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Abstract Cenozoic magmatism is present across the Iranian Plateau but, despite playing an important role
in the geodynamic evolution of the young plateau, remains poorly understood. In this study, the crustal thermal
structure beneath the Iranian Plateau is investigated by high-resolution Lg-wave attenuation tomography

using a newly compiled data set, which consists of records from three recent temporary seismic arrays (for

a total of 197 stations) and previous regional networks. Strong Lg attenuation is mainly observed beneath

the Zagros orogenic belt, Urumieh-Dokhtar magmatic arc (UDMA), Makran magmatic arc, Lut magmatic
zone, and Alborz reararc magmatic belt, which covers not only tectonic boundary belts but also the active
internal zones of the Iranian Plateau. Combining deep seismological observations and geochemical data,

the strong crustal attenuation characteristics beneath the northwestern and southeastern UDMA suggest that
Miocene—Quaternary magmatism was activated by slab detachment-induced upwelling after the cessation of
oceanic subduction. Western Makran is characterized by strong Lg attenuation with a NE trend. The age of

the Paleogene—Quaternary Makran volcanism decreases toward the NE and is likely related to the change in
subduction dip. Diffuse magmatism and strong crustal attenuation are present in the northern Lut Block rather
than the entire Lut—Afghan collision zone, which is likely associated with the accumulation of mantle magmas
driven by the potential northward asthenospheric flow. In northern Iran, a strong attenuation anomaly spans the
entire E-W Alborz magma belt, suggesting that partial crustal melting and mantle thermal sources may exist in
this region.

Plain Language Summary The Iranian Plateau is located in the Middle East and is a part of the
Alpine-Himalayan orogenic system. Intensive Cenozoic volcanic activity is characteristic of the Iranian Plateau,
but the origination, storage, and transport of underground magma are poorly understood. Seismic attenuation

is sensitive to high temperatures and partial melting and can be an indicator of the distribution of heat sources.
In this study, we investigate the attenuation features of the crust with a new data set to constrain the crustal
thermal structure beneath the Iranian Plateau by using a specific type of seismic wave (Lg) that travels within
the crust. Hot crustal sources were observed beneath the Zagros orogenic belt and the four magmatic zones.
Therefore, the origination of magmatism can be inferred based on the crustal attenuation distribution. Typically,
the younger magmatism in the northwestern and southeastern Urumieh-Dokhtar magmatic arc was likely
activated by deeper mantle upwelling, which may be related to plate kinematics at depth (slab detachment or
break-off). On the southeastern edge of Iran, the Makran region is characterized by strong attenuation with a
NE trend, where the volcanism also gets younger toward the NE. It is likely related to the dip change in oceanic
plate subduction.

1. Introduction

Extensive magmatism typically occurs along continental margins and plate boundaries (Stern et al., 2021).
Exploring the formation mechanism of magmatism can help us to understand plate processes at depth, such as
slab subduction, dehydration, or detachment. However, around convergent plate boundaries, the distribution of
heat sources in the lithosphere is less detectable than those in surface volcanic rocks and deep subduction struc-
tures (e.g., Chiu et al., 2013; Pang et al., 2013; Su et al., 2014).
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As a part of the Alpine-Himalayan orogenic system (Figure 1a), the Iranian Plateau has experienced distinctive
geodynamic evolution, including crust formation, terrane accretion, subduction initiation, and continental collision.
During approximately 35-20 Ma, the collision between the Arabian plate and central Iran marked the final demise
of the ancient Neotethys Ocean (Stern et al., 2021). The subduction of the Neotethys Ocean and the later continental
collision triggered widespread Cenozoic volcanism across the Iranian Plateau. The associated structure at depth and
the mechanism of Cenozoic magmatism are essential to resolve the geodynamic evolution of the young plateau.

Cenozoic igneous rocks crop out mainly in the Urumieh-Dokhtar magmatic arc (UDMA), Alborz magmatic belt,
Makran magmatic arc, and Lut magmatic zone (Figure 1b). The longest NW-SE UDMA (~55-5 Ma) extends
~1,500 km across central Iran, terminating at the Makran subduction region in the southeast and the Talesh-Alborz
Mountains in the northwest (Asadi et al., 2014; Chiu et al., 2013; Monsef et al., 2018; Pang et al., 2013). Beneath
the Zagros fold-thrust belt (ZFTB), two high-velocity anomalies extending up to 600 km reveal that the shallower
Arabian plate has subducted to approximately 200 km and that the Neotethys oceanic slab remains in the deep
mantle at approximately 300-600 km (e.g., Alinaghi et al., 2007; Mahmoodabadi et al., 2019). The early Ceno-
zoic volcanoes around the UDMA are fed by mantle wedge melting induced by Neotethys subduction (e.g., Asadi
etal.,2014), and the late Cenozoic UDMA was possibly triggered by asthenospheric upwelling associated with slab
rollback (e.g., S. Babazadeh et al., 2017), changes in subduction angle (Shahabpour, 2007), slab break-off (Omrani
et al., 2008), and crustal thickening (e.g., Chiu et al., 2013). It is difficult to choose among these models without
understanding the detailed thermal structure. The slightly arcuate Makran accretionary region in southeastern Iran
is underplated by the active northward subduction of the Oman Sea (Burg, 2018; McCall, 1997), which began
during the Cretaceous and continues today (e.g., Alavi, 2007; Ricou, 1994). The formation of the Makran magmatic
belt and the surrounding Bazman, Taftan, and Koh-e-Nadir volcanoes (Figure 1b) resulted from low-angle or
flat-slab subduction of the Arabian plate (Oman Sea) (Abedi & Bahroudi, 2016; Regard et al., 2010; Yamini-Fard
et al., 2007). Across the W-E Makran subduction zone, the slab descends into the mantle at different distances and
dipping angles from the trench and further affects the distribution of surface volcanism (e.g., Motaghi et al., 2020;
Mousavi et al., 2022). However, the magmatic accumulation pattern in the crust and mantle is not well documented.
In eastern Iran, the N-S-trending Lut Block might have overridden the subducted Early Cretaceous Sistan Ocean
and then collided with the Afghan Block after the ocean closed (S. A. Babazadeh & Wever, 2004; Moghaddam
et al., 2021). The formation mechanism behind Lut volcanism is also controversial. The Cenozoic magmatism in
the Lut Block was possibly triggered by the westward subduction of the ancient Sistan oceanic lithosphere (e.g.,
Samiee et al., 2016) or lithospheric delamination caused by the Lut—Afghan collision (Pang et al., 2013). Further-
more, in contrast with linear magmatic belts, the diffuse distribution of the Lut volcanic rocks may also indicate
a special magma migration pattern. In northern Iran, the E-W Alborz reararc magmatic belt behind the UDMA
developed in response to Paleogene back-arc extension and crustal thinning (e.g., Asiabanha & Foden, 2012).
The source region of Alborz magmas may be influenced by various components, including a deeply subducted
lithosphere and partial melts of the lithosphere in an extensional back-arc setting (Asiabanha & Foden, 2012). This
poorly understood magmatism in the Iranian Plateau spatially connects deep structures and surface volcanoes and
spans multiple geological epochs, contributing to our understanding of the formation of the young plateau.

