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The quality factor value (Q) of the crustal medium, which can describe the
anelasticity within the Earth's interior, is a sensitive indicator of changes in the
crystalline structure induced by temperature and phase transformations. Although
the velocity structure of the Tianshan region in Central Asia has been extensively
studied, studies regarding its Q values are limited. These studies focus mainly on
the crustal attenuation structure of the Tianshan region; however, their results are
limited to the qualitative analyses of the local areas or averages over large areas.
Therefore, in this study, we conducted seismic attenuation tomography to create
a Q map of the crust underneath the Tianshan tectonic belt (TTB) at a resolution of
0.8° x 0.8° using data from 24,273 near-source waveforms recorded by
51 observation stations of the Xinjiang regional seismic network from 2009 to
2020. The regional distribution of the static and sliding-average values (Qs) was
calculated. The average value (Qq) of TTB was approximately 523. Additionally, Qs
exhibited considerable lateral variations that strongly correlate with the surface
tectonics of the TTB region. Furthermore, the velocity and attenuation structures
of the TTB were positively correlated. The main part of the TTB exhibited high
velocities and Q (indicating low attenuation), whereas the areas adjoining the
Tarim and Junggar basins (at the South and North of the TBB, respectively) and
their margins exhibited low velocities and Q (indicating high attenuation). This
suggested that the attenuation structure of the TTB was highly consistent with its
velocity and density structures. Since 1900, most earthquakes in the TTB having
magnitudes >6.0 earthquakes have occurred at the junctions of high- and low-Q-
value areas, or in areas with low Q values. According to the Qg values in different
periods, the average Qg of the entire TTB only varied between 500 and 540.
However, the average Qg in the middle TTB region portrays an upward trended
over time (from 494 in 2010 to 554 in 2020). The average Q; of the southwestern
TTB region has been relatively stable, varying between 490 and 530. The Qg of the
southwestern TTB region was lower than that observed in the middle TTB regionin
most of the time. This observation is more consistent with the tectonic activity
recorded in the southwestern TTB region (with greater intensity) than that
observed in the middle Tianshan. In addition, the number of earthquakes with
magnitudes >4.0 correlated positively with the regional average Qg in the middle
and southwestern Tianshan. Notably, the higher the regional average Q value, the
larger the number of moderate earthquakes. This correlation suggests that in

Abbreviations: Quality factor value (Q), Three-dimensional (3D), Two-dimensional (2D), Tianshan
tectonic belt (TTB), Arrival time difference (ATD), Attenuation operator (t*), Sliding-average value (QJ),
Average value (Qq).
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earthquake-prone regions, the accumulation and release of stress influence the
opening or closure of crustal fractures, resulting in noticeable changes in the Q
values. The findings of our study provide novel insights into the mechanisms of
earthquakes and their correlation with the structure of the Earth’s crust.
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1 Introduction

The attenuation of seismic waves in the Earth’s crust is caused by
geometric diffusion and crustal anelasticity (Liu et al., 2004a), which,
in the lithosphere, is generally expressed by the rock quality factor
value (Q) (Liu et al., 2004b; Wang et al., 2007; Hao et al., 2009). The
characteristics of the crustal attenuation structure are closely related
to the structural characteristics of the crust, e.g., the intensity of
tectonic movements, distribution of active structures, velocity
structure of the crust, thickness of the sedimentary layer, and
properties of the crustal medium (Pei et al., 2006; Pei et al., 2008;
Wang et al., 2007; Ma et al., 2007; Sun et al., 2012). For example,
regions with intense tectonic activity are associated with a low Q
value since seismic waves are considerably attenuated by fluids that
fill fractured rocks and voids. Meanwhile, regions with stable crustal
medium are generally associated with high Q values, as the seismic
waves only lose a small amount of energy when propagating through
these rocks (Walsh, 1966; Tapponnier and Molnar, 1979; Mitchell,
1995; Mitchell et al., 1997; Hu et al., 2003; Pei et al., 2010). Compared
with the velocities of seismic waves, the Q value is more sensitive to
changes in the structure of the lithosphere and its properties (Wang
et al., 2007). For instance, the lateral variations in Q within the crust
and upper mantle may exceed 100%, whereas those in velocity
typically do not exceed 10% (Romanowicz, 1990; Romanowicz,
1994). Therefore, studies on the variations in the Q values within
regional crustal media can provide insights into its structural
characteristics and properties. Theoretically, Q can be expressed
as a function of three-dimensional (3D) spatial coordinates.
However, as Q is affected by the 3D velocity structure, errors in
the velocity structure can be transferred to Q, resulting in inaccurate
3D Q-tomography (Su, 2009; Ye et al., 2018; Hu, 2020). In general,
two-dimensional (2D) Q-tomography is performed by calculating
the weighted average of the Q values in various depths; therefore, the
results of this method can accurately reflect the lateral variations in
Q. Indeed, recent studies that use 2D Q-tomography to investigate
the lateral variations in crustal attenuation structure have provided
several novel insights (Pei et al., 2006; Pei et al., 2008; Pei et al., 20105
Wang et al.,, 2007; Sun et al,, 2012).

