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Abstract The Northeastern (NE) Tibet, as the front of plateau growth, widely absorbs northeastward
extrusion, leading to significant uplift and forming a basin-mountain tectonic framework. However, it remains
unclear how the crust of NE Tibet deformed in response to the far-field effects of the India-Eurasia collision.
Here, we construct a high-resolution broadband crustal Q;, model in NE Tibet using seismic attenuation
tomography based on high-density ChinArray Lg data. Strong Lg attenuation was observed beneath the
Songpan-Ganzi, suggesting crustal ductile material flow. The Qilian orogeny, characterized by relatively weak
low-Q, , anomalies, may have experienced an early stage of plateau formation. The lateral variation in crustal
rheology, as revealed by the Lg attenuation gradient, exhibits a distinct strength contrast between the plateau
interior and the forelands, indicating a crustal-scale boundary of plateau expansion. Cenozoic tectonic extrusion
and subsequent ductile material flow jointly govern the crustal deformation of NE Tibet.

Plain Language Summary Dense permanent and multi-stage mobile networks, including the
ChinArray-Himalaya II, recorded a large amount of high-quality data, providing an unprecedented opportunity
to investigate the crustal attenuation structure beneath northeastern (NE) Tibet. We construct a high-resolution
broadband Lg-wave attenuation model for this region to constrain crustal rheology, calculate the O, , gradient,
and use its steepest segment to distinguish the soft, hot, ductile plateau from the hard, cold, rigid cratonic basins
at the crustal scale. From this, we determined the boundary of plateau expansion and gained a better
understanding of crustal deformation mechanisms in NE Tibet. The Q; , model between 0.3 and 2.0 Hz provides
the best characterization for regional geological blocks. Pronounced low-Q; , anomalies, widely distributed in
the Songpan-Ganzi and West Qinling, are inferred to result from crustal ductile material flow on a geological
timescale. To the north, in contrast, the isolated low-Q, , zone beneath the Qilian orogen possibly originates
from brittle crustal shortening. Our results support the coexistence of ductile crustal flow and brittle
deformation, thereby enhancing understanding of tectonic evolution in NE Tibet.

1. Introduction

The Cenozoic India-Eurasia collision uplifted the northeastern Tibetan Plateau (NETP), forming high topography
and notable crustal thickening at the plateau expansion front (Figure 1) (e.g., Molnar & Tapponnier, 1975). GPS
measurements show substantial northeastward surface motion in northeastern (NE) Tibet (e.g., Y. H. Li
et al., 2018), whereas the upper and lower crustal deformations are inferred to be mechanically decoupled
(Karplus et al., 2013; S. Y. Zhang et al., 2022). Consequently, how deep crustal deformation responds to the far-
field effects of India-Eurasia convergence and the mechanisms of plateau growth in NE Tibet remain debated. The
controversy centers on two end-member dynamic models: brittle crustal shortening (Hubbard & Shaw, 2009) and
ductile middle-to-lower crustal flow (Clark & Royden, 2000; Royden et al., 1997). The former is supported by the
crustal wedge structure between the NETP and the North China Craton (NCC) revealed by receiver function
imaging (Tian et al., 2021; Ye et al., 2015). For the latter, numerous geophysical investigations reveal that the
crust in the NETP is characterized by low wave velocity, strong attenuation, high conductivity, and significant
anisotropy, thus supporting the crustal flow model (Hao et al., 2021; X. B. Wang et al., 2014; L. F. Zhao
et al., 2013; P. P. Zhao et al., 2021). Which of the abovementioned models dominates crustal deformation in NE
Tibet, or if both operate, remains poorly understood. Consequently, whether the crustal ductile flow extrudes
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Figure 1. (a) Topographic map showing the tectonic units, main faults (black lines), and sutures (red dashed lines) in
Northeastern Tibet and its adjacent areas. The inset illustrates the tectonic framework of East Asia, the study region's location
(blue box), and the movement directions of the Indian Plate and Tibetan Plateau (dark gray arrows, from M. Wang &
Shen, 2020). The abbreviations for tectonic units are as follows: CAOB, Central Asian Orogenic Belt; GB, Gonghe Basin;
LB, Longxi Basin; NCC, North China Craton; QD, Qinling-Dabie Orogen; SB, Sichuan Basin; SG, Songpan-Ganzi terrane;
WQ, West Qinling orogen; YG, Yinchuan graben. The faults and sutures are as follows: ATF, Altyn Tagh fault; HYF,
Haiyuan fault; KLF, Kunlun fault; LMSF, Longmenshan fault; LPSF, Liupanshan fault; NQTF, North Qilian thrust faults;
SQS, South Qilian suture; WQF, West Qinling fault; ZLF, Zhuanglanghe fault. (b) Locations of seismic stations and events
(red crosses) in this region. The stations were from ChinArray-Himalaya II (X2), a Broadband mobile seismic array (T1), a
Temporary observation array after the Wenchuan earthquake (M8.0) of 12 May 2008 (R8), the China Earthquake Networks
Center, and the Incorporated Research Institutions for Seismology.

