technique
provides a simple way for the simultaneous analysis of the RRF and TRF
(Bianchi et al., 2010; Audet, 2015). This technique aims at separating

Fig. 4. Binned Radial and Transverse RFs for stations (a) ALIC and (b) DOGL, plotted as a function of back-azimuth. Gray numbers indicate the central epicentral distance used in the
binning procedure. Small numbers indicate the total number of RFs making up each individual bin. Blue (red) pulses correspond to an interface with a positive (negative) downward
velocity jump. (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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the isotropic response from the response induced by 3-D features at
depth exploiting the azimuth-dependent signatures produced by the
latter. This represents a clear advantage over classical RF analysis, as
the RF dataset is partitioned into azimuth-invariant and azimuth-de-
pendent components, thus facilitating subsequent interpretations.

More in detail, the method is based on the assumption that any RF
dataset can be approximated as a series of cos[kф(t)] and sin[kф(t)],
with k=0, 1, 2, … In this way, the azimuth-dependent features can be
isolated from the azimuth-invariant components. The k= 0 component
is the constant azimuth term and describes the isotropic structure (i.e.
contrasts in VS). At the core of the method is that the SNR of the two-
lobed or four-lobed periodicity is enhanced on the k= 1 and k= 2
harmonics, respectively, by stacking the RRF and TRF with a positive
shift in back-azimuth (+π/2k), as shown by Shiomi and Park (2008).
The two-lobed periodicity (k= 1) is associated with the presence of
dipping velocity contrasts or hexagonal anisotropy with plunging
symmetry axis at depth. On the other hand, the four-lobed periodicity
(k= 2) is uniquely produced by anisotropy with horizontal symmetry
axis (Girardin and Farra, 1998).

Following Bianchi et al. (2010) and Liu et al. (2015), for each time
step we can recover five coefficients, A(t), B(t), C(t), D(t), E(t), by
solving the following linear system of equations for each time-step t in
the RF dataset:

where N is the total number of events considered at each station. A(t)
corresponds to the k= 0 harmonic, B(t) and D(t) are the cos[kф(t)]
components and C(t) and E(t) are the sin[kф(t)] components of the
k= 1 and k=2 harmonics. With this configuration, cos[kф(t)] and sin
[kф(t)] for k= 1 are orthogonal and oriented N-S and E-W, respec-
tively. The same linear system can be solved using a negative phase
shift (−π/2k), in which the effect of dipping structures and anisotropy
is suppressed (Liu et al., 2015). In this case, the retrieved coefficients
quantify the effect of complex 3-D structures, scattering, or incomplete
geometrical coverage (“unmodeled” components hereinafter). The
“unmodeled” coefficients can be seen as an estimate of the error asso-
ciated with the harmonic decomposition. For further details on the
method, the reader is referred to Park and Levin (2016).

The harmonic decomposition is applied to the RF dataset at each
station, after stacking in ф and Δ with bin-width of 10° and 20° re-
spectively, and with no overlap. This choice prevents the use of the
same RF twice in the analysis, thus reducing any possible bias in-
troduced by smoothing. As an example, we show the harmonic de-
composition of the RF datasets at stations ALIC and DOGL in Fig. 5. The
values of ф and Δ of each bin used to compute the harmonics are in-
dicated with red stars for each station.

The two stations show different isotropic responses on the k= 0
plot. The P-to-S conversion originated at the Moho can be identified as
the positive pulses at about 5.5 and 6.0 s on ALIC and DOGL, respec-
tively. At earlier delay times, ALIC shows positive pulses at about 1 and
2.4 s while a broad negative pulse can be observed at 4 s. On the con-
trary, the pulse with highest amplitude at station DOGL is found at
about 0.8 s, indicating the presence of a strong and shallow impedance
contrast, followed by a negative pulse at 2.3 s.

