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Abstract Variations in crustal thickness in the Zagros
determined by joint inversion of P wave receiver func-
tions (RFs) and Rayleigh wave group and phase velocity
dispersion. The time domain iterative deconvolution pro-
cedure was employed to compute RFs from teleseismic
recordings at seven broadband stations of INSN network.
Rayleigh wave phase velocity dispersion curves were
estimated employing two-station method. Fundamental
mode Rayleigh wave group velocities for each station is
taken from a regional scale surface wave tomographic
imaging. The main variations in crustal thickness that we
observe are between stations located in the Zagros fold
and thrust belt with those located in the Sanandaj—Sirjan
zone (SSZ) and Urumieh—Dokhtar magmatic assemblage
(UDMA). Our results indicate that the average crustal
thickness beneath the Zagros Mountain Range varies
from ~46 km in Western and Central Zagros beneath
SHGR and GHIR up to ~50 km beneath BNDS located
in easternmost of the Zagros. Toward NE, we observe an
increase in Moho depth where it reaches ~58 km beneath
SNGE located in the SSZ. Average crustal thickness also
varies beneath the UDMA from ~50 km in western parts
below ASAO to ~58 in central parts below NASN. The
observed variation along the SSZ and UDMA may be
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associated to ongoing slab steepening or break off in the
NW Zagros, comparing under thrusting of the Arabian
plate beneath Central Zagros. The results show that in
Central Iran, the crustal thickness decrease again to
~47 km below KRBR. There is not a significant crustal
thickness difference along the Zagros fold and thrust belt.
We found the same crystalline crust of ~34 km thick
beneath the different parts of the Zagros fold and thrust
belt. The similarity of crustal structure suggests that the
crust of the Zagros fold and thrust belt was uniform
before subsidence and deposition of the sediments. Our
results confirm that the shortening of the western and
eastern parts of the Zagros basement is small and has
only started recently.

Keywords Crustal structure - Iran - Zagros - Receiver
functions - Surface wave dispersion - Joint
inversion - Continental collision

1 Introduction

The Zagros fold and thrust belt with two other NW-
trending parallel tectonometamorphic and magmatic belts
of Sanandaj—Sirjan zone (SSZ) and the Urumieh—Dokhtar
magmatic assemblage (UDMA; Fig. 1)) were formed as
result of the Arabia—Eurasia convergence during the
Mesozoic and Cenozoic period (Berberian and King
1981; Berberian et al. 1982; Mouthereau et al. 2012)

The Zagros Mountain belt is approximately 1,500 km
long and 200 to 400 km wide, which runs from Eastern
Turkey, where it joins with the high topography of the
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Fig. 1 Location map of the seismological stations of Iranian Na-
tional Seismic Network (/NSN) including different seismotectonic
zones of Iran. Stations used in this study are plotted as black—white

Anatolian Plateau and Lesser Caucasus, to the Oman
Sea, where it connects to the Makran subduction zone.
The Zagros deformation is characterized by constant
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triangles. The main faults are shown as thick black lines. Geological
map modified from the structural map of NGDIR (National Geo-
science Database of Iran, http:/www.ngdir.ir)

wavelength folding, thrusting, and strike slip faulting
(Hatzfeld et al. 2010). The Zagros fold and thrust belt
resulted from the collision of the Arabian Plate with the
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continental crust of Central Iran. Zagros is considered as
an example of a young continent—continent collision belt
(Bird et al. 1975; Bird 1978; Hatzfeld et al. 2003). The
suggested age of the initial collision along the Zagros
suture varies from Late Cretaceous to Pliocene (Berberian
and King 1981; Allen et al. 2004). Convergence between
Arabia and Eurasia has been continuous since Late
Cretaceous times, with a late episode of accentuated
shortening during the Pliocene—Quaternary (Hatzfeld
et al. 2010). The belt lies on the former Arabia passive
margin that is covered by up to 10 km of Infracambrian to
Miocene sediments (e.g., Stocklin 1974; Stoneley 1981).
Zagros accommodates about 6—7.5 mm/year of NNE—
SSW shortening, which correspond to ~30 % of total
convergence between Arabia and Eurasia (Vernant et al.
2004; Walpersdorf et al. 2006; Hatzfeld et al. 2010).

