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Abstract: A detailed knowledge of the thickness of crust and upper mantle structure
is important for understanding a plate tectonics and geodynamics in the region. We
use body wave for detecting details of the subsurface structure. The information in this
research is collected from a seismic linear profile that extends across the Sanandaj-Sirjan
metamorphic zone in seismic states of Central Iran and Zagros. We compute P receiver
functions to investigate crustal and upper mantle discontinuities. We use teleseismic
events (mb > 5.5, 30°< A <95°) registered between 1996 and 2018 and recorded at 10
short-period stations with 3 components and 17 broadband stations with high signal to
noise ratio. The observed depth of Moho in the study area is approximately 50 km and
rises to 70 km at the end of the seismic linear profile beneath Sanandaj-Sirjan zone. In
Central Iran, depths discontinuities in the transition zone are shown by the reference
model of deviation, which can be attributed to the convergence of Arabian plate with the
Central Iran plateau. Also, the study area was identified as geothermal susceptibility by
SUNA and this observation was confirmed.
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1. Introduction

The Iranian plateau is part of the Alpine Himalayan orogenic belt. The
study area consists of the part of Central Iran and parts of the Zagros Moun-
tain. The Zagros collision zone comprises three major sub-parallel tectonic
elements (Fig. 1). They are, from SW to NE, the Zagros Fold and Thrust
Belt (Zagros), the Sanandaj-Sirjan Metamorphic Zone (SSZ), and the Ur-
mieh-Dokhtar Magmatic Assemblage (UDMA) (Stécklin, 1968; Ricou et al.,
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1977). The SSZ extending in a narrow long (150-200 km wide) belt is the
inner crystalline zone of the Zagros orogen and is parallel to the MZF. The
SSZ is bounded to the northeast by the UDMA, which is interpreted as an
Andean-type, subduction-related volcanic arc (Berberian and King, 1981).
The Central Iranian is constituted of separated blocks that drifted from
Gondwana in the Permian to early-Triassic and subsequently accreted onto
Eurasia along the Alborz and Kopeh-Dagh sutures during the late Triassic
closure of the Paleo-Tethy (Fig. 1) (Falcon, 1974).

The mantle transition zone separates the upper mantle and the lower
mantle. The characteristics of the mantle transition zone are crucial for un-
derstanding the inner movement of the Earth. The mantle transition zone is
bounded by 410km (Jeffreys, 1936) and 660km (Niazi and Anderson, 1965)
seismic discontinuities. However, the 410 km discontinuity is usually more
difficult to detect due to smaller velocity contrast and a regional more com-
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Fig. 1. Main structural units in Iran. Inverse triangles represent 28 seismic stations used
in this study. UDMA: Urumieh-Dokhtar Magmatic Arc; SSZ: Sanandaj—Sirjan Zone.
Main Zagros Thrust Fault (MZF) is shown in the figure.
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plex topography than the 660 km discontinuity (Bina and Helffrich, 1994;
Flanagan and Shearer, 1998b). Furthermore, locally a weaker discontinu-
ity between them has been observed at a depth 520 km (Shearer, 1990).
These two main upper mantle discontinuities at 410 km and 660 km indi-
cate the phase transformations in the Olivine component of mantle rock due
to increasing pressure. Thermodynamic equilibrium depths depend on the
surroundings mantle temperature and pressure conditions, described by the
Clapeyron slope (Suito, 1977). The Clapeyron slope is defined by the tem-
perature change that causes the phase change with the pressure change. The
phase transformations at the 410 km discontinuity have a positive Clapey-
ron slope and at the 660 km discontinuity have a negative slope. The values
of the Clapeyron slope are expressed by Helffrich (2000). If temperature
changes occur in the region the phase equilibrium depth will change and the
thickness of the mantle transition zone will increase or decrease.