The k=1 harmonics (cos(ф) and sin(ф) traces) show higher am-
plitudes on the “modeled” part than on the “unmodeled”, thus in-
dicating a significant and coherent contribution from the azimuthally-
varying structure beneath the two stations. Higher amplitudes are
found in the first 6 s for both stations, suggesting a crustal origin of this
signal. Both stations display a series of pulses with opposite polarities

(derivative pulses) on both k=1 components in the first 4 s, although
station DOGL is dominated by the derivative pulse on the cos(ф)
component with peaks at 1.6 and 3 s. Small amplitudes are observed on
the k=2 harmonics compared to k= 1. In addition, for the k=2
harmonics, comparable amplitudes are observed between the “mod-
eled” and “unmodeled” terms. These observations hold for the majority
of the stations, thus, in the following, we exclude the k= 2 harmonics
and restrict the analysis only to the first two order harmonics. We
display the components of cos(ф) (oriented N-S) and sin(ф) (oriented E-
W) separately for k= 1, giving a total of three harmonic coefficients
(i.e. three time series).

3.2. Energy and map-orientation of 3-D features

The main aim of this work is to map the position of anisotropic
bodies and/or dipping velocity contrasts at crustal depths and to de-
termine their orientations. Based on the harmonics dataset previously
described, we first perform a time-to-depth conversion of the k=0 and
k=1 harmonics at each station. The standard IASP91 velocity model
(Kennett and Engdahl, 1991) is used for this purpose. We use the mean
slowness value at each station to perform the depth conversion. In
principle, this choice could produce defocused results in the harmonics,
if the range of slowness considered is broad. In order to estimate the

error associated with this choice, we compare our results with an al-
ternative approach in which the harmonic decomposition is performed
in depth domain after time-to-depth conversion of the RF dataset
(Audet 2015; Cossette et al., 2016; Tarayoun et al., 2017), thus pre-
serving the information about slowness. The comparison points out
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Fig. 5. Harmonic decomposition of RFs for stations (a) ALIC and (b) DOGL. k= 0 trace
corresponds to the “constant”, zero-order harmonic. cos[kф(t)] and sin[kф(t)] harmonics
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the harmonic decomposition. The same amplitude scale is used in all plots.
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that, given the distribution of events for the NAF experiment, small
errors are produced by using the mean ray parameter and this effect is
negligible in the crust (see Appendix A).

Considering that the inter-station distance is generally greater than
30 km, we build depth-profiles by juxtaposing single-station data and
focus our attention on vertical and lateral variations of crustal structure
(k= 0 harmonics) and position of 3-D features (from k=1 harmonics)
along the profiles.

As a proxy for the position of 3-D features at depth, we compute the
sum of the squares of the (depth converted) “modeled” cos(ф) and sin
(ф) terms for the k= 1 harmonics (Piana Agostinetti and Miller, 2014)
and subtract the contribution of the “unmodeled” counterpart ac-
cording to:

= + − +E z B z C z B z C z( ) [ ( ) ( ) ] [ ( ) ( ) ]M M U U
2 2 2 2 (2)

where the subscripts M and U refers to the “modeled” and “unmodeled”
harmonic coefficients and z is the depth axis. The resulting quantity E(z)
(referred as “energy” hereinafter) highlights the position of 3-D features
at depth in an intuitive way, thus making the interpretation of the results
simpler. High energy at a certain depth may suggests the presence of
either a contrast in anisotropic properties (top or bottom of an aniso-
tropic body with plunging symmetry axis) or a dipping velocity contrast.

In addition, the map-projected orientation of 3-D features can be
retrieved from the depth-converted k=1 harmonics. In fact, from the
particle motion of the cos(ф) (N-S component) and sin(ф) terms (E-W
component) it is possible to infer the trend of the unique symmetry axis
of hexagonal anisotropy (or the dipping direction of a dipping velocity
contrast) responsible for the observed signal (Bianchi et al., 2010). In a
simple linear regression of the particle motion at each station, the or-
ientation of 3-D features is recovered from the slope parameter. In
principle, we could estimate a value of the slope parameter at each
depth point; however, as in Audet (2015), we found more stable results
if a range of depths is considered. An example of the particle motion for
the 0–15 km depth range at station ALIC is shown in Fig. 6. We estimate
the trend direction (green arrow) from the slope parameter, together
with its uncertainties (gray arrows), for each station, finding errors of
usually less than 15° (95% confidence interval).