Determining the current crustal thermal structure within the plateau is an effective way to retrospectively exam-
ine younger magma activity (Su et al., 2014) and is an important way to link the deep large-scale mantle struc-
ture and surface volcanic activity. A large number of geophysical studies have been conducted in and around
the Iranian Plateau, including seismic velocity tomography (e.g., Al-Lazki et al., 2014; Alinaghi et al., 2007;
Amini et al., 2012; Mahmoodabadi et al., 2019; Pei et al., 2011), seismic anisotropy investigation (e.g., Gao
et al., 2022; Kaviani et al., 2021), attenuation tomography (e.g., Kaviani et al., 2015; Pasyanos et al., 2009, 2021;
Sandvol et al., 2001; Zhao & Xie, 2016), receiver function imaging (e.g., Taghizadeh-Farahmand et al., 2015; Wu
etal., 2021), gravity inversion (e.g., Jiménez-Munt et al., 2012), and GPS data analysis (e.g., Vernant et al., 2004).
Compared with seismic velocity related to the elastic properties of the Earth, seismic attenuation has special
advantages in detecting lithospheric thermodynamics, including outstanding sensitivities to temperature, partial
melting, and fluid and magma movements (e.g., Boyd et al., 2004). Therefore, investigating the characteristics
of attenuations could provide important constraints on thermal-related regional tectonics and dynamic evolution.

Regional Lg-waves are ideal for characterizing attenuation in the crust (Furumura & Kennett, 1997) because they
have the most prominent seismic energy in high-frequency seismograms and are usually understood as the sum
of supercritical reflected S-waves trapped within the crustal waveguide (Bouchon, 1982) or the surface wave
overtones traveling within the continental crust (e.g., Knopoff et al., 1973). Amplitude variations in Lg-waves and
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Figure 1. (a) Topographic map showing the study area and the locations of seismic stations and earthquakes. (b) Main magmatic belts and ophiolite belts in the
Iranian Plateau. CS, Caspian Sea; PG, Persian Gulf; OS, Oman Sea; LC, Lesser Caucasus Mountains; Ta, Talesh Mountains; Az, Alborz Mountains; KD, Kopet-Dogh
Mountains; CI, Central Iranian Basin; Lut, Lut Block; UDMA, Urumieh-Dokhtar magmatic arc; ZFTB, Zagros fold-thrust belt; Ma, Makran region.

Lg-coda have been widely used to measure the attenuation and scattering structure of the crust (e.g., Al-Damegh
etal., 2004; Kaviani et al., 2015; Pasyanos et al., 2009; Sandvol et al., 2001; Zhao & Xie, 2016). In general, a higher
quality factor (Q) of Lg-waves corresponds to weaker attenuation, representing a stable and colder crustal struc-
ture, while a lower Q value corresponds to stronger attenuation, indicating unstable and high-temperature tectonic
environments. The Iranian Plateau typically represents a strong attenuation (low Q) area, which corresponds to an
active orogenic system (e.g., Kaviani et al., 2015; Pasyanos et al., 2021; Sandvol et al., 2001; Zhao & Xie, 2016).
Lg/Pg attenuation tomography has revealed an entire weak Lg region with Lg/Pg ratios of 1.5-2.0 in the Iranian
Plateau (Al-Damegh et al., 2004; Sandvol et al., 2001). Similarly, most of Iran shows low Oy, (<300) in the 1.0 Hz
Lg attenuation models (Kaviani et al., 2015; Pasyanos et al., 2009). The resolution of the previous broadband Lg
attenuation image is only 6° X 6° on the Iranian Plateau (Zhao & Xie, 2016). P- and S-wave attenuation models of
the crust and upper mantle also reveal only large-scale attenuation features (e.g., Pasyanos et al., 2021). The reso-
lutions of attenuation tomography have been limited primarily by the sparse station distribution in Iran (e.g., Zhao
& Xie, 2016), which is insufficient for exploring the detailed thermal distributions associated with magmatism.

In this study, we collected a large amount of new broadband waveform data from three seismic arrays in Iran that
have been used in studies of receiver functions and seismic anisotropy (Gao et al., 2022; Sadeghi-Bagherabadi
et al., 2018; Wu et al., 2021). Benefitting from these seismic networks (Figure 1a), it is an unprecedented oppor-
tunity to image the high-resolution crustal Lg-wave attenuation structure beneath the Iranian Plateau. Combined
with previous geochemical analysis of surface volcanic rocks and deep geophysical observations, the crustal
attenuation features complement constraints on crustal thermal structure and improve our understanding of the
evolution of Cenozoic magmatism within the Iranian Plateau.

2. Data and Method
2.1. Regional Waveform Data

We investigated the quality factor Q of regional Lg-waves by allocating the spectral amplitude to multiple factors
related to amplitude attenuation. Some previous attenuation studies were limited by the few stations in Iran,
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which made it difficult to improve imaging resolution (e.g., Zhao & Xie, 2016). In this study, we collected 38,928
vertical-component waveforms from 859 seismic events (4.3 < m, < 6.5) that occurred in and around the Iranian
Plateau between October 2014 and September 2020 (Figure 1a and Table S1 in Supporting Information S2). The
events were selected from the Harvard Centroid Moment Tensor Catalog (CMT) (Ekstrom et al., 2012) with
depths shallower than the Moho discontinuity (Laske et al., 2013). The range of earthquake selection was from
35° to 80° east longitude and from 23° to 45° north latitude, and the epicentral distances were between 200 and
2,000 km. The 305 stations were provided by the Incorporated Research Institutions for Seismology (IRIS) data
management center, the German Research Centre for Geoscience, the International Seismological Centre, and
the International Federation of Digital Seismograph Networks. However, some permanent station data from the
Iranian Seismological Center could not be collected in this study but were used in previous studies (e.g., Kaviani
et al., 2015). We used a new data set from some mobile stations in Iran to increase the tomographic resolution.
Under the China-Iran Geological and Geophysical Survey in the Iranian Plateau (CIGSIP) project, the Institute
of Geophysics and Geology of the Chinese Academy of Sciences, the Geological Survey of Iran, and the Insti-
tute for Advanced Studies in Basic Sciences established three seismic networks during 2013-2018, including
65 and 132 broadband stations in western and eastern Iran, respectively (Figure 1a). The western NE-SW array
was operated continuously between September 2013 and October 2014, covering a narrow belt over the Zagros
collision zone and the region of the Alborz Mountains. The eastern two arrays (operating from July 2015 to
September 2016 and from March 2017 to October 2018, respectively) trends roughly N-S from the Kopeh Dagh
in the north to the Makran accretionary wedge in the south, and passes through the Lut Block. The average station
spacing is approximately 15 km for the northeastern array and the southeastern main sub-array, and increases
to ~50-80 km for the southeastern offline sub-arrays. All the stations were equipped with Trillium 120PA seis-
mometers (120 s—175 Hz) and Taurus digital seismographs. Data on these stations (hereafter called CIGSIP
stations) have been successfully used in studies of receiver functions and seismic anisotropy in this region (Gao
et al., 2022; Sadeghi-Bagherabadi et al., 2018; Wu et al., 2021). Detailed station information is listed in Table S2
in Supporting Information S2. Example waveforms for two selected events show that both the global networks
and the CIGSIP network recorded clear Lg waveform signals (Figure S1 in Supporting Information S1), which
have maximum energy within the regional distances. New waveform data collected at densely spaced stations can
greatly improve the constraints on lateral variations in crustal attenuation characteristics.