For anomalously cold areas e.g. subducting slabs, 660 km discontinuity is
deeper, while 440 km discontinuity is shallower. However, at the same time,
the depression of 660 km discontinuity is visible, while the uplift 410 km
discontinuity is hard to distinguish (Gu et al., 1998; Flanagan and Shearer,
1998a,b). The vertical displacement thickness of the transition zone is cal-
culated through the conversion of the pressure difference to depth (Stein and
Wysession 2003).

The variation in depth to the 410 km and 660 km discontinuities and the
mantle transition zone thickness indicate the local variations in temperature
and are a sign of the lateral variation in thermal structure of the mantle
transition zone. Therefore studying the depth of these discontinuities will
give us a clear understanding of the temperature anomalies that affect the
velocity of seismic waves in the upper mantle, deviation from the global
model value (Kennet and Engdahl, 1991). For more than two decades, the
P receiver function method has been used to investigate the structure of
the upper mantle discontinuities. Seismic discontinuity is the boundary be-
tween two layers with high velocity contrast. This method for studying crust
structure in Central Iran has been investigated in several studies with dif-
ferent data (Paul et al., 2006, 2010; Shad Manaman and Shomali, 2010;
Afsari et al., 2011; Mohammadi et al., 2013a; Taghizadeh-Farahmand et
al., 2015). Their results shown the Moho depth in Central Iran changes
between 35-55 km and reaches to ~65 km in northern of SSZ. But, there is
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little information about the upper mantle transition zone in Central Iran,
which is studied by Rocky and Kaviani (2010), Motaghi et al. (2017) and
Kaviani et al. (2018). All of them indicate that the discontinuities boundary
deviates slightly from in the IASP91 velocity model at 410 km and 660 km.

Today, humans have a problem with the supply of clean energy, and
geothermal study in Iran (Yousefi et al., 2007) has shown that there are ar-
eas in our study area that are prone to geothermal energy, so seismic studies
can help to confirm study on geothermal-prone areas. Studying the upper
mantle and the 410 km and 660 km discontinuity boundaries can be a way
to confirm the existence of a heat source inside the earth.

In this study, we use P receiver function method for structure of crust
and upper mantle transition zone on a seismic linear profile that continues
across Jiroft to Ashtian zone with a suitable distribution of seismic stations
parallel to the Main Zagros Fault in the study area compared to previous
studies. The location and distribution of seismic stations in this study are
shown in Fig. 1.

2. Data and method

The study area is located in Central Iran tectonic zone and Zagros zone. In
this paper, we used teleseismic P receiver function for estimation of crust
thickness depth and upper mantle transition zone thickness under each sta-
tion. The data used consist of recordings from Tehran (SFB), Esfahan,
Yazd, Kerman and Bandar Abbas, three-component telemetry seismic net-
work that were acquired from Iranian Seismographic Center (ISC) of Tehran
Geophysics Institute and several broadband telemetry seismic stations of
Kerman, Qom, Nain, Khomein and Ashtian were extracted from Iranian
National Seismological Network (ISNS) of the International Institute of
Earthquake Engineering and Seismology (ITEES). Names and location of
these stations are shown in Fig. 1. Teleseismic data were recorded since
establishment until 2018. Over 1000 teleseismic events (Fig. 2) whose mag-
nitude exceeded 5.5 mb and epicentral distances ranged from 30° to 95°
were utilized in initial stage of PRFs analysis.

Recording mapping with obviously start of P wave and great signal /noise
ratio (larger than 4) were chosen at every station from teleseismic earth-
quake. A good method to locate the discontinuities of the upper mantle
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under seismic station is teleseismic receiver function analysis (Vinnik, 1977;
Li et al., 2000a,b). We applied the P receiver function method to estimate
Moho depth and deep mantle discontinuities. A teleseismic P wave that
strikes on a discontinuity under a seismic station creates a delayed converted
shear wave after the P wave. The temporal difference between conversion
of 410 km and 660 km discontinuities relies on the shallow mantle struc-
ture. Thus, it reveals transition zone thickness. It is usable to estimate
the variation in thickness of the mantle transition zone by comparing this
different time with the global average value (24.0 s for the IASP91 model at
a reference distance of 67°). The temperature variation there can happen
through change of the thickness of transition zone (Li et al., 2003), therefore
it is possible to estimate geothermal region in this study.