Studies on the crustal attenuation structure underneath the
Tianshan tectonic belt (TTB) region in Central Asia have been
hampered by the relatively slow development of a seismic network in
Xinjiang Province, China. Our limited understanding of the crustal
attenuation structure underneath the TTB is predominantly derived
from the qualitative analyses of local areas, or the results averaged
over large areas. Non-etheless, the western section of Tianshan is
associated with a low Q value (high attenuation), whereas the eastern
section is associated with a high Q value (low attenuation). The
western and eastern sections of the Tarim Basin exhibit low and high
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seismic attenuations, respectively (Wang et al, 2008). Previous
studies have calculated the average Q values of the local areas
within the Tianshan region. For example, Jiang et al. (2007)
obtained a Q, value of 344 for the northern Tianshan region,
whereas Liu and Li. (2014) reported 465 for the same region.
Zhao et al. (2011) calculated a Q, value of 460 for the middle
Tianshan region, while Li et al. (2010) reported 213 for the
southwestern Tianshan region, using Atkinson’s method
(Atkinson and Mereu, 1992). The development of the Xinjiang
regional seismic network has increased the number of digital
seismic stations in the Tianshan region. Owing to the frequent
seismic activity in Xinjiang (approximately 40% of the earthquakes
in China occur in this province), these stations provide sufficient
data for studying the crustal attenuation structure of the Tianshan
region. In this study, we performed Q tomography for the Tianshan
region, through the tomographic inversion of the high-frequency
attenuation operator, t* (Zhou et al, 2009). By analyzing the
spatiotemporal variation in the Q values in the TTB, we could
elucidate the correlation between the structural characteristics and
deep dynamics of the TTB and those of its adjacent blocks.

2 Geological setting of the Tianshan
tectonic belt (TTB)

The TTB is 2,500 km in length, approximately two-thirds of
which is located in the Chinese province of Xinjiang (Figure 1).
The TTB also borders the Tarim and Junggar basins, at the south and
north, respectively. During the Paleozoic era, the TTB experienced
supercontinental rifting, the breakup of the North and South
Tianshan oceans, continuous expansion of the ocean basin and
continental block, subduction and subsidence of the oceanic crust,
and plate collision-suture (Liu et al,, 2011). During the early Cenozoic
period, the convergence between the Indian and Eurasian plates was
accommodated by crustal shortening at the Tibetan Plateau and
Tianshan region and the eastward extrusion of the eastern Tibetan
Plateau (Molnar and Tapponnier, 1975; Molnar and Tapponnier,
1978; Tapponnier and Molnar, 1977; Tapponnier and Molnar, 1979;
Molnar and Lyon-Caen, 1989; Zhang et al., 1996; Shu et al., 2004;
Zhao et al, 2021). Owing to intense crustal shortening, extrusion
deformation, and tectonic upliftment, the TTB is the most active
intracontinental orogenic belt in mainland China (Feng, 1985; Deng
etal., 1991). These tectonic movements cause frequent earthquakes of
high magnitude in the TTB region. Indeed, since the beginning of the
20th century, 11 earthquakes of magnitudes >7 have occurred in the
TTB, the strongest of which was the Artux earthquake in 1902
(magnitude of 8%). Since the turn of the century, 15 earthquakes
of magnitudes >6 have occurred in the TTB. Based on global
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FIGURE 1

Map illustrating the Tianshan tectonic belt (TTB) and its adjacent tectonic units, along with the geographical distributions of the historical
earthquakes and seismic observation stations in the region. The earthquakes having Ms > 6.5 that occurred between 1900 and 2000 are indicated by gray
circles, while the earthquakes of Ms > 6.0 that occurred after 2000 are indicated by blue circles. The dotted line represents the border between the middle
and southwestern TTB. F1: Borohoro—Aqgikekuduke fault; F2: Beiluntai fault; F3: Northern Ili Basin margin (Kashi River) fault; F4: Nalati fault; F5:
Yilianhabierga fault; F6: Kumugeremu fault; F7: Maidan—Shayilamu fault; F8: Kalpintag fault; F9: Pigiang fault; F10: Kangxiwa fault; F11: Kongur fault; F12:
Oytak fault; F13: Karakoram fault; F14: Talas—Fergana fault; F15: Kazkeaerte fault; F16: Tiklik fault.

navigation satellite system data, rapid crustal shortening in the S-N
direction is the defining characteristic of present-day tectonic activity
in the TTB (Abdrakhmatov et al., 1996; Larson et al., 1999; Wang
etal,, 2000; Larson et al., 2003; Zhang et al., 2003). The rate of this S-N
trending convergence gradually increases from East to West, along the
TTB, with extrusion and shortening deformations primarily
occurring in the areas adjoining the basins to the South and
North. Therefore, the TTB has an uneven distribution of surface
deformation (Wang et al.,, 2000; Reigber et al,, 2001).