The retrieved orientation (green arrow) can have multiple

interpretations. It could, for example, represent the trend of the plun-
ging symmetry axis of hexagonal anisotropy. In this case, the axis would
plunge towards either NW or SE. Some ambiguities arise in this case, as
no information about the nature of the symmetry axis (fast or slow) is
available (see Sherrington et al., 2004 for details). A second possible
interpretation provides the dipping direction of a dipping velocity
contrast striking NE-SW. This ambiguity is stronger in the upper crust,
but it diminishes with increasing depth, where strongly dipping velocity
jumps (more than 30°) are less likely to occur, and hence anisotropy is
assumed as the main cause of the observed signals.

In the next section, to facilitate our interpretation, we follow
Schulte-Pelkum and Mahan (2014b) and plot the direction normal to
the retrieved trend direction (i.e. the strike). Therefore, for a dipping
velocity contrast our map-projected strike can be directly interpreted as
the strike of the dipping velocity contrast. On the other hand, for
hexagonal anisotropy, this gives us the map-projected orientation of the
plane perpendicular to the plunging symmetry axis. In case of negative
anisotropy (unique slow symmetry axis), this is the strike of the fast
plane, which can be interpreted as the strike of foliation or the strike of
the plane of preferred cracks or mineral alignment. By plotting the map-
projected strike together with the energy in a given depth range, we
build energy maps with orientation of the 3-D features as seen by the RF
data. This provides us with spatial information about the azimuthally
varying structure and their first-order depth dependence.

4. Results and discussion

We apply the harmonic decomposition technique to all the stations
in the area, and plot the results side by side along seven profiles (Fig. 7).
In each panel of Fig. 7, we plot the topography of each profile with the
location of the main active faults (NAF and ESF) together with the re-
sults of the harmonic analysis. For each station, the waveforms of the
resulting harmonics are plotted individually. Blue lines are used to
highlight our observations on the constant component. In the last plot
of each panel, the energy associated with the k=1 harmonics is dis-
played in grayscale. Here, green and orange boxes indicate areas of
strong energy at depths smaller and greater than 30 km. Location of the
profiles is shown in Fig. 2. Five profiles (from AA′ to EE′) follow S-N
direction and cross the main active faults in the area (NAF and ESF).
The last two profiles, FF' and GG', run W-E and are designed to in-
vestigate the crustal setting of the northern and southern blocks divided
by the NAFZ. Lateral variations in both k=0 and k= 1 harmonics are
evident in the majority of the profiles.

4.1. Crustal structure and Moho topography

It is beyond the scope of this paper to discuss in detail the isotropic
structure of the area, as the focus is mainly on 3-D features. Given that
the inter-station distance does not allow for overlapping zones of sen-
sitivity in the crust, our observations are therefore generally limited to a
single-station approach. With a vertical resolution of 2–4 km, k=0
harmonics at the stations analysed in this study indicate that the Moho
topography is generally a continuous feature at about 40 km (Fig. 7).
This result is in good agreement with earlier crustal thickness estimates
from RFs in the same area, which reported fairly consistent values with
the present study, i.e. ∼35–40 km (Özacar et al., 2010; Vanacore et al.,
2013). Nevertheless, our results show a few local examples where the
identification of the Moho is difficult or ambiguous. Along profile CC′
(Fig. 7c) for example, a positive pulse is located at about 40 km depth
for almost all stations. However, the continuity of the Moho Ps phase is
broken at two neighbouring stations (CAYA and PANC) between 75 and
105 km along the profile. Station CAYA shows almost no signal between
25 and 50 km depth. The following station to the north, PANC, pos-
sesses a positive pulse at about 30 km, which is quite shallower than the
general Moho depth along this profile. These two contiguous stations
are located between the ESF to the south and the IAESZ to the north. In