Epicenter o

Fig. 2. Distribution of teleseismic events (yellow circles) recorded by seismic network
between 1996 and 2018 and used to calculate P receiver functions. The red star shows
the approximate position of the network. The black solid circles mark the 30° and 95°
epicentral distances, respectively.

A 110 s long time window was considered which begins 10 s prior to
100 s following the P-onset arrival time. The length of the time window
is chosen to observe the P to s converted phase in Moho and its multi-
ple reflections. The estimation of PRFs from three-component seismometer
includes broadening to response of a short-period instrument into a more
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useful teleseismic frequency band, deconvolving the instrument from the
original records. The ZNE component wave forms are then rotated into the
ZRT coordinate system. The Z component rotated into LQT ray-based co-
ordinate system for isolated P to s conversions from direct P wave. Finally,
with deconvolution of the L. component from the Q component, P to S con-
version is secluded on the Q component. The Q component contains mainly
the converted P to s waves and is named P receiver function. A low-pass
filter of 2 s is used for the P receiver function. They are stacked after
move-out correction for reference slowness of 6.4 s/°. In addition to the
converted phase s the final receiver function contains multiple reflections
created by each velocity discontinuity. More information about the exact
depth of discontinuity and Poisson’s ratio could be obtained by multiple re-
flections (Yuan et al., 2002; Zhu and Kanamori, 2000; Zandt and Ammon,
1995).

3. Observations

The P receiver functions were calculated for all seismic network stations at
about 1000 teleseismic earthquakes which were mostly in the back azimuth
of 20° to 130°. For each station, we selected the receiver functions that had
a visible P-to-S converted phase.

e Kerman seismic network

Kerman broadband seismic network located in the Central Iranian plateau.
This network includes 7 stations, from which the 6 stations were useful
for calculation of receiver functions. Individual and summation PRF's for
station KHGB are presented in Fig. 3. The conversion with the great-
est coherence belongs to Moho boundary, emerging with 4.7-7.2 s delay
time. The second positive phase (MC) at 3-4 s observed beneath almost
all stations can be a discontinuity in the upper crust.

e [sfahan seismic network
Esfahan short period and broadband seismic network is located in the
Central Iranian Plateau and Sanandaj-Sirjan zone. Esfahan seismic net-
work includes 9 stations and 8 of them were used to calculate receiver
functions. Individual and summation PRFs for station KLH are pre-
sented in Fig. 3. Moho converted phase arrived with 5-7 s delay time
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Fig. 3. The receiver functions for seismic network stations were displayed in the time
window —5 to 30 s which were sorted by increasing back azimuth. Individual PRF with
summation traces for some stations in each network are presented. Individual seismograms
are plotted equally spaced and sorted by increasing back azimuth (shown in the right).
The Ps conversion phases from the sediment (1-2 s, labeled B), the middle crustal layer
(3—4s, labelled MC) and Moho (4.7-6.7s, labeled Moho Ps) are labelled on the summation
traces.

401



Javadi S. et al.: Seismic images of crust and upper mantle in Central Iran... (395-412)

and is observed beneath all stations. The first positive phase (B), which
arrives just before the Moho converted phase around 0.5-1 s, is visible at
almost all stations. This phase can be a conversion from a sedimentary
layer near the surface of the earth. The second positive phase (MC) at
about 3—4s delay time which is observed beneath almost all stations, can
be a discontinuity in the upper crust.