Although Zagros is considered as one of the most
seismically active intercontinental fold and thrust belts
in the word, but no instrumental earthquake with magni-
tude (Mw) greater than 6.7 and no coseismic ruptures
have been observed in this highly deformed belt, except
for one earthquake in 1990 (Mw=6.4) located at the
eastern termination of the high Zagros fault (Walker
et al. 2005). Seismicity in the Zagros Mountains is shal-
low, with focal depths ranging not more than 20 km
restricted mainly to the region between the main Zagros
thrust (MZT) and the Persian Gulf. Most of the larger
earthquakes occur on high-angle reverse planes striking
parallel to the trend of the fold axes (Jackson 1980;
Jackson and McKenzie 1984; Ni and Barazangi 1986;
Maggi et al. 2000; Tatar et al. 2004; Hatzfeld et al. 2010;
Engdahl et al. 2006).

The SSZ (Fig. 1), located to the north of the MZT,
consist of sedimentary and metamorphic Paleozoic to
Cretaceous rocks formed in the former active margin
of an Iranian microcontinent drifted during the Late
Jurassic (Berberian and Berberian 1981; Golonka
2004; Mouthereau et al. 2012). It has undergone various
metamorphic episodes during the subduction of the
Tethyan Ocean under the Iranian block, the obduction
of ophiolites along the MZT, and the final continental
collision (Stocklin 1968; Davoudzadeh et al. 1997). The
SSZ is considered as the metamorphic core of the
Zagros accretionary complex built by the thickening of
distal crustal domains of the Arabian margin (Alavi 2004;
Moghadam et al. 2010; Mouthereau et al. 2012). The
metamorphic rocks are unconformably overlain by the
Lower Cretaceous Orbitolina limestone of the Central
Iranian domain (Stocklin 1974). The SSZ overthrusted

the Zagros sedimentary sequence along the MZT
(Stocklin 1968; Agard et al. 2005).

The UDMA (Fig. 1) is an Andean-style volcanic arc
striking parallel to the Zagros Mountains and located
between the SSZ and Central Iran. UDMA is composed
of a variety of intrusive igneous rock types, and a range
of extrusive material (Alavi 1994), varying in age from
the late Jurassic to Quaternary (Molinaro et al. 2005).
The volcanics of this assemblage supposed to be in
association with the continuing subduction of the Neo-
Tethyan slab (Alavi 1994). This assemblage has not
been volcanically active since the Quaternary, although
it is believed that the peak activity to be during the
Eocene (Alavi 1994).

Recent tomography constraints (Agard et al. 2011;
Vergés et al. 2011; Chang et al. 2010) reveal a discon-
tinuous Neo-Tethyan slab, dipping about 50° to the NE
beneath the NW Zagros, in contrast of the cold Arabian
lithosphere beneath Central Iran (Chang et al. 2010;
Paul et al. 2010; Simmons et al. 2011), which is char-
acterized as a low dip angle underthrusting/subducting
slab (Mouthereau et al. 2012). It is believed that the
observed variation along the SSZ and UDMA may be
associated to the ongoing slab steepening or break off
in the NW Zagros, comparing under thrusting of the
Arabian plate beneath Central Zagros (Mouthereau
et al. 2012).

Crustal structure studies published prior to 1990
mainly dealt with gravity data. Dehghani and Makris
(1984) computed a crustal thickness map from the
gravity variations of Iran. According to their results,
the observed negative gravity anomaly gives a maxi-
mum crustal thickness of 50-55 km located beneath
the MZT, and a normal thickness of 40 km beneath the
Persian Gulf coast and Central Iran (Paul et al. 2010).
However, the more detailed Bouguer anomaly model-
ing of Snyder and Barazangi (1986) indicates a maxi-
mum crustal thickness of 55-60 km beneath the MZT.

Studies using receiver functions for Zagros show var-
iability in crustal thickness. Most of them indicate an
average crustal thickness of 45 km beneath the Zagros
fold and thrust belt (Hatzfeld et al. 2003; Paul et al. 2006,
2010; Afsari et al. 2011), increasing near the MZT, and
reaches 67 km beneath the Sanandaj—Sirjan metamorphic
zone (Paul et al. 2006, 2010; Yamini-Fard et al. 2006).
Hatzfeld et al. (2003) and Paul et al. (2006, 2010) mea-
sured a crustal thickness of ~46 km beneath the Central
Zagros using receiver functions. Elsewhere, again using
the same technique, Afsari et al. (2011) found an average
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Moho depth of about 42 km beneath the Northwest
Zagros. Farther northeast, Paul et al. (2006) inferred
crustal thickness of 61-65 km beneath the Sanandaj—
Sirjan metamorphic zone. They proposed that this local-
ized thickening results from the overthrusting of the crust
of Central Iran onto the Zagros crust along the MZT.

