
1.  Introduction
Plate convergence processes determine the formation and evolution of plateaus, such as the Iranian, Anatolian, 
and Tibetan plateaus. During the transition from oceanic subduction to continental collision, a descending slab 
may experience an increase in tensile stress between its deep and shallow portions and further break off, a 
phenomenon attributed to the strong buoyancy generated by continental crust subduction at relatively shallow 
depths (Davies & Blanckenburg, 1995; Kufner et al., 2021). After slab detachment, the subducted continental 
lithosphere loses the drag force of the deep slab and hence possibly up-bends toward the overriding plate (Li 
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the Iranian Plateau and surrounding areas using a newly compiled data set and constrain the lithospheric 
structure by combining the Lg-wave attenuation within the crust. Weak Pn-wave attenuation outlines the 
boundary of the Arabian Plate near the Moho discontinuity, extending further in the direction of underthrusting 
in the northwestern and southeastern regions. This is likely due to the up-bending and underplating of the 
Arabian lithosphere following the cessation of slab pull. The overlying crusts in northwestern and southeastern 
Zagros thickened under the compressive force from plate underplating. The correlations among the surface 
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Plain Language Summary  Various geological and geophysical observations show that deep 
oceanic slabs may have detached one after another from the Arabian continental margin, forming a complex 
plate front beneath the Iranian Plateau. However, the processes of continental underthrusting and collision 
remain poorly understood. The formation mechanism of the complex magmatism in the Iranian Plateau is also 
unclear. The uppermost mantle, often considered the core of the mantle lid, exhibits rheological variations that 
can provide insights into the underlying thermal structure. In this study, we conducted high-resolution Pn-wave 
attenuation tomography for the uppermost mantle beneath the Iranian Plateau, using 23,251 vertical-component 
waveforms recorded at 291 previous stations and 197 new temporary stations. The resulting images show 
that the cold Arabian plate is characterized by weak Pn attenuation beneath the Zagros orogen and the strong 
attenuation anomalies are related to younger magmatism. Combined with previous geological and geochemical 
observations, our results suggest a successive evolution process under the Iranian Plateau. The ancient 
Neotethys oceanic plate partially detached from the Arabian continental margin. After the slab break-off 
at depth, the Arabian continental plate rose back and flattened below the overriding plate. Meanwhile, the 
detachment-related asthenosphere upwelling fed the younger volcanism at the surface.
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et al., 2013; van Hunen & Allen, 2011). In this situation, asthenospheric flow is likely triggered around the broken 
edges of the plate (e.g., Guivel et al., 2006; Kundu & Gahalaut, 2011). Although numerical modeling can simu-
late the processes of continental underthrusting and collision (Gao et al., 2023; Li et al., 2013; Magni et al., 2017; 
van Hunen & Allen, 2011), unraveling the intricate workings of its geodynamics necessitates additional insights 
gleaned from a comprehensive suite of geological and geophysical observations, including seismic velocity and 
attenuation tomography (Stern et al., 2021).

The Zagros orogen, a fold-thrust belt in the Iranian Plateau, lies within the Alpine-Zagros-Himalayan conver-
gent zone, a vast region of continental collision that emerged following the closure of the Neotethys Ocean 
and the collision of the Arabian and Eurasian plates (Figure 1) (e.g., Chemenda et al., 2000; Li et al., 2013; 
Mousavi, 2017a; Stern et al., 2021). Seismic tomography revealed that the Neotethyan plate subducted northward 
and that the deep oceanic slab partially detached from the Arabian continental margin (e.g., Alinaghi et al., 2007; 
Hafkenscheid et  al.,  2006; Mahmoodabadi et  al.,  2019; Manaman & Shomali,  2010; Rahmani et  al.,  2019; 
Shomali et al., 2011). However, the inconsistent imaging results led to controversy over the detachment locations. 
The deep oceanic slab may have detached under the northwestern and southeastern Zagros orogen, avoiding the 
central Zagros (e.g., Agard et al., 2011; Alinaghi et al., 2007; Hafkenscheid et al., 2006; Rahmani et al., 2019; 
Veisi et al., 2021). Otherwise, an updated velocity model for the Iranian Plateau observed similar discontinuous 
high-velocity anomalies under the central Zagros (Mahmoodabadi et al., 2019). Although the surface topographic 
relief is not sensitive to deep plate kinematic processes, shallow Arabian lithosphere tectonics exhibit a strong 
reaction to slab detachment at depth, manifesting as plate up-bending and underplating (Li et  al.,  2013; van 
Hunen & Allen, 2011). Therefore, investigating the detailed structure of the upper mantle is an effective way to 
understand the entire underthrusting and collision processes.

Both plate subduction and collision led to active magmatism and formed the Urumieh-Dokhtar magmatic arc 
(UDMA) along the underthrusting front of the Arabian Plate (Verdel et al., 2011). The UDMA extends from 
the Talesh Caucasus and Alborz Mountains in the northwest to the Makran subduction region in the southeast. 
Zircon U–Pb age measurements show that the Urumieh-Dokhtar magmatism was most active during the Eocene 
and Oligocene (55–25 Ma) (Chiu et al., 2013 and references therein) and was controlled by Neotethyan oceanic 
subduction (e.g., Asadi et al., 2014; Babazadeh et al., 2017). Oceanic subduction ceased due to the continental 
collision between the Arabian continental margin and the Iranian Plateau, yet volcanism persisted in the northwest-
ern and southeastern segments of the Urumieh-Dokhtar Magmatic Arc (UDMA) into the Miocene-Quaternary 
period (Chiu et al., 2013). To understand the post-collisional magmatism in the UDMA, several models have 
been proposed but are controversial, including slab rollback (e.g., Babazadeh et al., 2017), slab break-off (e.g., 
Ghalamghash et al., 2016; Jahangiri, 2007; Omrani et al., 2008), changes in subduction angle (Shahabpour, 2007), 
and crustal thickening caused by oblique and diachronous collision (Chiu et al., 2013). Investigating the intricate 
details of lithospheric thermal structure and establishing connections between deep-seated dynamic processes 
and surface volcanism is critical for comprehending the evolutionary trajectory of magmatism.