Fig. 6. Particle motion for the 0–15 km depth range at station ALIC. Particle motion (red
points) of the N-S and E-W component of the first order harmonic. Trend of the symmetry
axis (green arrow) is estimated through linear regression of the particle motion. Grey
arrows indicate three standard deviations of the estimated slope parameter from the
linear fit. (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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Fig. 7. Harmonic decomposition results. Time-to-depth converted harmonics are shown along seven profiles. The surface trace of each profile is indicated in Fig. 2. For each profile, the
top panel indicates the surface topography for reference. The following three panels display the k= 0 harmonic, and the cos[kф(t)] and sin[kф(t)] components of the k=1 harmonic.
Wiggles are plotted on top of an interpolated image for clarity. The bottom panel shows the energy calculated from the k= 1 harmonics, as explained in the main text. Red arrows
indicate the position of the surface traces of the North Anatolian Fault (NAF) and the Ezinepazari-Sungurlu Fault (ESF). The same scale is used for harmonics and energy amplitudes
between different panels.
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addition, the k=0 harmonic at station PANC shows the highest energy
at about 5 km depth, and very broad direct P-wave pulses are observed
in the first 110 km of the profile. Stations CAYA and PANC are located
within the Kırşehir Massif tectonic unit. Here, the presence of the

Çankırı Basin and its sedimentary infill is likely responsible for pro-
ducing reverberations in the sedimentary pile that can interfere with
the primary Ps conversion from the Moho, thus producing the observed
broad direct P-wave pulse.

Fig. 7. (continued)
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The main structural differences between the crust of the blocks lo-
cated south and north of the NAFZ are evident when comparing the two
longitudinal profiles FF′ and GG′ shown in Fig. 7g and f, respectively. In
FF′, the Moho Ps pulse is continuous along the length of the profile,
although it tends to get shallower and broader towards the east. In GG′,
the pulse related to the Moho is located at a depth of about 40 km,
except for station CAYA, which does not show a clear Moho signal, and
for station DOGL, which has a deeper Moho (50 km depth). At the same
time, along GG′, no continuity of intra-crustal signals can be observed,
indicating a more heterogeneous setting in the crust. The intense de-
formation history that affected the southern block, together with its
tectonic activity, result in a more heterogeneous crust, in accordance
with 3-D local earthquake tomography (Yolsal-Çevikbilen et al., 2012).
This dramatically increases the complexity of the RF waveforms with
respect to the more geologically stable northern block.

Finally, there is no clear evidence of Moho offset related to the
NAFZ, which confirms previous lower frequency observations from S-
RF (Kind et al., 2015). However, the NAFZ clearly affects intra-crustal
structures in the first 20 km (see Fig. 7. profiles AA′, EE’). A smaller
inter-station distance would be required in order to study the lateral
continuity of intra-crustal Ps conversions across this major fault system.

4.2. Seismic anisotropy

In the profiles shown in Fig. 7, high values of the energy associated
with the k=1 harmonics indicate a widespread contribution from 3-D
features throughout the crust of the study area. Two main observations
can be drawn from these results. First, a substantial energy drop from
south to north of the NAFZ is observed along profiles BB′, DD′ and EE′.
In addition, highest energy with complex patterns is located in between
active faults where crustal structure is also complex (profiles AA′, CC′
and DD′ of Fig. 7) and, at least locally, the NAF controls the transition of
the energy from south to north (profile BB′ in Fig. 7). Second, the main
source of the energy signal is located within the upper and middle crust,
where the highest amplitudes are observed. Deeper (greater than 30 km
depth) sources of the observed energy show lowest amplitudes and less
continuity. Finally, strong differences in terms of energy are observed
between profiles FF′ and GG′, both oriented W-E, and located respec-
tively in the northern and southern blocks divided by the NAF. GG'
shows much stronger energy than FF′ throughout the crust.