Unique tectonic movements and frequent strong earthquakes
have highlighted the importance of the TTB as an ideal location for
promoting global studies on continental dynamics (Tapponnier and
Molnar, 1977; Avouac et al., 1993; Roecker et al., 1993; Shu et al.,
2004; Jolivet et al., 2010; Johnston et al., 2012; Liu et al., 2012; Deev
and Korzhenkov, 2016; Cai et al, 2019). In recent years, several
studies have been conducted on the TTB, which created a basic
sketch of the TTB’s general tectonic framework. The crustal
structure of the TTB, obtained by inverting artificial seismic
reflection profiles, demonstrates that the Tarim Basin subducts
northward under the TTB and that the Junggar Basin in the
north experiences a strike-slip contact with the TTB (Lu et al,
2000; Gao et al., 2002; Xiao et al., 2004; Guo et al., 2006). As the
basins to the South and North of TTB consist of rigid blocks, with an
intact lithospheric structure, they exhibit high seismic wave
velocities. In contrast, the TTB is a fragmented block that
portrays low velocities (Zhao et al., 2021), while the crust-mantle
structure in the TTB is complex and its unique tectonic movements
have resulted in lateral non-uniformities in its medium properties
and structural tectonics (Liu et al., 2011). Using dense array data,
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several studies have inverted the fine S- and P-wave velocity
structures in the crust and upper mantle across the TTB and
revealed significant deformation in the S-N direction, rock
bodies with marked low S-wave velocity, and an arrangement of
bodies with alternating high and low velocities in the crust beneath
the TTB (Shao et al., 1996; Guo et al., 2006; Li et al., 2007; Xiong
etal, 2011). Furthermore, the lithosphere under the TTB is relatively
thin, which may be related to processes, such as continental
collision-suture and delamination, along with the upliftment of
the orogenic belt and subsidence of Moho (Schubert et al., 2001;
Kumar et al., 2005; Liu, and Guo et al., 2007).

However, several of the abovementioned studies present
inconclusive, or even contradictory, findings. The Q value is
closely related to the structural characteristics of the crust, such
as the distribution of faults in tectonically active regions, intensity of
tectonic movement, distribution of magma in volcanic regions, and
intracrustal low-velocity layers (Ma et al., 2007). Q-tomography can
provide novel insights into the crustal structure of the TTB and help
resolve the ambiguities in the current literature.

3 Methodology

Digital seismic waveforms contain information about seismic
hypocenters, seismic-wave propagation paths, and the site response
of seismic stations. The factors responsible for the attenuation of seismic
energy along its path of propagation include geometric attenuation and
medium anelasticity (Liu et al., 2003; Zhou et al., 2009; Wang et al,
2012a; Wang et al,, 2012b; Wang et al,, 2016; Li et al., 2017).
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In the frequency domain, the amplitude spectrum of the ith
seismic event observed at the jth station, A;; (f), can be expressed as
follows (Sherbaum, 1990):

A (f) = S (NI ()R (f)Gij (f)Bij (f) 1)

where fis the frequency, S(f) is the seismic source spectrum, I(f) is
the instrument response function, R;(f) is the site response, used to
characterize the amplification of seismic waves by the surface
stratum near the station, Gij(r) is the geometric diffusion term,
and Bj(f) is the attenuation spectrum.

The source spectra were analyzed using the w” source model
(Brune, 1970), in which the source spectra were described using the
low-frequency asymptote (€)y) and corner frequency (f), such that
Si(f)=Q/[1+ (%)]. The geometric diffusion factor can be
expressed by the trilinear attenuation function proposed by
Atkinson and Mereu. (1992):

b, <Ry

by Db b

Ry/'Reir™, Ry <r<Rp, (2)
by pby p-b pbs b3

Ry'RRG R, r> Ry,

Gx'j (r)=

In the geometric attenuation model, the coefficients b,, b, and
b; are frequency independent. When r<Ry;, the corresponding
When Ry <r<Ry,, it
corresponds to the transition zone. Within the range of this

direct wave geometric attenuation.
source distance, the reflection wave on the discontinuity and
Moho in the crust is added to the direct wave. When r>R,,, it
corresponds to the attenuation of the S wave reflected by multiple
refractions.

The attenuation spectrum along the entire ray path, B;; ( f), may

be expressed as follows (Sherbaum, 1990; Sanders et al., 1993):
Bii(f) = exp(-nf;Q;}') = exp (-7 ft) (3)

where ;; is the travel time along the ray path, Qj; is the dimensionless
quality factor, and t;;is the operator along the entire ray path (i.e., the
attenuation operator #*).

As the seismic stations selected for this study were from Xinjiang
regional seismological network, all set up on bedrock, their site
responses were assumed to be 1 (Zhou et al., 2009); the instrument
response was removed directly, using the stations’ parameters.
Under this condition, the amplitude spectrum can be expressed
as A,{](f) = Aij (f)/I;(f), and Eq. 1 can be rewritten, as follows:

fe
fe+f?

The t;;operator can also be expressed as the projection of 1/[Q(s)

A;J(f) =0 G(r)exp (—T[ft:]) (4)

v(s)] along the ray path from the seismic source i to the station j
(Cormier, 1982; Wittlinger et al., 1983), as shown below:

. 1
= | QO () N

where v is the S-wave velocity and ds is the unit ray path.
Equation 4 contains three unknown variables, namely, Qy, f., and
t;;. The attenuation along the path from the seismic source to each
station, t;, can be calculated via inverting the seismic displacement
spectrum, based on Eq. 4, whereas (y and f. depend solely on the
seismic source. In this study, the Levenberg-Marquardt method was
used for spectral inversion (Hansen et al., 2004). Q-tomography was
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performed based on Eq. 5, using the same method as travel time
tomography (Sherbaum, 1990; Haberland and Rietbrock, 2001; Wang
et al,, 2012a; Wang et al., 2016; Li et al,, 2017).