e Yazd seismic network

Yazd short period seismic network is located in the Central Iranian plateau.
This network includes 5 stations and 2 stations didn’t have acceptable
data because of high noise. The Moho converted phases can be observed
at time ranges between 4.4-6.5 s which is coherent phase at all of the
stations. The first positive phase (B) arrives at about 0.5-1 s delay time
which can be a sedimentary layer near the surface of the Earth. The sec-
ond conversion phase (MC) at 3's delay time which can be seen beneath
BAF station (Fig. 3), could be a discontinuity in the crust.

e Minab seismic network

Minab broadband seismic network is located above the strait of Hormoz
and southeastern of Zagros zone. Minab seismic network has 3 stations
and we calculated receiver function for 2 stations. Individual and summa-
tion PRFs for station GENO are presented in Fig. 3. The P—S conversion
phases from the Moho at time 5-7 s observed on the summation traces
is coherent phase at all of the stations. The first positive phase (B) was
observed at about 0.5-1 s delay time, which can be a sedimentary layer
near the surface of the earth. The other positive phase (MC) beside the
Moho converted phase, which emerged ranging from 2 to 3 s, can be a
discontinuity in the crust of the Earth.

e Tehran seismic network
Tehran seismic network is located in the Central Alborz and had 11 sta-
tions from which 1 station is within the region of this study. P receiver
function at SFB station is shown on Fig. 3. Moho converted phase arrive
with 5.6-7.8s delay time. The first converted positive phase (B) observed
at about 0.4-1.6 s can be a surface sedimentary layer.

e Iranian National Seismological Network
We used 6 seismic broadband stations of Iranian National Seismological
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Network. The Moho converted phase is observed at time ranges between
4.5-7.2 s delay time. Individual and summation PRF's for station NASN
are presented in Fig. 3.

In this study, receiver function forward modelling was used to calculate
depth of Moho beneath every station. The results of the P receiver function
analysis from recorded teleseismic data in the seismic stations are listed in
Table 1, and also the Moho depth variations are shown in Fig. 4.

Table 1. Name of seismic networks, station code, detected time of Ps conversion on Moho
(s), observed depth of Moho (km) and number of PRFs for each station.

Network | Station code | Ps Moho time | Moho depth | No of PRFs
(s) (£2, km)
PIR 5.2 44.0 42
GAR 7.1 60.5 7
KLH 4.7 40.0 34
Isfahan ZEF 6.6 51.0 29
RAM 6.0 51.0 11
KRSH 5.0 41.5 57
QAMS 5.0 415 105
ANAR 5.6 45.0 30
BAF 5.5 46.0 22
Yazd CHK 4.4 37.0 23
SAD 6.5 54.0 34
CHMN 7.0 60.0 44
NGRK 6.3 54.0 33
Kerman KHGB 6.7 57.0 87
KBAM 7.2 61.0 68
TVBK 4.8 41.0 24
Minab GENO 7.0 60.0 58
BNB 5.3 43.0 37
Tehran SFB 6.3 50.0 49
ASAO 6.8 52.0 83
BNDS 7.2 59.0 58
INSN GHVR 4.7 37.5 45
KRBR 5.0 42.0 69
KHMZ 8.0 65.0 27
NASN 6.6 54.0 65
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Fig. 4. The map of Moho depth variations in study area.

4. Discussion

We use P receiver functions to map the Moho and the upper mantle 410 km
and 660 km discontinuities. For this purpose, we calculated the delay time
between converted P to S and direct P than migration of this time delay to
depth.

To derive an improved image of the crust beneath the Central Iran,
Urumieh-Dokhtar magmatic arc (UDMA) and Sanandaj-Sirjan zone (SSZ),
we considered two SW-NE trending profiles (AA’ and BB’) perpendicular
to the strike of the Zagros Mountain belt (Fig. 5).