2.2. Lg-Wave Spectral Amplitude

The measurement of the Lg amplitude follows the method of Zhao, Xie, He, et al. (2013). Within the regional
distance of 200-2,000 km, Lg energy is usually prominent in the group velocity window of 3.6-3.0 km/s.
Considering the uncertainties in the origin time, epicenter location, source depth, tectonic complexity of the
study area, etc., a floating group velocity window was used (Zhao & Xie, 2016). We first removed instrument
responses between 0.01 and 100.0 Hz before the amplitude measurements. The vertical-component velocity
waveforms were bandpass filtered between 0.5 and 5.0 Hz to determine the Lg-wave window (Figure 2a). We
used a 0.6 km/s-long group velocity window to scan the waveform between 3.7 and 2.8 km/s (from 3.7-3.1 km/s
to 3.4-2.8 km/s), with a step of 0.01 km/s. The sum of squares of amplitudes )’ A? in individual windows was
calculated to determine the Lg-wave window based on the maximum energy (Figure 2a). Some Lg-wave windows
may contain a small part of Lg-coda, but the Lg-wave energies are dominant. The noise signals are extracted
from the pre-P arrival window with the same length (Figures 2b and 2c). The displacement fast Fourier transform
spectra of both the Lg and noise are calculated (Figure 2d). Note that no additional filter is used in the amplitude
measurements. To facilitate subsequent processing, 58 discrete amplitude data were sampled at equal intervals
in the logarithmic frequency domain between 0.05 and 10.0 Hz as well as the noise series. Assuming that the
noise is random and stationary over a certain time period, noise correction can be performed using the difference
between the amplitude energy and the noise energy: A2(f) = A2(f) — A2(f), where the subscripts s, o, and n
denote the clear, observed and noisy signals, respectively (Ringdal et al., 1992). A signal-to-noise ratio (SNR)
of 2.0 is used as a criterion for Lg data selection (Figure 2e), and the amplitudes of the clear Lg signal are then
obtained after removing the noise (Figure 2f). These processes significantly reduced the amount of available data
at higher frequencies due to the strong attenuation of high-frequency signals (Figure S2 in Supporting Informa-
tion S1). The elimination of bad data is an effective way to ensure data quality when building an amplitude data
set. A manifestation of poor amplitude measurements is a considerable difference from other amplitudes with
similar epicentral distances. Therefore, we fit the linear regression equation for amplitude and epicentral distance
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Figure 2. Lg-wave spectral amplitude measurement. (a) Vertical-component velocity seismogram of the event on 14 07 2016 recorded at station NE. N15 in the eastern
CIGSIP network. The focal depth is 10 km, and the body-wave magnitude is 4.7. The red and blue windows sample the noise and Lg signal, respectively. (b)—(c) Noise
and Lg signals sampled by two 0.6 km/s group velocity windows. (d) Lg and noise spectra. (e) Signal-to-noise ratio (SNR). Data with an SNR < 2.0 (gray dots) are
discarded. (f) Lg spectra after noise correction.

in the logarithmic domain and remove the poor data that deviate more than three times the standard deviation
from the fitted average.

The spectral amplitude of the Lg-wave can be expressed as (Xie, 1993):
A(f) =S -GA, 1) -TQA, f)- P(f)-r(f), ey

where A(f) is the amplitude at frequency f, S(f) is the source spectrum, G(A, f) is the geometric spreading
factor relative to epicentral distance A and frequency f, I'(A, f) is the attenuation term, P(f) is the site response
and r(f) is the random effect. The source term S(f) can be further expressed as: S(f) = My /4npp> - [1 + ;—z] 1
(Sereno et al., 1988), where M, represents the seismic moment; p is the density, taking 2.7g/cm? for the crust
(Sereno et al., 1988); f is the average crustal shear wave velocity; and f, is the corner frequency. The geometrical
spreading is G = (ApA)~'/%, with A representing the epicentral distance and A, representing the reference distance
fixed at 100 km (Pasyanos et al., 2009; Street et al., 1975; Xie, 1993; Zhao, Xie, Wang, et al., 2013). The attenu-

ation term ['(A, f) can be expressed as: ['(A, f) = exp [—’%B(A, f )], where B(A,f) is the integral of attenuation

over the great circle path: B(A, f) = fr ay %. The frequency-dependent quality factor Q(f) can be written in

a power form: Q(f) = Qo f", where Q, and 5 are the Q value at 1 Hz and the frequency-dependent coefficient
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(Zhao, Xie, He, et al., 2013), respectively. Two stations i and j recorded the same event at different epicen-
tral distances and similar azimuth directions (<15°). When the two stations are not aligned perfectly with the
event, as shown in Supporting Information S1 (Figure S3), we set a reference point / on the ray path kj, with its
distance k/ equal to the distance ki. Then, we set a tolerance by requiring the distance between points i and / to
be within a half-grid space (Xie et al., 2004; Zhao, Xie, Wang, et al., 2013). The two-station spectral ratio can

be expressed by:
1 _1 .
ﬁ=<ﬁ> 2FU<E) _ (ﬁ) 2 .exp[if/ L] @)
A; A, P; A B J; Oy, /)

where I'j; represents the contribution from the attenuation between stations i and j (Zhao, Xie, He,
et al., 2013).

2.3. Q;, Inversion

The single-station amplitudes can provide dense ray path coverage, and the two-station amplitude ratios can
reduce the tradeoff between source and attenuation, together improving the resolution and confidence of
attenuation imaging. We linearize Equations 1 and 2 in the logarithmic domain to establish the single- and
two-station inversion systems. For the single-station data set, applying the natural logarithm to Equation 1, we
have:

zf

In[A(f)] - In[G(A, /)] = In[S(f)] - TB(A’ - 3)

The attenuation and source function can be further separated into a background part and a perturbation:

1 o 1 _ 60(x,y, f)
0.y, f)  O»f) (0%, y, I ’

C)

and:
In[S()] = In[S°(f)] + 8 In[S()]. )

Therefore, Equation 3 can be further expressed as:

In[A(/)] = In[G(A, /)] = In[S°(f)] + %BO(A, f)=6m[S(] - %53(& s 6

where variables with superscript O denote their values in the initial model or the transition model from a previous
iteration, 6Q is the perturbation of Qy, § In[.S(f)]is the perturbation of the logarithmic Lg source function, and:

N

_ 60(x,y, f)
AN =2, / e @

n=1

The integral in Equation 7 was calculated using the bilinear function in each rectangle:

4

0(x.y) = D apuwy(x, y), ®)

p=1

where w; = 1, w» = x, w3 = y, ws = xy, and q, are the interpolation parameters obtained from Oy, values. For
multiple sources and stations, we can combine both Equations 6 and 7 into a linear system:

H;=A;-6Q+E-5S, )
where H  is a vector composed of residuals between the observed and synthesized Lg spectra. Its elements are:

hy = In[A,()] = n[Gy(A, /)] - In[ 2] + %B}’(A,f), (10)
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where j and k are the indices for the rays and sources, respectively. The matrices A and E set up the relation-
ships between §Q and H ; and between §.5 and H ;, respectively. Similarly, we can create a linear system for the
two-station data set:

H,= A 650, (11)

where H, is a vector composed of residuals between observed and synthetic spectral ratios, and the matrix A, can
be obtained by discretizing Equation 2. Combining Equations 9 and 11, we obtain a hybrid tomography equation:

H;, A, E
= .5Q+| |-8S. (12)

H, A, 0

To solve the inverse problem, we started from a unit source function and an initial constant Q;, model obtained
based on linear regression of the interstation amplitude ratio data (e.g., Zhao, Xie, Wang, et al., 2013). The resid-

H
ual vector between the observed and synthetic spectral amplitudes, b = ’ , can be obtained to solve the model
H,

60 E
modification vector, m = . A coefficient matrix, A = | , can be used to simplify Equation 12 as:

68 A, 0O

Am =b. (13)

Single- and two-station data are jointly solved by the least squares orthogonal factorization inversion method
(Paige & Saunders, 1982) at each frequency independently. The grid size was set to 1.0° x 1.0°. During the inver-
sion, a damping parameter A was used for regularization by minimizing:

m-— : (14)

2

where I is an identity matrix. We determined the damping parameter A by considering the tradeoff between
variance reduction and model norm. Based on the simplified inversion matrix equation Am = b, the L-curve was
obtained using the residual norm || Am — b||, versus the model norm ||m||, with different damping parameters. For
example, we chose the turning point of the L-curve as the optimal initial damping parameter at 1.0 Hz (Figure S4
in Supporting Information S1). Smaller damping values were used in subsequent iterations to ensure a better data
fit while preserving robust anomaly features. As the number of iterations increases, the damping value decreases
gradually. During each iteration, we also applied the first-order linear smoothness constraints to the solution
along the longitudinal and latitudinal directions (e.g., Zhao et al., 2010).