We complement the depth-dependent information about 3-D fea-
tures shown in Fig. 7 with a spatial mapping analysis on three discrete
depth ranges: 0–15, 15–30 and 30–60 km, roughly corresponding to the
upper crust, middle crust and lower crust plus upper mantle. For each of
these depth ranges, we build interpolated energy maps for the k= 1
harmonics by summing the contribution of each point in a given depth
range. At the same time, we calculate the direction of the 3-D features,
as explained in the previous section, from the slope parameter of the
linear regression of the particle motion in the same depth range. The
results are shown in Fig. 8 and summarized in Table S1 of the supple-
mentary material.

In the following, we discuss our results regarding the energy dis-
tribution, in terms of depth-dependent and spatial features.

4.2.1. Upper crust
The strongest azimuthally varying signal is generated in the first

15 km of the crust. Overall, the energy observed in this depth range is
higher than that originated in the deeper portion of the crust and upper
mantle (compare the total energy in Fig. 8 at different depths). Between
0 and 15 km depth (Fig. 8a), two spatial zones with distinctive char-
acteristics are separated by the NAFZ, confirming what was already
observed along the profiles of Fig. 7. Stations located north of the NAF
show consistently low energy in the k= 1 harmonics. Conversely, on
top of the NAF and southwards, higher energy is found for more than
half of the stations (15 out of 28 stations). In this region, in addition,
the pattern is more heterogeneous, with alternating low and high

energy values, thus giving rise to a higher spatial frequency variation
when compared to north of the NAF. A second order observation in-
dicates that almost all stations (13 out of 15 stations) with high energy
(greater than 0.5) are located on top or in close proximity of active
faults (NAF and ESF) or ancient suture zones.

This is perhaps the most striking feature of our results: the spatial
distribution of the energy associated with the k=1 harmonics in the
upper crust is clearly influenced by the structural setting of the area. In
particular, we identify the well defined partitioning between low-en-
ergy stations north of the NAF and high-energy stations on top of the
NAF and southwards (Figs. 7 and 8).

In our RF analysis, both dipping velocity jumps and seismic aniso-
tropy contribute to the observed energy, especially in the upper crust,
where the contribution of dipping layers can be strong. In our simple
approach, the discrimination between the two effects is not easy and
even an inversion approach would produce non-unique results. A direct

Fig. 8. Maps of the total energy at three different depth ranges. (a) 0–15 km, (b) 15–30 km
and (c) 30–60 km depth. The colorscale indicates the sum of the energy on the k=1 har-
monics in the corresponding depth range. Strike of the plane normal to the axis of symmetry
is indicated with a gray bar at each station and scaled by the total energy in the same depth
range. The major tectonic features in the area are drawn with black lines (see also Fig. 2).
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interpretation of our results in the upper crust is further complicated by
the possible presence of reverberations induced by shallow low-velocity
layers, as those present in sedimentary basins with complex geometries
(see Appendix B).

Despite the inherent non-uniqueness of our results, shear wave
splitting analyses performed on local seismicity across the different
portions of the NAFZ yielded a signal with a maximum ∼0.2–0.3 s of
time delay, which has been attributed to the presence of anisotropy
within the first 8–10 km of the upper crust (e.g., Peng and Ben-Zion,
2004; Hurd and Bohnhoff, 2012; Eken et al., 2013). In addition, a re-
cent 3-D radially anisotropic tomography (Çubuk-Sabuncu et al., 2017)
has shown the presence of strong (20%) negative anisotropy throughout
the Anatolian crust at a regional scale. For these reasons, we will discuss
the possible implications of our results in terms of anisotropy only.

