
TYPE Original Research
PUBLISHED 18 September 2024
DOI 10.3389/feart.2024.1439493

OPEN ACCESS

EDITED BY

Giovanni Martinelli,
National Institute of Geophysics and
Volcanology, Section of Palermo, Italy

REVIEWED BY

Jia Cheng,
China University of Geosciences, China
Xiaocheng Zhou,
China Earthquake Administration, China
Mita Uthaman,
Indian Institute of Technology
Kharagpur, India
Arnab Roy,
University of Idaho, United States

*CORRESPONDENCE

Junshan Xu,
junshanxu@ninhm.ac.cn

Xiangfang Zeng,
zengxf@whigg.ac.cn

RECEIVED 28 May 2024
ACCEPTED 03 September 2024
PUBLISHED 18 September 2024

CITATION

Xu J and Zeng X (2024) Stress modeling for
the upper and lower crust along the
Anninghe, Xianshuihe, and Longmenshan
Faults in southeastern Tibetan plateau.
Front. Earth Sci. 12:1439493.
doi: 10.3389/feart.2024.1439493

COPYRIGHT

© 2024 Xu and Zeng. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Stress modeling for the upper
and lower crust along the
Anninghe, Xianshuihe, and
Longmenshan Faults in
southeastern Tibetan plateau

Junshan Xu1* and Xiangfang Zeng2*
1Key Laboratory of Crustal Dynamics, National Institute of Natural Hazards, Ministry of Emergency
Management of China, Beijing, China, 2State Key Laboratory of Geodesy and Earth’s Dynamics,
Innovation Academy for Precision Measurement Science and Technology, Chinese Academy of
Sciences, Wuhan, China

Earthquake occurrence depth in the crust is related to stress, temperature,
and brittle–ductile transition, which is also near the transition depth of the
upper to lower crust. The composition variation between the upper and lower
crust causes remarkable changes of rheological properties and variation in
stress distribution. Clarifying the detailed stress distribution in the upper and
lower crust is crucial for understanding the brittle–ductile transition and the
stress environment of the seismogenic zone. The Southeastern Tibetan Plateau
(SETP), with wide spread of active strike−slip faults and clustered earthquakes,
provides a natural field for investigating the relationships between crustal
stresses, deformation behaviors, and earthquake mechanics. By considering the
rheological properties of granite and anorthite, this paper established stress
models with different boundary depths (15, 20 and 25 km) between the upper
and lower crust along the Anninghe, Xianshuihe, and Longmenshan Faults in
the SETP with a horizontal strain of 6 × 10−4 extracted from in situ stress data.
The stress model with different geothermal gradients and a boundary depth
of 20 km between the upper and lower crust suggests two distinct types of
the brittle–ductile transition below these three faults. Simultaneously, the stress
model can account for the continuity of earthquake depth distribution below the
Longmenshan Fault and the seismic gap below the Anninghe and Xianshuihe
Faults. The continuity of earthquake depth distribution or seismic gap below
these three faults can be explained by their different geothermal gradients. These
findings provide new insights for understanding the stress environment of the
seismogenic zone in the SETP. Our model reveals the relationships between
differential stress, seismicity, brittle–ductile transition, and boundary depth of
the upper and lower crust in the continental crust, and connects the multiple
observations from geophysics and geology. Furthermore, our model provides
insights for studying multiple processes in the continental crust, such as crustal
deformation, fault slip, and earthquake occurring.
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1 Introduction

Brittle–ductile transition in the crust is related to not only the
change of deformation behaviors due to temperature increase but
also the variations of stress, seismicity, and even the transition
from the upper to lower crust (Maggi et al., 2000; Jackson,
2002; Scholz, 2002; Bürgmann and Dresen, 2008). Usually, the
boundary of the upper to lower crust (denoted as UL boundary
hereinafter) corresponds to the compositional decrease in SiO2
content from 67 wt% to less than 64 wt% (Rudnick and Gao,
2003; Hacker et al., 2015), which suggests the increase in feldspars
and pyroxenes and the change of stress sustainability (Bürgmann
and Dresen, 2008; Xu and Zeng, 2022) due to the substantially
different rheological properties of rocks or minerals (Gleason
and Tullis, 1995; Rybacki and Dresen, 2000; Chen et al., 2021;
Fukuda et al., 2022; Masuti et al., 2023). Therefore, determining the
UL boundary is crucial to understanding the stress distribution
in the crust (related to brittle–ductile transition) and the stress
environment of the seismogenic zone (related to earthquake
depth). The southeastern Tibetan Plateau (SETP) is the eastward
extrusion zone of the India−Asia collision, exhibiting strong tectonic
movement and continuous crustal deformation (Li et al., 2019;
Wang and Shen, 2020). Active strike−slip faults (such as the
Xianshuihe, Anninghe, and Longmenshan Faults, Figure 1) with
clustered earthquakes provide a natural field for investigating the
relationships between crustal stress, brittle−ductile transition, and
earthquake depth (Royden et al., 1997; Royden et al., 2008; Clark
and Royden, 2000; An et al., 2001; Tapponnier et al., 2001; Meade,
2007; Huang et al., 2009; Zhang, 2008).