PRFs were then back projected and migrated into depth along the pro-
files (refer to Figs. 6 a-b). A 50-km data band from either profile sides was
considered for each profile. To migrate from the time domain to the depth
domain, we used the IASP91 reference model (Kennett and Engdahl, 1991).
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Fig. 5. Location of piercing points (blue and red crosses) of P receiver functions at 410 and
660 km depth, respectively. Green lines mark the location of tow SW—-NE and one NW—
SE trending profiles used for depth migration. The seismological stations are shown with

yellow inverted triangles. The B and T represent the locations of Bazman and Tafttan
volcanoes.

The positive amplitudes of receiver functions are plotted red and indicate
velocity increase downwards, while blue colour shows negative amplitudes
and indicate velocity reduction downwards.

As Figure 6 shows, the Moho depth increases from north-east to south-
west. The Moho depth is estimated to be at ~50 km depth along all two
profiles with a sudden increase to a depth of about 60-70 km beneath the
KHMZ in SSZ (Fig. 6a) These results are in good agreement with those ob-
tained from the detailed P receiver function analysis along profiles crossing
the Zagros belt (Paul et al., 2006, 2010; Mohammadi et al., 2013a; Moham-
madi et al., 2013b). Also, the Moho depth suddenly increases to a depth of
60-70 km and beneath the GENO and BNDS stations (Fig. 6-b) which is

consistent with the results of previous studies (Shad Manaman et al., 2011;
Taghizadeh-Farahmand et al., 2015).
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Fig. 6. (a) 2D migrated PRFs along profile AA’. The positive (negative) amplitudes
of receiver function are plotted in red (blue). The Moho depth lies at ~55 km with an
increasing to about ~70 km towards SW. (b) displays the analogous scheme to (a) along
profile BB'. Note the thinnest crust is seen beneath the SW part of profile BB'.

The imaging of transition zone boundaries of 410 km and 660 km are
appropriate in the P receiver function depth section, as shown in Fig. 7.
This figure displays 2D migrated PRFs together with profile CC’ moving
through Central Iran, UMDA and SSZ. A 150-km data band from each side
of the profile was considered for the profile CC’.

The resultant migrated depth sections of P receiver functions show the
crustal thickness about 50 km and an abrupt thickening about 70 km in
the starting of profile (C point) in Sanandaj-Sirjan zone that can be well
confirmed by the previous PRFs result in this region (e.g., Sodoudi et al.,
2009; Paul et al., 2006, 2010; Afsari et al., 2011; Mohamadi et al., 2013;
Taghizade-Farahmand et al., 2015). Results of Motaghi et al. (2015, 2017)
studies by receiver function method showed the Moho thickness reaches its
maximum in SSZ. According to their velocity model, crustal thickness is in-
creasing beneath the Zagros from 43km to 50km (beneath the main fault of
Zagros) that gradually has increased beneath SSZ and UDMA and reaches
its maximum (62 km) beneath the border of these zones. Also, the crustal
thickness is reduced to 42 km beneath Central Iran. These results are ac-
cording to our study.

The 410 km and 660 km discontinuities are not smooth and include
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Fig. 7. 2D migrated PRFs along profile CC’. The positive (negative) amplitudes of
receiver function are plotted in red (blue). The Moho depth lies at ~50 km with an
increasing to about ~70km. The 410km and 660 km discontinuities are not flat and have
anomaly near and under volcanoes that have been derived from the standard TASP91
global earth model.