The waveform data used in this study were obtained from
51 digital seismic stations in the TTB (Figure 2). First, we
applied bandpass filtering and mean removing to the two
horizontal components of the seismic waveforms and selected the
S-wave and noise windows; the period containing 90% of the S-wave
energy was selected as the S-wave window (Su, 2009). At near-source
distances, the S-wave window only contains the direct S-wave. At
longer epicentral distances, the S-wave window contains the waves
reflecting off the intracrustal and Moho discontinuities. At very long
distances, the S-wave window contains the Sn and Lg phases. The
length of the S-wave window is directly proportional to the
epicentral distance [or the arrival time difference (ATD)]. In
other words, the length of the S-wave window increases with the
epicentral distance (or ATD) (Li et al., 2010; Zhao et al., 2011; Liu,
and Li, 2014). We manually recorded the “S wave window” of
721 original waveforms (Figure 3), and then fitted the “S-wave
window” to epicentral distance relationship with a linear fit of the
form y = 1.06x + 22.6, where y is the S-wave window and x is the
epicentral distance (Sg-Pg). The selection of the noise window was
performed by considering the waveform records prior to the arrival
of the P-wave. The time-domain waveform data were converted into
frequency-domain amplitude spectra, using the fast Fourier
transform. Since all the seismometers at the stations selected in
this study were velocity meters, the velocity-amplitude spectra were
also converted to displacement spectra. To eliminate the seismic
data having low signal-to-noise ratios (SNR), we used only the
seismic data having an SNR of >2 (i.e., with an amplitude at least
twice that of the noise) observed by a minimum of four stations in
our subsequent calculations.

Suppose that an earthquake was recorded by n stations. As Qg
and f, depend solely on the seismic source, a total of (n + 2)
unknowns (i.e., Q, f e t;) were inverted, using Eq. 4. We
assumed that there are m frequency points and used A% ( f ;) and
AL (f ;) to denote the observed and theoretical amplitude spectra,
respectively, at the ith station and jth frequency points. The
inversion of the observed spectra at multiple stations were used
to determine the values of the unknown variables that minimize the
residual )" 7 Ig |A®* (f) - A“ (f))l.

In this study, we employed a genetic algorithm to invert the (1 +
2) unknowns, to minimize the sum of the residuals between the
observed and theoretical spectra at all the stations and frequency
points (Liu et al., 2003). Based on the spectral inversion of noise- and
geometry-corrected waveforms collected by multiple stations for the
same seismic event, we could infer that the high-frequency
attenuation of the displacement spectra was predominantly
determined by the Q value of each path. Previous studies
demonstrate that the high-frequency part of the noise spectrum
has a high amplitude at frequencies above 15Hz, which often
decreases the SNR of displacement spectra to levels below the
predetermined SNR criterion (Su et al, 2006). Therefore, the
spectral inversions were constrained to 1-15 Hz (Zhou et al., 2009).

Notably, 2D Q-tomography may be viewed as the projection of a
weighted average of Q values at different depths onto a plane. As a
dominant focal depth will be present in any distribution of seismic
events, the results of 2D Q-tomography correspond to the lateral

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1094151

Li et al.

10.3389/feart.2023.1094151

46°

45°

440

43°)

420

37,

72°

FIGURE 2

Distribution of seismic observation stations (red triangles), events (+), and rays in the Tianshan tectonic belt (TTB).
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distribution of the average crustal Q values above the dominant focal
depth (Su, 2009; Ye et al., 2018).

4 Conducting Q-tomography based on
S-wave attenuation in the Tianshan
tectonic belt (TTB)

4.1 Data and solution stability analysis

In this study, for the static Q-tomography of the TTB, we used
the observational data recorded by the Xinjiang regional seismic
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network from 2009 to 2020. During this period, a total of
24,273 locatable seismic events having magnitudes of 2.0-5.4 (M,
2.0-5.4) were recorded by 51 digital seismic stations in the Tianshan
seismic zone (Figure 2). A total of 145,368 t* data records with high
SNR were acquired through inversion, using the method described
in the previous section. Previous studies have shown that the Q,
value of a region generally ranges from several tens to hundreds
(Wang et al., 2012a), but may exceed 1,000 in rare cases (Mitchell
et al,, 1997; Bager and Mitchell, 1998). Therefore, the data were first
filtered by removing the t* data records having overly low values
(specifically, a t* data record was removed when the epicentral
distance/t* was greater than 4,000). If the intracrustal velocities
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within the TTB are uniform, the linear fitting of the travel time-
epicentral distance graph (Figure 4A) will yield an average crustal
S-wave velocity () of 3.49 km/s. Then, t* is linearly fitted to the
epicentral distance (Figure 4B), which yielded an average crustal Q
value of 523 for the TTB. As Qg measurements inherently contain
large errors, we considered only the data points whose observed
values differed from the corresponding fitted values by > 1 standard
deviation (0.0403). Notably, 77,852 t* data records met this
requirement. 2 vportrays the distribution of the
corresponding rays. Based on the #* data, the crust beneath the
TTB (37°-45.5° N, 72°-90.5° E) was divided into uniform cells. Qg
inversion was performed, at the resolution of 0.8" x 0.8°, with each

Figure

cell having an average of 1,252 rays. Q, and v, were used as initial
values for tomographic inversion. Furthermore, we performed
10 iterations of the ray-tracing pseudo-bending method, to
obtain the Q value of the region. The root-mean-square residual
of t* decreased from 0.0216, before inversion, to 0.0198, after
inversion. Figure 5 illustrates how the residual varied with the
epicentral distance, before and after the inversion.