If we assume slow anisotropy in the upper crust, our results (Fig. 8a)
indicate the strike of the fast plane perpendicular to it, corresponding to
the strike of bedding, foliation or alignment of cracks or macroscopic
fractures. Under this perspective, our retrieved strikes for high-energy
stations located on top of the main active faults of the area (NAF and
ESF) match the orientations of the faults within the errors. Fault par-
allel strike for these stations is in good accordance with previous shear
wave splitting studies in different portions of the NAFZ (Li et al., 2014)
and with RFs studies along the San Andreas Fault (Porter et al., 2011;
Audet, 2015). The direction of SHmax in the study area was estimated
from local seismicity (Karasözen et al., 2014). It shows an average NW-
SE orientation, thus being very different from our retrieved strikes of
the fast plane assuming slow anisotropy. Therefore, our results support
a structure-induced origin of the observed anisotropy rather than a
stress-driven mechanism. This agrees with the findings of Li et al.
(2014). In any case, the inter-station distance in the present study does
not allow for an estimate of the width of the damage zone, which
however affects only the stations located on top of active faults
(Fig. 8a). This is in accordance with Li et al. (2014), where the width of
the damage zone around the Karadere–Düzce branch of the NAFZ was
estimated to be around 3 km, as well as with Audet (2015), who re-
ported similar estimates around the San Andreas Fault.

Although our approach does not allow to retrieve the full orienta-
tion of the symmetry axis in 3-D, our results imply a dominant con-
tribution from anisotropy with dipping symmetry axis, revealed from
the analysis of the k= 1 harmonics. This observation suggests a strong
similarity between the deformation regime around the NAFZ and the
San Andreas Fault, where the anisotropic inversion of RF data showed a
substantial dip (about 45°) of the slow symmetry axis of anisotropy in
the close proximity of the main fault (Audet, 2015).

Both the k=0 and k=1 harmonics in Fig. 7 and the spatial dis-
tribution of energy in the upper crust in Fig. 8 suggest an asymmetric
distribution of elastic properties across the NAFZ. This confirms what
discussed in detail by Şengör et al. (2005) and Le Pichon et al. (2005).
In particular, the presence of a bimaterial interface developed as a re-
sult of the cumulative production of rock damage associated with the
faulting process (Ben-Zion and Sammis, 2003 and references therein)
was reported in several studies (e.g. Bulut et al. 2012; Ozakin et al.,
2012; Najdahmadi et al., 2016), along different segments of the NAFZ.
Our results corroborate this hypothesis in the study area.

4.2.2. Middle crust
Between 15 and 30 km depth (Fig. 8b), the intensity of anisotropy

diminishes for some of the near-fault stations, suggesting a progressive
closure of fractures due to increasing confining stress, as observed also
on a more eastern portion of the NAF from shear wave splitting mea-
surements (Li et al., 2014). However, a few near-fault stations located
on the westernmost part of the study area (in correspondence of the
NAF) and in the central part of the ESF show a considerable amount of
energy. This may suggest a differential closure of fractures around the
faults, implying a depth extent of the damage zone below 15 km (see
depth profiles AA′, BB′ and DD′) for some stations.

High-energy stations located on top or in close proximity of ancient
suture zones (IPS, IAESZ, and ITS) are more difficult to interpret, as
they show both parallel (ALIN and CUKU) and oblique (KIZIK and
CAKM) strikes.

Away from active faults, anisotropy is generally lower, but some
local high-energy anomalies are observed at different depth ranges,
south of the NAF. We suggest that some of these spots of high aniso-
tropy are correlated with the presence of the uplifted blocks of accreted
and strongly deformed basement recognized by Yolsal-Çevikbilen et al.
(2012), above 30 km depth in the central and eastern part of the study
area (south of the NAF). Alternatively, the localization of intense de-
formation which has been taking place south of the NAF may be con-
sidered responsible for the observed seismic anisotropy at mid-crustal
depths, as heavily fractured and fluid-saturated rocks, alignments of
anisotropic minerals and crustal flow can produce directional velocity
changes at different crustal depths (Fouch and Rondenay, 2006;
Mainprice et al., 2007).