The resulting source functions are shown in Supporting Information S1 (Figure S5), and the seismic moment and
corner frequency for each event were further inverted (Figure S6 in Supporting Information S1 and Table S1 in
Supporting Information S2). Note that the sum of all logarithmic site responses ZZ , In P; can be assumed to be
zero (Ottemoller et al., 2002; Zhang et al., 2022; Zhao & Mousavi, 2018). Therefore, we assumed the sum of the
perturbation of site responses (in logarithmic form) le 61In P, = 0 and simultaneously controlled the relative

variation in site responses during the inversion, Z,lil 6|ln P| < g, where ¢ is an empirical value for normalizing
the site responses. We then pushed the unsolved residuals into the site term after the tomographic inversion. That
is, the site response for each station was finally determined based on both the obtained source and attenuation
terms (Figure S7 in Supporting Information S1 and Table S2 in Supporting Information S2).

After the inversion, the amplitude residuals are closer to the Gaussian distribution, and the root mean square
(rms) values of the total residuals at all 58 frequencies are significantly reduced (Figure 3). The rms residuals
decrease from 1.73, 1.37, and 1.44 to 0.52, 0.57, and 0.62 at 0.5, 1.0, and 1.5 Hz, respectively. We conducted
checkerboard tests to analyze the resolution and reliability of the inversion system by adding 7% positive/negative
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Figure 3. Histograms of the Lg spectral amplitude misfits before (gray) and after (blue) inversions at 0.5, 1.0, and 1.5 Hz, respectively. Dashed lines represent the
best-fitting normal curves and adjacent labels denote the root mean square residuals.

perturbations to a constant background Q model (e.g., He et al., 2021; Zhao, Xie, He, et al., 2013). With the same
sources, stations and ray paths as in the real data set, the synthetized Lg spectral amplitudes can partially recover
the 1.0° x 1.0° checkerboard model in the area covered by relatively dense ray paths and can fully recover the
2.0° x 2.0° checkerboard model across the entire Iranian Plateau (Figure 4).

3. Results
3.1. Q;, Images at Individual Frequencies

A broadband Q| , model is constructed for the crust in and around the Iranian Plateau at 58 frequencies between 0.05
and 10.0 Hz. Lg-wave attenuation has strong frequency dependence. As shown in Figure 5, we grouped O\, values
and calculated average Qy, for six selected tectonic units, including the Eurasian Plate, Arabian Plate, Iranian Plateau,
Afghan Block, Pamir Plateau, and Anatolian Plateau (Hatzfeld & Molnar, 2010). Although the power law relation
O(f) = Qo f" seems to be overly simple for predicting the Q| ,-frequency trend between 0.05 and 10.0 Hz, it can
be adopted within a relatively narrow frequency band, such as between 0.2 and 2.0 Hz (e.g., Pasyanos et al., 2009;
Zhao et al., 2010). For individual tectonic units in Iran, the resulting # within 0.2-2.0 Hz ranges from 0.23 to 0.87
(Table S3 in Supporting Information S1). The average Qo (O at 1.0 Hz) values of the stable Eurasian and Arabian
plates are 562 and 457, respectively. They are much higher than those of the active Afghan Block (254) and Pamir
(193) and Anatolian (115) Plateaus. The Iranian Plateau also has a lower Q, value (322), and relatively larger stand-
ard deviations indicate dramatic variations in the crustal attenuation signature, which can help us to understand the
complicated crustal thermal structure in the Iranian Plateau. In the Afghan Block and Anatolian and Iranian Plateaus,
the low Qy also corresponds well to the low velocities of Pn waves (Table S3 in Supporting Information S1, Pei
etal.,2011).

In this study, the range from 0.2 to 2.0 Hz was selected as the dominant frequency band for our broadband Lg-wave
attenuation model (e.g., Zhao & Xie, 2016; Zhao, Xie, He, et al., 2013). First, Lg attenuation between 0.2 and
2.0 Hz can sufficiently characterize the individual tectonic units (Figure Sh). At frequencies higher than 2.0 Hz,
the Oy, curves are close to each other, whereas at low frequencies, the Lg-wave amplitude is strongly influenced
by surface wave energy (e.g., Rayleigh wave), especially for basin areas with thick sedimentary layers (Cao &
Muirhead, 1993; Shapiro et al., 1996; Zhao & Xie, 2016; Zhao et al., 2010). For example, the Caspian Sea, which
has a thicker sedimentary layer, is characterized by strong attenuation at 0.1 Hz (Figure S8 in Supporting Informa-
tion S1). Due to the strong attenuation of high-frequency signals, the SNR of the amplitudes decreases with increas-
ing frequency (Figure 2e). The amount of available data at higher frequencies (>2.0 Hz) was significantly reduced
(Figure S3 in Supporting Information S1). The raypath coverage is very sparse at higher frequencies, and the imag-
ing has relatively lower resolution (Figure S8 in Supporting Information S1). In summary, the crustal attenuation
model has relatively low resolution at lower and higher frequencies. Such a low-resolution Lg attenuation model
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Figure 4. Ray-path coverages (left column) and checkerboard resolution analyses at 0.5, 1.0, and 1.5 Hz. The blue and red lines represent the single-station and
dual-station paths, respectively. The orange dots and black triangles represent earthquakes and stations, respectively. The 1.0° x 1.0° (middle column) and 2.0° X 2.0°
(right column) checkerboards of the Q perturbations are exhibited.

can be used to investigate the high-frequency fall-off rate of the source spectra but is not suitable for constraining
the crustal thermal structure. Previous studies also tend to choose a frequency band of approximately 1.0 Hz as the
dominant band for Lg-wave attenuation (e.g., Kaviani et al., 2015; Xie et al., 2004; Zhao & Xie, 2016).

Figure 6 illustrates four selected Qr, maps at 0.5, 1.0, 1.5, and 2.0 Hz, respectively. The Eurasian plate in the
north shows prominent weak attenuation characteristics, in which the maximum Q) can reach approximately
twice the regional average. By comparison, the Anatolian Plateau, Iranian Plateau, Afghan Block, and Pamir
Plateau all exhibit relatively lower Qy, than the surrounding stable Arabian and Eurasian Plates, which is consist-
ent with previous studies (Kaviani et al., 2015; Pasyanos et al., 2021; Zhao & Xie, 2016). The lateral variations
in crustal attenuation at each frequency are generally similar, but some specific zones vary with frequency. The
south Caspian Sea shows strong attenuation features and changes to weak attenuation at higher frequencies.
Similarly, the central Afghan Block changes from lower Qy, to higher Qy, as the frequency increases. Overall,
the Iranian Plateau shows strong attenuation, but parts of central Iran are revealed as stable structures with high
Qu,, Which are more pronounced at higher frequencies. The low O, range beneath the ZFTB decreases with
increasing frequency. The imaging resolutions were limited at higher frequencies, and some small-scale anom-
alies could not be revealed. Therefore, the lateral variation of attenuation seems “smoother” or otherwise lacks
detail.
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Figure 5. Frequency-dependent Q, for selected tectonic units. (a) Map showing the locations of the geological units for Oy, statistics. (b)—(g) The directly inverted
Q1 values (gray crosses) are plotted for individual tectonic units along with mean values within narrow frequency bands (white circles) and their logarithmic standard
deviations (error bars). The power-law models Q(f) = Q, f" between 0.2 and 2.0 Hz (red line) are also plotted. Both Q, and the frequency-dependent parameter n are
labeled on each panel. (h) Comparison of the mean Qy, values of the six tectonic units. The highlight frequency range of 0.2-2.0 Hz was selected as the dominant band
for the Lg-wave attenuation model.