To test the stability of the inversion results of Q, value, 20%
Gaussian noise, with a mean of 0 and variance of 1, was added to the
original ¢* data (Pei et al,, 2010), i.e., T* = t*x (1+20%gasdev) where
t*is the original data, T*is the data after noise is added, and gasdev is
a function with a mean value of 0 and a variance of one Gaussian
distribution. The data with added noise were inverted using the same
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parameters as the actual inversion, and the error of Q, value was
obtained. For 50 times of noise synthesis data—inversion operation,
the error result of Q, value is not more than 14 (2.67% of the
average Qo).

4.2 Checkerboard resolution test

A checkerboard resolution test was performed, to determine
whether the tomographic inversion for the 0.8° x 0.8 grids was
reliable (Figure 6). As shown in Figures 2, 6, the TTB is densely
covered with rays, and the resolution is high. False resolution only
occurred in a few areas at the edges of the rays.

4.3 Static Q-tomography based on S-wave
attenuation

Lateral variations in Q are associated with the thickness of the
sedimentary layer, intensity of crustal movements, and nature of the
medium (Sun et al,, 2012). In this study, we performed Q-imaging of
the Tianshan crust through attenuation tomography, at a resolution
of 0.8° x 0.8°, using seismic data from January 2009 to December
2020 (Figure 7). The value of Qs ranged from 300 to 800, with an
average Q, value for the entire TTB of 523. This result is consistent
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FIGURE 6
Results of the checkerboard resolution test.
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Distribution of S-wave-derived Q values for the Tianshan tectonic belt (TTB) in 2009-2020. White circles indicate the epicenters of earthquakes of

magnitudes >6.0 that occurred after 1900.

with the average Qo value (520) reported by Li et al. (2017) for the
middle Tianshan region using the same method, but higher than the
average Q, value (460) for the middle Tianshan region reported by
Zhao et al. (2011).

The crustal Q values of the TTB region exhibited significant
lateral variations (Figure 7). The distribution of these Q values and
the corresponding variations in crustal attenuation were strongly
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associated with surface tectonics in this region. The main area of the
TTB exhibited high Q values, whereas the parts adjacent to the
basins in the south and north and the basin margins were
characterized by low Q values, which was in line with the results
obtained for other regions of China (Wang et al., 2008; Sun et al,,
2012). For example, the regions having thick sedimentary layers,
such as the North China Plain, Songliao Basin, and Hailar Plain, are
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associated with low Q, values (high attenuation), whereas regions,
such as the Yanshan, Taihang, and Xingmeng fold belts, exhibited
high Qu values (low attenuation), due to the presence of thin
sedimentary layers or bedrock outcrops (Sun et al., 2012).

The area in the middle Tianshan region, between the
Borohoro (F1) and the Beiluntai (F2) faults (termed zone
V; in this study) (Figure 1), constituted the main area of the
TTB and had high Q values (650-750). The areas having low Q
values (generally below 550) were primarily located adjacent to
basins on the southern and northern sides of the TTB. In these
areas, the medium gradually transitions from hard mountainous
rock to soft sedimentary layers. Interestingly, a unique
distribution of Q values was observed (Figure 7) in
southwestern TTB (termed zone V, in this study) (Figure 1).
Specifically, there was a considerable difference in the Q values of
the eastern and western sides of the Pigiang fault (F9), wherein
the stations recorded low and high Q values in the eastern and
western sides of the fault, respectively. The F9 fault portrayed a
near S-N strike and was approximately perpendicular to the
thrust nappe tectonic system of Kalpin, which separated it into
eastern and western sections. Studies have shown that the eastern
and western sides of the Kalpin thrust nappe tectonic system
have tremendously different deformation rates; as the nappes in
the western section generally exhibit higher slip rates than those
in the eastern section. Furthermore, the difference in the slip
rates increases with the proximity to the front (Ran et al., 2006;
Yangetal., 2006; Lietal., 2016). Yang et al. (2008) have proposed
that the F9 fault is a deep and large fault running through the
base of the Tarim Basin, and that the Tarim Basin separates into
two rock sheets in front of the southwestern TTB, subducting
below the Tianshan Mountains. These factors lead to
significantly more frequent and stronger earthquakes on the
west side of the F9 fault, compared with its east side (Tang
et al., 2013), resulting in a disparity in the Q values between its
eastern and western sides. In addition, markedly low Q values
were observed near the Pamir knot, which is known for
extremely strong tectonic movements.

The low Q values partly reflect the intensity of tectonic
activity in these areas. These low-Q areas of the TTB resemble
the Himalayan fold belt on the southern margin of the Tibetan
Plateau and the Yunnan-Tibet fold zone, in terms of their
tectonic characteristics. Due to the collision and extrusion
between the Indian and Eurasian plates, these areas experience
intense tectonic activity, as well as continuous crustal thickening
and plateau uplifting, which makes them susceptible to strong
earthquakes (Cong et al., 2002). Conversely, tectonically stable
regions are often associated with high Q values. For example, the
Q values of the Siberian Platform (Mitchell et al., 1997) and the
eastern United States of America (Bager and Mitchell, 1998) can
be >1,000.

