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Abstract
The in-situ stress state in the shallow crust of the coastal region of Southeastern China (CRSC) remains poorly understood. 
We conducted anelastic strain recovery measurements in a 2 km deep geothermal borehole to investigate the in-situ stress 
state. Four high-quality granite core samples were employed to successfully estimate the full stress tensors. The results show 
that the maximum principal stress σ1 is nearly vertical, implying an extensional shallow crust that is controlled by normal 
faulting. From ~1865 to ~1959 m in depth, the maximum and minimum horizontal principal stresses (SHmax and Shmin) are 
36.1–48.7 MPa and 34.0–38.5 MPa, respectively. Based on the paleomagnetic analysis, the orientation of the maximum 
horizontal compressive stress SHmax is determined as N43° ± 19°W and aligned with the subduction direction of the Philip-
pine Sea plate. According to the compiled stress data, the SHmax orientations in the CRSC rotate counterclockwise towards 
the Chinese mainland, which are consistent with those of the earthquake focal mechanisms and regardless of earthquake 
type, indicating a heterogeneous stress field dominancy in the CRSC. Our findings manifest that there is a lower horizontal 
compressive stress state in the upper crust in the study region. We also discussed the possible influence of in-situ stress on 
wellbore stability and fracture propagation in hot dry rock exploration and further quantitatively analyzed the reactivation 
possibility of natural fractures under different injection pressures. This study will provide scientific data for geodynamic 
research, fault seismicity, and geothermal development in the region in the future.

Highlights

•	 We used the anelastic strain recovery (ASR) method to 
obtain the in-situ stress state at 2 km depth in Xiamen, 
Fujian, China, indicating that Xiamen is controlled by 
normal-faulting stress.

•	 In ASR experiments, rock mechanics and rock compli-
ance experiments were conducted to help better constrain 
the in-situ stress state.

•	 The collision of the Eurasian and Philippine Sea plates 
controls shallow crustal stress pattern and shows a rela-
tively low horizontal compressive stress state in the 
coastal region of Southeastern China.

•	 Implications of in-situ stresses on geothermal resource 
development were discussed and quantitatively analyzed.
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1  Introduction

Knowledge of the stress state in the Earth's crust is crucial 
for understanding plate driving mechanisms, fault interac-
tions, earthquake occurrences, and unconventional energy 
development (Wu et al. 2016; Sun et al. 2017; Zhang et al. 
2017; Li et al. 2019). Yet, measuring the in-situ stress state 
at great depths has long been a difficult undertaking. Since 
the Mesozoic, the South China region has been located at 
the center of a triangular area surrounded by westward sub-
duction of the Pacific plate, northward subduction of the 
Indian plate beneath the Eurasian plate, and the collision of 
the North and South China blocks along the Central China 
Orogeny (Li et al. 2012; Li et al. 2014). The coastal region of 
Southeastern China (CRSC, mainly refers to the Fujian Prov-
ince in this study) is located on the southeastern continen-
tal margin of the Eurasian plate, thus implying the frontier 
of super-convergent tectonism. Therefore, the present-day 
stress state is likely complex and strong there. This unique 
tectonic setting makes the study region one of the most seis-
mically active areas in China, including many active faults 
with NW and NE strikes that cross each other and relatively 
strong earthquakes that usually occur in the zones where 
the faults cross (Gao et al. 2009). Focal mechanisms indi-
cate that the orientations of the P axes are N125°E, with an 
elevation angle of 2°–8°, and a nearly vertical middle axis 
(Lin et al. 2009), indicating that the crust in the CRSC is 
horizontally compressed in the NW–SE direction, which is 
consistent with the subduction orientation of the Philippine 
Sea plate. World Stress Map data indicate that the CRSC 
has far fewer available stress indicators of focal mechanisms 
than Taiwan Island, almost all of which indicate normal and 
strike-slip faulting stress regimes (Hu et al. 2017; Heidbach 
et al. 2018). Gao et al. (2009) examined shear wave split-
ting and concluded that the average fast wave polarization 
is N109.4° ± 42.6°E, which approximately corresponds to 
the horizontal principal compressive stress in the CRSC. 
At the surface, continuous deformation observations (i.e., 
GPS) demonstrate that the entire South China block moved 
in a direction of N110°–130°E as a whole, at a speed of 
8–11 mm/a and without significant differential movements 
within the block (Molnar and Gipson 1996; Shen et al. 2000; 
Zhou et al. 2000; Calais et al. 2003; Zhang et al. 2013), indi-
cating that the South China block may be a relatively rigid 
block with a uniform motion. Consequently, there appears 
to be a coupled crust in the CRSC with vertically consistent 
stress orientations.