Compared with seismic velocity, seismic attenuation is more sensitive to temperature, partial melting, and fluid 
(e.g., Artemieva et al., 2004; Boyd et al., 2004; He et al., 2021; Zhu et al., 2013). In this study, we construct a 
Pn-wave attenuation model in and around the Iranian Plateau to detect the boundary of the Arabian underthrust-
ing front and the potential magma sources in the uppermost mantle. The layered results, including the subcrustal 
lithospheric thermal structure obtained in this study, crustal thermal anomalies from strong Lg attenuation (G. 
Yang et al., 2023), and surface volcanic rocks, suggest a successive process from deep geodynamics, includ-
ing slab break-off, plate up-bending and mantle upwelling, to crustal heat storage and transmission as well as 
volcanic eruption near the Arabian underthrusting front.

2.  Data and Methods
2.1.  Regional Data Set

In the Iranian Plateau, the seismicity is more concentrated along the active fold-thrust mountain belts compared 
to the stable block at the center (Robert Engdahl et al., 2006). The ISC-EHB catalog and previous relocation 
results showed that most earthquakes occurred in the upper crust (e.g., Nissen et al., 2011, 2019; Robert Engdahl 
et  al.,  2006). In this study, a total of 23,251 vertical-component waveforms were collected from 594 crustal 
earthquakes recorded at 488 broadband stations in and around the Iranian Plateau, where 291 stations belong to 
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regional networks (see Data Availability Statement), and 197 new stations that belong to three temporary seismic 
networks in western and eastern Iran established by the “China-Iran Geological and Geophysical Survey in the 
Iranian Plateau (CIGSIP)” project during 2013–2018 (Gao et al., 2022; Sadeghi-Bagherabadi et al., 2018; Wang 
et al., 2022; Wu et al., 2021). Earthquakes that occurred above the Moho (Laske et al., 2013) with known focal 
mechanisms were selected from the Harvard Centroid Moment Tensor catalog (Ekstrom et al., 2012) to facilitate 
the calculation of the radiation patterns of Pn-waves. The earthquake sizes were confined within a magnitude 
range of 4.3 ≤ mb ≤ 6.5. Figure S1 in Supporting Information S1 illustrates 72 waveforms from the three tempo-
rary CIGSIP networks, bandpass filtered between 0.5 and 8.0 Hz. The Pn signals with different propagation paths 
were clearly recorded. Detailed station and earthquake information is listed in Tables S1 and S2 in Supporting 
Information S2.

2.2.  Pn-Wave Spectral Amplitude

The Pn amplitude measurement was conducted following the processing procedure from Zhao et al. (2015). As 
the first arrival phase for regional distances between 200 and 2,000 km, the Pn waveform was sampled in a 
0.7 km/s-long group velocity window around the IASP91 first arrival, and the noise was extracted before the P 
arrival within a window with a time length equal to that of the Pn waveform; both the Pn and noise spectra and 
SNRs were obtained using the fast Fourier transformation; the Pn data were selected based on an SNR threshold 
of 2.0, and the Pn signal amplitudes were obtained after denoising (Figure 2).

2.3.  Pn-Wave Geometric Spreading

The theoretical spectral amplitude of the Pn-wave can be expressed as (Sereno et al., 1988; J. K. Xie & Patton, 1999)

𝐴𝐴(𝑓𝑓 ) = 𝑆𝑆(𝑓𝑓 ) ⋅ 𝐺𝐺(∆, 𝑓𝑓 ) ⋅ Γ(Δ, 𝑓𝑓 ) ⋅ 𝑃𝑃 (𝑓𝑓 ) ⋅ 𝑟𝑟(𝑓𝑓 ),� (1)

where A( f ) is the Pn amplitude at frequency f, S( f ) is the source spectrum, G(∆, f ) is the geometric spreading 
factor relative to epicentral distance Δ and frequency f, Γ(Δ, f ) is the attenuation term, P( f ) is the site response, 
and r( f ) is the random effect. The attenuation term Γ(Δ, f ) can be further expressed as

Γ(Δ, 𝑓𝑓 ) = exp

[

−
𝜋𝜋𝜋𝜋

𝑉𝑉
𝐵𝐵(∆, 𝑓𝑓 )

]

,� (2)

Figure 1.  Maps showing the major geological blocks and magmatic belts in the Iranian Plateau (a) and the locations of 
stations and earthquakes (b). The green stations were collected from the Incorporated Research Institutions for Seismology 
Data Management Center, the German Research Centre for Geoscience, the International Seismological Centre, and 
the International Federation of Digital Seismograph Networks. The CIGSIP stations are highlighted in blue. Az: Alborz 
Mountains; CIGSIP: The China-Iran Geological and Geophysical Survey in the Iranian Plateau during 2013–2018; CI: 
Central Iranian Basins; CS: Caspian Sea; KD: Kopet-Dogh Mountains; LC: Lesser Caucasus Mountains; Lut: Lut Blocks; 
Ma: Makran region; OS: Oman Sea; PG: Persian Gulf; SSZ: Sanandaj-Sirjan Zone; Ta: Talesh Mountains; UDMA: 
Urumieh-Dokhtar magmatic arc; and ZFTB: Zagros Fold-Thrust Belt.
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where V is the velocity of the Pn-wave and 𝐴𝐴 𝐴𝐴(∆, 𝑓𝑓 ) = ∫
ray

𝑑𝑑𝑑𝑑

𝑄𝑄(𝑓𝑓 )
 is the integral of the attenuation over the great 

circle path (Zhao et al., 2015).

To obtain the attenuation term accurately, it is necessary to reasonably correct the influence of the geometric 
spreading of the Pn-wave. Numerical modeling suggests that the geometric spreading factor G(∆, f ) can be 
expressed in logarithmic-quadratic form (X. N. Yang, 2011; X. Yang et al., 2007):

𝐺𝐺(∆, 𝑓𝑓 ) = 10
𝜉𝜉3(𝑓𝑓 )∆𝜉𝜉1(𝑓𝑓 ) log10 ∆−𝜉𝜉2(𝑓𝑓 ),� (3)

where ξn( f ) is related to the logarithm of the frequency,

�n(� ) = �n1 log210(� ) + �n2 log10(� ) + �n3.� (4)

The parameters ξij could be finely adjusted with ±10% perturbations according to the actual Pn amplitude data 
(G. Yang et al., 2022; Zhao et al., 2015). Based on Equation 1, the Pn-wave amplitude spectrum was obtained by 
fitting the geometric spreading and the regional apparent QPn in the entire study area and the source functions of 
the 594 earthquakes (Figure 3). Note that the best-fitting model could reasonably explain the actual Pn ampli-
tude data (Figure 3a). The resulting geometric spreading functions between 0.5 and 20.0 Hz exhibited similar 
overall shapes that first decreased and then increased with an increasing epicentral distance (Figure 3b). The 
best-fit apparent attenuation parameters of Q0 and η were 251 and 0.65, respectively, and yielded QPn = 251f 0.65 
(Figure 3c), where Q0 was the Q value at 1 Hz, and η was the frequency-dependent coefficient. The seismic 
moment and corner frequency for each event were further inverted based on the resulting source term (Figure 3d). 