We know that the relative character of the receiver
function constraints makes the inversion problem im-
plicitly non-unique (Ammon et al. 1990). The Vp/Vs
ratio is a critical parameter in the time to depth
migration of receiver functions. As discussed by
Paul et al. (2006) in all abovementioned studies, the
uncertainty on absolute depths is large (up to 5 km),
as we have no precise estimate of the crustal Vp and
Vp/Vs models. We hope, in this research, to over-
come this limitation by incorporating the constraints
on the absolute velocities from the dispersion esti-
mates (Ozalaybey et al. 1997; Julia et al. 2000) by
jointly inversion of the receiver function and surface
wave dispersion data. Therefore, the aim of this paper
is to investigate on the variation of the crustal thick-
ness beneath the different parts of the Zagros from
the Zagros fold and thrust belt (beneath SHGR,
GHIR, and BNDS stations), to the Sanandaj—Sirjan
(beneath SNGE station), and to the UDMA (beneath
ASAO and NASN) and the western part of Central
Iranian microcontinent (beneath KRBR) from joint
inversion of two independent datasets, receiver func-
tions, and fundamental mode Rayleigh wave group
and phase velocity dispersion.

2 Data and methodology

Receiver functions were computed from ~220 teleseismic
events, located at epicentral distances of 30-90°, recorded
by seven seismic stations of broadband Iranian National
Seismic Network (INSN) from May 16, 2004 to July 29,
2005. For one of the stations, GHIR, we used more than
4 years of teleseismic waveforms. These stations are lo-
cated in different seismotectonic zones of Iran (Fig. 1).
Rayleigh wave phase velocity dispersion curves were
estimated employing two-station method on more than
3 years data recorded by 23 broadband stations of INSN.
Information about the group velocity dispersion comes
from tomographic images between 15 and 70 s period
produced by a study of regional fundamental mode
Rayleigh waves propagating across Iran and surrounding
regions (Rham 2009).

@ Springer

2.1 Receiver function estimates

The teleseismic receiver function is an efficient seismic
tool for imaging underground geology. Receiver functions
represent the local earth response to the arrival of nearly
vertical P waves beneath a three-component broadband
seismometer (Langston 1979), and mathematically, they
are the transfer functions between the P wave with all
associated P multiples and reverberations, and the Ps
phases with their multiples and reverberations (Ammon
1991). More than 1 year of teleseismic waveforms were
selected in order to obtain receiver function estimates
beneath seven stations of INSN network. The data were
analyzed in the manner described by Abbassi et al. (2010).
We computed the receiver functions using the methodol-
ogy of Ligorria and Ammon (1999) which has higher
stability with noisy data compared to frequency-domain
methods and obtained true amplitude radial and tangential
receiver functions. The instrument response and the gains
were corrected before proceeding to the receiver function
deconvolution. High frequencies are excluded by using a
Gaussian filter. We set the parameter a of the Gaussian
filter to 1.00, 1.6, and 2.5 which gives an effective high-
frequency limit of about 0.5, 0.8, and 1.2 Hz in the P wave
data, respectively. All receiver functions were grouped
by azimuth (<10¢) and distance (<10¢), and in order to
improve the signal-to-noise ratio, the individual receiv-
er functions within each group were stacked. Figure 2
shows the resultant radial receiver functions for
Gaussian parameter of 1 and 1.6 at GHIR station.
Using an average crustal Vs=3.7 km s ', this gives a
minimum resolvable wavelength of A=t7.4 km.
Considering the minimum resolvable length scale in
such an inversion equal to A/4, only features greater
than 1.85 km are resolvable in the final model.

2.2 Surface wave dispersion observations

Surface waves velocity dispersion primarily depends
on S wave velocity, with some dependence on P wave
velocity, and little dependence on density (Ozalaybey,
et al. 1997). In previous studies, it has been shown that
it improves the inversions of receiver functions for
crustal structure (Julia et al. 2000). Surface waves
velocity dispersion provide information on the abso-
lute seismic shear velocity, but are relatively insensi-
tive to sharp velocity changes. The group velocities
were incorporated into our joint inversion scheme from
an independent surface wave tomography study by
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Fig.2 Stacked radial receiver functions for GHIR station listed for each of the two Gaussian filter parameter 1.0 (leff) and 1.6 (right). All

