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The P-wave velocities of typical rocks in the Anninghe fault zone under pressures of
50–600MPa were systematically measured. The P-wave velocities of the felsic,
intermediate, and mafic rock types under atmospheric pressure were 5.86, 6.06, and
6.50 km/s, respectively, with pressure coefficients of 2.19 × 10–, 3.80 × 10–4, and 4.03 ×
10–4 km/s/MPa, respectively. The results were combined with deep-imaging seismic data
to establish crustal rock composition models at different depths in the study area. The
composition of the Anninghe crust is very different in the horizontal and vertical directions.
The most notable feature in the vertical direction is that the lithologic compositional change
is gradual rather than abrupt with increasing depth. In the middle and upper crust,
shallower than 25 km, the lithologic difference between the southern and northern
sections of the Anninghe fault zone is primarily that the rocks in the southern section
(Xichang) are more felsic than those in the northern section (Shimian).
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INTRODUCTION

The Anninghe fault zone is located in Western Sichuan on the eastern edge of the Qinghai–Tibet
Plateau. It has a total length of 150 km, starting from Shimian in the north and passing through
Mianning to Xichang in the south, as shown in Figure 1. It inclines to the east, with an inclination
ranging from 50° to 80°. The Anninghe fault zone forms the eastern boundary of the
Sichuan–Yunnan block, together with three other sinistral strike-slip fault zones—Xianshuihe in
the northwest and Zemuhe and Xiaojiang in the south. It is the fault zone with the most frequent
seismic activity in Southwest China (Zhang, 2008). Previous studies suggested that the Anninghe
fault was divided into two segments around Mianning, the northern segment of the fault is located
from Shimian to Mianning and the southern segment of the fault is located from Mianning to
Xichang. The observed fault activity indicates that the activity rates of the northern and southern
sections are approximately 2.8–3.7 and 5–8 mm/a, respectively. Six of the eight recorded earthquakes
with Ms > 6.0 occurred in the southern segment (Ran et al., 2008). The Anninghe fault zone is the
main area of strain accumulation in the Sichuan–Yunnan region. There are some gaps or sparse
sections of small earthquake activity along the fault zone, and attention should be paid to the
potential for medium- and long-term strong earthquakes in this area (Wen et al., 2008).

Lithologic structure models of the fault zone form a basis for establishing the rheological structure
and strength of the fault, which is significant for assessing and forecasting earthquake hazards
(Christensen and Fountain, 1975; Sun et al., 2012).

Edited by:
Lidong Dai,

Institute of geochemistry (CAS), China

Reviewed by:
Lin Wu,

Institute of Geology and Geophysics
(CAS), China

Yongbin Wang,
Yunnan University, China

*Correspondence:
Yongsheng Zhou

zhouysh@ies.ac.cn

Specialty section:
This article was submitted to

Solid Earth Geophysics,
a section of the journal

Frontiers in Earth Science

Received: 12 January 2022
Accepted: 31 January 2022
Published: 18 March 2022

Citation:
Miao S, Zhou Y, Ma X and Dang J
(2022) Lithologic Structure of the
Anninghe Fault Zone: Constraints

From High-Pressure Wave
Velocity Experiments.

Front. Earth Sci. 10:853474.
doi: 10.3389/feart.2022.853474

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8534741

ORIGINAL RESEARCH
published: 18 March 2022

doi: 10.3389/feart.2022.853474

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.853474&domain=pdf&date_stamp=2022-03-18
https://www.frontiersin.org/articles/10.3389/feart.2022.853474/full
https://www.frontiersin.org/articles/10.3389/feart.2022.853474/full
https://www.frontiersin.org/articles/10.3389/feart.2022.853474/full
https://www.frontiersin.org/articles/10.3389/feart.2022.853474/full
http://creativecommons.org/licenses/by/4.0/
mailto:zhouysh@ies.ac.cn
https://doi.org/10.3389/feart.2022.853474
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.853474


FIGURE 1 | Tectonic and topographicmap of eastern margin of the Tibetan Plateau. F1: Xianshuihe fault, F2: Aninghe fault, F3: Zemuhe fault, F4: Daliangshan fault,
F5: Longmenshan fault, F6: Lijiang-Xiaojinhe fault. Blue and black vectors showGPS velocity field of crustal motion in eastern margin of the Tibetan Plateau relative to the
stable Eurasia. Gray small circles show epicenters of earlier documented historical earthquakes (2012–2021).

