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Structure and composition of Earth is of fundamental importance in exploring the dynamic evolution of
the crust and mantle. The Qinling Orogenic Belt (QOB) is located between the North China plate and the
South China Plate, and is one of the main orogenic belts in China. To explore the composition and origin of
anisotropy and the low wave velocity zone of the QOB, ten rock samples (gneiss and schist) were col-
lected from the five sites of the QOB and the P- and S-wave velocities of these samples were measured
under 0.6 to 2.0 GPa and 100 to 550 �C. The wave velocities increase with increasing pressure and
decreasing temperature. The VP and VS of the schist and gneiss match the velocity of the middle and lower
crust of the QOB, indicating that schist and gneiss are important component of the QOB. All the schist and
gneiss samples exhibit obvious seismic anisotropy with 1.64%–17.42% for VS and 2.93%–14.78% for VP

under conditions of crust and upper mantle. The CPO/LPO and layering distribution of mica in rock sam-
ples are the main reasons for this anisotropy. The VS structures below the five sampled sites from seismic
ambient noise tomography were built to explore the effect of schist and gneiss on the composition and
structure of the QOB. The results indicate that orientation-arranged gneiss and schist driven by the tec-
tonic stresses might be a new origin of the character of VP/VS, seismic anisotropy, and the low velocity
zone in the QOB.
� 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The knowledge of structure, composition and physical property
of Earth is of fundamental importance in exploring the movement
and dynamic changes of Earth’s surface and interior. In-situ mea-
surements of rock velocity under high pressure and high tempera-
ture play an important role in understanding the properties of
Earth’s interior. Generally, seismology data provide a good under-
standing of the constituent structure and physical state of the
Earth’s interior. The relationship between geophysical/seismic
observations and the composition of the Earth’s structure is
grounded in two primary factors: (1) measurements of representa-
tive natural samples from the crust and mantle, and (2) constraints
derived from physical property measurements of minerals and
rocks conducted in laboratories. By integrating seismic data struc-
tures with petrological interpretations, the resolution of seismic
wave velocities and the anisotropic structures of the crust and
mantle has been refined through advanced seismic observation
techniques. This interpretation largely depends on an understand-
ing of the seismic characteristics of candidate rocks and minerals
from Earth’s depths, as well as the variations in these properties
under internal conditions such as pressure and temperature (Xie
et al., 1993; Christensen and Mooney, 1995; Zandt and Ammon,
1995). Many studies have been done on the composition of the
mantle and crust by combining seismic wave velocity profiles
and laboratory measurements of the elastic wave velocity of vari-
ous natural minerals (Christensen and Mooney, 1995; Ishikawa
and Arima, 2009). By measuring the shear wave velocity (S-wave,
VS) and compressional wave velocity (P-wave, VP) of rock minerals
under various temperatures and pressures, one can interpret geo-
physical imaging results (Birch, 1961; Almqvist and Mainprice,
2017). For instance, utilizing the velocity data of rocks under high
temperatures and pressures in conjunction with seismic velocity
g).
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profiles can elucidate the petrological model of the Izu-Bonin-
Mariana (IBM) island arc structure (Ishikawa and Arima, 2009).
However, such interpretations are not exclusive in some instances,
as rocks of varying compositions can exhibit similar wave veloci-
ties; furthermore, if a rock is anisotropic, it can exhibit a wide
range of wave velocities (Christensen, 1965). Seismic anisotropy
is the directional dependence of the velocity of seismic waves in
a medium (rock) within the Earth. It has been widely observed in
the crust and upper mantle (Fouch and Rondenay, 2006; Long,
2013; Zhao et al., 2016; Lee et al., 2023; Han et al., 2024;
Priestley et al., 2024). Zertani et al. (2020) observed that the aniso-
tropy of P-wave velocity on a kilometer scale was 3% to 4%, indicat-
ing a back azimuthal dependence of seismological images of the
Indian lower crust underthrusting beneath the Himalaya.
Nábělek et al. (2009) and Schulte-Pelkum et al. (2005) also
observed a back azimuthal dependence of the retrieved signal in
the lower crust beneath the Himalaya, which is characterized by
a significant large-scale anisotropic fabric within the lower conti-
nental crust of India.

The Qinling Orogenic Belt (QOB) is one of the main orogenic
belts in China (Matte et al., 1985), located in the central part of
the China Central orogenic belt between the North China Block
and the South China Block. It trends WNW–ESE in central China
and links the Kunlun and Qilian orogens to the west and the
Dabie-Sulu Orogen to the east (Zhang et al., 2001; Ratschbacher
et al., 2003). The QOB contains two sutures (the Shangdan and
Mianlue) and three blocks (Fig. 1). The Shangdan suture separates
the North China block (including the North QOB) from the Qinling
microplate (the southern QOB), whilst the Mianlue suture sepa-
rates the Qinling microplate from the South China block. The
Shangdan suture is generally considered to be the result of a Mid-
dle Paleozoic collision of the North China block and the southern
QOB, resulting in a multistage accretion of the southern QOB to
the northern QOB (Meng and Zhang, 2000). The Mianlue suture
was formed by the early Mesozoic (Triassic) collision between
south Qinling and south China block (Zhang et al., 2004). The
northern QOB is composed predominately of Proterozoic Kuanping
Fig. 1. The schematic geologic tectonics of the QOB and the sampled sites. Insert showing
stars are the sample sites following as Qilichuan, Taibai County, Baoji City (QLC); Zuikou,
(FYK); Foping County, Hanzhong City (FP), Shanxi Province.
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group and Qinling complex, Palaeozoic Erlangping group, and
Dengfeng group. The strata is predominantly composed of
medium-grade metasedimentary and metavolcanic rocks. The Qin-
ling complex constitutes the Precambrian basement at the north-
ern QOB that underwent strong Proterozoic and Palaeozoic
tectonothermal events (You et al., 1993; Wang et al., 2005b). The
southern QOB is composed of a thick pile of Late Proterozoic to Tri-
assic sediments. Palaeozoic and Mesozoic intrusions occur widely
in the northern QOB. The Palaeozoic intrusions are regarded as
the products of subduction and collision between the northern
and southern QOB, while the Mesozoic intrusions are related to
Early Mesozoic collision between the North and South China blocks
(Xue et al., 1996; Wang et al., 2009).