Detailed distribution of crustal stress at different depths can
directly reflect the behaviors of the deformation and mechanics of
the earthquake (Scholz, 2002); however, only the stress variation
(stress drop) before and after the earthquake can be obtained by
seismic methods. Stresses in the deep crust are mainly controlled
by three aspects (Zang and Stephansson, 2010): (1) gravity, which
causes vertical stress; (2) horizontal tectonic strain, which causes
horizontal stress; (3) rheological deformation and fault friction
strength, which diminish and constrain differential stress. Vertical
stress is easy to obtain based on overburden rocks. Horizontal
tectonic stress can mostly be acquired through analyzing and
extrapolating in situ stress data measured at shallow depth because
conducting stress measurement at depth larger than 1 km is
extremely difficult. Until now, conducting stress measurements is
nearly impossible at the depth (> 10 km) of the seismogenic zone
where stress magnitude may be hundreds of megapascals (Hanks
and Raleigh, 1980; Zang and Stephansson, 2010). The in situ stress
data used in this study were only conducted within 1 km depth,
and they are currently the deepest measurement data in the SETP.
Directly extrapolating themeasured stress at shallowdepth into deep
depth usually causes large errors because analyzing the stress data
needs to exclude the effects frommultiple factors such as topography
and geologic structure (Brown and Hoek, 1978; Haimson, 1978;
Zoback, 1992; Sheorey, 1994; Fairhurst, 2003; Sen and Sadagah,
2002; Zang and Stephansson, 2010; Heidbach et al., 2019). Hence,
in this paper, a method was developed through extracting the
horizontal strain from measured stress data to calculate the stress
at deep depth. The elastic strain caused by horizontal deformation
can be assumed constant in the whole elastic crust (Blanton and

Olson, 1999).The present in situ stress data contain the information
of the elastic strain in elastic crust because they are mainly due
to the tectonic horizontal deformation. Therefore, the extracted
horizontal elastic strain from in situ stress data at shallow depth
can be used to calculate stresses at deep depth. Furthermore, the
effects of rheological deformation on differential stress is controlled
by rock rheological properties and temperature. The geothermal
gradients for each fault and the UL boundary depth (related to rock
composition variation) also need to be considered. Thus, all the
stress components (such as horizontal stress, differential stress, and
shear and normal stress in a fault plane) at different depths can be
obtained. Stresses on fault and slip possibility of fault can also be
discussed.

In this study, we analyzed in situ stress data measured in
five boreholes in the SETP (Figure 1), extracted the corresponding
tectonic strain based on the biaxial stress model (Savage et al.,
1992), and calculated stresses for both the upper and lower crust
along the strike of fault planes by considering the composition
change between the upper and lower crust and the rheological
properties of rocks. Results suggest that stress distribution for
the upper and lower crust with a UL boundary depth of 20 km
in the SETP and different geothermal gradients can account for
the geophysical, geological, and laboratory observations (such as
the earthquake depth distribution, velocity structures, electrical
conductivity structures, geothermal gradient, SiO2 content, and rock
rheological properties).

2 Methods

2.1 Overview of methods

First, the maximum horizontal strain of tectonic deformation
was extracted from in situ stress data. Second, based on the obtained
horizontal strain, the horizontal, vertical, and differential stresses
for the upper and lower crust were calculated by considering the
constrains of rock rheological properties and geothermal gradients
along three faults (Anninghe, Xianshuihe, and Longmenshan
Faults). Third, the ratio of shear stress to normal stress, which
is useful for analyzing the occurring of earthquake and slip, was
obtained. Finally, the detailed distribution of differential stress and
ratio of shear stress to normal stress along each fault at different
depths in the upper and lower crust were determined.