3.2. Broadband Q,, Distribution

The broadband Q|, model was obtained by calculating the logarithmic average of the Qy, values between 0.2
and 2.0 Hz. The broadband attenuation model provides the average lateral variation in Qy4, which extends
from 10 to 600 (Figure 7a). Similar to the results for attenuation models at individual frequencies, the
Arabian and Eurasian Plates still show distinct weak attenuation features, and the Anatolian, Iranian and
Pamir Plateaus exhibit lower Qy,. The central Zagros orogenic belt is characterized by strong Lg attenuation,
which may be related to partial melting in the lower crust caused by the Arabia-Eurasia collision and strong
extrusion deformation (Zhao & Xie, 2016). The low-Q;, anomaly beneath the Zagros was also observed
by Kaviani et al. (2015) and was interpreted as being influenced by the thick young sediment deposits. A
higher O, anomaly is mainly present beneath the southeastern Zagros, which may be related to the relatively
thicker crust (Figure 7b) (Manaman et al., 2011; Taghizadeh-Farahmand et al., 2015). Multiple Moho models
based on receiver function (e.g., Taghizadeh-Farahmand et al., 2015), shear-wave velocity (e.g., Kaviani
et al., 2020; Manaman et al., 2011), and Bouguer gravity anomaly (Jiménez-Munt et al., 2012) all observed
the thicker crust beneath the Zagros orogen and Kopet-Dogh Mountains, but many details have certain differ-
ences, such as the Makran accretionary wedge and Lut Block. Some strong attenuation anomalies coincide
extremely well with the Cenozoic volcanic rock outcrops (Figure 7a). Around the northern Zagros, except for
the high-Qy, region near the Central Iran Basin, NW-SE-trending lower Q;, anomalies appear beneath the
UDMA. In northwestern Iran, the crust beneath the Talesh Mountains, Alborz Mountains and Caspian Sea
shows low-Qy, features, surrounded by the Alborz igneous outcrops and the Sahand, Sabalan and Damavand
volcanoes. The eastern Alborz magmatic belt near the Kopet-Dogh Mountains also reveals a strong attenu-
ation anomaly, and the low-Qy, anomaly extends southward to the diffuse Lut magmatic belt. The Makran
magmatic arc has lower Qi,, where the Bazman, Kuh-e-Nadir and Taftan volcanoes have developed. Lg
amplitudes decay strongly as seismic waves pass through the igneous crust, suggesting possible active and
hot magma chambers.
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Figure 6. Selected crustal Oy, images at 0.5, 1.0, 1.5, and 2.0 Hz, where the color scales are independent for individual frequencies.

3.3. Synthetic Tests and Uncertainty Analysis

Inthis study, alarge amount of data comes from the two linear CIGSIP arrays (Gao et al., 2022; Sadeghi-Bagherabadi
et al., 2018; Wu et al., 2021). In the Lg attenuation model (Figure 6), three lower Q;, anomaly areas were
observed beneath the Talesh-Alborz Mountains in the west, the Lut Block and Kopet-Dogh Mountains in the
northeast, and the Makran subduction area in the southeast, where the CIGSIP stations are densely distributed
(Figure 1a). To examine the effects of uneven station distribution on the tomography, two independent inversions
were conducted at 1.0 Hz without and with the CIGSIP waveform data (Figures 8a and 8b). The raypath densities
are also shown in Figures 8c and 8d. Without the CIGSIP stations, low-Q;, anomalies were also shown beneath
the Alborz Mountains (area A), the Kopet-Dogh Mountains to Lut Block (area B), and Makran (area C); these
areas are consistent with the results obtained with the CIGSIP stations (Figure 6b). However, the low Q| ; beneath
the CIGSIP stations is bounded more clearly and accurately delineates the crustal thermal structure beneath the
volcanic rocks. With denser ray path coverage (Figure 8d), the CIGSIP station data strengthen constraints on
the crustal structures in central Iran. For example, the active ZFTB was revealed as a strong attenuation zone
(area D), consistent with tectonic features and previous results (e.g., Taghizadeh-Farahmand et al., 2015; Zhao
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the 50-km crustal thickness contour. (c)—(d) Pn and Sn velocity tomographic results (Pei et al., 2011). The average Pn and Sn velocities are 8.04 and 4.60 km/s,

respectively.

& Xie, 2016). Therefore, adding the Lg spectra from the CIGSIP stations enhances the constraints on the crustal
attenuation structure of the Iranian Plateau.

To examine the authenticity and resolution of the inversion for anomalies, we developed some hypothetical
anomalies with given geometries. As shown in Figure 9a, two low-Qy, regions near the Lut Block (L1) and
Zagros (L2) and a high-Q;, anomaly in Central Iran (H1) were constructed. The background consists of the
initial Qy, values of this region provided by two-station amplitude ratios, and the attenuation anomalies were
set to +50% perturbations. With the same stations and events, synthetic amplitudes were generated from the
theoretical models, and 5% random noise was introduced (Kaviani et al., 2015). Both the shapes and magnitudes
of given anomalies can be adequately retrieved (Figure 9b). Compared with L1 and L2, region H1 has sparse
raypath coverage (Figure 8d) and lower resolution (Figure 4), and the amplitude of the H1 anomaly was difficult
to retrieve completely. In addition, the irregular positive/negative anomalies and lateral smearing around the
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main anomalies can be caused by the irregular and sparse coverage of the seismic data and spatial aliasing of the
resolution (Ronen et al., 1991). These problems could be solved if seismic data with uniform spatial distribution
are available.

The uncertainties caused by the seismic data can be checked by resampling the original data set using the
bootstrapping technique (Efron, 1983). We randomly selected 80% of the raypaths from the entire single- and
two-station observations to construct 100 new data sets and invert the attenuation model at 58 frequencies. The
mean Q1 , map (Figure 10a) agrees well with the directly inverted result (Figure 7a), and the standard deviation is
much smaller than the mean Qy,, ranging from 0 to 40 (Figure 10b). Therefore, the inversion system and ampli-
tude data can provide a stable crustal attenuation structure for this region.
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Figure 9. Reconstruction tests of the hypothetical models. (a) Synthetic model, including low-Q,, zone 1 (L1), low-Q, zone 2 (L2) and high-Qy, zone 1 (H1). (b)
Broadband inversion result for L1, L2, and H1.
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4. Discussion
4.1. Comparison With Previous Studies

