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Abstract

We obtained a three-dimensional (3D) shear wave velocity model of the upper crust of the Iranian
Plateau, based on the inversion of fundamental mode Rayleigh wave group velocity. The surface
wave group velocity measurements for the period range 5-25 s were extracted from two seismic
data sets: ambient noise cross-correlations and regional earthquakes. The low shear wave velocity
(V) anomalies of the upper crust correspond to regions of thick sediments. The surrounding basins
of the Plateau, the South Caspian Basin (SCB) in the north and the Zagros Fold-Thrust Belt
(ZFTB) and the Makran accretionary wedge in the south form the thickest sedimentary covers of
the region exceeding 20 km. The thickest parts of inland basins such as the Jazmurian depression
and the Dasht-e Kavir are ~10 km. The V; structure of southern Zagros is almost homogeneous at
all levels of the crust, but the low velocity anomaly beneath the southern Lorestan Arc separates the
central Zagros from the northernmost Zagros. The volcanic belt of the Makran Subduction Zone
forms another large/deep low velocity zone, where the observed low V possibly results from
magma migration and heat transfer from the mantle wedge of the subduction zone. High velocity
regions in the upper crust are observed in the Sanandaj-Sirjan Zone (SSZ), the Urmia-Dokhtar
Magmatic Assemblage (UDMA), and in the south of the Lut Block.
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1 Introduction

A continent-continent collision can thick-
en the crust, and the surface uplift ac-
companying the collision can create a
plateau. The Arabia-Eurasia collision
which initiated about ~25 Ma is similar to
the Indo-Eurasian collision (initiated ~55
Ma) which created the Himalayas and
Tibet (Hatzfeld and Molnar, 2010). Stud-
ies of the Zagros collision zone and the
Iranian Plateau can provide clues to un-
derstanding the earlier stages of continen-
tal collision processes.

The Iranian Plateau (Fig. 1) accommo-
dates ~22 mmiyr (e.g.,, Vernant et al,
2004a, 2004b; Khorrami et al., 2019) of
the northward motion of the Arabian
Plate relative to Eurasia. The deforming
zone is bounded by the Zagros orogeny in
the west and south, the Makran Subduc-
tion Zone in the southeast, the Afghan
Block in the east, and the Alborz and Ko-
peh Dagh Mountains in the north. The
Plateau consists of several aseismic rigid
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blocks that are trapped between the com-
pressional belts. This tectonic structure
results in various styles of deformation in
different parts of the collision zone. Crus-
tal shortening and thickening occur in the
mountain ranges of Zagros, Talesh, Al
borz, Binalud, and Kopeh Dagh, while
NS strike-slip faulting system takes place
in central and eastern Iran, and subduc-
tion occurs beneath the Makran. In the
western part of the Iranian Plateau, the
Zagros Mountains accommodate ~10
mm/yr of the convergence (e.g., Tatar et
al, 2002) and the remaining part is taken
up in the Alborz Mountains and the Ap-
sheron subduction in the Caspian Sea
(Priestley et al., 1994; Jackson et al,
2002). In the southeast, the Makran sub-
duction accommodates about half of the
northward motion of Arabia with the re-
mainder accommodated in the mountain
belts of the northeast part of the Plateau
(e.g., Vernant et al., 2004a; 2004b).
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Fig 1. Geological map of Iran. The abbreviations are: Zagros Fold-Thrust Belt (ZFTB), the Sanandaj-Sirjan
Zone (SSZ), the Urmia-Dokhtar Magmatic Assemblage (UDMA), Makran Subduction Zone (MSZ), the
Jazmurian depression (JAZ), the Sistan Belt (SB), the Lut Block (LB), Kopeh Dagh (KD), the Binalud
Mountains (BIN), Central Iran (CI), the South Caspian Basin (SCB), the Alborz Mountains (ALB), the Ta-
lesh Mountains (TAL), the Main Recent Fault (MRF) and the Main Zagros Thrust (MZT). Solid lines repre-
sent the active faults (Hessami et al., 2003). GPS velocity vectors are from Vernant et al. (2004b).
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Iran is one of the most seismically ac-
tive regions in the world and the relation-
ship between seismicity, distribution of
surface tectonics and faulting systems,
and the deeper structures of the crust and
uppermost mantle can provide fundamen-
tal insight into the continental defor-
mation processes. The production of a
comprehensive velocity model for the
upper crust enables us to provide insight
into these issues, as well as increase the
understanding of the nature of the region-
al continental deformation.