2.2 Extraction of maximum horizontal
strain εH

In this study, the stresses in the deep crust were calculated using
amethod based on the horizontal strain, which is extracted from the
in situ stress data measured in boreholes. The relationship between
horizontal strains and stresses was calculated using Equation 1
(Savage et al., 1992; Sheorey, 1994):

SH =
E

1− v2
(εH + vεh) +

v
1− v

SV

Sh =
E

1− v2
(εh + vεH) +

v
1− v

SV
(1)
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FIGURE 1
Tectonic map and borehole locations. Purple triangles indicate the locations of in situ stress measurement boreholes and purple characters are their
names. The blue solid lines indicate the faults of Anninghe (ANHF), Xianshuihe (XSHF), and Longmenshan (LMSF). The black solid lines indicate the
following faults: LTF, Litang Fault; GZF, Ganzi Fault; LJF, Lijiang Fault; DLSF, Dalianshan Fault; and ZMHF, Zemuhe Fault. Events with Ms ≥ 3.0 within a
distance of 20 km along ANHF, XSHF, and LMSF in the period 1971.1–2022.3 are used (also in the following figures), which are download from China
National Seismic Data Center (https://data.earthquake.cn/gcywfl/index.html).

where SH and Sh are the maximum and minimum horizontal
stresses, respectively; εH and εh are the maximum and minimum
horizontal strains, respectively; v is the Poisson’s ratio; E is the
Young’s modulus; and SV is the vertical stress. Given that the
SETP is located in the strong and continuous crustal deformation
area of the India–Asia collision zone (Li et al., 2019; Wang and
Shen, 2020), the relationship between εH and εh is supposed to
obey a simple compressive form εh = vεH and εH is supposed
to be vertically uniform in the elastic crust (Blanton and Olson,
1999). Thus, the magnitude of horizontal stresses SH and Sh can be
calculated using Equation 2:

SH =
1+ v2

1− v2
EεH +

v
1− v

SV

Sh =
2v

1− v2
EεH +

v
1− v

SV
(2)

SH and Sh values were obtained within a depth range of
300–1,400 m by hydraulic fracturing method from five boreholes
located in the SETP as shown in Figure 1 (Ren et al., 2021; Li et al.,
2022). All stress dataweremeasured fromgranite, whosemechanical
parameters (E and v) usually exhibit a similar trend at the effective
pressure range of 5–30 MPa (Nur and Simons, 1969; Blake et al.,
2019). SV can be estimated based on the lithostatic state with
a density of 2.65 g/cm3 (Ren et al., 2021). Therefore, εH can be
calculated using Equation 2.

2.3 Calculation of horizontal stresses SH
and Sh and differential stress σD

From the extracted value of εH , the values of SH and Sh in
different depths were calculated using Equation 2. Then differential
stress σD was calculated according to the difference between SH−Sh
in the shallow depth (SH>SV ) and SV−Sh in the deep part (SV>SH).
Simultaneously, in the deep crust, σD is also constrained by the rock
creep due to high temperatures, obeying the power law equation
shown as Equation 3.

dεv
dt
= AσDn exp(− Q

RT
) (3)

where dεv
dt

is the viscous strain rate, A is a constant, σD is the
differential stress, n is the stress exponent, Q is the activation
energy, R is the molar gas constant, and T is the absolute
temperature. The temperatures at different depths were calculated
based on the geothermal gradient obtained by Wang et al. (2018),
in which they first estimated the Curie-point depths using the
centroid spectral approach based on 3D fractal magnetization
model (Tanaka et al., 1999; Li et al., 2017) and then calculated the
crustal temperature structures using 1D steady thermal conduction
equation. In accordance with previous studies (Wang and Shen,
2020; Sun et al., 2021), a strain rate of 1 × 10−14 s-1 was used as
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the brittle–ductile transition boundary. Granite (we use the data
of granitoid in Rutter et al. (2006), which is consistent with the
composition of the upper crust, ∼67% SiO2 content) was taken as
the composition of the upper crust, and 80% granite−20% anorthite
(∼64% SiO2 content) was set for the lower crust to accommodate
the compositional transition from the upper to the lower crust that
corresponds to the decrease in SiO2 content from 67 wt% to no
more than 64 wt% due to the increase in feldspars and pyroxenes
(e.g., Hacker et al., 2015). Three different depths of UL boundary,
namely, 15, 20, and 25 km, were considered to analyze the stress
distribution in the upper and lower crust.The rheological parameter
of granite is as follows: A is 10–12.2 s−1, n is 1.8, and Q is 220 kJ/mol
(Rutter et al., 2006). For anorthite, A is 10–12.7 s−1, n is 3.0, and
Q is 648 kJ/mol (Rybacki and Dresen, 2000). For the composition
of 80% granite−20% anorthite, A is 10–12.3 s−1, n is 2.0, and Q is
289 kJ/mol according to the multiphase flow law shown as Equation
4 (Tullis et al., 1991; Ji and Zhao, 1993).