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8534742

Miao et al. Lithologic Structure Anninghe Fault Zone

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


TABLE 1 | Chemical compositions and densities of the rock samples.

Sample# SiO2 TiO2 Al2O3 TFe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Density
g/cm−3

(wt. %)

05A 74.95 0.19 12.55 1.54 0.04 0.24 1.18 4.04 3.41 0.03 1.65 99.83 2.65
08A 76.00 0.10 11.58 1.16 0.03 0.10 1.26 4.32 3.52 0.01 1.43 99.51 2.63
11D 61.43 0.55 16.14 5.44 0.09 2.74 6.32 3.59 1.66 0.11 1.80 99.88 2.86
11E 39.35 3.74 14.79 23.97 0.23 4.40 8.92 2.23 0.43 0.32 1.52 99.89 3.22
11H 43.34 0.44 6.81 11.07 0.15 21.82 9.71 0.11 0.05 0.04 6.01 99.55 2.97
15B 59.84 0.62 15.33 6.59 0.11 3.58 6.56 3.03 1.65 0.14 2.00 99.45 2.86
16E 50.50 0.72 14.18 8.88 0.18 7.27 12.61 2.61 0.50 0.05 1.88 99.38 3.12
21G 77.26 0.05 11.97 1.13 0.03 0.10 0.45 3.55 4.58 0.01 0.80 99.93 2.61
27D 56.91 0.82 18.29 6.56 0.11 3.20 7.07 4.34 0.35 0.20 1.80 99.65 2.85
30D 52.83 0.86 18.52 8.92 0.15 4.70 7.93 3.88 0.43 0.22 0.97 99.41 2.83
38C 77.95 0.10 11.39 0.55 0.01 0.19 0.02 1.83 6.61 0.01 0.77 99.43 2.56
18G 68.29 0.34 15.09 3.49 0.09 0.65 2.62 5.18 2.45 0.08 1.20 99.48 2.65
19D 49.69 2.21 14.27 11.92 0.21 6.97 9.41 2.34 0.75 0.24 2.07 100.06 2.97
42D 45.01 1.56 11.77 11.66 0.13 14.46 9.82 1.96 0.28 0.02 2.68 99.35 3.04
45B 73.41 0.21 12.26 3.12 0.06 0.08 0.39 4.62 5.03 0.02 0.48 99.68 2.65
45C 73.15 0.35 10.58 4.92 0.13 0.18 0.67 4.43 4.52 0.01 0.70 99.64 2.65
NO.1 52.83 0.81 18.74 8.44 0.15 5.19 8.77 3.86 0.32 0.21 0.38 99.69 2.91
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Here, we report measurements of the P-wave velocities of
various exposed rock types in the Anninghe fault zone up to
pressures of 600 MPa. The data are compared with the crustal
P-wave velocity to estimate the crustal mineral compositions and
lithologic structures in Shimian, Mianning, and Xichang, which
are important nodes in the study area.

SAMPLES AND METHODS

Representative samples of basement and intrusive rocks in the
study area (Indosinian and Jinning granitoids, Indosinian
diorites, Jinning and Hercynian mafic rocks, and Precambrian
rocks) were systematically collected along the Anninghe fault
zone and included granite, granodiorite, granodiorite mylonite,

anorthosite, diorite, mafic granulite, gabbro, diabase, and
pyroxenite. The samples used in the experiments were fresh,
complete, and dense, with porosities of less than 0.5%. The
chemical compositions and densities of the samples are shown
in Table 1. Principal element analyses were completed using
X-ray fluorescence spectroscopy at the Institute of Geology and
Geophysics, Chinese Academy of Sciences, and the densities were
obtained using the immersion method.