through its NE branches, as predicted in numerical modeling (Royden et al., 1997), and whether such extrusion
controls the plateau expansion boundary (Hao et al., 2021; S. Li et al., 2022) remain hotly debated.

Seismic attenuation is sensitive to certain status and properties of crustal materials, for example, mineral
composition, fractures, fluid content, temperature, and partial melting (Amalokwu et al., 2014; Karato & Spet-
zler, 1990; Kong et al., 2013; Winkler & Nur, 1982). Using Lg-wave attenuation data, previous studies suc-
cessfully constrained the rheological and thermal anomalies in the crust (e.g., X. Y. Bao et al., 2011; X. He
et al., 2021; L. F. Zhao et al., 2013). To better understand the mechanisms of plateau expansion and potential
crustal material escape, high-density ChinArray-Himalaya II Lg-wave data are used to construct a high-resolution
broadband crustal attenuation model in NE Tibet. The resulting crustal attenuation structure delineates the plateau
expansion front at the crustal scale, providing new constraints for the dynamic mechanism of plateau growth in
NE Tibet.

2. Data and Methods

Our data set comprises 26,019 vertical-component digital Lg waveforms recorded at 1,256 stations from 196
earthquakes between January 2000 and September 2018, with their ray paths crossing the NE Tibet and adjacent
regions (Figure 1b, Table S1 in Supporting Information S1). Only crustal earthquakes with m, 4.0-6.5 and
distances of 200-2,000 km were selected to avoid impacts from complex rupture processes of large earthquakes
(Figure S1, Table S2 in Supporting Information S1). The focal depths were shallower than the Moho discontinuity
from CRUST1.0 (Laske et al., 2013).

By scanning waveforms with a 2.8-3.7 km/s sampling window, the Lg signal was identified using a 0.6 km/s-
long group velocity window for maximum energy (X. He et al., 2021; L. F. Zhao et al., 2010). Waveform
energy maxima generally fell within the 3.0-3.6 km/s group velocity window. Pre-P and pre-Lg noise series
were then sampled using an equal-length time window (Figure S2 in Supporting Information S1) (e.g., Xie &
Mitchell, 1990). The Lg and noise spectra were calculated at 58 discrete frequencies, log-evenly distributed
between 0.05 and 10 Hz. A signal-to-noise ratio threshold of 2.0 for pre-Pn noise and 1.0 for pre-Lg noise was
used for data quality control (L. F. Zhao et al., 2013). A joint tomography inversion method, utilizing single-
and two-station Lg spectra, was used to construct a crustal attenuation model in NE Tibet (Text S1 in
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Figure 2. (a)—(c) Selected QLg maps at 0.5, 1.0, and 1.5 Hz; note that different color scales are used. Black lines denote the main faults. (d) 0.5° X 0.5° checkerboard test
at 1.0 Hz. (¢) Mean Q, , versus frequency for different geo-blocks, with their values listed in Table S3 in Supporting Information S1. The block names are labeled in both

panels (b) and (e). QT: Qiangtang terrane.