Figure 2.  An example of the Pn spectral amplitude measurement. (a) Vertical-component seismograms from the 02 May 
2018 earthquake recorded at station SE.L31, where the noise (gray) and Pn signals (blue) were sampled within two equal-
time length windows. (b, c) Enlarged waveforms of the noise and Pn signal. (d) Pn and noise spectra. (e) SNR for data 
selection, where the data with SNR < 2.0 were removed. (f) Denoised Pn spectra.
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The nine geometric spreading parameters ξij, the seismic moment M0, and corner frequency fc of the 594 events 
are listed in Tables S2 and S3 in Supporting Information S2, and their standard deviations were calculated by 
randomly selecting 80% of the amplitude data and performing fitting 100 times (Efron, 1983).

2.4.  QPn Inversion

Due to the finite frequency and interference of multiple diving waves refracted at the underside of the Moho 
discontinuity, the Pn energy concentrates near the uppermost mantle, with the potential to penetrate several tens 
of kilometers below the Moho (Hill, 1973; Sereno & Given, 1990; X. B. Xie & Lay, 2017). A Pn-wave raypath 
can be divided into three parts, including two parts in the crust below the source and station and the part along 
the uppermost mantle (Figure S2 in Supporting Information S1). Therefore, the single-station attenuation integral 
along the Pn raypath can be expressed as

�(∆, � ) = ∫AE

��
��

+ ∫EF

��
�(�, �, � )

+ ∫FB

��
��

,� (5)

where AE and FB represent the crustal legs of the Pn-wave at the source and station sides, respectively, and EF 
represents the uppermost mantle leg. From Equation 1, neglecting the influence of the site response P( f ) and 
random amplitude r( f ), we have

𝐴𝐴(𝑓𝑓 )𝐺𝐺−1(∆, 𝑓𝑓 ) ⋅ 𝑆𝑆−1(𝑓𝑓 ) = [Γ𝑠𝑠(AE, 𝑓𝑓 )Γ𝑟𝑟(FB, 𝑓𝑓 )] ⋅ exp

[

𝜋𝜋𝜋𝜋

𝛼𝛼2 ∫
EF

𝑑𝑑𝑑𝑑

𝑄𝑄(𝑥𝑥𝑥 𝑥𝑥𝑥𝑥𝑥  )

]

,� (6)

Figure 3.  The inverted Pn models. (a) Corrected Pn spectral amplitudes (gray crosses) versus distance at 1.0 Hz. A total of 
15,693 Pn amplitudes were corrected by removing their source excitation spectra. The black error bars are the logarithmic 
standard deviations of the amplitude data. The synthetic Pn spectra (solid black line) were obtained by fitting the geometric 
spreading, the source functions, and the regional apparent QPn. The frequency (f), number of samples (N), apparent Pn Q, and 
correlation coefficient (R) are labeled. (b) Pn geometric spreading functions between 0.5 and 20.0 Hz. (c) Regional average 
apparent QPn model. The attenuation parameters of Q0 and η satisfied a power-law model QPn = 251f 0.65. (d) Source excitation 
functions for 594 events.
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where A( f ) and G(∆, f ) can be obtained from the Pn data and the geometric spreading function, and the attenu-
ation term 𝐴𝐴 exp

[

𝜋𝜋𝜋𝜋

𝛼𝛼2
∫

EF

𝑑𝑑𝑑𝑑

𝑄𝑄(𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥 )

]

 is our target. The Γs(AE, f ) and Γr(FB, f ) represent the attenuation terms along the 
crustal paths near the source and station, respectively. The [Γs(AE, f )Γr(FB, f )] is assumed to be a constant over 
the studied region and can be inverted from the data. This is because, first, it is difficult to simultaneously solve 
these two terms and the attenuation term for the uppermost mantle (i.e., the EF part) from only the amplitude 
decay along the Pn-wave raypath. Second, the lateral extents of the crustal legs AE and FB are limited compared 
with the EF part along the uppermost mantle (Figure S2 in Supporting Information S1), and considering the 
crustal attenuation as a constant has a negligible impact on the final imaging result (G. Yang et al., 2022; Zhao 
et al., 2015). The single-station objective function is formed from Equation 6, and we make the right-hand side 
of the equation approach the left-hand side by optimizing the QPn model. Notably, the sum of all logarithmic 
site responses 𝐴𝐴

∑𝑁𝑁

𝑖𝑖=1
ln𝑃𝑃𝑖𝑖 can be assumed to be zero (Ottemöller et al., 2002). Therefore, a two-step method was 

conducted. We first assume the sum of the perturbation of site responses 𝐴𝐴
∑𝑁𝑁

𝑖𝑖=1
𝛿𝛿ln𝑃𝑃𝑖𝑖 = 0 in logarithmic form and 

inverted the attenuation and source terms simultaneously. After obtained the attenuation and source terms, we 
control a relative variation of the site responses, and the unsolved residuals were then pushed into the site term P. 
The site response is simply a multiplicative factor that controls the near-station amplification due to local Earth 
structure. Unlike the attenuation along the path of crustal leg Γr(FB, f ), the site terms did not exhibit a strong 
correlation with seismic structures. In fact, the site response is probably a very local effect (almost in the upper 
30 m) and can vary over extremely short distances (e.g., Pasyanos et al., 2009). The resulting site responses range 
from −1.0 to 1.0 in the logarithmic domain (Figure S3 in Supporting Information S1).