anomaly in the proximity of volcanoes and beneath them, which have been
extracted from the standard IASP91 global earth model. Due to the ac-
ceptable depth of Moho in this study, the boundary of discontinuities in the
transition zone of the mantle can be considered acceptable. The discontinu-
ities of mantle transition zone are showing deviation from reference model
that can be due to velocity variation of P waves beneath this area. The
velocity variation may indicate temperature anomalies in the mantle tran-
sition zone. Along the CC’ profile, the maximum increase in equilibrium
depth at 410 km is about 60 km, about 1200 km from the beginning of the
profile, which is equivalent to an increase in temperature of about 1000 °C
(as Helffrich (2000) model). A decrease in equilibrium depth at 660 km is
about 30km after 600km and 1200km from the starting point of the profile,
which is equivalent to an increase in temperature of about 400 °C.
According to the studies of Molinaro et al. (2005), Shad Manaman et al.
(2011) and Shomali et al. (2011), uplift of the asthenospheric material from
the shallow mantle due to the fracture of the Arabian subduction plate might
be leading to a significant thinning of the lithosphere beneath the northern
part of UDMA and Central Iran. This can result in thermal anomalies in
the transition zone relative to its adjacent depths. It could also be a reason
for the stable Central Iranian plateau. Our studies show a thickening in
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the transition zone compared to the reference model (Kennet and Engdahl,
1991). This increase in thickness is due to the increase in velocity that
can indicate a negative temperature anomaly in the transition zone relative
to the ambient which is a consequence of the convergence of the Arabian
plate and Central Iran plate. These results confirm previous studies (Shad
Manaman and Shomali, 2010; Rocky and Kaviani, 2010; Shomali et al.,
2011). Rocky and Kaviani (2010) and Kaviani et al. (2018) interpreted this
anomaly (the thickening of the mantle transition zone) as the remnants of
the Neo-Tethys ocean, which created a heat shield that prevented heat trans-
fer to the upper layers of the earth and cause abnormal gradient of velocity
changes. Kaviani et al. (2018) used the method of common conversion point
stacking of P wave receiver functions to investigate the topography on the
410 km and 660 km discontinuities. Their results showed that thickness of
MTYZ is variable in central Iran, a highly depressed 410 km and a normal to
slightly uplifted 660 km lead to a thinning of the MTZ. Tomography study
by Alinaghi et al. (2007) and Tokséz et al. (2010) revealed the high-velocity
anomaly at the 660 km discontinuity in mantle transition zone and showed
an increase in velocity at the 410km discontinuity beneath Bazman volcano
(at the ending of profile CC’). Consequently, a decrease in the equilibrium
depth of discontinuities is observed in 2D migrated depth section of PRFs
(Fig. 5) beneath the south-east of profile CC’. Along the profile (CC’), the
thinning of the transition zone is visible at the end of the profile (C’ point),
which may be due to the local hot anomaly in upper mantle near Taftan
and Bazman volcanoes, this result has also be seen in study by Kavian: et
al. (2018).

Jackson (2000) in his study explained that low velocity and negative
velocity gradient in the upper mantle may illustrate hot and low density
upper mantle. Tokséz et al. (2010) studies in Iran showed the variation in
wave velocity in this region at a depth of 400km and 600km which indicates
the temperature anomaly in the depths. Our results from the findings of P
receiver function are in line with the findings of previous research.

5. Conclusions

P receiver functions analysis findings (gathered from teleseismicincidents
at a seismic profile) show clear images from the Moho and upper mantle
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discontinuities.

The average depths of Moho are 50 km in observed area which rises
toward 70 km beneath the Sanandaj-Sirjan zone (under KHMZ station).

The 410 km and 660 km discontinuities transition zone show deviation
from reference model that can be due to temperature anomaly in the mantle
transition zone. The maximum deviation of the 410 km discontinuity is
about 60 km at 1200 km from the beginning of the seismic profile which
is equivalent to an increase in temperature of about 1000 °C. Also, the
maximum deviation of the 660 km discontinuity is about 30 km at 600 and
1200 km from the beginning of the seismic profile that is equivalent to a
decrease in temperature about 400 °C. Deviations are more visible on the
410 km than on 660 km discontinuity. The thickness of the mantle transition
zone beneath Baseman volcano decreases and beneath the other region of
this study is increasing which may be due to the convergence of the Arabian
plateau with the Central Iranian plateau.

The study of area, which was identified by SUNA/Renewable Energy
Organization Iran (http://www.energyhub.ir) and Yousefi et al. (2007)
as a geothermal susceptibility, is also confirmed in the observations of this
research.
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