Other abbreviations as in Figure la. (f) Crustal Q; ,-gradient map. Gray and green denote low- and high-gradient areas,

respectively. Blue arrows indicate the directions and magnitudes of the Q, , gradients, pointing toward the direction of Q decrease. The magenta dashed line denotes the

defined high Q, ,-gradient boundary.

Supporting Information S1, e.g., L. F. Zhao et al., 2013). A least squares orthogonal factorization algorithm
(Paige & Sanders, 1982) was employed to simultaneously invert for source excitation and Q values at indi-
vidual frequencies. A 0.5° grid was used for inversion, selected through grid-size tests to balance solution
robustness and sensitivity (Figure S3 in Supporting Information S1). Grid neighborhood averaging was
adopted. After inversion, the mean and standard deviation of the data residuals were significantly reduced at
all frequencies, with error distributions becoming sharper and more unbiased (Figure S4 in Supporting In-
formation S1). The site responses of all stations can be further inverted from the unresolved data residuals
(Figure S5 in Supporting Information S1). Checkerboard tests with a 0.5° X 0.5° grid were conducted for
resolution analysis of Q;, tomography at each frequency, constructed by adding +7% logarithmic attenuation
perturbations to a background Q (L. F. Zhao et al., 2013). Due to high-density ray coverage, the lateral
resolution can reach 0.5° or higher in well-covered areas (Figure 2d and Figure S6 in Supporting Informa-
tion S1). High stability is obtained across most of the imaging domain by estimating the Q uncertainty using
the bootstrap method (Efron, 1979) (Figure S7 in Supporting Information S1).

3. Results

A broadband Lg-wave crustal attenuation model with unprecedented resolution for NE Tibet was developed,
comprising Q) , distributions at 58 frequencies spanning 0.05-10 Hz. Although Q, , maps at different frequencies
are not identical, they show consistent large-scale patterns. There are two prominent low-Q; , zones in NE Tibet
(Figures 2a-2c). Analyzing the resulting O values at individual frequencies indicates that the Oy , values of geo-
blocks generally increase with frequency (Figures 2e and Figure S8 in Supporting Information S1). Given the
fluctuation of single-frequency @ ,, a broadband Q) ., obtained by averaging log 0, , between 0.3 and 2.0 Hz
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Figure 3. Comparison among the attenuation, shear wave velocity, and other integrated cross-sections in Northeastern Tibet.
(a) Broadband crustal Q, ,, (0.3-2.0 Hz) map (this study); (b) S-wave velocities at 30 km depth (from Han et al., 2022). (c)—(f)
Cross-sections A-A’, B-B’, C-C’, and D-D’ showing surface topography (upper), Vs versus depth (Han et al., 2022) (middle),
and Oy, versus frequency (bottom). Surface locations of cross-sections are marked in (a) with gray dashed lines. The
contours of Vs = 3.4 km/s are also marked in (c) and (d). Abbreviations as in Figure la. Moho discontinuities in Vs profiles
are from the CRUST1.0 model (Laske et al., 2013). The magenta dashed line in (a) marks the sharp Q, , variation determined
by the gradient.
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(e.g., X. He etal., 2021), is chosen to characterize the crustal Lg attenuation (Figure 3a). By fitting the power-law
O model, O(f) = Qq-f", within 0.3-2.0 Hz, we obtained Q,, (1 Hz Q) and the frequency-dependence coefficient
n of Q for individual geo-blocks (Table S3 in Supporting Information S1).