The seismic reflection/refraction, surface wave tomography, and
receiver function studies have been used to investigate the crustal
and upper mantle structures of the Qinling Orogenic Belt (QOB)
and surrounding areas by Li et al. (2015), Yuan (1996), and Song
et al. (2018). The ductile flow, strike-slip faults with displacement
from tens to hundreds of kilometers, and widespread extension
indicate that the QOB has undergone significant reactivation since
the Cretaceous period (Zhang et al., 1989; Ratschbacher et al.,
2003; Enkelmann et al., 2006). Song et al. (2017) used high-
resolution three-dimensional observations to reveal that the Qin-
ling Orogenic Belt (QOB) has a special flyover crustal structure with
an E–W trending high-velocity structure in the upper crust (0–
10 km), a transitional zone in the middle crust (10–30 km), and
an approximately N–S trending low-velocity zone in the middle-
lower crust (20–40 km). Teng et al. (2014) found the upper crust
P-wave velocity of QOB exhibits significant lateral heterogeneity,
which extends down to the top of the lower crust and upper man-
tle or deeper; and the vertically and horizontally wave velocity
changes are inhomogeneous and non-linear in the lower crust
and upper mantle. Liu et al. (2006) observed low VP and Poisson’s
ratio from a seismic deep refraction profile beneath the western
QOB. Lei and Zhao (2016) revealing a low-velocity anomalies in
the upper mantle and some low-velocity anomalies in the upper-
most mantle with a fast-wave direction parallel to the QOB by Pn
the tectonic blocks and the location of studying area; NCC is North China Craton; the
Taibai County, Baoji City (ZK); Zhouzhi County, Xi’an City (ZZ); Fengyukou, Xi’an City
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tomography (Zhou and Lei, 2016). Wei et al. (2020) observed local
low-velocity anomalies in the middle-lower crust in the western
Qinling Orogenic Belt (QOB) and the Qilian orogen. They also
observed high S-wave velocities in the middle-lower crust at the
juncture region between the western QOB and the Qinling-Dabie
orogen. Seismic studies revealed a low-velocity anomaly extending
from 100 to 320 km below the QOB (Bao et al., 2015; Wei et al.,
2016; Zhang et al., 2018). The data of experimentally measured
VP of rocks (plagioamphibolite, volcanic rock, hornblende granulite,
marble, mica plagioclase schist) from the QOB indicate that dehy-
dration of minerals and partial melting of rock may be the reasons
for the low velocity layer in the middle and lower crust of QOB
(Zhao et al., 1996).

Here, to further explore the composition and origin of aniso-
tropy and the low velocity of the QOB, ten rock samples (gneiss
and schist) were collected from the QOB at five different sites
and the VS and VP of these samples were measured under
0.6–2.0 GPa and 100–550℃. The results indicate that orientation-
arranged gneiss and schist caused by tectonic stresses might be
the important origin of the seismic anisotropy and the low velocity
zone in the QOB.

2. Material and methods

2.1. Rock samples

Ten rock samples (gneiss and schist) were collected from the
QOB at five different sites, Fengyukou, Qilichuan, Zuikou, Foping
and Zhouzhi (Fig. 1). Two rock samples were gathered at each sam-
pling site. Table 1 provides the locality, lithology and results of
chemical analyzes and X-ray diffraction (XRD) and X-ray Fluores-
cence Spectrometer (XRF) of each rock sample studied. The typical
modal compositions are mainly quartz, albite, microcline, mica (bi-
otite, muscovite), chlorite, amphibole, and magnetite. Other min-
eral compositions less than 1% are not listed. The results of
chemical analyze show that the compositions are mainly SiO2,
Table 1
Chemical and mineral composition of the rock samples.

Chemical composition (wt.%)

Sample SiO2 Al2O3 Fe2O3* K2O

ZK01 62.43 13.64 11.54 4.11
ZK02 65.14 13.11 12.27 3.34
ZZ01 68.14 12.67 6.12 5.61
ZZ02 64.39 12.34 5.61 6.14
FYK01 64.41 11.42 10.28 6.99
FYK02 62.87 12.57 10.98 6.12
QLC01 63.56 12.2 11.72 4.55
QLC02 60.46 12.33 13.97 4.73
FP01 60.51 16.37 6.78 4.12
FP02 64.14 14.51 4.67 3.14

Modal composition (wt.%)

Sample Qz Ab Mc Mica Chl

ZK01 64 18 5 8 4
ZK02 65 19 3 9 3
ZZ01 48 27 10 12
ZZ02 43 25 12 15
FYK01 46 30 10 11 3
FYK02 44 32 8 13 3
QLC01 49 31 7 10 3
QLC02 47 32 9 9 3
FP01 33 31 8 16
FP02 31 32 10 17

Notes: * Means the total Fe including FeO + Fe2O3. Abbreviations of mineral list in the tab
Magnetite, Mag.
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Al2O3, Fe2O3, K2O, CaO, Na2O, TiO2, MgO. Other chemical composi-
tions less than 0.1% are not listed.