The samples were cylinders with a diameter of 20 cm and a height
of 40 cm. For the anisotropic samples, the wave velocities in the
directions perpendicular and parallel to the foliation were measured.
The high-pressure wave velocity experiments were completed at the
State Key Laboratory of Earthquake Dynamics, Institute of Geology,
China Earthquake Administration, using ultrasonic pulse
transmission technology, as shown in Figure 2 (Yang X et al.,
2014). The ultrasonic transducer was 1.0-MHz LiNbO3, the
ultrasonic sampling accuracy was 12 bits, the maximum sampling
rate was 100MHz, and the measurement accuracy was better than
1.0% (p > 20MPa). The experiments were performed at room
temperature and at pressures of 10–600MPa. Because the wave
velocity increased nonlinearly and rapidly with pressure under low
pressures, the measurement interval was 25MPa below 200 and
50MPa above 200MPa (Yang Y et al., 2014).

RESULTS AND DISCUSSION

Natural rocks may have elastic anisotropy resulting from
compositional stratification, lattice-preferred orientations, and
shape-preferred orientations. The arithmetic mean value of the
wave velocities in different directions can be close to the wave
velocity value of an isotropic rock (Ji et al., 2014; Kern et al.,
2015). In this study, the P-wave velocities of 20 samples were
measured. Figure 3 summarizes the wave velocity measurement
results. Figure 4A shows the dependence of the wave velocities of
various rocks on the SiO2 content at 500 MPa, and Figure 4B

FIGURE 3 | Pressure dependence of the P-wave velocities, where ‖
indicates the wave velocity parallel to the foliation direction and ⊥ indicates the
wave velocity perpendicular to the foliation direction.

FIGURE 2 | Schematic of the sample assembly and layout of the
ultrasonic transducer: (1) tungsten carbide sample chamber; (2) tungsten
carbide piston indenter; (3) inner copper triangular seal ring; (4) outer copper
triangular seal ring; (5) lead pad; (6) pyrophyllite pad; (7) pyrophyllite
column; (8) T-shaped steel pipe; (9-1) and (9-2) upper and lower ultrasonic
transducers, respectively; (10) alumina jacket; (11-1) and (11-2) upper and
lower corundum pillars; (12) pyrophyllite coat; (13) samples; (14) alumina
jacket; (15-1) and (15-2) ultrasonic transducer leads; and (16) displacement
sensor.
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shows the dependence of the wave velocities and densities of
various rocks at 500 MPa. Figure 4C shows wave velocities of
felsic, intermediate, and mafic rocks as a function of the pressure.

The experimental P-wave velocities of the rocks in the study
area had the following characteristics. 1) With increasing
pressure, the P-wave velocities of all rock types increased
rapidly and nonlinearly in the range of 0–300 MPa. In the
range of 300–600 MPa, even though the P-wave velocities
increased, the increase rate slowed and the relationship
between the P-wave velocity and the pressure was
approximately linear. This indicates that the microcracks in
the rocks were essentially closed at 300 MPa and that the P-wave
velocity value in the range of 300–600 MPa reflects the intrinsic
characteristics of the rocks. 2) The P-wave velocity of the rocks
had an inverse correlation with the SiO2 content and a positive
correlation with the density. These laws are mafically consistent
with the results obtained by multiple previous researchers
(Christensen and Mooney, 1995; Ji et al., 2002). The P-wave
velocities of the felsic, intermediate, and mafic rock types under
atmospheric pressure were 5.86, 6.06, and 6.50 km/s,
respectively, with pressure coefficients of 2.19 × 10–4, 3.80 ×
10–4, and 4.03 × 10–4 km/s/MPa, respectively.