events are generated using iterative deconvolution

Rham (2009). Group velocities from regional events
recorded at permanent and broadband stations were
measured for fundamental mode Rayleigh waves within
the 10-70-s period range. The region was parameterized
using a uniform, 1x1°, grid of constant slowness cells.
The dispersion curve is the result of tomographic imag-
ing for each period separately. Fundamental mode
Rayleigh wave group velocities are taken from the cor-
responding tomographic cell containing the stations.
Rayleigh wave phase velocity dispersion curves
were estimated by employing two-station method of
Aki and Richard (2002). More than 3 years of
teleseismic waveforms, nearly aligned along the same

great circle path (<10°) as station pairs, recorded by
seven broadband stations of INSN network (GHIR,
BNDS, SHGR, SNGE, NASN, ASAO, and KRBR),
were used to establish the Rayleigh wave phase veloc-
ity dispersion curve between the possible station pairs.
From April 15, 2004 to April 16, 2007, all teleseismic
earthquakes with epicentral distances of 30-90° and
magnitudes greater than 5, 90-130° and magnitudes
greater than 6, and 130-170° and magnitudes greater
than 6.5 were selected for establishing an appropriate
database of events for surface wave phase velocity
estimation. First, the instrument response was removed
from all vertical component seismograms. They were
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then decimated to a sampling rate of 1 Hz. The two
horizontal components (N-S, E-W) were rotated to
produce radial and tangential components, but only
Rayleigh waves were inspected for all considered
events. The desired part of the waveform is isolated
from the seismogram using frequency—time domain
analysis (FTAN) (Levshin et al. 1992). The technique
filters the data with a set of narrow band Gaussian
filters, with the important difference to conventional
multiple filter techniques that the instantaneous phase
(rather than the central frequency of the narrowband
filters) is used to determine the frequency of group
arrival picks. This method has some advantages be-
cause it corrects for the fall-off of the event amplitude
spectrum at low frequencies (Shapiro and Singh 1999)
and that measurements are less biased by spectral holes
(Rapine et al. 2003). The peaks of the envelopes of the
filtered traces then define the group arrival times at the
different frequencies. Figure 3a shows an example of
vertical seismogram for the event in April 13, 2007
with epicenter distance of 128° recorded by GHIR
station, and Fig. 3b shows the FTAN diagram of the
seismogram.

The fundamental mode Rayleigh wave is selected
constructing energy versus period diagram of the sur-
face wave. This curve is used to construct a phase-
matched filter (Herrin and Goforth 1977), whereby the
desired fundamental mode surface wave signal can be
extracted from the observed waveform. The filter iden-
tifies and removes multipathing arrivals to improve the
quality of the determined dispersion curves. In this step,
the phase at a station i, @i, is measured as the instanta-
neous phase at the group arrival times tigroup(w) as
determined by frequency—time analysis of Levshin et al.
(1992). The phase values are then corrected for the fact
that measurements are taken at different times, and
unwrapped (Rapine et al. 2003),

@;(w) = @j(w)~wt; ¥ (w) + 27N

The term 27N is added to compensate for the number
of complete cycles separating the two phases. Phase
velocity dispersion data is obtained for each pair stations
using Wiener (1949) filter. Wiener filter transforms phase
differences ¢ to time delays using dT=(¢/27tf). For
smoothing, the spectra Hanning window is applied to
the cross-correlation of the two signals. Then, phases with
a coherence of less than 0.95 were rejected. In next step,
we inverted the time delay for each event to obtain the

@ Springer

best slowness vector (P) and stored distances (D) between
station pairs projected on to the slowness vector as well as
the misfit (F). The misfit is the mean absolute difference
between the observed and estimated delays. Finally, the
phase velocity is calculated at each frequency using all
observed distance and delay time points that are associated
with a misfit lower than a certain threshold. The velocity is
calculated as the inverse of the slope and the best-fitting
line At=D/V (Pedersen et al. 2003). The procedure is
repeated for all frequencies and corresponds to averaging
the phase velocities associated with each event and
weighted by the number of station couples used for the
event, as described by Pederson et al. (2003). To minimize
uncertainty, which is due from identifying the main dis-
persion ridge separating the “direct arrival” from the sur-
face wave coda at periods below 25 s, and truncating the
measurements appropriately at long periods as the signals
weaken, we compute an average dispersion curve from
several events with a correlation coefficient of 0.95 or
higher for each station pair, instead of measuring the phase
velocities from a single event. Knowing the Rayleigh
waves show almost the same scatter at short periods
(Tezel et al. 2007), we exclude the short period dispersion
date (<15 s). Figure 4 shows the phase velocity dispersion
curve for path SNGE-ASAO.