2.2. Experimental methods

The wave velocities of the rock samples were measured using
the YJ-3000 Press, which is located in the key laboratory of the
high-temperature and high-pressure study of the Earth’ s interior,
the Institute of Geochemistry, Chinese Academy of Sciences. The
rock samples were prepared into the cylinder specimens with a
diameter of 10 mm in diameter and a length of 6 mm (Fig. 2).
The wave velocities were determined by the pulse transmission/re-
flection method (Xie et al., 1993; Liu et al., 2000). The pressure of
the apparatus is calibrated with the melting curve of copper deter-
mined by the differential thermal analysis method and from the
quartz–coesite transition. The pressure is considered accurate to
1.5% (Xie et al., 1993). The temperature is calibrated with a NiCr–
NiSi thermocouple. The uncertainty in temperature measurement
is less than ±5�C (Zhou et al., 2011). The length of sample are deter-
mined as follows: (1) When pressurized, the sample length (L) is
corrected under high pressure, L/L0 = 1 � [P/(3 K0)], where L0 is
original length of 6 mm and K0 is adiabatic bulk modulus of rock
(51 GPa); (2) At constant pressure heating, the travel time (T) is
measured, and it is assumed that the wave velocity when the sam-
ple is heated and then cooled to room temperature is equal to the
wave velocity (V) at room temperature at constant pressure, so
that the length of the sample after constant pressure heating is
known as L = V � T. The maximum error of this method here used
for measuring the wave velocity is less than 1.2% (Liu et al., 2002).

To investigate the differences in wave velocity of rocks in vari-
ous tectonic directions, three experimental samples were prepared
for each rock sample: parallel to its foliation (x), perpendicular to
its foliation (y), and at a 45� angle to its foliation (z) (Fig. 2). In this
study, foliation is defined by the strong shape preferred orientation
(SPO) of the platy and elongated mica minerals. Under high-
pressure and high-temperature, the VP and VS were measured for
CaO Na2O TiO2 MgO Total

2.54 1.11 0.95 0.75 97.07
2.12 1.43 0.81 0.49 98.71
2.31 1.24 0.62 1.15 97.86
3.11 1.68 0.84 1.68 95.79
2.43 2.21 0.249 1.15 99.13
2.78 2.01 0.21 1.13 98.67
2.39 1.23 0.973 0.651 97.27
2.22 1.44 1.08 0.835 97.07
2.14 8.11 0.66 0.84 99.53
3.11 7.41 0.51 0.61 98.10

Am Mag Location
(Shanxi province)

Lithology

Qilichuan, Taibai County,
Baoji City

schist

3 Zuikou, Taibai County,
Baoji City5
Zhouzhi County
Xi’an City
Fengyukou
Xi’an City

gneiss

6 5 Foping County
Hanzhong City4 4

le as follows: Quartz, Qz; Albite, Ab; Microcline, Mc; Chlorite, Chl; Amphibole, Am;



Fig. 2. The diagrams of the selected rock samples, microphotographs and sample assembly. (a) Selected primitive rock sample and experiment sample; (b) Schematic
experiment samples from 3 different direction, a, b, and c indicate that samples made from parallel to its foliation (x), perpendicular to its foliation (y), and is at a 45� angle to
its foliation (z) and the measured results labeled as Vx, Vy, and Vz, respectively; (c) The microphotograph of foliation structure; (d) The sample assemble.
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the rock samples in three different directions (x, y, and z). At room
temperature, the pressure applied to the sample was gradually
increased from 0.6 GPa to 2 GPa, with measurements taken every
0.2 GPa during this period. Subsequently, the sample was heated
to 550 �C and allowed to cool naturally, with measurements taken
every 50 �C of cooling.

3. Results and discussion

3.1. The wave velocity under high pressure and temperature

The VP and VS of ten samples were measured at pressures rang-
ing from 0.6 GPa to 2.0 GPa and temperatures ranging from 100 �C
to 550 �C. Three groups of VP and VS were measured for each sam-
ple from three directions, and labeled as VPx, VPy, VPz and VSx, VSy,
VSz, respectively.

Fig. 3 illustrates the variations of VP and VS of ten samples under
different pressures. The VP and VS of all samples show an almost
linear increase with pressure. For two samples from Foping County,
the VP ranges from 5.74 to 6.39 km/s and 5.83 to 6.51 km/s, while
the VS ranges from 3.31 to 3.89 km/s and 3.35 to 4.00 km/s. For two
samples from Fengyukou Ravine, the VP ranges from 5.63 to
6.16 km/s and 5.72 to 6.31 km/s, while the VS ranges from 3.11
to 3.42 km/s and 3.12 to 3.41 km/s. For two samples from Qili-
chuan County, the VP ranges from 5.45 to 6.40 km/s and 5.48 to
6.46 km/s, while the VS ranges from 2.98 to 3.61 km/s and 2.99
to 3.63 km/s. For two samples from Zhouzhi County, the VP ranges
from 5.98 to 6.53 km/s and 5.94 to 6.48 km/s, while the VS ranges
from 3.51 to 3.90 km/s and 3.49 to 3.98 km/s. For two samples
from Zuikou County, the VP ranges from 5.49 to 6.53 km/s and
5.51 to 6.57 km/s, while the VS ranges from 3.28 to 3.98 km/s
and 3.31 to 4.01 km/s, all at pressures ranging from 0.6 to 2 GPa.