The QO , changes dramatically near the NE boundary of the Tibetan Plateau. To identify regions with sharp O
variations, we calculated the Q gradient of the broadband Q) , using the central finite-difference method (Text S2
in Supporting Information S1). Based on the high-Q gradient contour (gradientIn Q = 6 x 10~ km™'), we can
trace a line coinciding with LMSF in the south, heading north along ZLF, and roughly following 39°N in the north
to form the boundary (Figure 2f).

Figure 3 compares the broadband (0.3-2.0 Hz) O, and S-velocity distributions. Two low-Q; , zones were
observed, one beneath the Songpan-Ganzi and the West Qinling (LQZ1), and the other beneath the Qilian orogen
in the north (LQZ2). They are separated by a high-Q; , and high-Vs Gonghe Basin (GB) (Figures 3a and 3e). The
LQZ1 is limited to the south of 36°N, while LQZ2 is bounded by SQS to the south and NQTF to the north
(Figures 3a, 3c, 3d, and 3f). The distribution of low-Q; , anomalies correlates well with the low S-wave velocities
distributed in the middle-lower crust (Han et al., 2022) (Figure 3 and Figure S9 in Supporting Information S1),
indicating a widespread weak middle-to-lower crust along the NE margin of the Tibetan Plateau. The Sichuan
Basin, Longxi Basin, Ordos, and Alxa are characterized by relatively high Q; , values, consistent with their rigid
properties. Notably, small-scale low-Q; , anomalies (Figure 3a) in the northern Ordos block and the Yinchuan
graben do not correlate with low S-velocities at 30 km depth (Figure 3b), indicating that different mechanisms
may dominate attenuation in these regions. For example, thick sedimentary sequences in this region reach 4—6 km
(Ren et al., 2024; X. C. Wang, Li, et al., 2017), which may cause significant scattering attenuation. The distinct
contrast between the low Q; , within the plateau and the high Q, , in adjacent areas aligns well with previous Lg
attenuation studies (X. Y. Bao et al., 2011; L. F. Zhao et al., 2013), but the current result features much higher
resolution and thus can provide better constraints on regional geodynamics.

4. Discussion
4.1. Potential Ductile Crustal Flow Beneath the Songpan-Ganzi Terrane

Strong seismic attenuation usually reflects weak crust and the presence of multi-scale heterogeneities, cracks,
fluid content, temperature anomalies, and partial melting (Amalokwu et al., 2014; Karato & Spetzler, 1990; Kong
et al., 2013; Mitchell, 1995; Winkler & Nur, 1982). The LQZ]1 is consistent with the widespread low shear-wave
velocity (X. W. Bao et al., 2013; C. X. Jiang et al., 2014; H. Li et al., 2014; Y. G. Li et al., 2017; X. C. Wang, Li,
et al., 2017; P. P. Zhao et al., 2021), high electric conductivity (Bai et al., 2010; X. B. Wang et al., 2014; W. B.
Wei et al., 2001), and high Vp/Vs ratio (1.76-1.85) (Xu et al., 2014) observed in the same area. Vs values below
3.4 km/s are considered a sign of crustal partial melting (Yang et al., 2012). The strong attenuation, together with
S-wave velocities lower than 3.4 km/s in the middle-lower crust (Figures 3c—3f), indicates that the crust beneath
the Songpan-Ganzi and the West Qinling is mechanically weak, possibly due to partial melting.