The lithosphere of the Iranian Plateau
has been previously investigated using
different seismic tomography techniques
(e.0., Maggi and Priestley, 2005; Shad
Manaman et al., 2011; Priestley et al.,
2012; Rahimi et al., 2014; Movaghari and
Javan Doloei, 2020; Kaviani et al., 2020;
Movaghari et al, 2021), but more de-
tailed studies are required to constrain the
geodynamical evolution of the region. To
this end, we have assembled a data set of
ambient noise and regional earthquakes
to extract fundamental mode Rayleigh
wave group Velocity measurements to
build a three-dimensional (3D) model of
the upper crust. We inverted one-
dimensional (1D) path-averaged group
velocities in the period range 5-25 s to
get two-dimensional (2D) maps of group
velocity. Variations in  the dominant
trends of wvelocity provide clues to the
geological deformation of the region. In
the following sections, the data and
method used in this study are introduced.
We then present the group velocity
tomograms and shear wave \velocity
models at different depths, and discuss
their relationship with the geology of the
region.

2 Data and Methodology

The data for this research come from a
large number of permanent and tempo-
rary broadband seismic stations located
over the whole of Iran and the surround-
ing region. We used data from the per-

manent stations of the broadband Iranian
National Seismic Network (INSN) and
the Iranian Seismological Center (IRSC).
In addition, recordings from stations in
the surrounding regions were obtained
from the Incorporated Research Institu-
tion for Seismology (IRIS) Data Center.
Data from the permanent seismographs
were supplemented by seismograms from
five temporary seismic networks operated
by the Institute for Advanced Studies in
Basic Sciences (IASBS) and the Univer-
sity of Cambridge, as well as the CIGSIP
array (the China-Iran Geological and Ge-
ophysical Survey in the Iranian Plateau).
To enlarge the dispersion data set, we
merged our dispersion measurements
with the dispersion measurements of Gil-
ligan and Priestley (2018). Fig. 2 shows
the locations of the stations used for both
ambient noise and regional earthquake
measurements.

To obtain fundamental mode Rayleigh
wave group Velocity dispersion curves
constraining the upper crust, we used in-
ter-station ambient noise Cross-
correlations and regional earthquake-
station pairs. The combination of the two
data sets provides a better lateral and
depth coverage and will reveal more
structural detail of the study area. We ob-
tained group velocity dispersion curves
using the multiple filter analysis (MFT)
program (Herrmann, 2013). More than
10400 vertical component seismic re-
cordings from regional earthquakes (at
epicentral distances between 100 and
5000 km) with magnitude = 4 were ana-
lyzed. The calculated group velocity dis-
persion curves from the earthquakes are
mostly in the 15 to 25 s period range. In
addition, some shorter period dispersion
curves were measured from earthquakes,
too. To compensate for the lack of shorter
period measurements from the earth-
quakes, we added group velocity disper-
sions from ambient noise  Cross-
correlations (mostly 5 to 25 s) recorded at
the sites indicated in Fig. 2. Before ex-
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tracting the ambient noise Green’s func-
tions, the raw seismic data were pro-
cessed as outlined in Bensen et al. (2007).
First, the wvertical component time series
were decimated to 1 Hz and the continu-
ous time series were cut to day-long seg-
ments. The instrument response, mean
and trend were removed and a band-pass
fiter of 0.01-0.5 Hz was applied on the
time series. Then, a running absolute

mean as a time-domain normalization
was applied to reduce the effect of earth-
quakes on the cross-correlations and the
time series were spectrally whitened. Fi-
nally, the processed time series for each
station pair were cross-correlated. To in-
crease the signal-to-noise ratio of the fi-
nal cross-correlations, the station-pair
cross-correlated time series were stacked.
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Fig 2. Distribution of the seismic stations used in this study. The red and the yellow symbols show the loca-
tions of the stations we used for the analysis of ambient noise cross-correlations and regional earthquakes,
respectively. The inversion of Rayleigh wave group velocity for points A, B, and C are shown in Fig. 5.