Surface wave periods less than 100 s were sufficient
to sample crust and uppermost mantle depths needed in
the current study. Therefore, surface waves with periods
greater than 100 s were discarded. We computed the
fundamental-mode Rayleigh wave phase velocity dis-
persion curves for interstation pairs as follows: GHIR—
SHGR, GHIR-BNDS, SHGR-BNDS, SNGE-ASAO,
ASAO-NASN, ASAO-KRBR, and NASN-KRBR.

2.3 Joint inversion

Both the Rayleigh wave and receiver function energy
are found in the P—Sv plane and are, therefore, sensitive
to Vsv in the crust, whereas the Love wave is restricted
to the SH plane. This means that both datasets are
sampling the same crustal parameter. However, receiver
functions constrain velocity contrasts and relative verti-
cal travel times beneath the recording station, while
dispersion velocities constrain average absolute S wave
velocity values within frequency-dependent depth
ranges. The relative character of the receiver function
constraints makes the inversion problem implicitly non-
unique (Ammon et al. 1990), but this limitation can be
overcome by incorporating the constraints on the
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Fig. 3 a Vertical seismogram for event 2007/04/13 with epicenter
distance of 128° recorded by GHIR station. b The desired part of
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absolute velocities from the dispersion estimates (Julia
et al. 2000). The datasets are, thus, complementary. The
simultaneous inversion of two datasets to find a single
velocity model was carried out using the computer pro-
gram in seismology package of Hermann and Ammon

-2
10

time domain analysis (FTAN) (Levshin et al. 1992). The peaks of

the envelope of the filtered trace define the group arrival times at
the different frequencies

(2003). This finds a single velocity structure that mini-
mizes the following objective function:

(1-P) <X (Oyf—P,~,->2 P& <0sszf)2
s = + (1)
Nr ; Ty Nx ]—ZO Usj
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Where O, is observed receiver function at time t;, P;
is predicted receiver function at time t;, o; is standard
error of observation at t;, Oy is jth observed surface
wave dispersion, P is jth predicted surface wave dis-
persion point, 0 is standard error of jth surface wave
observation, N, is total number of receiver function
point, N; is total number of surface wave dispersion
points, p is influence factor, 0<P<, p=0 forces receiver
function solution, and p=1 forces surface wave solution.

The inversion package requires that the real velocity
structure be represented by a set of flat-lying, homoge-
neous, isotropic velocity layers. During inversion, the
vertical extent of each layer remains fixed, whereas the
velocity is free to change (within user-defined damping
limits). The starting model comprised layers that were
1-km thick for the top 6 km of the model space, 2-km
thick between 6 and 66 km, and 4-km thick between 66
and 78 km. The starting velocity for each layer in the
model was Vp==8.0 km/s, which equates to upper man-
tle velocities.

3 Results

We performed joint inversion for all back azimuths of all
stations, but we present the procedure in detail for station
GHIR, which is located in the Central Zagros (52.99°E,
28.28°N) (Fig. 1). Among 280 good quality computed
receiver functions with very sharp Ps phases, 24 stacks
were made for different back azimuths (Fig. 2), and a
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total of 14 were modeled for crustal structure beneath the
GHIR station.

Figure 5 summarizes results of joint inversion for
the receiver structure at GHIR based on the receiver
function stack with a mean back azimuth of 47° with
Rayleigh wave group velocity dispersion curve. This
stack contains eight events which range in epicenter
distance from 41-50°. Radial receiver function and the
surface wave group velocity dispersion curve are
shown at the upper and lower right panels, respective-
ly. The left panel shows the initial and estimated ve-
locity model. The blue dashed line denotes the initial
model, the red solid line the predictions for the model,
and the solid black line denotes the final crustal model
consisting of the minimum number of crustal layers
required to simultaneously fit the receiver function and
surface wave data. From this figure, we infer that the Ps
delay time is nearly 6 s. The fit to both observed and
predicted receiver functions and observed and predict-
ed group velocities dispersion values are good.

We ran joint inversion with p=0.1-0.9 range to find
the best match of observed and predicted receiver
function/surface wave. The p=0.2 solution provides the
best waveform fit to utilize in the 2-D solution. The shear
velocity—depth profile of the p=0.2 solution exhibits
complex features, as can be summarized as follows.
The software does not allow the use of standard errors
for the receiver functions (equivalent to the =1 o calcu-
lated in the stacking process), instead the standard error of
the fit of the model to the stacked receiver function is
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used. For the surface wave dispersion, the correct mea-
sured error limits are used.