Although the drivers of the lateral Q variations in the TTB
require further investigation, it is generally believed that Q is closely
related to the fractures in the medium and their degree of fluid
filling. Tectonically active regions are associated with very low Q
values because the medium is fragmented and contains a large
number of fractures (Hu et al., 2003; Ma et al., 2007; Qiu et al., 2021).
At high crustal fracture densities, fluids can flow freely into and
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through the fractures, thereby attenuating seismic waves (Mitchell,
1995).

Most of earthquakes with magnitudes >6.0 that have
occurred in the TTB since 1900 are located in the transition
zones between the high- and low-Q areas, or in the low-Q areas
(Figure 7), e.g., the Pamir syntaxis that has a high density of
earthquakes having magnitudes >6.0. Generally, it is believed
that energy does not easily accumulate within a homogeneous
crustal medium. As transition zones between high- and low-Q
areas are areas of convergence between “soft” and “hard”
materials, they can facilitate the accumulation of strain
energy, resulting in earthquakes (Wang et al., 2012a; Ye et al,
2018). In addition, the area west of the F9 fault consisted of a
junction between three tectonic systems, namely, the Tarim
Basin and the Tianshan and West Kunlun Mountains; this
area had a substantially higher Q value than that of the areas
to its east and west. Notably, more than 10 strong earthquakes
(magnitude >6) had occurred in this area during 1997-2003,
collectively known as the Jiashi strong earthquake swarm (Zhao
etal., 2008). Such earthquake swarms are rare in mainland China
and the rest of the world V,. Most low-Q areas in the TTB are
tectonically active.

4.4 Dynamic Q-tomography based on
S-wave attenuation

To analyze the spatiotemporal variations in the Q values in the
TTB in greater detail, the seismic data for the study area were
divided into six 2-year periods (2009-2010, 2011-2012, 2013-2014,
2015-2016, 2017-2018, and 2019-2020). The calculation for each
period involved 10,500-16,000 t* records, and there were
160-260 rays in each cell (Table 1). The average Q, value of the
TTB in each period ranged from 500 to 540, which was comparable
to the average Q, value (523) for the entire study period
(2009-2020). In addition, the method of adding Gaussian noise
to t* data was used to obtain the errors of Q, values at different time
periods (Table 1).

Figures 8A-F illustrate the lateral Qs variations in the TTB for
each time period, indicated by a red-blue gradient; red indicates the
areas having Qs values below the mean Q value (high attenuation),
whereas blue indicates the areas having Qs values above the mean
Qo value. For comparison, the Q, values for the abovementioned
periods were used to calculate the lateral variation based on an
average value of 523. The overall distribution of Q in the TTB did not
significantly vary from one period to another. The high-Q-value
areas were located primarily in the main TTB area, whereas the low-
Q-value areas were predominantly located in the areas adjacent to
the basins located to the South and North of the TTB, as well as those
near the Pamir syntaxis in Zone V, and the area east of the F9 fault.
These results also proved the stability of the tomography results, as
the period-wise tomographic inversions were generally consistent
with the tomographic inversion for the entire study period. Notably,
on the outer edges of the rays, the smearing effect resulted in a false
resolution and potentially inaccurate Q values at the margins of the
study area (He et al., 2017). Therefore, the Q values in these margins
are not discussed further.
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TABLE 1 Data statistics for the six two-year periods (between 2009 and 2020) considered in this study.

Startand end  Number of Total Number of t* Average Residual of  Residual of Qg
time earthquakes number of data points number of t* before t* after values
t* data actually used  rays in grid inversion inversion
points cells
I 2009.01~2010.12 3588 22863 12968 228 0.0234 0.0213 510
il 2011.01~2012.12 4267 24584 12881 222 0.0205 0.0187 530
11 2013.01~2014.12 4085 23103 12147 186 0.0295 0.0203 510
v 2015.01~2016.12 3364 19217 10509 168 0.0229 0.0211 500
\% 2017.01~2018.12 4142 25646 13350 188 0.0200 0.0184 530
VI 2019.01~2020.12 4826 29955 15886 255 0.0206 0.0185 530
Entire study = 2009.01~2020.12 24273 145368 77852 1252 0.0216 0.0198 520
period

FIGURE 8
Temporal variations in the S-wave-derived Q values of the Tianshan tectonic belt (TTB) for the six 2-year periods considered in this study. (A) 2009-
2010, (B) 2011-2012, (C) 2013-2014, (D) 2015-2016, (E) 2017-2018, and (F) 2019-2020.
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Temporal variations in the regional average Q values in the Tianshan tectonic belt (TTB), middle Tianshan (zone V), and southwestern Tianshan

(zone V,) regions.