Usually, increased fluid content or a 5% melt can reduce the viscosity of crustal materials by an order of
magnitude (Rosenberg & Handy, 2005), which provided a basis for the middle-lower crust flow model (Clark &
Royden, 2000; Royden etal., 1997). Q; , cross-sections (Figures 3c-3f) show that the LQZ1 beneath the Songpan-
Ganzi and West Qinling is closely related to low-velocity anomalies, significant crust thickening, and increasing
surface elevation. This implies that deformation of low-viscosity materials may be the primary mechanism for
surface uplift at plateau margins. The Songpan-Ganzi lower crust exhibits stronger anisotropy than the middle
crust (Hao et al., 2021), likely indicating horizontal migration of ductile materials driven by differential lateral
gravitational forces. GPS observations reveal a highly continuous deformation pattern across the Tibetan Plateau,
supporting a model of widespread viscous deformation in the lower crust, which in turn influences upper-crust
deformation (M. Wang & Shen, 2020). Petrological and geochemical studies have demonstrated that felsic
volcanic rocks erupted 4.7-0.3 Ma in central-northern Tibet were generated by the partial melting of crustal rocks,
indicating that crustal melting is crucial in triggering crustal weakening and outward flow (Q. Wang et al., 2016).
Therefore, the low-Q, , anomalies in the Songpan-Ganzi and West Qinling are interpreted as indicators of middle-
lower crustal ductile flow driven by partial melting, which plays a key role in controlling crustal deformation in
this region.
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Regarding the extent of potential crustal flow, Figure 3 shows that the ductile crustal materials, indicated by
LQZ1, are widely distributed in Songpan-Ganzi, extending from the KLF northeastward into the West Qinling,
bounded by WQF to the north and LMSF to the east, without invading the Qilian or Qinling-Dabie orogens. This
distribution aligns with the seismic Vs and Vp/Vs profiles (Ye et al., 2017), anisotropy (Hao et al., 2021), and
magnetotelluric observations (Zhan et al., 2014). The ductile crustal materials may respond to lateral pressure
gradients and flow toward the plateau edge, until they are blocked by the rigid Sichuan Basin to the east, thereby
forming the steep topography of the LMSF.

4.2. Brittle Crustal Shortening Beneath the Qilian Orogen

The Qilian orogen in northern NETP may have distinct dynamics. As one of the youngest expansion boundaries of
the Tibetan Plateau (Yuan et al., 2013; D. W. Zheng et al., 2010), it absorbs slow northeastward convergence at
~5.5 mm/yr (Figure S10 in Supporting Information S1, P. Z. Zhang et al., 2004). The average Q of LQZ2 beneath
the Qilian orogen is 222, which is less pronounced than that in LQZ1 with average Q;, = 167 (Table S3 in
Supporting Information S1). Two major LQZs are separated by the high-Q; , rigid Qaidam and Gonghe Basin,
with no noticeable low-Q,, connections. Significant differences were also observed in anisotropy (Wu
et al., 2023), shear-wave velocity (C. Zheng et al., 2019), and Poisson's ratio (X. C. Wang, Ding, et al., 2017)
between the crusts of the Qilian orogen and Songpan-Ganzi. Therefore, the origin of LQZ?2 appears to differ from
that of LQZ1 and developed independently.

Tectonic deformation in the Qilian orogen is dominated by lateral shortening and vertical thickening through
folding or thrusting, as confirmed by receiver functions and radial anisotropy studies (S. Li et al., 2022; Murodov
et al., 2023; Shi et al., 2017). Magnetostratigraphic analysis indicates that the initial uplift of the Qilian orogenic
belt began at ~13.5-10.5 Ma (W. T. Wang et al., 2016), significantly younger than the central-northern Tibetan
Plateau (~42 Ma; Ou et al., 2017). Most of the crustal shortening in the Qilian orogen occurred in the late
Miocene, coinciding with the rapid cooling of a series of thrust faults in northern and eastern Qilian (~10-8 Ma;
D. W. Zheng et al., 2006, 2010). Therefore, we interpret the LQZ2 beneath the Qilian as a thermal-related
intracrustal response to shortening between the NETP and the NCC (e.g., H. Li et al., 2014). The heat may
originate from shear heating and radioactive heating accumulated during crustal thickening (Chen et al., 2019;
Molnar et al., 1983). Furthermore, the combination of low relief and low seismicity suggests that the interior of
the Qilian orogenic belt is developing plateau-like characteristics (Allen et al., 2017). The Qilian orogenic belt
likely represents an earlier stage of plateau evolution (S. Li et al., 2022) and has not yet served as a conduit for the
extrusion of middle-lower crustal materials from the Tibetan Plateau.