For two stations i and j that recorded the same event at different epicentral distances and similar azimuth direc-
tions (<15°), their spectral ratio can be expressed as

𝐴𝐴𝑖𝑖𝑖𝑖 =
𝐴𝐴𝑗𝑗(𝑓𝑓 )

𝐴𝐴𝑖𝑖(𝑓𝑓 )
=

𝐺𝐺(∆𝑗𝑗 , 𝑓𝑓 )

𝐺𝐺(∆𝑖𝑖, 𝑓𝑓 )

Γ𝑠𝑠(AE𝑗𝑗 , 𝑓𝑓 )

Γ𝑠𝑠(AE𝑖𝑖, 𝑓𝑓 )

Γ(EF𝑗𝑗 , 𝑓𝑓 )

Γ(EF𝑖𝑖, 𝑓𝑓 )

Γ𝑟𝑟(FB𝑗𝑗 , 𝑓𝑓 )

Γ𝑟𝑟(FB𝑖𝑖, 𝑓𝑓 )

𝑃𝑃𝑗𝑗(𝑓𝑓 ) ⋅ 𝑟𝑟𝑗𝑗(𝑓𝑓 )

𝑃𝑃𝑖𝑖(𝑓𝑓 ) ⋅ 𝑟𝑟𝑖𝑖(𝑓𝑓 )
,� (7)

where the common source term has been eliminated. The attenuation terms in the source-side and station-side 
crustal legs are 𝐴𝐴

Γ𝑠𝑠(AE𝑗𝑗 ,𝑓𝑓)
Γ𝑠𝑠(AE𝑖𝑖 ,𝑓𝑓)

= 1 and 𝐴𝐴
Γ𝑟𝑟(FB𝑗𝑗 ,𝑓𝑓)
Γ𝑟𝑟(FB𝑖𝑖 ,𝑓𝑓)

≈ 1 , respectively. Therefore, the objective function for the two-station 

amplitude ratio can be further expressed as

𝐴𝐴𝑖𝑖𝑖𝑖(𝑓𝑓 )
𝐺𝐺(∆𝑖𝑖, 𝑓𝑓 )

𝐺𝐺(∆𝑗𝑗 , 𝑓𝑓 )
= exp

[

−
𝜋𝜋𝜋𝜋

𝛼𝛼2 ∫

𝐹𝐹𝑗𝑗

𝐹𝐹𝑖𝑖

𝑑𝑑𝑑𝑑

𝑄𝑄(𝑥𝑥𝑥 𝑥𝑥𝑥𝑥𝑥  )

]

.� (8)

Combining two-station amplitude ratios and single-station amplitude data can effectively mitigate the trade-off 
between source and attenuation, while increasing raypath density to enhance the resolution and reliability of 
attenuation imaging. At each frequency, a constant Q model calculated from the amplitude ratio data is used as 
the initial model for inversion. We linearize Equations 6 and 8 in the logarithmic domain to establish the single- 
and two-station inversion systems

⎡

⎢

⎢

⎣

𝑯𝑯𝒔𝒔

𝑯𝑯𝒕𝒕

⎤

⎥

⎥

⎦

=

⎡

⎢

⎢

⎣

𝑨𝑨𝒔𝒔

𝑨𝑨𝒕𝒕

⎤

⎥

⎥

⎦

⋅ 𝛿𝛿𝑸𝑸 +

⎡

⎢

⎢

⎣

𝑬𝑬

0

⎤

⎥

⎥

⎦

⋅ 𝛿𝛿𝑺𝑺,� (9)

where Hs is a vector composed of residuals between the observed and synthesized Pn spectra, Ht is the residual 
vector between observed and synthetic spectral ratios, δQ is the perturbation of QPn, δS is the perturbation of 
the logarithmic Pn source function, and the matrices As,t and E set up the relationships between δQ and Hs,t and 
between δS and Hs,t, respectively. Single-station amplitude and two-station amplitude ratio equations are jointly 
solved by the least squares orthogonal factorization inversion method (Paige & Saunders, 1982) to obtain the 
distribution of the Pn-wave quality factor (QPn) after removing the influence of the source, radiation pattern and 
geometric spreading. The turning point of the L-curve was selected as the optimal initial damping parameter in 
QPn tomography to balance data fitting with the preservation of robust anomaly features. Subsequent iterations 
employed varying damping values to refine the data fit while maintaining the integrity of the anomaly features. 
As the number of iterations increases, the damping value decreases gradually (G. Yang et al., 2023). During 
the tomographic inversion, the amplitude residuals become narrower, sharper, have a zero mean, and are grad-
ually closer to Gaussian distributions (Figure 4). Checkerboard tests at individual frequencies were conducted 
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to analyze the resolution and reliability of the inversion system, where the checkerboards were constructed by 
adding 7% positive/negative perturbations over a constant background QPn model (Zhao et al., 2015). For detailed 
Pn attenuation tomography methodology, refer to Zhao et al. (2015) and G. Yang et al. (2022).

3.  Results
3.1.  Tomographic Attenuation Model of Pn-Wave

A high-resolution Pn-wave attenuation model was constructed for the Iranian Plateau at 42 individual frequencies 
between 0.5 and 20.0 Hz. Lateral variations in the Pn attenuation are remarkable, as shown in the selected QPn 
images at 1.0, 2.0, 3.0, and 5.0 Hz (Figure 5). With dense ray paths, the synthesized Pn spectral amplitudes can 
well recover the 1.0° × 1.0° checkerboard models at individual frequencies (Figure 6). The large-scale attenuation 
structures are generally stable at individual frequencies, and the QPn value increases with frequency. Based on the 
Pn attenuation model, the QPn value versus frequency is statistically obtained in six major geological units, includ-
ing the Eurasian and Arabian Plates, the Afghan block, and the Iranian, Pamir, and Anatolian Plateaus (Figure S4 
in Supporting Information S1). The QPn-frequency curves seem to be parabolas between 0.5 and 20.0 Hz, where 
the Anatolian and Iranian Plateaus exhibit relatively lower QPn values. Comparing the frequency dependencies of 
different units, the portion between 0.5 and 5.0 Hz can clearly distinguish different units (Figure 7a and Figure 
S4h in Supporting Information S1). However, outside of the dominating band, the QPn curves are mixed closer 
and strongly dependent on frequency rather than tectonic features. Therefore, the frequency range from 0.5 to 
5.0 Hz was selected as the dominant band for the Pn attenuation model.