CRUSTAL ROCK COMPOSITION MODEL
PREDICTION FOR THE ANNINGHE FAULT
ZONE
Deep-imaging seismic data along the Anninghe fault are shown in
Figure 5A (Wu Jianping, personal communication). The P-wave
velocity experimental results for the basement rocks were
corrected to the pressure (P) and temperature (T) conditions
of the middle and lower crust using the following equation:

V(z) � V0 + DP(z) + (dV/dT)[T(z) − 20] (1)
where Z is the depth, V0 is the extrapolated zero pressure wave
velocity, D is the pressure derivative of the wave velocity, P is the
lithostatic pressure, and dV/dT is the temperature reciprocal of
the wave velocity, which is assumed to be 3.5 × 10–4 km/s/°C here.
The temperature–depth profile for the Anninghe fault zone was
calculated based on the surface heat flow of 55 mW/m2 (Hu et al.,
2001). The results are shown in Figure 5B.

In general, the crust along the Anninghe fault zone is divided
into upper, middle, and lower layers. The thicknesses of the
upper, middle, and lower crust are 20 km, 20 km, and
approximately 10 km, respectively (Li et al., 2016; Zhu et al.,

FIGURE 4 | (A) Relationship between the wave velocity and the SiO2 content under a pressure of 500 MPa (for anisotropic samples, the values are averaged in two
directions). (B) Relationship between the wave velocity and the density under a pressure of 500 MPa. (C) Wave velocities of felsic, intermediate, and mafic rocks as a
function of the pressure.
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2017). Comparing the experimental data with the deep-imaging
seismic data indicates that the lithospheric composition in the
study area is very different in the transverse and longitudinal
directions and that the wave velocity of each layer does not
correspond to a single felsic or mafic rock type because the wave
velocity obviously falls between those of the two rock types. In
this case, the proportion of each lithology was calculated
according to the Voigt–Reuss–Hill model (Sun et al., 2012).

The estimations of the crustal lithologic compositions in
Shimian, Mianning, and Xichang are shown in Figure 5B. At
depths of 0–10 km, the wave velocity gradually increases from 5.5
to 6.0 km/s, corresponding to the gradual closure of the pores and
fractures of the felsic rocks.

Within the middle crust, the change rate of the wave
velocity with depth in Mianning and Xichang is
significantly greater than those of the felsic or mafic rock
types obtained in the laboratory; therefore, there is an
obvious compositional change with depth. The most notable
feature in the vertical direction is that the lithologic

compositional change is gradual rather than abrupt with
increasing depth.

In the middle and upper crust, shallower than 25 km, that is, at
the lower limit of the main seismogenic depth for earthquakes, the
lithological difference between the southern and northern sections of
the Anninghe fault zone is primarily that the rocks in the southern
section (Xichang) are more felsic than those in the northern section
(Shimian). Whether this lithologic difference leads to the rapid slip
rate in the south section, where most of the large earthquakes above
6.0 occur, is worthy of further investigation.

CONCLUSION

The P-wave velocities of various rock types in the Anninghe fault
zone under pressures of 0–600MPa were systematically measured.
The results were combined with deep-imaging seismic data to
establish crustal rock composition models at different depths in
the study area. At depths of 0–10 km, the wave velocity gradually

FIGURE 5 | (A) Deep-imaging seismic data along the Anninghe fault. Black small circles show hypocenters of earlier documented historical earthquakes
(2008–2021). (B) Comparison between the experimental data and the deep-imaging seismic data shown alongside the crustal rock composition model.
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increases from 5.5 to 6.0 km/s, corresponding to the gradual closure
of the pores and fractures in felsic rocks. With increasing depth, the
composition changes significantly, with the lithology gradually
changing from felsic rocks to a mixture of intermediate and
mafic rocks at the bottom of the middle crust. In the middle and
upper crust, shallower than 25 km, the rocks in the southern section
(Xichang) of the Anninghe fault zone are more felsic than those in
the northern section (Shimian).
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