{{{{
{{{{
{

n = 10( f1 log n1+ f2 log n2)

Q =
Q2(n− n1) −Q1(n− n2)

n2 − n1
A = 10[log A2(n−n1)− log A2(n−n2)]

(4)

where f1 = 0.8 and f2 = 0.2 are the compositional ratios of granite
and anorthite, respectively. Q1, Q2, n1, n2, A1, and A2 are the
corresponding parameters of power law equations for granite and
anorthite, respectively.

2.4 Calculation of the ratio of shear stress
to normal stress (τ/σn)

According to the Coulomb−Mohr criterion (τ = μσn + cohn,
where τ is the shear stress, μ is the static friction coefficient, σn is
the normal stress on the fault plane, and cohn is the cohesion), the
τ/σn ratio can be roughly taken as the potential friction coefficient
μ because the cohesive strength of a fault is relatively unimportant
compared with the stress magnitude at deep depth (Zoback et al.,
2003; Zang and Stephansson, 2010). Usually, the measured value of
SH is larger than that of SV at very shallow depth, and SV becomes
larger than SH with increasing depth (Sheorey, 1994; Yang et al.,
2012). Therefore, with SH , Sh, and SV as the three principal stresses,
they correspond to σ1, σ2, and σ3 in the shallow depth, respectively,
and σ2, σ3, and σ1 in the deep part, respectively. The τ and σn
on the fault plane were the calculated according to the angle of
plane strike and dip. The strikes for the Anninghe, Xianshuihe, and
Longmenshan Faults are 0°, 130°, and 45°, respectively (Xu et al.,
2003).The dip angles for all of themwere set to be 90°.The principal
stress was set to be NW30° for the Anninghe Fault and E−W
for the Xianshuihe and Longmenshan Faults according to the in
situ stress measurement and focal mechanism results (Chen et al.,
2012; Yang et al., 2021). For the part in the deep crust where the
rheological deformation rate is higher than 10–14 s, τ/σn was set to
be 1.0, indicating that the friction strength cannot sustain the value
of τ and fault slip may occur. Pore pressure P0, a critical parameter
for slip in the actual crust, was also considered and set to be equal
to the hydrostatic pressure (Hubbert and Rubey, 1959; Zoback and
Townend, 2001).

3 Results

Figure 2 shows the results of calculated andmeasuredmaximum
horizontal stresses SH for the five boreholes.The obtainedmaximum
horizontal strain εH for borehole A-1 (located in the Anninghe
Fault area) is 3–6 × 10−4; those for X-1 and X-2 (located in the
Xianshuihe Fault area) are 4–6 × 10−4 and 6–6.5 × 10−4, respectively,
and those for L-1 and L-2 (located in the Longmenshan Fault area)
are both 5–7 × 10−4. Although the measured stress shows variation
at the very shallow depth, the εH in the relatively deep (>900 m)
part of these boreholes is close to 6 × 10−4 (Chen et al., 2012;
Ren et al., 2021; Li et al., 2022).Theminimal difference in εH among
the different boreholes suggests that the accumulated strain in the
SETP is similar.This finding demonstrates that horizontal strain is a
suitable parameter to describe themagnitude of deformation caused
by tectonic movement.

The distributions of calculated differential stress σD
with different depths of UL boundary and focal depth
along the Anninghe, Xianshuihe, and Longmenshan Faults
are shown in Figure 3, Supplementary Figures S1, S2 (in
Supplementary Materials). A low-stress layer can be generated
at the bottom of granite layer for all of the three faults with
a UL boundary depth of 25 km (Supplementary Figure S1,
in Supplementary Materials) but not for all of them with a
UL boundary depth of 15 km (Supplementary Figure S2, in
Supplementary Materials). When the UL boundary depth is
20 km, a clear low-stress layer is generated below the Anninghe
and Xianshuihe Faults, yet it is nearly absent beneath the
Longmenshan Fault (Figure 3). The distribution of seismic events
demonstrates inconsistency with the stress distribution predicted at
a boundary depth of 25 km, where many earthquakes occur in the
low-stress layer.