For station GHIR, all the models contain a rapid
velocity increase during the few first kilometers below
the surface, a lower crust with a rather constant velocity,
and a gradational crust to mantle transition. There is a
thin (~2 km) of low-velocity material (Vs<2.7 km s ') at
the surface and a 10-km thick sediments layer (Vs=3.0—
3.2kms '), above a ~34-km thick crystalline crust (Vs=
3.5-3.7 km s ). Moho is located at ~46-km depth;
however, the Moho interface comprises a series of small
velocity steps (Fig. 5). We interpret the Moho as the
depth at which the shear wave velocity reaches sustained
values typical of the sub-Moho mantle (Vs=4.5 km s ).

It is important to establish how much of the complex-
ity seen in the model (Fig. 5) results from the fitting of
noise in the receiver function and surface wave data. In
order to eliminate unnecessary complexity, we simpli-
fied the model resulted from the previous step by amal-
gamating the 2-km thick layer with the same velocity as
thicker layer. However, we took care so that the simplest

PERIOD

the initial model, the red solid line the predictions for the model,
and the solid green line denotes the final crustal model consisting
of the minimum number of crustal layers required to simultaneous-
ly fit the receiver function and surface wave data

resulting model fitted the observed data. The method
and approach we used are described in detail in Abbassi
et al. (2010). As shown in Fig. 6, we took the output
model of the joint inversion (Fig. 5) and fit the simplest
four-layered model to it. Synthetic dispersion curves and
receiver functions are produced for this layered half
space, and compared to both the original data, and those
produced by the joint inversion. As an error analysis, the
resolution of the final simple crustal model was tested
by offsetting the Moho by +5, £2, and +1 km from the
model-determined Moho depth. Synthetics were then
produced for this new model and compared to the final
model results, the joint inversion, and the original data.
This approach showed that the Moho could be offset up
to £2 km before the synthetics had varied away from the
data by such a degree as to be visually different. In this
way, we estimated errors of 2.0 km on the calculated
Moho depth for each stacked receiver function.

We followed the same procedure described earlier for
selecting and stacking the receive functions computed
using a Gaussian parameter () of 1.6. As expected, the
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Fig. 6 Forward modeling results for the six receiver function
stacks computed with Gaussian parameter of 1.6. The original
receiver function and dispersion curve (solid black lines) and
their associated standard deviations (black dashed) are shown,
along with the receiver function and dispersion curve for the joint
inversion model (blue) and the simplified forward model, syn-
thetic receiver function, and synthetic dispersion curve for the

stacked receiver functions contain high frequencies,
which impose more complexity in the resulted crustal
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forward modeling (red). The initial model used for the joint
inversion is shown in black dashed line. The different back
azimuth stacks are at the top, the surface wave dispersion at the
bottom-left, and the model at the right. As we observe, both the
initial multilayer (from Joint Inversion) and the simplified model
provide a reasonable fit to the observed receiver function and
dispersion curve

structure. However, we tried jointly inverting them with
Rayleigh wave and group velocity dispersion data. We
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tried to show that the goodness of fit is still high for new
computed receiver functions. Although the Ps conver-
sions at the Moho depth are different, Fig. 6 indicates
very similar results as were obtained for the previous
dataset (x=1.0). In most of the models, the crust to
mantle transition zone is composed of a series of small
velocity steps located at 46+2 km depth.

The results for six acceptable receiver function
stacks with Gaussian parameter of 1.6 are summarized
in Fig. 6. For each stacked receiver function, we used
the output model of the joint inversion (Fig. 5) as a
starting model, and tried to fit the simplest four- or
five-layered model to it. The fit between observed and
synthetic dispersion curve and receiver functions is
very good.

As can be observed in Fig. 6, the final models
contain a thin (~2 km) layer of low-velocity material
(Vs<2.8 km/s) below the surface, overlaying a rapid
velocity increase of 3.0 km/s. We observe interfaces
with sharp velocity increases at ~12 km, a lower crust
with a rather constant velocity, and a gradational crust

to mantle transition. The Moho discontinuity is com-
posed of a series of small velocity steps located at 46
+2 km depth. In the simplified model, the crust to
mantle transition zone is imaged as a velocity increase
of ~0.5-0.7 km/s over a 4 km depth interval.

We also obtained crustal structure beneath GHIR
station from joint inversion of receiver function and
fundamental mode Rayleigh wave phase velocity dis-
persion curve (Fig. 7). We used Rayleigh wave average
phase velocity dispersion curve for path GHIR-BNDS
which crosses almost the same structures within the
Zagros. Both GHIR and BNDS stations are located in
the Zagros fold and thrust belt, and the path between
them are parallel to the main trend of the belt. So,
complex lateral heterogeneity perpendicular to the
Zagros trend has less effect on the selected phase
velocity dispersions curve.