Given its unique tectonic setting and complex plate inter-
actions, it is important and necessary to further investigate 

the in-situ stress state in the shallow crust of the CRSC to 
understand whether the Eurasian Plate or the Philippine Sea 
Plate plays a more important role in the stress state of the 
region. In addition, the CRSC is one of the most promising 
geothermal zones and has massive hot dry rock resources 
formed by extensive Cretaceous magmatic activity. The 
in-situ stress state plays a crucial role in the response of 
the rock mass of a high-temperature reservoir to hydrau-
lic stimulation injections and is a key input parameter in 
geomechanical modeling (Valley and Evans 2019). However, 
knowledge of the in situ stress state data below  500 m in this 
region is still missing. Herein, we utilize cores from a geo-
thermal borehole to carry out three-dimensional stress meas-
urements using the anelastic strain recovery (ASR) method 
(Teufel 1983), which is widely used to investigate in-situ 
stress in hydrocarbon exploration (Sun et al. 2017) and sci-
entific drilling programs such as the KTB scientific borehole 
(Wolter and Berckhemer 1989) and International Ocean Dis-
covery Program (IODP) (Lin et al. 2007; Byrne et al. 2009; 
Yamamoto et al. 2013; Cui et al. 2014; Oohashi et al. 2017; 
Wang et al. 2020). Hence, this core-based method is a more 
convenient and effective approach than others for measuring 
the stress state at depths up to several kilometers (Lin et al. 
2006; Sun et al. 2017; Wang et al. 2020).

The JM-1 borehole is located in Xiamen City in south-
eastern China, which is adjacent to the Zhangzhou Basin and 
has many high-quality geothermal fields. The JM-1 borehole 
passes through Pleistocene alluvial sediments, and the Yan-
shanian monzogranite extends from 20 to 2008 m below the 
surface (Lin et al. 2020). We determined the in-situ stress 
state using core samples retrieved from 1865 to 1959 m in 
the JM-1 borehole using ASR. Rock mechanics and ASR 
compliance experiments were conducted to further con-
strain and evaluate the stress state. Our results can provide 
a preliminary reference for subsequent geodynamic studies 
as well as geothermal resources development in the future.

2 � Geological Setting

The Cathaysia block in southeastern China (Fig. 1A), known 
for its large exposures of Cenozoic magmatic rocks, is gen-
erally believed to have merged with the Yangtze block, 
stitched along the Shaoxing–Jiangshan–Pingxiang suture 
zone, and then formed the South China Craton (Zhao and 
Cawood 2012; Li et al. 2017). Precambrian basement rocks 
in the Cathaysia area are exposed in the Wuyishan, Chen-
cai, Yunkai, and Hainan regions. The basement rocks are 
intruded by voluminous granites, diorites, and gabbros 
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(Zhou and Li 2000; Shu et al. 2011; Wang et al. 2013) and 
are overlain by Paleozoic–Mesozoic sedimentary and vol-
canic rocks (Shu et al. 2014; Li et al. 2014). The Jurassic 
Yanshanian tectonothermal event created a broad NE-trend-
ing fold-and-thrust belt across southern China (Zhou et al. 
2006; Yan et al. 2016) associated with the northwestward 
subduction of the Pacific plate (Zhang et al. 2008; Wang 
et al. 2013). Subsequent Cretaceous tectonism involved crus-
tal extension that led to widespread basin development and 
voluminous magmatism (Gilder et al. 1991; Lin et al. 2000; 
Li et al. 2012). The Cretaceous extension has been inter-
preted as a back-arc extension induced by slab rollback of 
the subducting Pacific plate (Li et al. 2014). The extension 
was punctuated by a compressional episode during the late 
Early Cretaceous (Wang and Lu 2000; Li et al. 2014), which 
led to a tectonic inversion of rift basins and produced sinis-
tral and thrust ductile shearing along the coastal Changle-
Nan'ao fault zone (CNFZ), geodynamically related to the 
collision of South China with the Philippine block (Wang 
and Lu 2000; Wei et al. 2015).