The distributions of τ/σn ratio along the three faults
are shown in Figure 4 Supplementary Figures S3, S4 (in
Supplementary Materials). τ/σn exhibits an increasing trend with
the depth, and most earthquakes are located in a domain with τ/σn
of 0.5–0.8 (Figure 4). This finding can be explained by Byerlee’s
law Byerlee (1978), which states that a slip condition occurs when
the friction coefficient μ reaches a critical value of 0.6–0.85. The
Byerlee’s law describes the friction strength of rocks when brittle
deformation is dominant at proper temperatures. The composition
of 80% granite−20% anorthite has higher strength than pure granite,
and exhibits brittle deformation at higher temperatures. Therefore,
the Byerlee’s lawworks in the layer of 80% granite−20% anorthite at a
deep depth. In addition, the vertical statistical distributions of focal
depth for the Anninghe and Xianshuihe Faults show a decrease
at 16–20 km (seismic gap in Figure 5) and an increase below
20 km, especially for magnitude Ms≥4.0. No similar phenomenon
is observed for the Longmenshan Fault (Figure 5). The numbers of
earthquakes with magnitude Ms≥4.0 below all the three faults tend
to zero at a depth larger than 22 km, which may be caused by the
low differential stress or high ratio of τ/σn. These phenomena are
analogous to the corresponding distribution of differential stress
against depth for the results with a UL boundary depth of 20 km
instead of 15 km. Thus, the decreased number of seismic events at
16–20 km depth below the Anninghe and Xianshuihe Faults can be
explained by the low differential stress due to granite rheological
behavior. The increased number at 20 km depth and the near
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FIGURE 2
Measured and calculated data of the in situ stress of SH. Measured and calculated data of SH in boreholes A-1 (A), X-1 (B), X-2 (C), L-1 (D), and L-2 (E).
The measured stress data for borehole X-1, X-2 and L-1 are from Ren et al. (2021). Those for borehole L-2 and A-1 are from Li et al. (2022) and the
present study, respectively.

disappearance at below 22 km are attributed to the existence of the
layer of 80% granite−20% anorthite. The granite rheological layer
below the Longmenshan Fault is not evident. This phenomenon is
probably due to its relatively lower geothermal gradient (∼17°C/km)
than the Anninghe (∼21°C/km) and Xianshuihe (∼19°C/km) Faults,
which are obtained by averaging the results of Wang et al. (2018)
along these three faults. The relatively high geothermal gradient
in the Anninghe and Xianshuihe Faults compared with that of
the Longmenshan Fault is also demonstrated by observations of
geothermalwater (Tian et al., 2021).The geothermal gradient results
in Wang et al. (2018) cannot exhibit local details because of low
resolution but provide larger scale results within the SETP. The

local measured geothermal gradients may differ from our data
or change largely even along the same fault (e.g., Liu et al., 2017;
Cheng et al., 2022; Ullah et al., 2022).

The decrease in differential stress below or above 20 km
corresponds to the brittle−ductile transition. The depth of the
brittle−ductile transition is similar to the depth of the UL
boundary but is also influenced by the UL boundary because
the anorthite in the lower crust increases the sustainability of
differential stress. Therefore, the brittle−ductile transition can cause
low seismicity due to dissipated differential stress, whereas the
transition between the upper to lower crust may increase seismicity
due to increased differential stress.
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FIGURE 3
Distribution of differential stress (σD) and the focal depth along the faults with a UL boundary depth of 20 km (UL = 20 km). (A) Anninghe Fault (ANHF),
(B) Xianshuihe Fault (XSHF), and (C) Longmenshan Fault (LMSF).

4 Discussion

4.1 UL boundary, brittle−ductile transition,
and differential stress in the SETP

The consistency between our stress model and the vertical
distribution of focal depth suggests that the depth of the UL
boundary in the SETP is approximately 20 km (Figure 3). In
particular, the low-stress layers at depth 16–20 km along the XSHF
and ANHF have few seismic events. Most seismic events are
located in high stress areas, which are below, above, and around
these low-stress areas. In consideration of the 5 km average height
of India–Asia collision, the 20 km depth of the upper crust is
also comparable with the model of CRUST1.0, which shows a
26.2 km thickness of the upper crust for the India–Asia collision
zone (Laske et al., 2013; Hacker et al., 2015). Our stress model
in the deep part is essentially sensitive to geothermal gradient,
which is extracted from the magnetic anomalies (Wang et al., 2018)
and also verified by the measured results in boreholes LMS-
2 (15°C/km, Li et al., 2022) and ANH (24°C/km, measured in
this study). Errors of focal depths, which may reach to 5 km
even after relocation (Liu et al., 2023), influence the judgment of
UL boundary. Therefore, earthquakes Ms < 3.0 were excluded
in this study. The low-stress layer in our model at a depth
range of 16–20 km below the Anninghe and Xianshuihe Faults
probably corresponds to low electrical conductivity as observed
by magnetotelluric imaging (Zhao et al., 2008) and a decrease in