Fig. 4 presents the variations of VP and VS of ten samples with
the increasing temperature from 100 �C to 550 �C. The VP and VS

of all samples exhibit a linear decrease with increasing tempera-
ture. For two samples from Foping County, the VP ranges from
5.99 to 6.39 km/s and 6.00 to 6.41 km/s, while the VS ranges from
3.29 to 3.88 km/s and 3.26 to 3.90 km/s. For two samples from Fen-
gyukou Ravine, the VP ranges from 5.87 to 6.15 km/s and 5.90 to
6.22 km/s, while the VS ranges from 3.22 to 3.37 km/s and 3.16
to 3.44 km/s. For two samples from Qilichuan County, the VP ranges
from 5.80 to 6.40 km/s and 5.82 to 6.44 km/s, while the VS ranges
from 3.22 to 3.61 km/s and 3.23 to 3.60 km/s. For two samples
from Zhouzhi County, the VP ranges from 6.20 to 6.46 km/s and
4

6.22 to 6.45 km/s, while the VS ranges from 3.49 to 3.95 km/s
and 3.45 to 3.96 km/s. For two samples from Zuikou County, the
VP ranges from 5.55 to 6.51 km/s and 5.58 to 6.54 km/s, while
the VS ranges from 3.21 to 3.85 km/s and 3.23 to 3.88 km/s, all at
temperatures ranging from 100 �C to 500 �C.

Two samples collected from one site exhibit similar wave veloc-
ity values. However, our measured values of VP and VS from three
different directions of different samples vary widely; and even
for the same sample, the measured VP and VS also show different
values in different directions. Therefore, to understand differences
between different samples, we calculated the average values of VP

((VPx + VPy + VPz)/3) and VS ((VSx + VSy + VSz)/3) at the same pres-
sure or temperature and presented them in Fig. 5. The average
wave velocities increase with increasing pressure and decreasing
temperature. Under the pressure and temperature explored in this
work, the wave velocities of FYK samples that originated in the
Fengyukou Ravine are the lowest (except for the VP of the
FYK02), while those of ZZ samples that originated in the Zhouzhi
County are the highest. For the other 3 samples, their wave veloc-
ities generally follow FP > ZK > QLC.

Three granitic gneiss collected from the Tuofeng, the Dabie-Sulu
orogenic belt exhibit VP values ranging from 6.02–6.08, 6.21–6.25
and 6.24–6.28 km/s under 0.6–0.8 GPa, respectively, with average
values of 6.16–6.20 km/s (Wang et al., 2005a). The VP of gneiss
samples collected from Foping (FP) and Fengyukou (FYK) are
5.96–6.00, 6.05–6.09 and 5.73–5.77, 5.81–5.86 km/s under 0.6–
0.8 GPa, respectively, with an average VP of 5.89 –5.93 km/s. Our
measured VP of the gneiss under 0.6–0.8 GPa is slightly smaller
than that of the Tuofeng, the Dabie-Sulu orogenic belt (Wang
et al., 2005a).

Our measured VP of gneiss from the Fengyukou Ravine, Zhouzhi
County and Zuikou County are in the range of 5.55–6.54 km/s,
which are higher than previous results of felsic gneiss from the
Yudongzi group with 5.61–5.93 km/s (Zhao et al., 1996) (Fig. 6).
The VP of schist from the Foping County and Qilichuan County
are in the range of 5.80–6.44 km/s, which are slightly smaller than
previous results of schist from the Yaolinghe group with 5.69–
6.65 km/s (Zhao et al., 1996). Our measured VP of schist from the
Foping County is in the range of 5.99–6.41 km/s, which is larger
than values of hornblende granulite the Foping group with 5.70–
6.62 km/s (Zhao et al., 1996). So, VP of gneiss and schist measured
in this study are close to volcanic rocks, but smaller than values of
marble, gabbro and metasediment rocks from the Qinling area
(Zhao et al., 1996).



Fig. 3. The wave velocity of rocks under high pressure. (a–e) The velocities of rocks
from Foping, Fengyukou, Qilichuan, Zhouzhi and Zuikou, respectively. The results of
wave velocity under high pressure are measured at room temperature.

Fig. 4. The wave velocity of rocks under high temperature. (a–e) The velocities of
rocks from Foping, Fengyukou, Qilichuan, Zhouzhi and Zuikou, respectively. The
wave velocities under high temperature are measured at 2 GPa.
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3.2. VP/VS ratio

The VP/VS ratio of the rock samples were measured and calcu-
lated under high pressure and temperature, as shown in Fig. 7.
The VP/VS ratio decreases with increasing pressure and decreasing
temperature.

The values of VP/VS decrease by 0.01–0.06 from 0.6 GPa to
2.0 GPa, and increase by 0.01–0.09 from 100 �C to 550 �C. Among
all samples, the FYK schist and QLC gneiss have the highest VP/VS

ratios, which are larger than 1.75; whereas the ZK schist has the
lowest VP/VS ratio of 1.66. An increase in plagioclase or a decrease
in quartz content typically affects the VP/VS ratio of rocks (Table 1)
(Tarkov and Vavakin, 1982).