The broadband attenuation model was calculated by the logarithmic average of QPn values between 0.5 and 
5.0 Hz (Figure 7b). The lateral variation in broadband Pn attenuation closely resembles that observed at individ-
ual frequencies (Figure 5), and it also demonstrates a high degree of consistency with previous attenuation and 
velocity imaging results for the uppermost mantle (see Section 4.1). The broadband QPn value extends from 10 
to 700, where the Arabian Plate, the Eurasia Plate and the Makran subduction region are characterized by weak 
attenuation in the uppermost mantle (QPn > 500) and high velocities from previous tomographic results (e.g., 
Al-Lazki et al., 2014; Amini et al., 2012; Lü et al., 2012, 2017; Pei et al., 2011). From west to east, the Anatolian 
Plateau, the Iranian Plateau, the Afghan Block and the Pamir Plateau exhibit overall lower QPn (QPn < 250), which 
is aligned with the Pn low-velocity anomalies (e.g., Al-Lazki et al., 2014; Amini et al., 2012; Lü et al., 2017; 
Pei et al., 2011). With contributions from the new CIGSIP stations, dense raypath coverage, and accurate meas-
urement of Pn amplitude, more details were discovered in our high-resolution Pn attenuation model. Inside the 
Iranian Plateau (Figure 7c), the high-QPn values observed in the uppermost mantle beneath the Zagros orogen are 
indicative of the cold Arabian continental lithosphere. Within this region, the northwestern and southeastern parts 
exhibit significantly higher QPn values compared to the middle part, and they extend further to the northeast (H1 
and H2). Along the UDMA, two low-QPn anomalies are revealed beneath the northwestern end near the Alborz 
Mountains and the southeastern UDMA near the Makran region (L1 and L2). The Alborz and Kopet-Dogh 

Figure 4.  Histograms of the Pn spectral amplitude misfits before (gray) and after (blue) inversions at 1.0, 3.0, and 5.0 Hz. 
The dashed lines represent the best-fitting normal distribution curves. The root-mean-square (rms) residuals before and after 
inversions are labeled.
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Mountains show low-QPn features and crop out in the Alborz volcanic rocks. Similarly, strong Pn attenuation was 
observed beneath the Lut magmatic zone (LMZ) in the eastern Iranian Plateau.

3.2.  Uncertainty Analysis and Synthetic Tests

The uncertainty of results from the observations can be examined by resampling the original data set using the 
bootstrapping technique (Efron, 1983). Repeatedly reconstructing the attenuation model 100 times, each time 
randomly selecting 80% of the ray paths from the entire single- and two-station observational data sets, we gener-
ated a map of mean QPn values with small standard deviations (SD < 60). This map closely resembles the directly 
inverted QPn map (Figure S5 in Supporting Information S1), demonstrating the robustness of our approach. A 
synthetic test is further performed to confirm whether the main structural features under the Iranian Plateau are 
robust. As shown in Figure S6a in Supporting Information S1, the input model includes two high-QPn anomalies 
in the Zagros (H1 and H2) and a low-QPn anomaly in the southeastern UDMA (L1). The background is the average 
QPn value of this region, and the attenuation anomalies are set to ±50% perturbations. The synthetic amplitudes 
are generated from the theoretical models based on Equation 1, given the source and geometric spreading terms. 
Introducing 5% random noise into the data revealed that the main structural features remain robust, and both the 
shapes and magnitudes of the given anomalies can be successfully recovered (Figure S6b in Supporting Informa-
tion S1). Otherwise, the effects of uneven station distribution on tomography were also examined in a previous 
Lg-wave attenuation study (G. Yang et al., 2023). The test results indicate that the CIGSIP stations enhance the 
constraints on the attenuation structure between the two dense networks and do not produce synthetic anomalies.

4.  Discussion
4.1.  Comparison With Previous Studies

The crustal Lg-wave attenuation was investigated in and around the Iranian Plateau using the same data set 
(Figure 7d) (G. Yang et al., 2023). Low crustal QLg and high uppermost mantle QPn values are observed beneath 

Figure 5.  Selected QPn images at 1.0, 2.0, 3.0, and 5.0 Hz, respectively.
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the Zagros orogen and are related to the active crustal deformation and cold plate underthrusting, respectively. 
Kreemer et al. (2014) presented a global strain rate model, where the higher strain rate is mainly localized in the 
northern and southern Iranian Plateau, including the Zagros orogen. The decreasing GPS velocity observed from 
the Zagros orogen to the northern Iranian Plateau also supported that the Zagros orogen is experiencing intense 
crustal deformation (e.g., Khorrami et al., 2019). This is consistent with the low-QLg feature and the previously 

Figure 6.  Raypath coverages and checkerboard resolution analyses at 1.0, 3.0, and 5.0 Hz. The blue and red lines represent the single-station and double-station paths, 
respectively. Black triangles and orange circles denote the stations and events used in this study, respectively.
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observed lower b-values (Mousavi, 2017a, 2017b). Higher strain rates can indicate higher stress accumulation, 
hence corresponding with the intense tectonic deformation and the strong attenuation of Lg-wave amplitude. 
Higher susceptibility, magnetic remanence and density are also observed beneath the UDMA and the Zagros 
Fold-and-Thrust belt (e.g., Abedi & Oskooi, 2015; Abedi et al., 2018). Some strong attenuation anomalies can 
be simultaneously observed in both the uppermost mantle and crust. For example, two anomalies with crustal 
low-QLg and uppermost mantle low-QPn values are revealed beneath the northwestern and southeastern UDMA 
(L1 and L2 in Figures 7c and 7d), suggesting upwellings from the uppermost mantle to the crust, which is consist-
ent with previous velocity and attenuation tomographic images (e.g., Amini et al., 2012; Hearn, 2022; Kaviani 