Several previous studies have conducted Lg attenuation tomography in and around the Iranian Plateau (Al-Damegh
etal., 2004; Cong & Mitchell, 1998; Hearn, 2022; Kaviani et al., 2015; Pasyanos et al., 2009; Sandvol et al., 2001;
Zhao & Xie, 2016). The Lg-coda Q, at 1.0 Hz ranges between 150 and 300 across the Turkish and Iranian
Plateaus, and the Qy across the Arabian Shield and platform is approximately 300-450 (Cong & Mitchell, 1998).
Similarly, previous Lg/Pg attenuation tomography also suggests that the entire Iranian Plateau appears to be a
weak Lg area with Lg/Pg ratios of 1.5-2.0 (Al-Damegh et al., 2004; Sandvol et al., 2001). These results align with
the low Qi in the Iranian Plateau and the high O, in the Arabian Plate observed in this study. In the previous
1.0 Hz and broadband Lg attenuation models, most areas of the Iranian Plateau show lower Qy, (<300) (Kaviani
et al., 2015; Pasyanos et al., 2009; Zhao & Xie, 2016). Crustal P- and S-wave attenuation imaging results also
show strong attenuation throughout the whole Iranian Plateau, but more details are difficult to decipher (Pasyanos
et al., 2021). Recently, Hearn (2022) conducted seismic attenuation tomography for Lg, Pg, Sn, and Pn phases
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Figure 10. The mean Qy, broadband maps developed from bootstrapping (left) and the associated standard deviations (right).
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in the Iranian Plateau. Both in the crust and uppermost mantle, the Iranian Plateau shows strong attenuation
characteristics compared with the surrounding regions, and prominent low-Q,, anomalies are revealed beneath
the UDMA, Lut Block, Kopet-Dogh Mountains and Alborz and Talesh Mountains (Hearn, 2022). The consist-
ency of the lateral variation in Lg-wave attenuation with previous studies shows the reliability of our broadband
Lg-wave attenuation model, although the Eurasian region north of the Iranian Plateau has very limited resolu-
tion. In addition, the low-Q\, region in this study constrains the active crust beneath Cenozoic volcanism well,
and some high-Q;, anomalies also correspond well with stable basins and thicker crust. Our model has greater
improvements due to the participation of new stations, dense raypath coverage, and accurate measurements of
Lg amplitudes.

Seismic velocity tomography in the uppermost mantle was widely performed in and around the Iranian Plateau
(e.g., Al-Lazki et al., 2004, 2014; Alinaghi et al., 2007; Amini et al., 2012; Hearn, 2022; Hearn & Ni, 1994; Lii
et al., 2012, 2017; Mahmoodabadi et al., 2019; Pei et al., 2011). As shown in Figures 7c—7d, overall low Pn and
Sn velocities were revealed in the Anatolian, Iranian, and Pamir Plateaus and Afghan Blocks (Pei et al., 2011),
which corresponded well with the strong attenuation in the crust. The Eurasia region north of the Iranian Plateau
showed high Pn and Sn velocities (e.g., Amini et al., 2012; Hearn, 2022; Lii et al., 2017; Pei et al., 2011). Inside
the Iranian Plateau, low-velocity anomalies were mainly revealed beneath the Lut Block and Kopet-Dogh Moun-
tains in the east and the Alborz and Talesh Mountains in the west (Pei et al., 2011), which was consistent with the
Lg-wave attenuation observations. The Arabian Plate underlying the Zagros orogen and the subducting Makran
subduction slab both exhibited high velocities in the uppermost mantle, which were distinguished from crustal
attenuation features (e.g., Amini et al., 2012; Hearn, 2022; Lii et al., 2017; Pei et al., 2011).

4.2. Urumieh-Dokhtar Magmatic Arc

The UDMA in the Zagros orogenic belt (Figure 11a) records abundant eruptions of low-K tholeiitic and
calc-alkaline magmas from the Late Cretaceous to the Paleogene (Stern et al., 2021). The Eocene—Oligocene arc
volcanoes around the UDMA are generally believed to have been fed by mantle wedge melting induced by Neote-
thys subduction (e.g., Asadi et al., 2014). However, the formation mechanisms behind the late Cenozoic magma-
tism observed in the northwestern and southeastern UDMA remains controversial. Several possible models have
been suggested by previous geochemical analyses of volcanic rocks, such as slab rollback (e.g., S. Babazadeh
et al., 2017), changes in subduction angle (Shahabpour, 2007), slab break-off (Omrani et al., 2008), and crustal
thickening (e.g., Chiu et al., 2013). Because the timing of the collision between Arabia and Eurasia is ambigu-
ous and varies from the Late Cretaceous to the Pliocene (Mirnejad et al., 2018), it is difficult to understand the
macroscopic formation mechanism of the UDMA from only age measurements and the compositional analysis
of volcanic rocks. The crustal thermal structure can complement additional information for magmatic evolution
(e.g., Chen et al., 2021). Strong attenuation indicates a hot and active crust beneath the UDMA, except for a rela-
tively weak attenuation region in the central UDMA (51 — 53°E) (Figure 11b). Similar patterns of velocity anom-
alies were observed in this region in a previous upper crustal P-wave velocity structure (Lii & Chen, 2017) and in
uppermost mantle Pn velocity tomography (e.g., Al-Lazki et al., 2004; Amini et al., 2012; Pei et al., 2011). The
age distribution of igneous rocks divides the UDMA into northwestern, central, and southeastern parts, where the
magmatism in the central UDMA is older than the volcanic activity in the NW and SE UDMA (Figure 12a) (Chiu
et al., 2013). The strong attenuation anomalies have a certain correspondence with the variability in the age of
the magmatism. Beneath the NW UDMA, the low-Q\, zone in cross-section A covers a wide frequency band of
0.2-2.0 Hz, which corresponds to the younger igneous outcrops in the UDMA and Alborz (Figure 11c). Normal
Oy, is observed in the central UDMA in cross-section B (Figure 11d), whereas strong attenuation characterizes
the SE UDMA within 0.2 and 1.0 Hz (Figure 11e). Lateral variations in Lg attenuation and rock age may indicate
different origins of the magmatic activity.

High-velocity anomalies have been revealed up to depths of 600 km beneath central Iran by upper mantle P-
and S-wave velocity tomography (Alinaghi et al., 2007; Hatkenscheid et al., 2006; Mahmoodabadi et al., 2019).
The shallower high-velocity anomaly (<200 km) beneath the Zagros can be interpreted as cold Arabian mantle
lithosphere, whereas the high-velocity anomaly below ~300 km is likely the remaining Neotethyan oceanic slab.
The velocity cross-section through the central UDMA shows that the deeper Neotethyan oceanic slab is still
connected to the shallower Arabian slab (Alinaghi et al., 2007; Hatkenscheid et al., 2006). However, signifi-
cant detachment of the oceanic slabs is observed in adjacent cross-sections through the NW and SE UDMA
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Treopeney Gy

Figure 11. Broadband Q,, map and selected frequency-Q , cross-sections around the Urumieh-Dokhtar magmatic arc (UDMA). (a) Map showing volcanic rocks near
the UDMA, including Cretaceous ophiolite belts (green bands) and Cenozoic volcanic rock outcrops (same as Figure 1b). Adakitic rocks are observed in the NW and
SE UDMA and are marked as shaded areas (Ghalamghash et al., 2016; Jahangiri, 2007; Omrani et al., 2008). The Main Zagros Thrust represents the suture of two
continental plates, along which the Neotethys subducted beneath central Iran. The red segments represent the possible slab break-off regions (see Figure 6 in Agard
etal., 2011 for details). (b) Broadband Oy, map. (c) Selected cross-sections of frequency-dependent Q.

(Alinaghi et al., 2007; Hafkenscheid et al., 2006; Mahmoodabadi et al., 2019). Thus, the subducted slab seems
to be partially detached below Iran (red subduction lines in Figure 11), where slab detachment occurred during
~40-30 Ma under northwestern Iran but skipped central Iran and propagated southeast to Makran from 10 to 5 Ma
to the present (Agard et al., 2011; Hafkenscheid et al., 2006; Omrani et al., 2008). In the NW and SE UDMA, the
low-Q\, characteristics above the slab detachment regions suggest that the subducted slab relicts melt at depth
due to slab break-off, which produces upwelling that intrudes into the crust. In addition, adakitic magmas are
observed around the NW and SE low-Q\ , regions (gray shading in Figure 11), which is related to the melting of
mafic material at depth under high-temperature conditions in response to potential slab break-off (Ghalamghash
et al., 2016; Jahangiri, 2007; Omrani et al., 2008). Three-dimensional numerical models have demonstrated that
slab break-off is likely to occur beneath the lateral continental/oceanic transition zone (continental corner) (e.g.,
Liet al., 2013; Magni et al., 2017; van Hunen & Allen, 2011), and slab tear is likely first initiated away from the
continental corner and then propagates along strike to the edge of the continental plate (Li et al., 2013). The NW
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Figure 12. Age distribution of volcanic rocks in the Urumieh-Dokhtar magmatic arc (UDMA). (a) Age versus distance plot
of volcanic rocks sampled from the UDMA, modified from Chiu et al. (2013). The circles and triangles represent volcanic
and intrusive rocks, respectively. The solid line shows the broadband Qy, values along the thick black dashed line in b, with
high Qy, (>300) shown in blue. The pink shading represents areas of possible slab break-off. (b) Broadband attenuation map
along the UDMA.

and SE Zagros regions belong to typical continental corners, which are located between the eastern Mediterra-
nean Sea subduction region and the western Makran subduction zone, respectively. This may be the reason for
the lateral segmentation of slab break-off beneath the NW and SE Zagros.