4.3. Expansion Boundary of the Northeastern Tibetan Plateau

It is widely accepted that the vast Tibetan Plateau has undergone stepwise growth (Tapponnier et al., 2001).
Exploring the expansion boundaries of the plateau is crucial for deciphering the crustal deformation mechanisms
and tectonic evolution (Shen et al., 2017; Yuan et al., 2013). Distinct from the steep topographic variations in the
Longmen Shan and Himalayas, gentle slopes exist between NE Tibet and the NCC (Figure 1). Whether the
Longxi Basin and Alxa Block (in southwest NCC) are incorporated into the plateau interior remains debated
(e.g., Sun et al., 2021; Yuan et al., 2013). Based on Q) ,-gradient data, we propose a concept of a large-scale
boundary zone to enhance our understanding of the expanding frontier of the NETP.

Sharp Q,, variations often occur near the plateau margin. Based on the high-Q gradient contour (gradient
InQ =6 x 107> km™'), aline with a steep Oy, gradient can be traced in Figure 2f (dashed magenta line). This line
starts at the LMSF, where the maximum Q, , gradient is observed, then runs northward and partially coincides with
the boundaries of several tectonic units (e.g., the Sichuan Basin, the Longxi Basin). Finally, it turns west and lies
south of the NQTFs, which are known as the northward growth front of the Tibetan Plateau (D. W. Zheng
et al., 2017). This spatial pattern aligns with the Qilian orogen having undergone a relatively brief period of
deformation (S. Li et al., 2022). To the northeast, the high Oy ,-gradient line partially intrudes the Alxa block, in
agreement with previous observations that the lithosphere structure of the western Alxa has been modified
(X. C. Wang, Li, et al., 2017). In the east, distinct from the commonly recognized Liupanshan fault (LPSF) as the
plateau boundary (Tian et al., 2021), the high Oy ,-gradient line extends southward along the ZLF. Therefore, it
appears that the high-Q, , rigid Longxi Basin has not yet been subsumed by the plateau, which is broadly consistent
with the boundary inferred from radial anisotropy observations (S. Li et al., 2022). The high Q, ,-gradient line
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Figure 4. Schematic diagram showing geodynamics beneath the
Northeastern (NE) margin of the Tibetan Plateau and possible ductile crustal
flow. White arrows within the red middle-lower crust indicate the potential

-
ctile crustal flow

N\

Indian sy, =

N delineates the strength contrast between the plateau and the foreland, sug-
gesting an expansion boundary of the NETP based on seismic attenuation.
Accordingly, our results provide direct constraints on the interpretation of the
tectonic framework in the transition zone between the NETP and the foreland
(the NCC and Yangtze blocks).

4.4. Tectonic Evolution in NE Tibet Driven by Multiple Dynamics

The crustal deformation in NETP is likely influenced by deep thermal pro-
cesses, as evidenced by prominent low-velocity zones extending from the
middle-lower crust to the upper mantle (Dong et al., 2020; Y. H. Lietal., 2013;
Z. G. Wei et al., 2015; C. Zheng et al., 2019). Recent seismic tomographies
revealed high-velocity zones at 100-200 km depth, interpreted as the
northward-subducting Indian plate (Dong et al., 2020), which has reached or
even exceeded the southwestern boundary of the Songpan-Ganzi terrane (Feng
et al., 2020; Hou et al., 2024). In this case, the low-0Q; , Songpan-Ganzi may
have been affected by mantle thermal upwelling and dehydration associated
with the subducting Indian plate. The widespread Cenozoic potassic lavas of