velocity structures (Wang et al., 2007). At a depth below 16 km,
the low strength of granite can be deformed easily, supporting
the possible crustal channel flow suggested by the low electrical
conductivity (Zhao et al., 2008; Wan et al., 2010) and tomography
(Bao et al., 2015). The velocity structures below the Xianshuihe
Fault show a decreased value from 6.10 km/s to 5.85 km/s at the
depth of approximately 16 km but without a decrease below the
Longmenshan Fault (Wang et al., 2007). The increase in velocity
(from 5.85 km/s to 6.25 km/s) at a depth of approximately 20 km
is probably caused by the increased content of pyroxenes or
feldspars (e.g., anorthite in our model), which can sustain a
larger differential stress under a relatively higher temperature
than granite. Though constrained by the resolution, the velocity
structures along the three faults (Supplementary Figures S5, S6, in
Supplementary Materials) interpolated from the high-resolution
community velocity model V2.0 of southwest China (Liu et al.,
2023) also suggest that the low-velocity layers are identifiable below
the Anninghe and Xianshuihe Faults but almost disappear below the
Longmenshan Fault.

The low-stress layer in our model below the Anninghe Fault
suggests a different type of brittle−ductile transition from that
below the Longmenshan Fault, whereas both types partially exist
below the Xianshuihe Fault. Figure 6 shows schematic plots of
differential stress against depth. In Figure 6A, the brittle−ductile
transition can be generated in the granite and 80% granite−20%
anorthite layers (Type A: double-layer brittle−ductile transition),
whereas in Figure 6B, it only appears in the 80% granite−20%
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FIGURE 4
Distribution of the ratio between shear and normal stresses (τ/σn) and the focal depth along the faults with a UL boundary depth of 20 km (UL = 20 km).
(A) Anninghe Fault (ANHF), (B) Xianshuihe Fault (XSHF), (C) Longmenshan Fault (LMSF).

anorthite layer (Type B: single-layer brittle−ductile transition). Here
in the SETP as part of India–Asia collision zone, the crustal
thickness of the crust is in a range of 55–60 km (Hu et al., 2011;
Wang et al., 2017); therefore, the depth of the UL boundary can
also influence the brittle−ductile transition. Comparing the stress
results between Figure 3 and Supplementary Figure S1 reveals that
if the depth of the UL boundary changes from 20 km to 15 km,
the brittle−ductile transition below the Anninghe and Xianshuihe
Faults can switch fromType A to Type B.The decrease in differential
stress corresponds to the brittle−ductile transition and causes the
decrease of seismicity (Figure 3). However, the seismicity decrease
is not totally caused by the brittle−ductile transition in the deep
crust because a high τ/σn ratio may facilitate fault slip (or free
slip) without seismicity. This outcome is verified by comparing
Figures 3, 4, where the locations with highest differential stress at
around 25 km depth and high τ/σn ratio exhibit low seismicity. The
brittle−ductile transition is essentially the reduction in differential
stress, different from the transition between the upper and
lower crust. The composition variations in the transition between
upper and lower crust influence the differential stress, thereby
the styles of brittle−ductile transition (Rudnick and Gao, 2003;
Bürgmann and Dresen, 2008; Hacker et al., 2015). Furthermore,
the brittle−ductile transition is complex because the experimental
results of rock deformation suggest this transition is generally
affected by deformation mechanism, water content, and even grain
size of rocks (Zhou et al., 2017; Chen et al., 2021; Fukuda et al., 2022;
Masuti et al., 2023).

Differential stress is a basis of the maximum shear stress
and associated with the stress drop of earthquake (Aki and
Richards, 1980). The stress values in our model shown in Figure 3
Supplementary Figures S1, S2 mainly exhibit a potential stress
possibility, indicating the ability of rocks to withstand differential
stress. The true values of stress is locally sensitive to many
factors, such as the angle between fault strike and principal
stress and pore pressure. The differential stress in the deep crust
depends on the strength of rocks and the friction strength of
faults, which is controlled by the intrinsic frictional strength of
faulted rock and the pore pressure at different depths (Hubbert
and Rubey, 1959). Therefore, the differential stress in the part
with τ/σn ratio smaller than 0.6 (mainly in the upper crust)
can be sustained with no slip occurring, exhibiting the elastic
properties constrained by tectonic movement. The differential
stress in the part with τ/σn ratio larger than 0.6 (mainly in
the lower crust) suggests that the friction property plays an
important role. The τ/σn ratio decreases with the increasing
strain and is also affected by the angle between strike and
maximum stress direction. If slip occurs, then the actual stress
magnitude in the lower crust is no more than that of the upper
crust. Whether pore pressure can develop in the lower crust
remains controversial. Observations from deep boreholes at several
locations worldwide indicate that hydrostatic pore pressures
persist to depths as deep as 12 km in the upper crust (Zoback
and Townend, 2001). The stress value in the lower crust with a
composition of 80% granite−20% anorthite is consistent with that
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FIGURE 5
Statistical focal distribution against depth. Statistical focal distribution of seismic events in ANHF MS≥ 3.0 (A) and MS ≥ 4.0 (B), XSHF MS≥ 3.0 (C) and
MS≥4.0 (D), and LMSF MS ≥ 3.0 (E) and MS ≥ 4.0 (F). The earthquake distribution against depth with an interval of 2 km along the three faults were
analyzed and compared with the stress distribution. The events with Ms ≥ 3.0 and Ms ≥ 4.0 away from the fault plane within 20 km were used. All the
events were from the period 1971.1–2022.3 and the China National Seismic Data Center with a website: https://data.earthquake.cn/gcywfl/index.html.