4.5 Relationship between regional average
Q and seismicity

Previous studies reported a positive correlation between
seismicity and the regional average Q value (Pei et al, 2010;
Wang et al, 2016). As the TTB exhibits significant lateral
variations in Q, during the analysis it is often divided along the
Kashgar-Aksu and Baicheng-Kuqa thrust systems to form two
zones, namely, V; (middle Tianshan) and V, (southwestern
Tianshan), which have distinct tectonic and seismic
characteristics (Figure 1) (Yin et al, 1998; Chen et al, 2001).
This zonation has been used in many previous studies (Yang
et al,, 2008; Gao et al,, 2010; Qu et al., 2010; Wang et al., 2011).
The temporal variation in the regional average Q of these zones is
shown in Figure 9. The average Q value in zone V; (red curve)
ranged from 490 to 560, showing an upward trend since 2009
(except for the 2011-2012 period). Conversely, the average Q
value (blue curve) in zone V, was relatively stable, in the range
of 490-530 for most of the study period. In addition, the average Q
value in zone V; was higher than that of zone V, during most time
periods (except for 2009-2010). The regions with intense tectonic
activity and frequent strong earthquakes were characterized by low
Q values (Hearn et al., 1991; Wang et al., 2007; Hearn et al., 2008;
Wang et al., 2008; Wang et al., 2016; Ma et al., 2007; Pei et al., 2010).
Haydar et al. (1990) have indicated that the active fault areas in the
New Madrid seismic zone and its surrounding areas exhibited low Q
values and strong seismic-wave attenuation, whereas the tectonically
stable areas were associated with high Q values and weak
attenuation. Our findings are in agreement with the results of
Haydar et al. (1990); zone V, portrayed lower Q values than
zone Vi, and the tectonic activity in zone V, was also more
intense than that in zone V.

Regions with high stress accumulation are typically associated
with frequent and intense seismic activities (Wan et al., 2009; Yi
et al, 2013). Destabilization in a rock body occurs when the
differential stress on a fault exceeds the rock fracture strength,
resulting in an earthquake. Therefore, an increase in stress
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release often manifests as an increase in the seismic activity and
earthquake frequency (Pei et al., 2010). Several studies have shown
that the variations in the regional Q value tend to be strongly
correlated with the local seismicity. In the Sichuan-Yunnan region,
temporal variations in the regional average Q correlate significantly
of with
magnitudes >4.5 that occurred during the corresponding period

and positively with the number earthquakes
(Peietal., 2010). In Hainan Island and its adjacent areas, the increase
and decrease in the moving average Qs values generally coincide
with the increase and decrease in the local earthquake frequency
(Wang et al., 2016). Laboratory studies (Toksoz et al., 1979; Winkler
and Nur, 1979) have shown that the Q value of a rock increases with
its stress level, regardless of whether the rock is dry, or completely or
partially saturated with water. Furthermore, Pei et al. (2010) noted
that an increase in rock stress decreased the number of fractures,
which in turn decreased the attenuation of seismic waves. In other
words, the increase in seismic activity, accompanied by an increase
in Q values, are external manifestations of stress accumulation.
Based on the abovementioned results, we tallied the numbers of
moderate and strong earthquakes in zones V; and V, over the six 2-
year time periods (Table 2). There was a strong positive correlation
between the regional average Q and the number of earthquakes
having magnitudes >4.0, in each zone and period (Figure 10). This
result was consistent with the findings for the Sichuan-Yunnan
region (Pei et al., 2010) and Hainan Island (Wang et al., 2016), where
an increase in the Q value was generally accompanied by an increase
in the number of earthquakes. However, the causal relationship
between the Q value and the number of earthquakes remains
ambiguous, because no existing studies could determine whether
the increase in the earthquake frequency was caused by an increases
in the Q value, or vice versa. In regions where moderate-strong
earthquakes are frequent (e.g., the Sichuan-Yunnan region), some
scholars are of the opinion that the former (increases in the Q value
increase the earthquake frequency) is a better fit for their
observations (Pei et al, 2010). That is, the pre-earthquake
increase in stress can induce expansions in the rock volume
(Scholz, 2002), the initiation, growth, and

resulting  in
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TABLE 2 Earthquake numbers and Q, values observed in the middle and southwestern regions of the Tianshan Mountains.

Average Q value/errors

Qo of errors Qg of errors
Zone V, Zone V,
2009-2010 80 114 27 44 12 22 3 6 490 13 520 13
2011-2012 119 98 52 33 24 17 10 8 530 16 510 14
2013-2014 102 118 30 33 12 12 3 6 500 12 500 14
2015-2016 118 173 43 45 24 18 9 7 510 15 490 11
2017-2018 174 122 53 39 30 18 14 9 550 18 500 13
2019-2020 156 137 50 51 25 25 13 13 550 17 500 13
*Notes: Zones V, and V, refer to the middle and southwestern sections of the Tianshan Mountains, respectively.
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Correlation between average Q values and the number of earthquakes in the Tianshan tectonic belt (TTB) over the study period.

propagation of microcracks, until the rock is fractured and changes
the regional Q value.

5 Discussion and conclusion

In this study, we performed high-resolution (0.8°x0.8")
Q-tomography for the crust beneath the TTB, via attenuation
tomography, using 24,273 near-source waveforms collected from
51 digital seismic stations in the Xinjiang regional seismic network
from 2009 to 2020. A high-resolution crustal attenuation model of
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the TTB was thus, obtained. The major conclusions of this study are
explained below.