The QOB is characterized by a low crustal velocity of 3.6 km/s
and a low VP/VS ratio of 1.66–1.8, indicating that middle to lower
crust is predominantly felsic (Guo and Chen, 2016). Seismic
refraction has revealed low VP and VP/VS beneath the western
5

QOB (Liu et al., 2001). The lower crust of the QOB predominantly
exhibits intermediate to low VP/VS values (<1.8), which indicate
that its lower crust should be intermediate to felsic, and also exhi-
bits small volumes of high VP/VS (>1.85), which indicate the com-
position of mafic or bearing fluid (partial melting or water (Ye
et al., 2017)). Our measured VP/VS indicate that rock samples gath-
ered from the QOB are felsic and mafic (Owens and Zandt, 1997),
which is consistent with the analytic result of X-ray diffraction
(Table 1) and the result of Guo and Chen (2016) and Liu et al
(2001).

Joint inversion of surface wave dispersion and receiver function
of a dense linear broadband seismic array shows that the VP/VS val-
ues of the lower crust vary from 1.78 south of the western QOB to
1.65 north of the western QOB (Li et al., 2022). Our results indicate
that schist and gneiss of the QOB may be the origin for the
observed character of the VP/VS.



Fig. 5. The wave velocity of rocks under high pressure and high temperature. (a and b) The Vs and Vp of rocks under high pressure; and (c and d) The Vs and Vp of rocks under
high temperature. The results of wave velocity under high pressure are measured at room temperature and the wave velocities under high temperature are measured at
2 GPa.

Fig. 6. Comparison of our measured velocities with previous results.

L. Liu, Y. Li, T. Li et al. Geoscience Frontiers xxx (xxxx) xxx
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Fig. 7. The VP/VS of the rocks under high pressure and high temperature and
presented. (a and b) The VP/VS of rocks under high pressure and under high
temperature, respectively. The results of wave velocity under high pressure are
measured at room temperature and the wave velocities under high temperature are
measured at 2 GPa.

Fig. 8. The anisotropy of wave velocities in rocks under high pressure and
temperature. (a and b) The anisotropy of wave velocities in rocks under high
pressure and (c and d) under high temperature. The results of wave velocity under
high pressure are measured at room temperature and the wave velocities under
high temperature are measured at 2 GPa.
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3.3. Anisotropy under high pressure and temperature

Seismic anisotropy is often thought of as a proxy to explore the
structure and stress states associated with tectonic processes
(Silver, 1996). In this study, the anisotropy of rock wave velocity
was examined by measuring the VP and VS of a rock sample from
three different directions (x, y, and z) at high pressure and high
temperature; marked as VPx, VPy, VPz and VSx, VSy, VSz and the
details list above. The wave velocities of rock samples from differ-
ent directions are presented in Figs. 3 and 4, and the wave veloci-
ties of a sample generally show the characters of VPx > VPy > VPz
and VSx > VSy > VSz (Figs. 3 and 4), indicating that wave velocities
are highest parallel to its foliation (Vx) and lowest perpendicular
to foliation (Vz). All rocks measured in this work show obvious
seismic anisotropy.

The anisotropy of wave velocity is calculated as a percentage of
the ratio of the difference between the maximum and minimum
velocities and the average velocity:

A ¼ ðVmax � VminÞ=Vmean � 100% ð1Þ
where Vmean is the arithmetic mean of the wave velocities measured
from the three directions (x- parallel to foliation, y-perpendicular
and z-oblique); and anisotropy of VP and VS is marked as AVP and
AVS, respectively.

The seismic anisotropy of VP and VS (AVP and AVS) is calculated
by the Eq. (1) and presented in Fig. 8. Temperature has a slightly
effect on seismic anisotropy. Bazargan et al. (2021) reported a
slight increase of 4% in AVP with increasing temperature from room
temperature to 600 �C, which is consistent with our results. The
AVP and AVS of the QLC and the ZZ, and AVP of the FP decrease with
increasing pressure, while the AVP and AVS of the ZK increase with
increasing pressure. The AVP and AVS of the FYK, and AVS of the FP
remained nearly unchanged with pressure. Seismic anisotropy
7

changed from high to low from Qilichuan and Zuikou of Taibai
County, Foping County, Zhouzhi County to Fengyukou of Xi’an City,
from west to east of QOB.

Under 100–550 �C and 0.6–2.0 GPa, the ZK schist exhibited the
highest anisotropy with AVP values ranging from 14.65% to 15.07%
and 14.23% to 14.78%, and AVS values ranging from 15.29%–15.76%
and 15.33%–17.42%, respectively. The FYK gneiss shows the lowest
AVS values with a range of 3.24% to 3.71% under 100–550 �C and
1.64%–2.69% under 0.6–2.0 GPa. For the AVP, the ZZ exhibited the
lowest values with a range of 3.17%–3.41% under 100–550 �C,
while both the ZZ schist and FYK gneiss showed similar AVP values
with a range of 2.93% to 5.14%, which were smaller than the other
three rock samples under 0.6–2.0 GPa.

The ten rock samples, including 6 schist and 4 gneiss, were col-
lected which exhibit an obvious foliation structure. The X-ray
diffraction (XRD) analysis of the samples revealed that mica is
one of the main components of these rock samples (Table 1), and
mica is oriented in the rock sample and forms a foliation structure.
Previous studies have indicated that mica significantly influences
the seismic wave velocity anisotropy of crustal rocks, with the ani-
sotropy primarily determined by the preferred orientation of the
mica lattice/crystal (Kitamura, 2006). In foliated gneisses, VP is
highest within the foliation plane. The maximum VP values is par-
allel to lineation, and minimum velocity is almost always perpen-
dicular to foliation (Ji and Salisbury, 1993; Kern et al., 2008). This is
consistent with our measured character of the seismic anisotropy.