Based on crucial geochemical analyses, arc magmatism ceased at ~22 Ma in the UDMA (Figure 12a), originat-
ing from typical subduction-related mantle wedge sources (Chiu et al., 2013 and references herein). The results
suggested that the northwestern volcanism at ~11-3 Ma was triggered by the oblique collision after a magmatic
gap of ~10 m.y., and the younger southeastern magmatism was caused by crustal thickening (Chiu et al., 2013).
However, according to the age difference between the timing of the northwestern and central magmatism, it
is possible that postcollisional volcanism occurred in the central UDMA after the magmatic gap but is not
observed. The strong attenuation on the sides and the weak attenuation in the middle suggest that after subduction
ceased, the Miocene—Quaternary magmatism was possibly activated by detachment-related mantle heat sources
(Figure 12) (Alinaghi et al., 2007; Ghalamghash et al., 2016; Omrani et al., 2008). Slab detachment provides a
more reasonable explanation for the abrupt reduction in the rock ages (~10 m.y.) from the central to SE UDMA.
The central arc magmatism ceased at ~15 Ma and has not been reactivated.

4.3. Makran Magmatic Belt

The Makran accretionary wedge in southeastern Iran and southwestern Pakistan is an active arc system where
the oceanic portion of the Arabian plate is subducted northward (hereafter Makran subduction) (Mousavi
et al., 2022). The earliest stage of intraoceanic subduction of the Neotethyan Ocean led to upwelling of the
asthenosphere, leaving Mesozoic lavas near Makran ophiolites (Figure 13) (Monsef et al., 2018), and Paleogene
and Oligocene—Miocene volcanism migrated farther northeast (e.g., Pang et al., 2014). Neogene—Quaternary
basalt ages from samples near the Bazman (~11.5-0.7 Ma), Taftan (~7.0-0.7 Ma) and Koh-i-Saltan (~5.6 Ma)
arc volcanoes show a northeastward migration of volcanism (e.g., Pang et al., 2014). The Makran arc volcan-
ism reflects the low-angle (~1-2°) or flat-slab subduction of the Arabian plate (e.g., Abedi & Bahroudi, 2016;
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Figure 13. Distributions of Qy, and volcanic rocks in western Makran. (a) Broadband Q,, map overlain by Jurassic—Cretaceous ophiolite belts (green bands) and
Cenozoic and Mesozoic volcanic rock outcrops (red and black areas). Bazman (1), Kuh-e-Nadir (2), Taftan (3) and Koh-i-Saltan (4) volcanoes are marked. (b) Volcanic

rocks in western Makran (after Pang et al.,

younger toward the northeast.

2014). The Mesozoic—Miocene volcanism (blue areas) and Neogene—Quaternary arc volcanic rocks (red areas) become

Simmons et al., 2011). Mousavi et al. (2022) suggested that the Bazman, Taftan and Kuh-Sultan slabs represent
different phases of Makran subduction prior to, simultaneous with and following slab break-off, respectively.
However, the deep structure related to slab detachment has not been observed beneath the Makran region. The
storage-transport processes of ascending melt under the Makran volcanic arc require more constraints from the
crustal thermal structure.

Figure 13a shows a NE-trending low-Q;, anomaly belt extending from western Makran to the Lut Block in
the northeast, which passes through the Jurassic—Cretaceous ophiolite belt, Mesozoic volcanic rocks, Cenozoic
volcanic rocks and young stratovolcanoes. The transition zone between the Arabia—Eurasia collision and the
Makran subduction zone is characterized by the strongest attenuation, which corresponds to a low Pn-velocity
anomaly beneath western Makran and separated by a N-S-trending sharp boundary (at approximately 61°F)
with a high-velocity zone beneath eastern Makran (e.g., Al-Lazki et al., 2014; Lii et al., 2012). According to the
Lg attenuation images, we suggest that Neogene—Quaternary Makran volcanism is likely fed by subduction-related
magma upwelling in the mantle wedge, which is further modified by crustal components (Pang et al., 2014).
Under the Makran subduction zone, average dips of ~2° and ~3° are suggested for the western and eastern
Makran oceanic crust, respectively, before it subducts under the overriding continent (Motaghi et al., 2020).
Northward from this bend, dips of ~18° and ~9° are expected for western and eastern Makran, respectively
(Manaman et al., 2011; Motaghi et al., 2020). Therefore, the slab at the western edge of Makran was the first
to reach the depth where dehydration and melting occurred. The Paleogene—Quaternary Makran volcanism gets
younger toward the NE, which is likely related to the change in subduction dip. Bazman volcano has the largest
eruption scale (Figure 13b), which was supplied by, potentially, the largest magma chamber in western Makran
with the strongest crustal attenuation signature. Beneath the transition zone between continental collision and
oceanic subduction, the cause of strong crustal attenuation to the west of 58° E seems to be different from that
of the Makran arc volcanoes. The strong attenuation beneath the transition zone could be related to slab detach-
ment beneath the Zagros (Omrani et al., 2008), crustal deformation and rock compositional changes (Al-Lazki
et al., 2014), or a potential mantle plume (Barbero et al., 2021).

4.4. Lut Magmatic Zone

The attenuation characteristics in the northeastern Iranian Plateau are well constrained by the dense broadband
stations (Figure 1a). A conspicuous low-Qy, anomaly belt spans the northern Lut Block, Sabzevar zone and
Kopet-Dogh Mountains (Figure 14a) and clearly delineates the Eocene—Oligocene and Pliocene—Quaternary
igneous outcrops. The low-Qy, anomaly beneath the Lut region is likely associated with magmatism rather than
the entire Lut Block, which is a stable solid microplate (e.g., Arjmandzadeh & Santos, 2013). Parallel to the
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Figure 14. Broadband Qy, map of eastern Iran. (a) 0.2-2.0 Hz broadband Q\, distribution. The Cenozoic volcanic rock outcrops are shaded red. The gray circle

and diamonds mark the localities of mantle xenoliths (Su et al., 2014) and modeled OIB-like alkali basalts (Walker et al., 2009), respectively. The black dashed line
represents the location of the frequency-Qy, cross-section, the same as the M-M’ profile shown in previous research on S-wave receiver functions (Wu et al., 2021). (b)
Lithospheric and asthenospheric anisotropy from shear-wave splitting observations of SKS, SKKS, and PKS (XKS) (Gao et al., 2022; Kaviani et al., 2021). (c) Selected
frequency-Qy, cross-section. LMB, Lut magmatic belt; AMB, Alborz magmatic belt; Sa, Sabzevar zone.