In the next step, the dispersion data
were tomographically inverted to obtain
fundamental mode Rayleigh wave group
velocity dispersion maps at ten periods
between 5 and 25 s. First, a grid with a
1°x1° spacing covering the study region
was constructed. Then, the inversion
method of Debayle and Sambridge
(2004) was employed to invert path-
averaged surface wave dispersion meas-
urements. This method is based on the
continuous  regionalization of Montagner
(1986) in which physical properties of the
model are considered as a priori infor-
mation. The variation of Rayleigh wave
velocity — with  propagation  direction
(Smith and Dahlen, 1973) involves one
isotropic coefficient and two anisotropic

coeflicients associated with the 20 terms.
The Debayle and Sambridge (2004) in-
version retrieves the three unknowns for
each grid point of the two-dimensional
(2D) model. We do not discuss the azi-
muthal anisotropy results for the upper
crust but have included it in the inversion
S0 as to not bias the isotropic results.
For a source-receiver path j, we have:

1 — 1 rS5 ds; (1)
Ud;(T)  A; “Ej U(T.0.9)
where Ud;(T) is the group wave-speed at
period T measured along the path, 6 and
¢ are the coordinates of the geographical
points along the great circle, and A; is the
source-receiver distance. U(T.0.¢) is the
local group wave speed at the geograph-
ical point. Using the great circle approx-
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imation, the inverse problem can be writ-
ten as a linear relationship between the
data wvector d containing the average
group slowness 1/U(T.0.¢) along each
path and a parameter vector m containing
the local group slowness 1/U(T.0.4) at
each geographical point along the path.
For a segmented jth path &s, we can
write:;

d=Gm 2
where the matrix G contains the partial
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derivatives ds/Aj. A Gaussian a priori co-
variance function controls the horizontal
degree of smoothing in the inverted mod-
el. By employing the formulation of
Montagner (1986), the Debayle and
Sambridge (2004) scheme incorporates
sophisticated geometrical algorithms
which  dramatically increase computa-
tional efficiency of the inversion. Fig. 3
shows Rayleigh wave group velocity
maps obtained for some of the periods.
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Fig 3. Results of fundamental mode Rayleigh wave group velocity tomography at different periods.

Checkerboard tests are among the
common procedures to examine the
resolution and retrieval strength of
seismic ~ wave  tomography  maps.
Parameters like density and azimuthal
gap of ray path distribution can affect the
test result. Here we performed checker-
board tests using synthetic input models
with 2° and 1° square-shaped alternating
patterns of high and low welocities. The
velocity perturbations of the synthetic
input for different periods are ~+/- 0.35
kmv/s with respect to the mean velocity of
the input data. Fig. 4 shows the raypath
coverage of the measurements and the
results of the checkerboard test at periods
of 6.5, 10, and 20 s. The checkerboard
tests indicate that both 2° and 1° checkers

are mostly well resolved across the Plat-
eau.