The seismic anisotropy of rock is mainly controlled by (1) the
preferred orientation of microcracks, SPO, LPO, CPO, and thin min-
eral layers with different properties (Kern et al., 2001). Generally,
microcrack in rocks would close when the pressure is greater than
0.3 GPa (Hyndman and Drury, 1976; Miller and Christensen, 1997).
Since the pressure range in this work is 0.6–2.0 GPa, the effect of
microcrack on the seismic anisotropy of rocks can be ignored.
Therefore, CPO/LPO and layering distribution of mica in rocks are
the main reasons for the anisotropy of VP and VS under high pres-
sure and temperature in this work.

Seismic anisotropy is prominent in the QOB. The P-wave
velocity of the upper crust in the QOB exhibits obvious lateral
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heterogeneity (Teng et al., 2014). Gao et al. (2019) split the shear
wave and found a two-layer anisotropic structure below the west-
ern QOB, and the fast wave velocity of the upper mantle of this
region is WNW–ESE. Zhou and Lei (2016) observed some low-
velocity anomalies in the uppermost mantle with a fast-wave
direction parallel to the QOB by Pn tomography. Radial anisotropy
(the wave velocity differences between the vertical and lateral
directions) of the P-wave tomography results in the lower crust
and uppermost mantle beneath the western QOB show strong ani-
sotropy with 1.5% at a depth of 40 km and 170 km (Li et al., 2022).
Huang et al. (2008) reported strong anisotropy with an E–W fast-
wave direction in the southern QOB and a shear-wave splitting
time delay as large as 1.8 s in the QOB. These seismic anisotropies
have been believed to be caused by upper mantle flow or astheno-
spheric flow (Huang et al., 2008; Gao et al., 2019; Li et al., 2022).

When rocks are deformed in the dislocation regime, mineral
grains develop an LPO by dislocation creep, dynamic recrystalliza-
tion and grain-boundary migration, resulting in seismic anisotropy
on a macroscopic scale, for example, the fast velocity of olivine
align with the maximum shear direction are generally though as
the origin of the seismic anisotropy at the upper mantle, namely,
the tectonic stress field plays a critical role in producing crust ani-
sotropy (Zhang and Karato, 1995; Long and Becker, 2010). In this
study, it was observed that schist and gneiss exhibit significant
seismic anisotropy with 1.64%–17.42% for VS and 2.93%–14.78%
for VP under conditions of crust and upper mantle. The QOB has
experienced significant tectonic activity since the Cretaceous per-
iod, including ductile flow, strike-slip faults, and widespread
extension and shear movement (Matte et al., 1985; Zhang et al.,
1989; Liu et al., 1997; Ratschbacher et al., 2003; Enkelmann
et al., 2006). High-pressure-high-temperature experiment shown
that VP and VS anisotropy arise mainly because of crystallographic
preferred orientation with the slowest velocity direction tending to
be normal to the foliation (Khazanehdari et al., 2000). A three-
dimensional model of crustal and upper mantle anisotropy based
on new observations of ambient noise and earthquake data shown
that the average anisotropy in the western United States is �1.3%
and the fast directions of shear wave parallel to the San Andreas
fault in the uppermost mantle is consistent with the deformation
direction induced by simple shear (Lin et al., 2011). Therefore, it
is proposed that orientation-arranged schist and gneiss caused by
tectonic stresses may be one of reasons for the seismic anisotropy
of the QOB.

3.4. Composition of the QOB

Previous works found that the lithosphere of the QOB is signif-
icantly heterogeneous with obvious vertical and horizontal
changes, and the overall composition of the lithosphere is thought
to be granodiorite to quartz diorite and similar to the world aver-
age continental crust (Zhang et al., 1997). Zhang et al. (1997) pro-
posed that the lower crust of the QOB is mainly composed of
amphibolite � granulite facies gneiss with VP = 6.49–6.81 km/s,
the middle crust is mainly amphibolite � greenschist facies with
VP = 5.71–6.10 km/s and the upper crust is mainly composed of
surface rocks with VP = 5.40–6.08 km/s. The results of seismic
tomography show that the QOB crust is divided into three layers,
with VP of the upper crust ranges from 5.02 to 6.15 km/s, values
of the middle crust varying between 5.92 and 6.50 km/s, and val-
ues of the lower crust change from 6.48 to 6.93 km/s (Yuan,
1996). Our measured VP of 6 schists (ZZ01-02, ZK01-02 and
FYK01-02) are in the range of 5.49–6.57 km/s and those of 4 gneiss
(QLC01-02 and FP01-02) are in the range of 5.45–6.46 km/s under a
depth of 20–68 km (0.9 GPa = 30 km), respectively. Observation of
a dense linear broadband seismic array shows that VS of the lower
crust vary from 3.6 km/s to 3.75 km/s at the west QOB (Li et al.,
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2022). Here, our measured VS of 6 schist (ZZ01-02, ZK01-02 and
FYK01-02) are in the range of 3.11–4.01 km/s and those of 4 gneiss
(QLC01-02 and FP01-02) are in the range of 2.98–4.00 km/s under a
depth of 20–68 km (0.6–2.0 GPa), respectively. Our measured
results are consistent with previous measured and observed
results.