in the lower crust with SiO2 content of no more than 64 wt%
(Hacker et al., 2015). If the bottom of the lower crust has 53 wt%
SiO2 content (Hacker et al., 2015), then the corresponding group
with composition of granite50%−anorthite50% sustains larger
differential stress in deeper depths than that of 80% granite−20%

anorthite. Different compositions in the lower crust may influence
the stress magnitude according to the flow equations (Bürgmann
and Dresen, 2008). The increase in feldspar and pyroxene
promotes stress and strength in the lower crust, providing shear
stress for seismogenic processes.
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FIGURE 6
Schematic plots of differential stress against depth. (A) Typical curve of differential stress below the Anninghe Fault with a 20 km depth of the UL
boundary. (B) Typical curve of differential stress below the Longmenshan Fault with a 20 km depth of the UL boundary.

It is pointed out that the calculation of differential stress
constrained by rock creep is concentrated on in this study, and the
plastic strength of faults and rocks was not considered. Actually,
the areas with a high τ/σn ratio suggest the possible locations for
plastic deformation caused by slip of faults or fracture of rocks, and
the plastic deformation impacts the overall strength calculations
through diminishing differential stress in a more transient way
compared with rock creep. In addition, our model provides the
stress estimation in the deep crust in accordance with the current
absolute strain revealed by in situ stress data, and the variation in
strain within a short term cannot be detected by the resolution of
stress measurements. The calculated differential stress constrained
by the strain rate of the rock creep equation reveals the upper limits
of differential stress because the deviatoric strain rate was also not
considered in this study.

4.2 Strain–stress accumulation and seismic
activity

The maximum horizontal strain εH indicates the local
accumulation of absolute strain caused by tectonic movement,
providing the basic stress accumulation for seismogenic processes.
Although the Anninghe and Xianshuihe Faults are a lateral strike
slip fault and the Longmenshan Fault mainly shows compression
shortening (Wang et al., 2008; Zhang, 2008), the similar strain
magnitude for these three faults suggests that the local strain is
in a relatively stable and balanced state in the SETP. The derived
horizontal strain is assumed constant at different depth in the elastic
crust in this study, and the values of strain are obtained based on
stress data from 1 km depth borehole. It is still possible that the
horizontal strain increases with depth. However, the increment may
not be larger than 1 × 10−4 according to the nearly stable modulus
of granite at higher pressures (deep depth). A high amount of
accumulated strain generates large shear stress and the contribution

of 1 × 10−4 strain to horizontal stress is estimated at 10 MPa (with
a modulus of 100 GPa). Simultaneously, if the strain increase is
caused by continuous deformation, considering a strain variation
of 10–7 per year (Wang and Shen, 2020), the increase in strain by
a magnitude of 1 × 10−4 requires approximately 1,000 years. Given
the stress drop and earthquake recurrence interval, a strain of 1 ×
10−4 is equivalent to the strain consumed by several earthquakes
with magnitude larger than 5.0 (Allmann and Shearer, 2009; Li
and Shibazaki, 2014). A similar seismic activity should be observed
among these three faults according to the elastic storage energy.
However, the seismicity of the Anninghe Fault is much lower
than those of the other two faults. One of the reasons may be
their different geothermal gradients that influence the mechanical
behaviors in their deep parts. The high geothermal gradients in the
Anninghe Fault (Wang et al., 2018) expands the low-stress layer in
the upper crust near the UL boundary, exhibiting the easy condition
for aseismic slip (Xu and Zeng, 2022). Hence, the Anninghe Fault is
similar to a deformation channel by the slip of fault (Zhang, 2008),
where low-stress layer exists from the upper crust, generating a
decoupled upper and lower crust and leading to a low seismicity.
In the Xianshuihe Fault, the low-stress layer in the upper crust
is only partial distributed and stress can still accumulate in the
upper and lower crust, resulting in relatively high seismicity. The
low geothermal gradient in the Longmenshan Fault prevents the
generation of low-stress layer in 16–18 km depth of the upper crust.
Therefore, the strong upper and lower crust below the Longmenshan
Fault makes it difficult for slip occurring and earthquakes with long
recurrence interval and largemagnitude generate easily.This finding
is similar to the results of the strain rate from GPS inversion, that is,
a dilatation state is observed in the west of the Anninghe Fault and
a contraction state is recorded in the Longmenshan and Xianshuihe
Faults (Wang and Shen, 2020). Furthermore, in the Anninghe Fault,
a seismic gap appears at a depth around 8 km (Figure 5). However,
determining whether it is seismic gap is difficult because of the small
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number of seismic events, and the stress model cannot display this
low-stress layer due to present data. Although the mechanism of
seismogenesis is controlled by many other factors, the depth of the
lower crust combined with the geothermal gradient plays a vital
role in determining the stress distribution and understanding the
mechanism of earthquake genesis. Finally, the present results mainly
exhibit the overall stress differences between these three faults. The
resolution of the geothermal gradients used in this study is at a
scale of approximately 10 km. The details in some sections of these
three faults may not display very well, especially for the southeast
section of Xianshuihe Fault, which shows complexity of velocity,
geothermal gradient, and stress environment (Li et al., 2015; 2023;
Liu et al., 2023; 2017; Liang et al., 2023; Sun et al., 2023; Sun et al.,
2021; Cheng et al., 2022; Zhu et al., 2024). More detailed works are
needed in the future for stress investigation on the local sections of
these three faults.