We next constructed pseudo-dispersion
curves for each node point and inverted
these curves for the shear wave wvelocity
profiles using the linearized least-squares
inversion algorithm of Herrmann (2013)
with a finely parameterized starting struc-
ture (2 km-thick flat-lying). The wave
speed of the crustal model used in start-
ing the inversion is based on the upper-
most mantle wave speed of AK135
(Kenrett et al, 1995). Fig. 5 illustrates
the steps taken for the inversion of Ray-
leigh wave group velocities at three geo-
logically different regions: The Fars Arc,
the SSZ, and the Dasht-e Kavir (see Fig.
2 for the locations).
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Fig 4. Raypath coverage and output models of the checkerboard test (2 and 1) at periods 6.5, 10 and 20 s.
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Fig 5. BExamples of fundamental mode Rayleigh wave group velocity inversion to shear wave velocity model
at points A, B, and C shown in Fig. 2. Upper panels: The observed dispersion curves (black dots with error
bars) and the synthetic dispersion curves for the final velocity model (solid red line). Lower panels: The final
V; model (solid red line).
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3 Results and Discussion

Fig. 3 shows the group velocity maps for
periods 6.5, 10, and 20 s. The short peri-
od waves (< 25 s) are primarily sensitive
to the upper crust. There is a strong corre-
lation between the thick sedimentary ba-
sins of the upper crust and low short pe-
riod group velocities (Laske et al., 2013).
The South Caspian Basin (SCB), the Zag-
ros Fold-Thrust Belt (ZFTB), the Makran
accretionary wedge, and the Dasht-e-
Kavir all show very low group velocities.
The volcanic belt of the Makran Subduc-
tion Zone also has anomalously low ve-
locities. The Sanandaj-Sirjan Zone (SSZ2)
and the Urmia-Dokhtar Magmatic As-
semblage (UDMA) have higher velocities
for the same period range. The lowest
group Velocities (< 2.2 knvs) are seen in
the SCB, the boundary of the Lorestan
Arc in western Zagros and Mesopotamian
basin, and the Makran accretionary
wedge. The SCB remains very low for all
periods. The Taftan and Bazman volca-
noes of the Makran Subduction Zone
stand out as low-velocity regions
compared to their surrounding areas.

0 5 10 15 20

Depth (km)
Fig 6. (a-d) Maps of shear wave velocity (Vs) at different depths. (e) Variations of the depth of shear wave
velocity of 3.1 km/s which can represent regions of thick sediment or anomalously warm crust.

Fig. 6 shows the maps of shear wave
velocity (Vs) variations to a depth of 22
km in our model. Vs in the upper crust
(< 20 km) is lowest (< 3.1 km/s) in re-
gions of thick sediment in the Zagros
Foreland Basin, the Makran accretionary
wedge, the SCB, and to a lesser extent in
the Dasht-e Kavir, the southern margin of
the Dasht-e Lut, the Jazmurian basin, the
northern end of the Sistan belt, and the
lowland region connecting the eastern
Alborz to the Kopeh Dagh Mountains.
The lowest upper crustal Vs (< 2.7 kms)
occurs beneath the SCB, the Simply
Folded Belt (SFB) of Zagros and the
Makran Subduction Zone and its volcanic
arc. In the uppermost crust (< 5 km)
depth range, most of the Plateau shows
velocities lower than 3.2 km/s. Higher Vs
anomalies (3.2 to 3.4 km/s) in western
Alborz, SSZ and UDMA, and the central
Dasht-e Lut represent contrasts to their
surroundings. In the deeper layers of the
upper crust, in the depth range 10-20 km,
the high velocity rocks (~3.7 km/s) which
are the typical medium of the lower crust,
are present in SSZ, UDMA, the Lut
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Block, central Alborz, and eastern Bi-
nalud.