(1) For the TTB, we observed Qg values between 300 and 800, with
an average Qo value of 523. The Qs value exhibited significant
lateral variation, and the distribution of Qs (and the crustal

distribution)

correlated strongly with the TTB’s surface tectonics. The

main region of the TTB portrayed high Q values (650-750),

whereas the areas adjacent to the basins to the south and north

and the basin margins exhibited low Qg values (<550). These

attenuation structures represented by this
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trends reflected the transition from the mountainous regions to
the plains and basins, along with the gradual thickening of the
sedimentary strata.

The crustal medium in the TTB is associated with high S-wave
velocities; however, the Tarim, Junggar, and Turpan Basins are
characterized by low wave velocities, as they are covered by thick
sedimentary layers (Guo et al., 2010; Tang et al., 2011; Cai et al.,
2019; Kong et al., 2021). Low-velocity bodies were observed in
many parts of the TTB’s middle and upper crust, being
in the block
mountain-basin transition zones on either side of the
Tianshan Mountains (Li et al, 2007). The 3D velocity
structure of the crust in the middle Tianshan region revealed
a high-velocity zone in the shallow strata and a low-velocity zone

predominantly located intersections and

in the region close to the Junggar Basin (Zhang et al, 2021).
These studies indicated that within the TTB, velocity structures
portray a positively correlation with the attenuation structures.
The main area of the TTB exhibited high velocities and Q values
(low attenuation), whereas the areas adjacent to the basins and
the basin margins exhibited low velocities and Q values (high
attenuation). This confirmed that 2D attenuation structures
were generally consistent with the velocity and 2D density
structures (Burtman and Molnar, 1993). Notably, the lateral
heterogeneities in the TTB’s attenuation structure were mainly
caused by the heterogeneities in the crustal medium. In addition,
according to the deep structure reported by Xu et al. (2000) for
the TTB, an intracrustal low-velocity zone that extends in the
NNE direction is present between the southern Tianshan region,
Pamir Mountains, and Tarim Basin. This low-velocity zone is
flanked by Bachu and Makit (a high-velocity zone) to the east,
and Pamir and southern Tianshan to the west. These results
generally agree with the distribution of the Q, values obtained to
determine the crustal attenuation structure of southwestern
Tianshan for study period (2009-2020) (Figure 7).

(2

~

Most earthquakes in the TTB of magnitudes >6.0 since 1900
(Figure 7) occurred in the transition zones between the high-
and low-Q transition zones, or in the low-Q areas. This
phenomenon was consistent with the previous observations
of the Sichuan-Yunnan region (Pei et al, 2010). Similar
phenomena have also been reported in other regions within
and outside China (Hansen et al., 2004; Wang et al., 2007; Zhang
et al.,, 2009; Wang et al., 2012a; Qiu et al., 2021). Pei et al. (2010)
hypothesize that earthquakes occur most likely in transition
zones since the maximum change in the differential stress in
rocks occurs in such areas. It has also been proposed that these
transition zones tend to accumulate strain (which induces
earthquakes) because they are areas where “soft” and “hard”
crustal media converge (Wang et al., 2012a).

Previous studies also suggested that strong earthquakes at the
junctions between basins and mountains predominantly occur
in high-velocity zones in the middle or lower crust, or in the
vicinity of areas with large velocity gradients (Zhao et al., 1996;
Xu et al., 2000; Zhao et al., 2002; Mukhopadhyay et al., 2006;
Wang et al,, 2007; Zheng et al., 2007). Based on the results
obtained from different regions, heterogeneity in the crustal
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medium is a prerequisite for strong earthquakes. Our study
results are in agreement with these findings, as most earthquakes
of magnitudes >6.0 (Figure 7) occurred in transition zones
between areas of high and low Q values, or in those having
low Q values.

(€)

=

In this study, the average Qg value of the TTB only varied
between 500 and 540 from one period to another, which was
consistent with the average Q, value (523) for the entire study
period (2009-2020). However, the average Q values for the
middle Tianshan region portrayed a general upward trend since
2009 (from 494 in 2010 to 554 in 2020). By contrast, the average
Q; value for the southwestern Tianshan regions was relatively
stable (from 490 to 530) during most periods. The regional
average Q value for the middle Tianshan region was higher than
that of the southwestern Tianshan region, during most periods
(except 2009-2010), which was consistent with the fact that
tectonic movements were more intense in the southwestern
Tianshan area than the.middle Tianshan region.

The dynamics of the Q value provided insights into the trends
pertaining to tectonic activity, rock fracturing, and subsurface fluid

(4)

flow, serving as a foundation for the understanding of seismogenic
mechanisms. By comparing the number of earthquakes and the
regional average Q value of the middle and southwestern Tianshan
regions, we could deduce that seismic frequency was positively
correlated with the regional average Q value. This was consistent
with the findings from the Sichuan-Yunnan region (Pei et al., 2010)
and Hainan Island and its adjacent areas (Wang et al., 2016), i.e., the
greater the regional average Q, the greater the number of
earthquakes. The temporal variations in the Q values were related
to the tectonic activity trends, and the accumulation and release of
stress were essentially the processes through which the earthquakes
occurred. Notably, changes in rock stress may cause fractures within
the rock to close or open, thus, changing the density of fractures in
the rock, ultimately changing the regional Q values (Pei et al., 2010).
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