4.3 Implications in general continental
crust

In this paper, our results are obtained in the area of the SETP,
but they also provide insights for studying multiple processes (such
as crustal deformation, fault slip, and earthquake occurrence) in the
continental crust around the world. First, our model demonstrates
a new method to investigate the detailed stress distribution in
the continental crust. Our approach calculates the detailed stress
distribution at different depths and explains multiple observations
from geophysics, geology, and laboratory. Second, our results
clearly demonstrate the relationships between differential stress,
brittle−ductile transition, seismicity, andULboundary.Thedecrease
in differential stress corresponds to the brittle−ductile transition,
which is caused by rheological deformation due to temperature.The
brittle−ductile transition causes the decrease in seismicity. Though
the brittle−ductile transition occurs near the UL boundary, they
are caused by different mechanisms. The UL boundary cannot be
determined by the decrease in seismicity. The increase in pyroxenes
or feldspar at the UL boundary causes the increase in differential
stress. Therefore, the brittle−ductile transition can cause low
seismicity due to dissipation of differential stress, whereas the UL
boundary may cause the increase in seismicity due to the increase
in differential stress. Different areas show distinct characteristics
in depth distribution of earthquakes (Maggi et al., 2000). Our
findings can help further understand the stress environment of the
seismogenic zone in the continental crust around the world, such
as the North America (Mogistrale, 2002), the Central and East
Asia (Sloan et al., 2011; Dong et al., 2018), and the East African
(Albaric et al., 2009; Craig et al., 2011).

5 Conclusion

The crustal stress model with different depths (15, 20, and
25 km) of the UL boundary below the Anninghe, Xianshuihe,
and Longmenshan Faults in the SETP are built based on in situ
stress data and rock rheological properties. The results suggest
that the 20 km depth of the UL boundary and the different
geothermal gradients in the SETP can account for most geophysical

and geological observations, such as composition, in situ stress,
electric conductivity, and velocity structures. The differential stress
distribution against depth reveals a different type of brittle−ductile
transition (double-layer) below the Anninghe Fault from that
(single-layer) below the Longmenshan Fault, whereas it shows both
types below the Xianshuihe Fault, agreeing with their focal depth
distributions. This observation can be explained by geothermal
gradient differences among these three faults. The stress model
provides new insights for understanding the stress environment of
the seismogenic zone in the SETP. The relatively wider low-stress
layer in the bottom of the upper crust easily dissipates the stress to
prevent the generation of large earthquakes in the Anninghe Fault
compared with that in the Xianshuihe Fault, whereas the low-stress
layer only appears in the lower crust below the Longmenshan Fault,
suggesting a special upper crust that facilitates stress accumulation.
Our model further clarifies the relationships between differential
stress, seismicity, brittle−ductile transition, and boundary depth
of the upper and lower continental crust. By combining with
geothermal gradients, the composition variation between the upper
and lower crust can strongly cause the change of differential
stress, thereby affecting the brittle−ductile transition and depth
distribution of earthquakes. Furthermore, our results demonstrate
that multiple observations from geophysics, geology, and laboratory
can verify one another and provide a more detailed understanding
for the environment of the seismogenic zone in the continental crust.
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