4.3. Lower crust and upper mantle

The interpretation of deep anisotropy (between 30 and 60 km,
Fig. 8c) is difficult. The number of high-energy (energy> 0.5) stations
is small (six) and their spatial distribution is scattered. Nevertheless, we
notice that these stations are located close to the central-western part of
the NAFZ, along the ESF, and that five of them display strikes oriented
NE-SW. This agrees with the 3-D full-waveform tomography study of
Çubuk-Sabuncu et al. (2017), which revealed deep negative radial an-
isotropy (VSV > VSH) in the close vicinity of known weakness zones,
including the NAFZ, as well as with the orientation of the FDPs from
SKS splitting in the same area (Biryol et al., 2010). Tentatively, we can
also compare the results from this layer with the results obtained by
Vinnik et al. (2016) from the analysis of the k=2 components of P-RF,
for the same array of stations used in this study. Using an array-aver-
aged RF dataset for the harmonic decomposition, these authors re-
ported intensity of horizontal-axis anisotropy between 3 and 5% (the
highest value in their study) and fast direction between 30° and 60°, in a
depth range between 35 and 60 km. Our results for high-energy stations
at the same depth level are in good agreement, at least for the direction
of anisotropy. Vinnik et al. (2016) argued that this sub-Moho aniso-
tropy is likely frozen in the upper mantle . Our results support this idea.

5. Conclusions

In this paper we use teleseismic receiver functions to study the
crustal structure and map crustal anisotropy around the central portion
of the North Anatolian Fault Zone. We show that a simple yet effective
harmonic decomposition of RFs can be used to reveal first-order fea-
tures of the crust, as well as to locate the presence of anisotropy as a
function of depth.

Our findings indicate strong asymmetry of crustal properties around
the North Anatolian Fault. The southern block possesses a complex
crustal structure and is highly anisotropic when compared to the sim-
pler and more weakly anisotropic crustal block in the north.

The Moho is generally a continuous feature at around 40 km
showing no major offsets across the area. On the other hand, the intra-
crustal structure is strongly affected by intense deformation in the
southern block.

The anisotropic signal is strongest in the first 15 km of the crust and
is predominantly located on top of the major active fault zones (NAFZ
and ESF). Here, the strike of the fast plane of anisotropy is fault-par-
allel, implying a structure-induced mechanism as the dominant source
for observed crustal anisotropy. Progressively increasing confining
stress around the faults contributes to the general observed trend of
decreasing anisotropy with depth.

At middle crustal depths (15–30 km), spots of high anisotropy in the
southern block may have multiple interpretations. For stations close to
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the faults, they could indicate that the extent of the damage zone at
depth could go beyond 15 km. Away from the faults, alignment of mi-
nerals in uplifted basement blocks can be responsible for the observed
anisotropic signal.

Between 30 and 60 km our results support the idea of an upper
mantle layer with frozen-in anisotropy directed NE-SW, as suggested by
previous studies in the same area.
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Appendix A

In this work, the harmonic decomposition of the RF dataset at each station is performed in time domain. The resulting harmonics are subse-
quently converted to depth using the mean ray parameter of the whole dataset. A possible shortcoming of this approach is that, if the distribution of
events spans over a broad range of epicentral distances, the resulting harmonics can be affected by incoherent angular stacking. This could prevent
an optimal focusing of the waveforms and increase the uncertainties in the position of the pulses at depth.

Recent works (Audet 2015, Cossette et al., 2016, Tarayoun et al. 2017) have proposed a solution to this problem. The RF dataset is first converted
to depth, in order to preserve the information about the ray parameter for each RF. Afterwards, the harmonic decomposition is performed in depth
domain.

In this appendix, we compare the two methodologies for station BEKI. The results are shown in Fig. A1.
The harmonics (k= 0 and k=1) computed as described in the main text are drawn in black, while those resulting from the depth-domain

harmonic decomposition are in red. Very small differences in the resulting waveforms are observed. The major differences are below 30 km and
encompass the depth range of the Moho pulse. We performed the same comparison for all the stations analysed in this study, finding similar results.