Since the Cenozoic, the Eurasian plate has continuously 
subducted beneath the Philippine Sea plate (Li et al. 2012). 
The bedrock along the CRSC is mainly composed of Yan-
shanian granites and Jurassic and Cretaceous continental 
facies–volcanic debris. The Cenozoic sediments, such as 

the Zhangzhou Basin, Tang'an Plain, and Fuzhou Basin, 
are mainly Quaternary in age, relatively shallow, and are 
controlled by the CNFZ and a series of NW striking faults 
(Fig. 1B). JM-1 borehole is located in the NE striking Mes-
ozoic Zhemin uplift zone bordered by CNFZ and another 
coastal Binhai fault zone (BFZ). NE-direction CNFZ (F1 in 
Fig. 1B), EW-direction Xiamen-Nanjing fault (F2), and NW-
direction Shiweitou-Gaoqi fault (F3) converge at the mouth 
of the Jiulongjiang River in the Xiamen Island (Fig. 1B), 
forming a special geological setting of the JM-1 borehole.

3 � Methods

3.1 � Outline of the ASR Method

Natural rock is a viscoelastic material. Accordingly, the 
stress-induced elastic strain on a rock core recovered from 
the subsurface is first released instantaneously, followed 
by a gradual or time-dependent strain release (i.e., ane-
lastic strain recovery). The principle of the ASR method 
takes advantage of this time-dependent strain release. 
Voight (1968) first proposed that anelastic strain can be 
utilized to provide information on in-situ stress states. 
Matsuki (1991) extended the technique to determine the 

Fig. 1   A Map showing the location of South China. The red rectangle 
is the study area shown in (B). B Map showing the geologic structure 
and the location of the JM-1 borehole. The fault F1, F2, and F3 are 

the CNFZ, Xiamen-Nanjing fault, and Shiweitou-Gaoqi fault, respec-
tively. Note that F2 is a secondary fault of the Jiulongjiang Fault 
(introduced later)
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three-dimensional stress orientation and showed that it 
could constrain stress magnitudes. Matsuki (1991) also 
indicated that, for isotropic viscoelastic materials, the 
orientations of the three principal in-situ stress compo-
nents and the three principal anelastic strains agree with 
each other. Thus, the orientations of the principal in-situ 
stresses can be determined by calculating the orientations 
of the principal strains, based on anelastic strain data 
measured in at least six independent directions.

We express the anelastic normal strain �a(t) recovered 
from time 0 to t in an arbitrary direction with the direction 
cosines denoted as l, m, and n with respect to X-, Y-, and 
Z-axes as (Fig. 2A) (Matsuki 1991; Matsuki and Takeuchi 
1993; Lin et al. 2006):

where �x , �y , �z , �xy , �yz and �zx are the six distinct com-
ponents of the in-situ stress tensor, �m is the mean normal 
stress, p

0
 is pore pressure, �T is the linear thermal expan-

sion coefficient, ΔT(t) is the temperature variation during 
the measurement, and Jas(t) and Jav(t) refer to the anelastic 
strain recovery compliance in shear and volumetric deforma-
tion mode, respectively. The magnitude of the three-dimen-
sional principal stress can be expressed (Lin et al. 2006):

where ei(t) (i = 1, 2, 3) refers to the anelastic deviator strain 
and em(t) is the average strain. As can be seen from Eq. (1), 
the recovered anelastic normal stain of the unloaded rock 
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�a(t) depends on the in-situ stress components, temperature 
change during the measurement, thermal expansion coef-
ficient, pore pressure, and compliances of both deformation 
modes. Therefore, if pore pressure and temperature remain 
unchanged during the measurement, the stress component 
can be determined by measuring the anelastic normal strain 
in at least six independent directions and the anelastic strain 
recovery compliance of the rock (Fig. 2A). In addition, the 
orientation of the three principal stresses of an isotropic vis-
coelastic material is consistent with that of the three princi-
pal strains. Thus, the orientations of the three-dimensional 
principal in-situ stresses can be determined by calculating 
the principal strain orientations (Matsuki and Takeuchi 
1993; Lin et al. 2006).

Compared with other core-based and borehole-based 
methods, the ASR method is considered to be a low-cost 
and high-efficiency technique (Wolter and Berckhemer 
1989; Sun et al. 2017; Wang et al. 2020). Strain measure-
ments are often conducted on site as soon as rock cores are 
retrieved from boreholes. In this regard, the ASR method 
can be deemed a quasi-in-situ stress measurement method. 
However, the ASR method is subject to some limiting fac-
tors, such as temperature variation, core dehydration, rock 
anisotropy, insufficient strain recovery time and the accu-
racy of core orientation (Zang and Stephansson 2010). 
Like most core-based techniques, reliable estimation of 
in-situ stress tensors from anisotropic cores has not yet 
been properly addressed.