Figure 7.  Maps showing broadband Pn-wave attenuation tomographic results. (a) Comparison of the frequency-dependent QPn of selected blocks (Figure S4 in 
Supporting Information S1). The shaded areas highlight the dominating frequency band of 0.5–5.0 Hz. (b) Broadband QPn map (logarithmic average of QPn from 0.5 to 
5.0 Hz). The volcanoes are marked as black triangles. (c) Uppermost mantle QPn image inside the Iranian Plateau. (d) Crustal QLg images inside the Iranian Plateau (G. 
Yang et al., 2023). The black areas represent the locations of Cenozoic Urumieh-Dokhtar volcanic rock outcrops. The Main Zagros Thrust represents the suture of two 
continental plates, along which the Neotethys subducted beneath central Iran. The possible slab break-off regions (red segments) were suggested by results from seismic 
tomography and geochemical observations (Agard et al., 2011; Hafkenscheid et al., 2006; Omrani et al., 2008). The low-QPn and low-QLg zones L1 and L2 and the high-
QPn zones H1 and H2 are revealed beneath the Urumieh-Dokhtar magmatic arc and Zagros orogen, respectively.
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et al., 2022; Pei et al., 2011). Additionally, the Lut magmatic belt with low-QLg and low-QPn values suggests 
magmatic accumulations in the crust and uppermost mantle (see Section 4.2 for detailed discussion).

Hearn (2022) conducted Pn attenuation tomography for the Iranian Plateau and found that the Zagros orogen is 
characterized by high-QPn, the interior of the Iranian Plateau features overall low-QPn, and the northwestern and 
southeastern Zagros are represented by more prominent high-QPn anomalies. Hearn's results are consistent with 
ours. Previous P- and S-wave attenuation images in the upper mantle also show a high-Q anomaly beneath the 
Zagros orogen and a low-Q anomaly north of the Main Zagros Thrust (Kaviani et al., 2022; Pasyanos et al., 2021). 
Seismic velocity tomography can reveal the temperature, melting distribution and rock composition of deep 
structures and has been widely applied in and around the Iranian Plateau (e.g., Alinaghi et al., 2007; Al-Lazki 
et al., 2004, 2014; Amini et al., 2012; Lü et al., 2012, 2017; Mahmoodabadi et al., 2019; Pei et al., 2011). The 
Anatolian, Iranian, and Pamir Plateaus and the Afghan Block are characterized by low Pn and Sn velocities based 
on previous tomographic results (Figure S7 in Supporting Information S1) (Pei et al., 2011). Low-velocity anom-
alies can be observed beneath Alborz Mountain and the Lut Block inside the Iranian Plateau, which are consist-
ent with strong Pn attenuation in the uppermost mantle. The Arabian continental margin underlying the Zagros 
orogen invariably exhibits high Pn and Sn velocities and weak Pn attenuation features. The low-angle Makran 
subduction slab can be revealed by a high-QPn and high-velocity anomaly in the uppermost mantle beneath the 
southeastern edge of Iran, which is parallel to the strike of the Makran Trench. The Pn velocity pattern gener-
ally aligns with the attenuation pattern in the Iranian Plateau. However, notable discrepancies arise in the finer 
details of the velocity and attenuation observations, particularly within the central region of the Iranian Plateau 
(Al-Lazki et al., 2014; Amini et al., 2012; Lü et al., 2012, 2017; Pei et al., 2011). Typically, the Arabian Plate 
below the Zagros orogen is characterized by obviously higher QPn values on both the northwestern and southeast-
ern sides (H1 and H2 in Figure 7c), which may be related to the underthrusting pattern of the Arabian Plate, as 
discussed in Section 4.3.

4.2.  Magma Upwelling Beneath the Lut Magmatic Zone

The storage-transport processes of the ascending melt can be detected by the strong attenuation features based on 
the crustal and uppermost mantle attenuation models. In the Lut Block, diffuse magmatism is almost continuous 
from the Early Cretaceous to the Quaternary (Jentzer et al., 2020). The formation of Lut volcanism may be related 
to WE-dipping Sistan Oceanic subduction (e.g., Moghaddam et al., 2021; Saccani et al., 2010) and lithospheric 
delamination during the Lut-Afghan collision (Pang et al., 2013). A low-QLg belt spans the northern Lut Block, 
the Sabzevar zone and the Kopet-Dogh Mountains. Two strong attenuation centers (QLg < 150) correspond well 
to the LMZ and the Alborz magmatic belt (Figure 8). Similarly, Pn attenuation reveals two magmatic sources 
(QPn < 250) in the uppermost mantle. The geochemical analyses support that the magmatic source of the late 
Paleocene to Oligocene volcanism was in the upper mantle and further modified by crustal components (Pang 
et al., 2013). The attenuation model further suggests that the younger volcanism in the Lut and Alborz magmatic 
zones is mainly fed by two potential asthenospheric upwellings, possibly originating from the deep asthenospheric 
low-velocity layer at ∼100–150 km depth beneath eastern Iran (Wu et al., 2021; G. Yang et al., 2023). The two 
magma upwellings gradually merge and are difficult to distinguish in the crust (G. Yang et al., 2023). Younger 
Pliocene-Quaternary igneous rocks and ocean island basalt (OIB)-type outcrops suggest that high-temperature 
melts gathered beneath the northeastern Iranian Plateau (Su et al., 2014; Walker et al., 2009).

4.3.  Segmented Up-Bending/Underplating of the Arabian Continental Plate

The Arabian continental underthrusting followed the subduction of the Neotethyan oceanic lithosphere into the 
trench. Upper mantle P- and S-wave velocity tomography revealed high-velocity anomalies down to a 600 km 
depth beneath Iran (e.g., Alinaghi et al., 2007; Hafkenscheid et al., 2006; Mahmoodabadi et al., 2019; Manaman 
& Shomali, 2010; Rahmani et al., 2019; Veisi et al., 2021), where the shallower high-velocity anomaly (<200 km) 
was interpreted as the Arabian mantle lithosphere and the high-velocity anomaly below ∼200 km was interpreted 
as the remaining Neotethyan oceanic slab. Detached slabs were detected at depths exceeding 300 km beneath 
the northwestern and southeastern Zagros orogen. However, beneath the central Zagros, high-velocity anomalies 
persisted at depths of 200–500 km, suggesting a connection to the shallower Arabian continental margin (Agard 
et al., 2011; Hafkenscheid et al., 2006; Rahmani et al., 2019; Veisi et al., 2021). Therefore, the subducted deep 
slab was proposed to be partially detached under the Iranian Plateau (red dashed lines in Figure 9a). According 
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to the ages of the adakitic rocks, the slab break-off occurred during ∼40–30 Ma under northwestern Iran, 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). However, the detachment locations from different velocity tomographic images 
were not uniform (e.g., Mahmoodabadi et al., 2019). These disputes may be resolved by the characteristics of the 
shallower continental lithosphere.