direction of migration. Gray arrows indicate the northeastward subduction of mantle origin in western Songpan-Ganzi further support this (Chung
the Indian plate. The green hollow arrows and black arrows, modified from et al., 2005). These deep thermal processes likely weakened the lower crust in
Feng et al. (2020), represent the lateral shortening and uplift of the Qilian NE Tibet (Cheng et al., 2016) and, to some extent, facilitated ductile crustal
orogen, as well as the isolated tectonic response within its crust (yellow flow (C. S. He etal., 2019; Owens & Zandt, 1997) (Figure 4). This is consistent

patch). The dashed magenta line represents the expansion boundary of the
NE Tibetan Plateau derived from the crustal Q; , gradient.

with the relatively lower heat flow values in NE Tibet (60-70 mW/m?) (Hu
et al., 2000; G. Z. Jiang et al., 2019), since the increase in moisture content
would lower the melting point of the crust materials (Molnar et al., 1983). In contrast, the Qilian orogen exhibits
low-Vp/Vs in the crust and uppermost mantle, representing relative coldness and rigidity, which is distinct from the
hot and weak pattern (low-Vs and high-Vp/Vs) observed beneath the Songpan-Ganzi (H. L. Li et al., 2022). The
Qilian orogen is probably not significantly affected by the deep thermal upwelling.

Based on combined thermochronological and geophysical evidence, it is concluded that the tectonic evolution in
NE Tibet conforms to a two-phase mode (E. Wang et al., 2012). The uplift of the Songpan-Ganzi belt occurred
concurrently with the India-Eurasia collision (~50 Ma, Clark et al., 2010; Spurlin et al., 2005; Yuan et al., 2013). In
the early stage (mid-late Eocene to Miocene), tectonic deformation was primarily characterized by crustal
thickening along faults induced by lithospheric compression (E. Wang et al., 2012). Thereafter, the thickened crust
underwent thermal weakening, generating partial melting (Beaumont et al., 2004; Nelson et al., 1996). Mantle
upwelling, possibly related to the northward subduction of the Indian plate, may accelerate this process, promoting
the transition from brittle thickening to ductile crustal flow (Owens & Zandt, 1997). In the later stage (Late Miocene
to the present), the mature parts of NE Tibet, such as the Songpan-Ganzi and West Qinling, are dominated by the
crustal ductile flow during the geological time scale (E. Wang et al., 2012; Q. Wang et al., 2012; Wu et al., 2023).
Ductile crustal flow in NE Tibet may accommodate shallow crustal stress (L. Li et al., 2016) and/or maintain
uniform topography through flowing (Owens & Zandt, 1997). The India-Eurasia collisional stress was transmitted
northward to the Qilian orogen through the rigid Qaidam Basin (Dupont-Nivet et al., 2002; D. W. Zheng
etal.,2010). Starting at ~13.5-10.5 Ma and continuing through the middle to late Miocene, the Qilian orogenic belt
underwent rapid uplift (W. T. Wang et al., 2016), representing an early stage of plateau formation (Wu et al., 2023).

5. Conclusion

We constructed a high-resolution broadband crustal Q model in NE Tibet using Lg-wave attenuation tomography,
incorporating a large, high-quality data set from dense permanent and multi-stage mobile seismic networks,
including the ChinArray-Himalaya II. The model reveals a significantly low-Q; , zone in the Songpan-Ganzi and
West Qinling, suggesting that ductile crustal flow is confined south of 36°N without northward extrusion into the
Qilian orogen. Moreover, the crust in this region may be affected by deep-mantle upwelling, which promotes the
formation of low-viscosity materials within the thickened crust. Another isolated and relatively insignificant low-
Oy, zone beneath the Qilian orogen is likely an intracrustal response to the shortening between the NE Tibet and
the NCC, representing an early stage of plateau formation. The high Q, ,-gradient line represents the variations in
crustal strength between the plateau and the foreland, indicating an expansion boundary of the NE Tibetan
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