To further explore the effect of schist and gneiss on the compo-
sition and structure of the QOB, shear wave velocity structures
below the two sampled points of the Zuikou and the Qilichuan
(ZK and QLC) to a depth of 40 km (Zhao et al., 2021a,b) and below
the three sampled points of Fengyukou, Zhouzhi, and Foping (FYK,
ZZ, and FP) (Zhao et al., 2021a,b) from seismic ambient noise
tomography were built and shown in Fig. 9. The changes in VS with
depth were calculated on the basis of the pressure coefficient and
temperature coefficient of VS (Table 2) to compare measured VS

with observed velocity profiles by seismology. The variation of
the VS of the ten rock samples with depth is presented in Fig. 8.
The VS of the rock samples are close to the velocity structures in
the crust. The VS of the samples from the Zhouzhi (ZZ) and Zuikou
(ZK) changed from higher than the velocity structure to lower than
the velocity structure at the middle � lower crust. The VS of the
samples from the Fengyukou (FYK), Qilichuan (QLC) and Foping
(FP) are always lower than the velocity structures at the crust.
The VS of all samples are lower than the velocity structures at
the upper mantle.

Obviously, the VP and VS of schist and gneiss measured in this
work match the velocity of the middle and lower crust of the
QOB, indicating that schist and gneiss are one of the important
components of the QOB.

3.5. Origin of the low velocity zone of the QOB

For origin of the low velocity zone in the crust and mantle, main
conclusions are including partially molten layers, an orientation of
foliated-rocks/minerals, mantle-derived melts, and crustal shear
zones. However, among those insights, melt and deformation/pre-
ferred orientation foliation rocks/minerals during tectonic shear
movement are the two important factors.

Melts, characterized by zero shear modulus, have been usually
used to explain origin of the low velocity zone in the crust and
mantle (Selway and O’Donnell, 2019; Zhang et al., 2022). Seismic
velocities of rocks by laboratory measurements (Popp and Kern,
1993; Ito and Tatsumi, 1995; Aizawa et al., 2002) and theoretical
studies (Takei, 1998) suggested that the presence of fluid and/or
melt cause significant decrease in velocity and hence results in
the low velocity anomaly in the mid-to-lower crust (Zhao and
Mizuno, 1999; Nakajima et al., 2001; Zhao et al., 2002). Experiment
showed that about 0.2% melt could cause a low velocity zone with
a shear wave velocity reduction of 5%–8% (Chantel et al., 2016).
Crustal low velocity zone is observed broadly distributed beneath
the interior of Tibetan Plateau and the presence of partial melting
is proposed to account for its origin (Nelson et al., 1996; Owens
and Zandt, 1997; Unsworth et al., 2005; Jiang et al., 2006; Le
Pape et al., 2012; Yang et al., 2012; Xie et al., 2013).

Besides the melts, deformed foliated-rocks/minerals are though
as another important origin for the low velocity zone. Analysis of
teleseismic receiver functions show that seismic anisotropy of
mylonites caused by the ductile flow in thrust shear zones are
the reason of the low velocity layers in the Earth’s crust beneath
Eastern Siberia (Russia) and Central Mongolia (Zorin et al., 2002).
The 3-D high-resolution crustal VS and azimuthal anisotropy model
by ambient noise tomography in the Pearl River Delta area of China
reveal that the fast axes of the azimuthal anisotropy and low veloc-
ity zone mainly controlled by the regional shear stress field (Lü
et al., 2023). The joint inversion of surface wave dispersion and
receiver function data shown that discontinuous low velocity zone



Fig. 9. The changes in wave velocities of rocks and velocity structures with depth. The wave velocities of rocks and velocity structures at the 5 sites of Foping (FP) (a),
Fengyukou (FYK) (b), Qilichuan (QLC) (c), Zhouzhi (ZZ) (d), and Zuikou (ZK) (e) (Magenta and blue lines represent samples of numbers 01 and 02 from the same region,
respectively). Orange lines were velocity structures from seismological observation (ZK and QLC referenced from Zhao et al. (2021a,b), and FYK, ZZ, and FP from Zhao et al.
(2021a,b)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
The pressure and temperature coefficients of VS and VP.

Sample VS0

(km/s)
Pressure
coefficient (km/(s�GPa))

Temperature coefficient (�10-4 km/(s��C)) VP0

(km/s)
Pressure
coefficient (km/(s�GPa))

Temperature coefficient
(�10-4 km/(s��C))

VS VP

FP01 3.37 0.1791 3.688 5.85 0.1872 0.773
FP02 3.38 0.2318 4.857 5.91 0.2342 1.190
FYK01 3.08 0.1556 2.557 5.61 0.1981 0.718
FYK02 3.04 0.1764 3.570 5.66 0.2478 0.777
QLC01 3.09 0.1831 1.415 5.59 0.2464 1.055
QLC02 3.11 0.1806 1.487 5.63 0.2496 1.396
ZZ01 3.50 0.1680 3.809 6.06 0.1923 0.854
ZZ02 3.50 0.1826 4.082 6.00 0.2013 0.912
ZK01 3.53 0.0818 2.036 5.90 0.1231 1.157
ZK02 3.56 0.0852 2.036 5.93 0.1231 1.018
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with up to 10% velocity reduction is present in the most parts of
the mid-crust under the Tibetan Plateau and indicated that the
low velocity zone is a result of mechanical deformation instead
of magmatic activities (Tseng et al., 2009; Xu et al., 2013). The
low velocity of the upper layer in the subducting oceanic crust in
the North Qilian suture zone, NW China can be explained by the
existence of deformed blueschist and foliated eclogite (Cao et al.,
2013).