In the ZFTB, a thick sedimentary cover
(maximum of ~12-16 km) has been re-
ported (e.g., Alavi, 2007; Teknik and
Ghods, 2017) overlying the crystalline
basement. Our model for the Zagros
orogeny generally shows a thick layer (5-
15 km) of low Vs beneath the foreland
basin and the ZFTB, decreasing in thick-
ness beneath the High Zagros, and thin-
ning out beneath SSZ and UDMA. The
SFB shows low-velocity upper crust, but
the Izeh Zone which exhibits a quite dif-
ferent crustal deformational morphology
from the Lorestan and Fars arcs (Fig. 1),
has a higher Vs upper crust. There are
two deep low Vs anomalies (> 15 km-
thick) located in the southern Lorestan
Arc (labelled “L” in Fig. 6-e) which is
adjacent to the Mesopotamia Basin and
the lzeh Zone, and the central part of the
Fars Arc (labelled F in Fig. 6-e). Our
model confirms these two regions as the
deepest sedimentary covers of the Zag-
ros. Region “F” of the Fars shows low
velocities as deep as ~18 km. The
Lorestan low Vs anomaly goes even
deeper to more than 20 km and extends
under the SSZ. Recent studies by Maheri-
Peyrov et al, (2020) and Movaghari and
Javan Doloei, (2020), have reported a
low-velocity anomaly for the upper crust
of the Lorestan region based on local P
wave \elocity and Rayleigh wave phase
velocity results, respectively. The large
low velocity zone in the Lorestan com-
prising the whole upper and middle crust
can be related to another mechanism be-
sides a thick layer of sediment. Regarding
the high seismicity pattern of this region
(e.g., Karasozen et al., 2019), the low Vs
crust can be interpreted as the combina-
tion of a thick layer of sediments on top
of a crushed crystalline basement. The
occurrence of high Vs rocks (3.7 knvs) in
the upper crust of the SSZ can imply ex-
humation (e.g., Francois et al, 2014;
Barber et al., 2018) as a result of the crus-

tal-scale underthrusting of the Arabian
Plate under central Iran (Paul et al., 2006,
2010; Mouthereau, 2011; Movaghari et
al., 2021).

The Makran Subduction Zone has one
of the widest and thickest accretionary
wedges in the world (e.g., Kopp et al.,
2000). The coastal Makran has a wide-
band (> 100 km) of low velocity anomaly
< 3.1 km/s (with label “M” in Fig. 6-e)
exceeding a thickness of 15 km. Our es-
timation for the thickness of the sedimen-
tary cover on the coastal Makran is ~12
km at ~62°E deepening to ~20 km to the
east and west. The sedimentary cover
overlying the Oman Sea oceanic plate has
been measured to 7 km (White and Loud-
en, 1983; Kopp et al, 2000). In the
coastal Makran, Movaghari et al. (2014)
and Penney et al. (2017) found the sedi-
mentary section to be 22 and 26 km thick,
respectively. Motaghi et al. (2020) sug-
gested that the base of the accretionary
wedge is gently deepening from 9 to 15
km, and Heberland Haberland et al,
(2020) estimated a maximum thickness of
the accretionary wedge to be 35 km.

The welocity models of this study
(Figs. 3 and 6) indicate that the upper
crustal structure of the Jazmurian depres-
sion (Fig. 1), which is considered to be a
fore-arc compressive basin, varies lateral-
ly. The eastern Jazmurian shows lower
velocities in the upper crust than does the
western Jazmurian. The low velocity (<
3.1 knVs) boundary is around 10 km in
the eastern Jazmurian, but the western
half shows shallower sedimentary thick-
ness. Given the proximity of the Jazmuri-
an depression to the Sistan suture further
east, the thick sedimentary basin of the
eastern Jazmurian might be a conse-
quence of the closure of the Neotethys
during Jurassic and Cretaceous times
(Agard et al, 2011) as part of its accre-
tionary complex.

Another large/deep low-speed anomaly
in the upper crust is observed in the vol-
canic belt of the Makran Subduction
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Zone (Fig. 6-e). Similar to the Lorestan
low anomaly, the low Vs zone under the
Taftan volcano and the southern Sistan
belt is very deep (> 25 km). In this re-
gion, we expect to have the mantle wedge
of the subduction, where the oceanic
plate deepens beneath the Iranian Plateau
and arc magmas are generated. The
magma migrates into the owverlying crust,
lowering the seismic wave speeds.