The breaking of a subducted slab has profound impacts on the thermal structure of the mantle wedge. The possi-
ble slab break-off regions are highlighted using the red dashed lines in Figure 9a (Agard et al., 2011; Alinaghi 
et al., 2007; Omrani et al., 2008). The slab detachment zones beneath the northwestern and southeastern Zagros 
are consistent with convex high-QPn anomalies in the uppermost mantle. Numerical simulations indicate that after 
slab break-off at depth, the subducted continental plate will rise back or up-bend toward the surface under the 
action of buoyancy at shallower depths and further flatten below the overriding plate (Figure S8 in Supporting 
Information S1) (e.g., Li et al., 2013; Magni et al., 2017; van Hunen & Allen, 2011). Compared to the central 

Figure 8.  Broadband QLg and QPn maps of the Lut Block. (a) Topographic map near the Lut Block. The green bands on the map represent the Cretaceous ophiolite 
belts. The brown and blue fills represent the Lut magmatic zone and the Alborz magmatic belt. Sa = Sabzevar zone; KD = Kopet-Dogh Mountains; and Lut = Lut 
Block. (b) Distribution of crustal low-QLg anomalies (QLg < 200). (c) Distribution of low-QPn anomalies in the uppermost mantle (QPn < 250). Red arrows indicate 
potential magmatic upwellings.
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Zagros, the northwestern and southeastern segments of the Arabian lithosphere, characterized by stronger high-
QPn anomalies, extend further in the direction of underthrusting. This observation aligns well with the proposed 
plate up-bending process and suggests that the Arabian Plate may have bent upward above the detached slabs, 
causing the high-QPn anomalies to extend forward near the Moho (Figure 9c). The rising of the subducted conti-
nental crust forces the mantle wedge to progressively migrate away from the trench (Magni et al., 2017). Beneath 
the Zagros orogen, the northwestern and southeastern Arabian Plates with high-QPn migrate as far as ∼150 and 
∼70 km north of the main suture during approximately 30 and 10 Myr (Omrani et al., 2008), respectively, which 
aligns with the migration velocity of ∼200 km/35 Myr suggested by numerical simulation (Magni et al., 2017).

The Moho depth map obtained from the receiver function showed thicker crusts (>50 km) beneath northwest-
ern and southeastern Zagros (Mooney, 2015; Taghizadeh-Farahmand et al., 2015), which corresponded to the 
stronger high-QPn anomalies and the possible plate up-bending zones of the Arabian lithosphere (Figure 9b). 
Furthermore, the thicker crustal structures in northwestern and southeastern Zagros were also supported by 
other Moho models based on surface wave tomography (Kaviani et al., 2020; Manaman et al., 2011), despite 
some differences. This indicated that, following the slab break-off, the upward bending and forward underthrust-
ing of the continental lithosphere can generate high compressional stresses to the overlying crust, leading to 

Figure 9.  Plate up-bending/underplating zones inferred by Pn attenuation. (a) The QPn image beneath the Zagros orogen. The 
black solid and red dashed lines represent the suture of two continental plates, along which the Neotethys subducted beneath 
central Iran, where the red dashed segments represent the possible slab break-off regions (Agard et al., 2011; Alinaghi 
et al., 2007; Omrani et al., 2008). Two possible up-bending zones of the Arabian Plate are circled in red frames. (b) Crustal 
thickness map from Taghizadeh-Farahmand et al. (2015). Northwestern and southeastern Zagros with high-QPn values both 
correspond to thicker crusts. (c) Schematic diagram showing slab break-offs and continental plate up-bending under the 
Zagros orogen.
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further crustal thickening of the northwestern and southeastern Zagros. Various studies have demonstrated slab 
detachment and plate underplating occurred beneath the northwestern and southeastern Zagros orogen (Agard 
et al., 2011; Alinaghi et al., 2007; Hafkenscheid et al., 2006).

4.4.  Detachment-Related Mantle Upwelling

Spanning approximately 1,500 km along the continental underthrusting front, the UDMA is a linear magmatic 
belt that bears the imprint of subduction-related processes. From the Late Cretaceous to the Paleogene, the 
UDMA witnessed prolific eruptions of low-K tholeiitic and calc-alkaline magmas, resulting in extensive volcanic 
successions with minor intrusive rocks (Chiu et  al.,  2017). The Eocene‒Oligocene volcanoes in the UDMA 
were fed by the mantle wedge melting induced by the Neotethys subduction (e.g., Asadi et al., 2014), but the 
formation mechanism of late Cenozoic magmatism is controversial. Several interpretation models have been 
proposed, including slab rollback (e.g., Babazadeh et al., 2017), slab break-off (e.g., Ghalamghash et al., 2016; 
Jahangiri, 2007; Omrani et al., 2008), changes in subduction angle (Shahabpour, 2007), and crustal thickening 
(Chiu et al., 2013).

Figure 10a illustrates the age distribution of igneous rocks along the UDMA (Chiu et al., 2013 and references 
herein). The magmatism in the central UDMA ceased after ∼15 Ma, while the volcanism in the northwestern 
and southeastern UDMA continued to the Quaternary. In the crust, two low-QLg zones are revealed beneath the 
northwestern and southeastern UDMA, and a high-QLg zone appears around the central UDMA (Figure 7d). 
Similarly, two low-QPn characteristics are shown in the uppermost mantle but have a certain shrinkage compared 

Figure 10.  Distributions of magmatic rock ages and attenuation Q along the Urumieh-Dokhtar magmatic arc (UDMA). (a) 
Age versus space plot of dated samples from the UDMA, modified from Chiu et al. (2013). The solid line outlines the age 
variation in young volcanism. The green arrows indicate the younging directions of magmatism. (b, c) QLg and QPn curves 
along the UDMA. The weak and strong attenuation zones are shown in blue and red, respectively. The red arrows suggest 
potential mantle upwelling related to slab break-off.

 21699356, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

028062 by Institution O
f G

eology, W
iley O

nline L
ibrary on [26/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

YANG ET AL.