Low velocity zones are widely distributed over the QOB (Zhao
et al., 2021a,b). The high and low velocity zones are interphase dis-
tributed and inclined to the eastern direction in the mantle of the
Qinling orogenic belt (Matte et al.,1985; Song et al., 2018). Local
seismic wave velocity anomalies in the lower crust can be clearly
observed in the western QOB by multifrequency receiver function
and surface wave data (Wei et al., 2020), however, the low velocity
zones are not continuous (Guo and Chen, 2016). The high-
resolution 3-D crust structure of QOB showed a low velocity area
with an approximately N–S trend in the lower-middle crust (20–
40 km) (Song et al., 2017). The ambient noise data show low veloc-
ities in the lower crust and uppermost mantle beneath the eastern
QOB (Zhao et al., 2021a,b). The presence of significant low velocity
anomalies in the uppermost mantle under the QOB was detected
by teleseismic P-wave tomography (Lei and Zhao, 2016; Dong
and Teng, 2018). The joint inversion of the surface wave dispersion
and reception function of dense linear broadband seismic arrays
9

indicates significant wave velocity anomalies extending to about
250 km depth below the QOB (Li et al., 2022). The two low-
velocity bodies at a depth of 20 km of the central QOB were
observed with a maximum perturbation of about �2% (Li et al.,
2023).

And, for origin of the low velocity zone in the QOB, key insights
include melt of hydrous minerals or rock (Zhao et al., 1996), deep
crustal/mantle flow (Wang et al., 2018; Li et al., 2022, 2023), litho-
spheric deformation caused by tectonic stresses that could be
linked to eastward extrusion of the Tibet Plateau (Molnar and
Tapponnier, 1975) and the delamination of the lower crust (Li
et al., 2023), the upwelling of hot materials in the big mantle
wedge formed by the deep subduction of the Indian slab down to
the mantle transition zone (Lei and Zhao, 2016; Lei et al., 2019).

However, as for the QOB, the magmatism quiescence during the
Cenozoic (Ratschbacher et al., 2003), relatively low surface heat
flow compared with volcanic areas (Hu et al., 2000) and mean no
heating from the asthenosphere. Furthermore, the crustal thick-
ness beneath the Qinling belt is �40 km, which makes the
increased heat production �melts-may not be the origin of low
velocity zone of the QOB (Guo and Chen, 2016). Another possible
explanation for the low velocity is the intruded lower crustal mate-
rials from the Tibetan Plateau (Clark and Royden, 2000; Enkelmann
et al., 2006). However, this model is not supported by the low crus-
tal VP/VS ratio (Hacker et al., 2000; Pan and Niu, 2011; Wang et al.,



Fig. 10. Schematic mode of the origin of the low velocity zone in the QOB.
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2014; Fig. 6). Therefore, the origin of the low velocity zone of the
QOB are still not well defined. However, we proposed a new differ-
ent insight for origin of the low velocity zone of the QOB here.

The QOB has experienced significant tectonic activity since the
Cretaceous period, including ductile flow, strike-slip faults, and
widespread extension and shear movement (Matte et al., 1985;
Zhang et al., 1989; Liu et al., 1997; Ratschbacher et al., 2003;
Enkelmann et al., 2006). Inverting arrival times from local earth-
quakes that occurred in the Qinling and surrounding region shown
that crustal channel flow cannot exist in the whole Qinling oro-
genic belt and proposed that the localized low-velocity zone
related to the orogenic activities (Ozacar and Zandt, 2004; Yang
et al., 2012, 2022; Xie et al., 2013). Furthermore, ambient noise
tomographic images show no continuous low-velocity zone is
observed in the lower crust beneath the western QOB (Xie et al.,
2013; Tang et al., 2015). Therefore, we proposed that the origin
of the low velocity zone of the QOB should be related to the regio-
nal shear movement.

The VP and VS of schist and gneiss measured in this work match
the velocity of the middle and lower crust of the QOB and also indi-
cate that schist and gneiss are one of the important components of
the QOB. Velocity anisotropy is proposed as a main cause of the
anomalous high velocities although the crossing profiles show that
such velocities are observed in different directions (Lee et al.,
2022). Our measured wave velocities of schist and gneiss show
obvious seismic anisotropy with 1.64%–17.42% for VS and 2.93%–
14.78% for VP under conditions of crust and upper mantle, and
wave velocities of a rock samples show different values in different
structural directions. Therefore, orientation-arranged schist and
gneiss caused by tectonic stress might lead to interlayer distribu-
tion of the high and low wave velocity zones. As discussed above,
VS of the samples is lower than the velocity structure in the middle
to lower crust and the upper mantle (Fig. 9). So we proposed a
schematic mode (Fig. 10) here that orientation-arranged schist
and gneiss during regional shear deformation may be one of the
important origins of the low velocity zone in the QOB.

4. Conclusions

The VP and VS of the Ten rock samples (gneiss and schist) from
the Qinling orogenic belt (QOB) were measured under 0.6–2.0 GPa
10
and 100–550 �C. The wave velocities increase with increasing pres-
sure and decreasing temperature. The VP and VS of the schist and
gneiss measured in this study match the velocity of the middle
and lower crust of the QOB, indicating that schist and gneiss are
important component of the QOB. All the schist and gneiss samples
analyzed in this work exhibit obvious seismic anisotropy with
1.64%–17.42% for VS and 2.93%–14.78% for VP under conditions of
crust and upper mantle. The CPO/LPO and layering distribution of
mica in rock samples are the main reasons for this anisotropy.
The VS structures below the five sampled sites from seismic ambi-
ent noise tomography were built to explore the effect of schist and
gneiss on the composition and structure of the QOB. The results
indicate that orientation-arranged gneiss and schist caused by
the tectonic activity might be the important origin of the character
of VP/VS, seismic anisotropy, and the low velocity zone in the QOB.
And, besides the melts, orientation-arranged layered rocks driven
by the tectonic activities might be a new origin of the seismic ani-
sotropy and the discontinuity of wave velocity in the Earth’s
interior.
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