Sistan suture, Cretaceous ophiolites crop out on the eastern edge of Iran and represent remnants of ancient Sistan
oceanic crust. Between the Lut and Afghan Blocks, the Sistan Ocean opened in the Early Cretaceous and possi-
bly subducted westward beneath the Lut Block during the Late Cretaceous (Moghaddam et al., 2021). The Lut
volcanism is therefore suggested to have been triggered by the westward subduction of the Sistan oceanic litho-
sphere beneath the Lut Block, which led to the dehydration of the subducted slab (e.g., Samiee et al., 2016), the
production of fluid and melt from subducted sediments (Beydokhti et al., 2015) and partial melting in the supra-
subduction mantle wedge (Arjmandzadeh et al., 2011). However, “°Ar/3°Ar, geochemical and Sr/Nd isotope anal-
yses suggest that the Lut magmatism was active from ~46 to ~25 Ma, which postdated the Lut-Sistan collision
(Pang et al., 2013). This magmatism may have been related to the delamination of the thickened lithosphere and
subsequent asthenospheric upwelling during the Eocene—Oligocene (Pang et al., 2013). The Miocene to Pliocene
(~11-4 Ma) alkali basalts are further suggested to result from the partial melting of the rising asthenosphere after
the delamination of the Lut lithospheric root (Pang et al., 2012).

Most Cenozoic volcanic rocks in eastern Iran crop out in the central and northern Lut Block rather than through-
out the entire collision zone. The volcanic rocks and low-Q\, anomaly simultaneously deviate from the ophiolite
belt and the Sistan suture zone to the north (Figure 14a). Furthermore, the eastern Iranian magmatism appears to
have a diffuse pattern ~300 km wide (Pang et al., 2013), in contrast with linear or curved magmatic belts (e.g., the
UDMA and Alborz ranges). Therefore, the magmatism in the Lut Block involves a special evolution mechanism.
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Using the dense CIGSIP array, a strong positive velocity discontinuity is detected at ~170 km depth beneath east-
ern Iran by an S-wave receiver function study, possibly representing the base of an asthenospheric low-velocity
layer (Wu et al., 2021). The nearby ocean island basalt (OIB) outcrops (gray circle and diamonds in Figure 14a)
were presumably sourced from the asthenosphere (Su et al., 2014; Walker et al., 2009). Two relevant low-Qy
anomalies are also observed in the crust (Figure 14c¢), indicating that asthenospheric upwelling has changed the
thermal structure in the Lut crust. NNW-SSE and NNE-SSW fast polarization directions of shear-wave splitting
have been observed in eastern Iran (Figure 14b) and suggest a two-layer anisotropic structure and a northeastward
asthenospheric flow beneath the Eastern Iranian Plateau, which may be induced by the contrast in lithospheric
thickness with the collisional front (Gao et al., 2022). Similar seismic anisotropy of shear phases (SKS, SKKS,
and PKS, called XKS) was also observed by Kaviani et al. (2021). This mantle flow pattern can explain why
the hot crust with low Qy, extends to the northern Lut Block and even the Sabzevar and Kopet-Dogh regions.
We suggest that the hot mantle magmas associated with Sistan subduction or the Lut—Afghan collision migrated
northward driven by asthenospheric flow and accumulated beneath the northern Lut crust (Gao et al., 2022).
The magma upwelling further contaminated the crust beneath the central and northern Lut Block, Sabzevar zone
and even the Alborz magmatic zone and resulted in the diffuse pattern of Cenozoic magmatism. The younger
Pliocene—Quaternary igneous rocks and OIB-type outcrops demonstrate that the northern Lut crust with low Qy,
still has higher temperatures at present. The NW-SE fast polarization directions around the Kopet-Dogh Moun-
tains are subparallel to the strikes of faults and orogenic belts in response to the Arabia—Eurasia collision (Gao
et al., 2022), and the eastern Alborz magmatism trends in an E-W direction along the faults.

4.5. Alborz Magmatic Belt

The E-W-trending Alborz magmatism in northern Iran started in the Early Cretaceous, increased abruptly during
the Eocene, and continues until the present (e.g., Asiabanha & Foden, 2012; Stern et al., 2021). The source region
of Alborz magmas is generally believed to be influenced by various components, including deeply subducted
lithosphere and partial melts of lithosphere in an extensional back-arc setting (Asiabanha & Foden, 2012). The
crustal structures beneath the Alborz magmatic belt exhibit active and hot characteristics, where the low-Q ¢
anomalies span almost the entire Alborz magmatic belt, especially in the western and eastern parts. In the western
Alborz, assimilation and fractional crystallization modeling indicates that the ascending magmas from a mantle
source were modified by 40% crustal components (Asiabanha & Foden, 2012), which is evidenced by the low Oy,
in the crust (Figure 11). The Pliocene—Quaternary Sahand, Damavand and Sabalan volcanoes are also located in
the western low-Q , region around the Talesh-Alborz Mountains (Figure 7a), suggesting multiple crustal magma
chambers below. The adakitic Sabalan and Sahand volcanoes in western Alborz may be affected by mantle
magma related to slab detachment. In northeastern Iran, the attenuation model cannot distinguish between the
Lut magmatic zone and the eastern Alborz magmatic belt, but the centers of the two magmatic regions have the
highest Qi , values (Figure 14a).

5. Conclusion and Geodynamic Implications

To detect the crustal attenuation structure in the Iranian Plateau, we performed high-resolution Lg-wave attenua-
tion tomography using a newly compiled data set. A broadband attenuation model was constructed between 0.05
and 10.0 Hz with a resolution approaching ~1°. The Cenozoic magmatic flare-up in the Iranian Plateau is revealed
by volcanic rock outcrops and effectively constrained by the strong attenuation characteristics in the crust. The
low-Q\, areas are mainly observed beneath the Zagros orogenic belt, Urumieh-Dokhtar magmatic arc, Alborz
reararc magmatic belt, Makran magmatic arc and Lut magmatic zone, which cover not only the active tectonic
boundary belts but also the internal magmatic zone. We link the lateral variations in the crustal attenuation char-
acteristics to Cenozoic magmatism by combining surface rock outcrops and deep seismological observations
(Figure 15). In the UDMA, the arc volcanism associated with Neotethyan subduction ceased in the early Miocene
(Chiu et al., 2013). The strong crustal attenuation characteristics in the northwestern and southeastern UDMA
suggest that after the cessation of subduction, Miocene—Quaternary magmatism was possibly activated by slab
detachment-related heat sources in the mantle (Ghalamghash et al., 2016; Jahangiri, 2007; Omrani et al., 2008).
The slab detachment is supported by seismic tomographic images at greater depths (e.g., Alinaghi et al., 2007;
Hafkenscheid et al., 2006; Mahmoodabadi et al., 2019). Adakitic rocks observed in the northwestern and south-
eastern UDMA may also be a response to potential slab break-off (Ghalamghash et al., 2016; Jahangiri, 2007
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detachment

Figure 15. Schematic diagram showing the development of strong crustal attenuation structures and Cenozoic magmatism.
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Omrani et al., 2008). On the southeastern edge of Iran, the NE migration of Paleogene—Quaternary Makran
volcanism with SW—-NE-trending crustal low-Qy is likely related to the decrease in subduction dip from west to
east. The northern Lut crust exhibits obviously strong attenuation characteristics accompanied by a large amount
of diffuse Eocene—Quaternary magmatism. The hot crust and Lut magmatism may be fed by the accumulated
mantle magma beneath the northern Lut driven by a possible northward asthenospheric flow, which is suggested
by the asthenospheric low-velocity layer (Wu et al., 2021) and the northward polarization directions of shear-
wave splitting (Gao et al., 2022; Kaviani et al., 2021). In northern Iran, the strong attenuation anomaly spans the
entire E-W-trending Alborz magmatic belt, whose source likely originated from the deep mantle and crustal
partial melts.
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