This allows us to estimate the error due to using a mean ray parameter for the whole dataset in our time-domain decomposition. For the k=0
harmonic, the differences in amplitude between the two methods are smaller than the bootstrap uncertainties on the computed waveform (2σ, blue
dashed line in Fig. A1a).

Appendix B

In the upper crust, the presence of shallow low-velocity layers within sedimentary basins induces reverberations within the sedimentary pile, due
to the strong impedance contrast at the sediment/basement interface. Depending on the elastic properties (density, seismic velocity, attenuation) and
thickness of the sediments, these reverberations can strongly affect early portions of the RF waveforms after the primary arrival from the sediment/
basement interface. This can, in principle, mask the signal from deeper (and possibly anisotropic) crustal structures.

Here, synthetics from a simple crustal model (Table A1) are used to investigate the effects of such reverberations on the observed azimuth-
dependent signals.

In Fig. A2, we show that in the absence of dipping velocity contrasts, basinal reverberations affect the shape of the k= 0 harmonic. The primary

Fig. A1. Effect of averaging ray parameter values on harmonic decomposition. (a), (b), (c) Comparison between harmonics calculated as described in the main text, using a mean ray
parameter value for the whole RF dataset (black curves), and harmonics calculated in depth domain after depth-conversion of individual RFs, performed with the corresponding ray
parameters (red curves). (d), (e), (f) Difference between the red and black curves. Blue dashed line is 2σ uncertainty on k= 0 component retrieved with a bootstrap analyis. Note that the
range of values of the vertical axis differs by an order of magnitude between the two columns.
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Table A1
Parameters of the synthetic model in Figs. A2 and A3. Note that in A3 the interface between Layers 1 and 2 dips N90°E of 15°.

Layer Thickness (km) Density (kg cm−3) VS (km/s) VP/VS Ani P/S (%) Trend (deg) Plunge (deg)

1 2.0 2.6 2.0 2.0 0 0 0
2 7.0 2.6 3.0 1.72 0 0 0
3 5.0 2.6 3.0 1.72 10 0 45
4 26.0 2.6 3.0 1.72 0 0 0
HS – 3.3 4.4 1.80 0 0 0

Fig. A2. Effect of shallow low-velocity layer on k= 0 and k=1 harmonics. (a) Crustal S-wave velocity model used for the synthetic test. The anisotropic layer is identified by the orange
box and described by its parameters (intensity of anisotropy, trend and plunge of the symmetry axis). (b) and (c) Radial and Transverse RFs homogeneously distributed with back-azimuth
and fixed epicentral distance of 60°. (d) and (e) k= 0 and k=1 harmonics computed from this synthetic RF dataset.

Fig. A3. Same as Fig. A2 but with the velocity contrast at 2.5 km depth dipping East by 15°.
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converted phase from the bottom of the sediments is entirely within the direct P-wave pulse. Its multiples are seen at about 1.2 and 2 s. However, no
effect induced by reverberations is seen on the k= 1 harmonics where the signature of the anisotropic layer between 9 and 14 km depth is clear on
the N-S component.

On the other hand, in Fig. A3 a basement dipping N90°E is added to the model. In this case, reverberations of the phase associated with the
dipping basement give rise to an azimuthally-varying signal that gets mapped as a positive pulse on the k=1 harmonics (blue pulse on the E-W
component at about 1.5 s).

With respect to primary conversions, multiple phases sample portions of the subsurface farther away from the station. Thus, for reverberations to
be observed on real data, it is required that the source of the periodic signal in back-azimuth (either the anisotropic body or the dipping velocity
contrast) is spatially continuous and has a lateral extension of at least twice its depth. In any case, Fig. A3 shows that complex geometries in the
shallow crust can prevent a unique characterization of the anisotropic signal and care must be taken in the interpretation of results. The presence of
energy at 0 s on the k= 1 is indicative of dipping layers (Schulte-Pelkum and Mahan, 2014b; Liu et al., 2015) and can be used to identify which
stations are possibly affected by complex geometries.

Appendix C. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.pepi.2018.01.012.
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