Figure 7 shows the results of joint inversion for the
receiver function stack with a mean back azimuth of
47° and GHIR-BNDS phase velocity dispersion curve.
Because of high uncertainly in short periods of the
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Table 1 Locations of broadband

stations and resulting average Station Lat. N Long. E  Elevation (m)  Average Moho Depth (km)
values for Moho depth

Shooshtar (SHGR) 32.108  48.801 150 46

Ghir-Karzin (GHIR) 28285  52.986 1,200 46

Bandar-Abbas (BNDS)  27.387 56.174 1,500 50

Sanandaj (SNGE) 35.092  47.346 1,940 58

Ashtian-Arak (ASAO) 34.549  50.024 2,217 50

Naein (NASN) 32799  52.808 2,379 58

Kerman (KRBR) 29.98 56.7610 2,576 47

dispersion curve, it is impossible to recognize the sed-
iments thickness or upper crust sediments interface in
the models. But all the models shows sharp Moho
interface. Therefore, as the models obtained from joint
inversion of receiver function and phase velocity dis-
persion curve for GHIR station, Moho is located in 48-
km depth. Little observed difference in results of two
inversions reveals the uniqueness of the result and
high-accuracy estimation of the crustal structure and
Moho depth beneath the GHIR station.

Following the same procedure described above, we
performed the joint inversion of the receiver function
and Rayleigh wave group and phase velocity disper-
sion measurement for seven selected stations of INSN
located in the Zagros and adjacent seismotectonic
zones. For each station, the stacked receiver functions
grouped based on their back azimuth and epicentral
distances were inverted jointly using fundamental
mode Rayleigh wave group velocities taken from the
corresponding tomographic cell containing the stations
and appropriate Rayleigh wave phase velocities com-
puted for the closest path to the station, which crosses
the same structural units. The results of joint inversion
for seven INSN stations are summarized in Table 1 and
are shown in Figs. 8 and 9.

Our results indicate that the sedimentary layer and
the crystalline crust below SHGR, located in western
part of the Zagros, have an average thickness of ~10
and ~34 km, respectively. Beneath GHIR located
southwest of the Zagros, as mentioned above, the sed-
imentary layer and crystalline crust have ~12 and
~34 km thickness, respectively, identical with western
part of the Zagros below SHGR. Below BNDS, which
is located in easternmost of the Zagros, sedimentary
cover is ~14-km thick, while the crystalline crust has
an average thickness of ~36 km. The average velocities
of the crystalline crust (~3.6 km s') are consistent

@ Springer

between these three stations, sampling a broad area of
the Zagros fold and thrust belt.

Below ASAO and NASN which are located in the
UDMA, the sedimentary layer has a thickness of
~5 km and crystalline crust varies from ~44 km be-
neath ASAO to ~53 km beneath NASN. The average
shear wave velocity of crystalline crust beneath these
stations is ~3.8 km s ™', which is higher than what we
observed for the Zagros fold and thrust belt. Crustal
structure beneath the KRBR station, located in the
Central Iran domain consists of ~7-km thick sedimen-
tary layer over ~40-km thick crystalline crust. Crust
beneath SNGE, the only station located in Sanandaj—
Sirjan zone consist of ~9-km thick sedimentary cover
and a very thick crystalline crust with a thickness of
~50 km. Below SNGE, for some of the stacked RFs, an
interface is observed at ~45-km depth.

4 Discussion

We determined the crustal velocity structure beneath
the seven broadband seismic stations of INSN located
in the Zagros, SSZ, UDMA, and the Central Iran by
simultaneously inverting receiver functions and funda-
mental mode Rayleigh wave group and phase velocity
measurements.

BNDS, GHIR, and SHGR are located in the Zagros
fold and thrust belt. Our results indicate that the aver-
age crustal thickness beneath the Zagros Mountain

Fig. 8 Results of joint inversion of receiver function and funda- p>
mental-mode Rayleigh wave group velocity dispersion for stations
SHGR, BNDS, SNGE, NASN, ASAO and KRBR for one of the
back-azimuth bin receiver function stacks. For each station, the
receiver function is at the upper right, the surface wave group
velocity dispersion at the lower right, and the model at the left.
Black arrow indicates inferred Moho. Other elements of the figure
is the same as Fig. 5
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4 Fig. 9 Results of joint inversion of receiver function and surface
wave phase velocity dispersion for stations SHGR, BNDS, SNGE,
NASN, ASAO, and KRBR for one of the back azimuth bin
receiver function stacks. Rayleigh wave phase velocities computed
for the closest path to the station which crosses the same structural
units. Other elements of the figure is the same as Fig. 5