10.1029/2023JB028062

15 of 19

to the crustal strong attenuation anomalies (Figure 7c). As illustrated in Figures 10b and 10c, both the QLg and 
QPn curves along the UDMA exhibit two remarkably strong attenuation zones, indicating potential magmatic 
accumulations. The lower velocity zones near the northwestern and southeastern UDMA were also revealed 
in previous Pn and Sn velocity tomography (e.g., Al-Lazki et al., 2004; Pei et al., 2011). The lateral variations 
observed in the thermal structure beneath the UDMA suggest intricate origins for the younger magmatism. From 
northwest to southeast, the young-old-young age pattern exhibited by the igneous rocks aligns remarkably with 
the strong-weak-strong attenuation feature, the continental plate up-bending zones, and the slab break-off regions. 
Therefore, the Miocene-Quaternary volcanism in the northwestern and southeastern UDMA may have been trig-
gered by slab detachment at depth (Ghalamghash et al., 2016; Jahangiri, 2007; Omrani et al., 2008). The low-QLg 
and low-QPn anomalies imply two possible magma channels under the northwestern and southeastern UDMA 
(Figures 10b and 10c). The two asthenospheric upwellings escaped upward from the slab tears, intruded into the 
upper mantle and crust, and further fed the younger volcanism at the surface. However, the magmatism in the 
central UDMA has not been reactivated by a detachment-related magmatic source since ∼15 Ma. Geochemical 
surveys also found adakitic magmas in the northwestern and southeastern UDMA in response to the melting of 
mafic material at depth under high-temperature conditions and possible slab break-off (Ghalamghash et al., 2016; 
Jahangiri, 2007; Omrani et al., 2008). Crustal thickening may also lead to magma compositional changes from 
calc-alkaline to adakitic (e.g., Chiu et al., 2013). However, the two magmatic sources in the uppermost mantle are 
distributed in clusters rather than along the collision strike, suggesting the younger magmatism was likely fed by 
mantle upwelling (Figure 11).

The migrations of Miocene-Quaternary volcanism are clearly identifiable in the UDMA. The volcanic rocks 
in the northwestern and southeastern UDMA become younger toward the central UDMA (green arrows in 
Figures 10a and 11). Volcanism migrations with different directions are difficult to explain in a steady-state 
subduction scenario or a simple oblique continental collision (e.g., Ferrari, 2004; Wortel & Spakman, 2000). 

Figure 11.  Schematic diagram showing the dynamics of slab break-offs, plate up-bending, and magmatic upwellings beneath 
the Urumieh-Dokhtar magmatic arc (UDMA). Broadband QLg and QPn maps are shown above and below, respectively. In 
the crustal attenuation map, the Cenozoic volcanic rock outcrops in the UDMA are filled as black areas. Adakitic rocks 
were observed in the northwestern and southeastern UDMA and marked as shaded areas (Ghalamghash et al., 2016; 
Jahangiri, 2007; Omrani et al., 2008). The Main Zagros Thrust (black lines and red dashed lines) represents the suture of two 
continental plates, along which the Neotethys subducted beneath central Iran. The red dashed segments represent the possible 
slab break-off regions (Agard et al., 2011; Alinaghi et al., 2007; Omrani et al., 2008). The red arrows indicate that two mantle 
upwellings escaped upward from slab tears and intruded into the upper mantle and crust to feed the younger volcanism at the 
surface.
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If slab break-off is used to interpret the formation of the post-collision volcanism, the along-arc migration of 
magmatism may support the southeastward and northwestward propagations of the slab tears beneath the north-
western and southeastern Zagros orogen (Li et al., 2013; van Hunen & Allen, 2011). Similar migration phenom-
ena of break-off and volcanism have also been observed in multiple places, such as the northeastern Tibetan 
Plateau and central Mexico (Ferrari, 2004; H. Yang et al., 2021).

5.  Conclusions
Combining high-resolution Pn and Lg attenuation models and other observations, we proposed the dynamic 
processes of slab break-off, plate up-bending/underplating and associated magmatism beneath the transition zone 
from the Neotethyan subduction to the Arabian collision (Figure 11). Beneath the Zagros orogen, the high-QPn 
anomalies described the boundary of the Arabian underthrusting front near the Moho discontinuity, where the 
northwestern and southeastern parts extended farther toward the underthrusting direction, which corresponded to 
slab detachment zones suggested by results from seismic tomography and adakitic rocks (e.g., Agard et al., 2011; 
Hafkenscheid et al., 2006; Omrani et al., 2008). This indicated that after the potential slab break-offs, the north-
western and southeastern Arabian Plates rose back toward the surface under the action of buoyancy at shallower 
depths. The Arabian Plate further flattens below the overriding plate and forms thick crust structures (>50 km) 
beneath the northwestern and southeastern Zagros orogen (e.g., Taghizadeh-Farahmand et al., 2015). Affected by 
continental plate up-bending, the mantle wedge progressively migrated away from the suture of the Arabian and 
Eurasian Plates. Beneath the northwestern and southeastern UDMA, two mantle upwellings with strong attenu-
ation features likely escaped upward from the slab tears, intruded into the upper mantle and crust and further fed 
the younger Miocene-Quaternary volcanism at the surface. The along-arc migration of Urumieh-Dokhtar volcan-
ism suggests that the deep slab was likely to start breaking near the oceanic subduction zone in Makran and the 
eastern Mediterranean Sea and further propagated inward.

Data Availability Statement
The waveforms used in this study were collected from the Incorporated Research Institutions for Seismology 
Data Management Center, the German Research Centre for Geoscience, the International Seismological Centre, 
the International Federation of Digital Seismograph Networks, and the CIGSIP project. The Pn waveforms from 
the CIGSIP were uploaded to the World Data Centre for Geophysics, Beijing (WDCGB) at http://www.geophys.
ac.cn/ArticleDataInfo.asp?MetaId=503. The single- and two-station Pn amplitude data used in this study and the 
resulting Pn attenuation model in the Iranian Plateau can be accessed on the WDCGB at http://www.geophys.
ac.cn/ArticleDataInfo.asp?MetaId=504 (last accessed April 2023). Certain figures were generated using Generic 
Mapping Tools (GMT, https://www.generic-mapping-tools.org/).
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