Our velocity model shows some re-
gions of thick sediments in central Iran,
including, the Dasht-e Kavir, Tabas, and
the southern Lut blocks (labels “K” and
“TB” in Fig. 6-e). The sedimentary ba-
sins of central Iran are not as thick as the
Mesopotamia-Zagros-Makran basins. The
basins reach a maximum depth of ~10 km
in the Dasht-e Kavir. A band of low ve-
locity anomaly extending from the south-
ern Lut Block to the Tabas microplate is
seen. This basin is also detected in the
potential field data analyses on Iran
(Teknik and Ghods, 2017; Mousavi and
Ebbing, 2018). Although, Teknik and
Ghods (2017) estimated the deepest ba-
sins of central Iran to around 15 km, oth-
er studies do not propose more than 10
km for the sediment covers of this region
(e.g., Morley et al, 2009; Mousavi and
Ebbing, 2018).

The central-western Alborz Mountains
are a higher velocity region compared to
the eastern Alborz. The region covering
the eastern end of the Alborz, Binalud,
and western Kopeh Dagh, shows low ve-
locities in the shallow upper crust (Fig.
6a-b), which can be attributed to sedi-
mentary covers of about 7-10 km. Teknik
and Ghods (2017) identified a number of
basins along the western Alborz-eastern
Binalud range, but did not show any ba-
sins in western Alborz.

The SCB possesses a Vvery thick sedi-
mentary cover (e.g., Mangino and Priest-
ley, 1998). The low Vs anomaly (< 3.1
km/s) representing the SCB sediments
exceeds 20 km in depth in the western
half of the basin. The CRUSTL1.0 global

model (Laske et al., 2013) indicates that
the deepest part of the SCB is 20 km
thick. Elsewhere in the interior of the
Plateau, some smaller basins such as the
northern part of the Sistan belt (label “S”
in Fig. 6-e) and a basin in northwest SSZ
(label “B” in Fig. 6-e) also show low ve-
locities at  shallow  depths.  The
CRUSTL1.0 model does not show signifi-
cantly thick sediments for the internal
basins of Iran.

4 Conclusions

We have presented a quasi-3D shear
wave Velocity model of the upper crust in
the lranian Plateau derived from funda-
mental mode Rayleigh wave group veloc-
ity inversion. The model has the ad-
vantage of a large data set comprising
both ambient noise and regional earth-
quake measurements. As a result, it re-
veals more structural details of the upper
crust of the region compared to the previ-
ous studies. The main conclusions are as
follows:

1) The short period content (5-25 s) of
ambient noise cross-correlations and re-
gional earthquakes constrain the upper
crustal structure. The low wvelocity anom-
alies of the shallow upper crust represent
regions of thick sediment across the Ira-
nian Plateau. Mesopotamia, the SFB, the
Zagros foreland, and the Makran accre-
tionary wedge together form an extensive
zone of thick sedimentary basins. The
SCB is also mapped as a very deep sedi-
mentary basin. The inland basins of cen-
tral Iran such as the Lut Block, the
Jazmurian  depression and the Dasht-e
Kavir are characterized by low velocities
and are bounded to less than 10 km of
thickness.

2) We observe three anomalously deep (>
20 km) low shear wave welocity (< 3.1
km/s) regions: a) In the SCB, low veloci-
ties extend to more than 22 km deep in
the western part, revealing the deepest
section of the basin. b) In the southern
part of the Lorestan Arc, low velocities
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persist to greater depths than in any other
region of the Zagros. The seismically ac-
tive upper-to-middle crust with a thick
layer of sediments topping the crushed
crystalline basement can result in low Vs
for the crust of this region. ¢) Under the
region of the Taftan volcano in the south-
east, the source of the observed low Vs in
the upper crust is heat and possibly par-
tial melt is transported upward from the
mantle wedge above the subducting slab.
3) The velocity model of this study does
not show extensive regions of significant
high velocities anywhere in the upper
crust. In the 14-22 km depth range, most
of the high-velocity regions are limited to
small patches along the southwestern
margin of central Iran from the NW cor-
ner of Iran to the south of the Lut Block.
These regions correlate with some of the
igneous and metamorphic provinces of
central Iran.
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