Range varies from ~46 km in Western and Central
Zagros beneath SHGR and GHIR up to ~50 km be-
neath BNDS, located in easternmost of the Zagros. We
found the same crystalline crust of ~34-km thick be-
neath the different parts of the Zagros fold and thrust
belt, identical with total thickness of the crystalline crust
(~35 km) proposed by Hatzfeld et al. (2003). Very
gentle increase in the thickness of the sedimentary layer
from western to eastern parts of the Zagros is the main
reason for little observed variation in the Moho depth.
Toward SSZ and UDMA located NE of the Zagros, we
observe an increase in Moho depth, where it reaches from
~46 km beneath the Central Zagros (GHIR) to ~58 km
beneath SSZ (SNGE). Our results also reveal that the
average thickness of the sedimentary cover varies from
~10-14 km in the Zagros fold and thrust belt to an average
of ~6 km beneath SSZ, UDMA, and Central Iran. In spite
of this observation, the crystalline crust is thickened be-
neath SSZ and UDMA considerably. In general, a crustal
thickening is observed from the Arabian platform towards
the main Zagros thrust fault and SSZ, as proposed by
Snyder and Barazangi (1986) based on gravity data and
Paul et al. (2006, 2010) based on seismological constrains.
The thickening of the crust beneath the SSZ is related to
overthrusting of the crust of the Arabian margin by the
crust of Central Iran along the MZT (Paul et al. 2006).
Results of the joint inversion of receiver function
and surface wave group and phase velocity dispersion
below KRBR are consistent with a crystalline crust of
~40-km thick and a Moho located at ~47-km depth. A
sedimentary layer, 7-km thick, obtained below KRBR
is in good agreement with ~8 km of sedimentary cover
reported by Tatar et al. (2005) for the Bam region
located in the same tectonic zone. Most of the crustal
structure studies show a moderate thickness for crust in
Central Iran, (e.g., Giese et al. 1983; Dehghani and
Makris 1984; Paul et al. 2006; Afsari et al. 2011).
Our observations indicate an increase of the average
crustal thickness beneath the UDMA from ~50 km in
western parts below ASAO to ~58 in central parts below
NASN. The same thickening of the crust is observed
beneath the SSZ from the northwestern to the central
parts (Paul et al. 2010). The Moho depth is comprised

between 69+2 and 56+2 km in central and northwest of
SSZ, respectively (Paul et al. 2010).

5 Conclusion

The simple crustal velocity models have been derived
through the joint inversion of stacked RFs and
Rayleigh wave dispersion for seven permanent seis-
mological stations located in the Zagros continental
collision zone. Simplified models by amalgamating
the thin layer with the same velocity as thicker layer
show that all receiver functions can be well fitted using
a three- or four-layer model, containing a sedimentary
layer, and/or a mid-crustal discontinuity separating
upper and lower crystalline crust, over the uppermost
mantle. The error analysis showed that the estimated
Moho depth could be offset up to £2 km.

Our results show that the Moho under the stations is a
sharp discontinuity that varies from ~46 km in Western
and Central Zagros beneath SHGR and GHIR up to
~50 km beneath BNDS located in easternmost of the
Zagros. However, the same crystalline crust of ~34-km
thick was found beneath the different parts of the Zagros
fold and thrust belt. The Moho depth reaches ~58 km
beneath SNGE, indicating a considerable increase of
crustal thickness from the Central Zagros toward the
Sanandaj—Sirjan zone. An increase of the average crust-
al thickness is also observed beneath the UDMA from
~50 km in western parts below ASAO to ~58 in central
parts below NASN. The Moho discontinuity beneath
the KRBR station is located at ~47-km depth, revealing
a moderate thickness of crust for Central Iran.

The observed variation along the SSZ and UDMA
may be associated to ongoing slab steepening or break
off in the NW Zagros, comparing underthrusting of the
Arabian plate beneath Central Zagros as suggested by
Mouthereau et al. (2012). However, the similarity of
crustal structure below SHGR, GHIR, and BNDS sug-
gests that the crust of the Zagros fold and thrust belt
was uniform before subsidence and deposition of the
sediments. Our results confirm that the shortening of
the western and eastern parts of the Zagros basement is
small and has only started recently as already sug-
gested by Hatzfeld et al. (2003) for the Central Zagros.
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