3.2 � Rock Sampling and the ASR Measurement 
Procedures

Four high-quality granite core samples (~11 cm in length 
and ~68 mm in diameter) were collected from the JM-1 bore-
hole. Two cores were retrieved from ~1870 m in depth and 

Fig. 2   A Layout of the strain gauges on an ASR core. B Four granite cores with gauges glued on the surface from the JM-1 borehole. These pic-
tures were taken after the ASR measurements
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two were from ~1960 m in depth (Fig. 2B). All the sam-
ples are smooth-surface cylindrical cores and composed of 
medium–coarse-grained granites of Cretaceous age (Lin 
et al. 2020). We conducted ASR measurements and analyses, 
adopting the guidelines and suggested apparatus of Lin et al. 
(2007) and Byrne et al. (2009), respectively. After the sam-
ples were removed from the coring bit, they were immedi-
ately washed and air-dried at room temperature, then marked 
with baselines at 45° to ensure that strain was measured in 
at least nine directions, six of which were independent. A 
total of eighteen strain gauges, providing double redundancy 
and mutual calibration were glued to the core surface as 
deployed in Fig. 2A and connected to a strain acquisition 
system that collected data every 20 s for 5.5–7.0 days. The 
prepared samples were double wrapped in plastic and alu-
minum bags, both of which were sealed with silicone rubber 
to avoid pore-water volatilization during the measurements. 
The wrapped samples were submerged in a thermostatic 
water tank, where temperature changes were controlled to 
within ±0.5 °C. Meanwhile, a dummy granite specimen that 
does not undergo any deformation was prepared in the same 
manner and placed in the same tank to monitor data drift of 
the acquisition system (Lin et al. 2006). Generally, anelas-
tic strain recovers continuously over several days or weeks 
after the initial stress release, but the recovery rate decreases 
steeply over time. Hence, field ASR measurements should 
start as soon as possible. We selected deeper cores from 
the coring operation to shorten the time interval from the 
initial stress release due to drilling to the start of the ASR 
measurements. All the time intervals in our measurements 
were less than 8 h. Although the JM-1 borehole is located in 
a geothermal area, the temperature at the bottom of the hole 
is still below 70 °C. After a certain period (~5 h) of scour-
ing and soaking in the circulating fluid in the drill pipe, the 
core has been sufficiently cooled when it reaches the ground 
surface. Furthermore, before the ASR data collection, the 
temperature of the core surface has been the same as that of 
the circulating water in the tank, reaching a state of thermal 
equilibrium. Therefore, the thermal stress on the surface of 
the ASR core can be reasonably ignored.

After the ASR measurements, paleomagnetic analyses 
were conducted to restore the directions of the principal 
stress axes to their original geographic coordinates (see 
Yamamoto et al. 2013). The ASR core can be oriented by 
comparing the direction of the viscous remnant magnetic 
(VRM) component in the geographic coordinate system 
with that of the contemporary geomagnetic field. Then, the 
baseline orientations (Fig. 2A) on the cores were reoriented 
to the geographic reference frame by VRM analyses using 
sub-samples from the ASR cores. The VRM of 3–7 sub-sam-
ples from each ASR core were measured using the principal 
vector method (Wang et al. 2020) with a superconducting 

magnetometer (2G-755R, USA) at the Institute of Geome-
chanics, Chinese Academy of Geological Sciences.

3.3 � Rock Mechanics and ASR Compliance

In traditional ASR measurement procedures, for simplicity, 
the key parameter for the principal stress calculation, the 
ratio of the two ASR compliances (see its definition later), 
is usually assumed to be constant (Lin et al. 2006). In this 
study, the ASR compliance was calibrated in the laboratory 
to ensure and improve the accuracy of 3D principal stress. 
Before calibrating the ASR compliance, it is necessary to 
conduct rock mechanics experiments to obtain the uniaxial 
compressive strength of the ASR cores. The purpose is to 
provide the pressure reference value for the ASR compliance 
calibration. In addition, the basic mechanical characteristics 
of the granite from the JM-1 borehole can be understood. 
Rock mechanics experiments were conducted to evaluate 
the characteristics of the ASR cores using sub-samples from 
the two sampling depths (~1865 and ~1959 m). Sub-samples 
were drilled approximately coaxially from some ~ 68 mm 
diameter cores. A total of 12 cylindrical sub-samples of 1 
inch in diameter and 2 inches in height were made in the 
laboratory. With the same depth and lithology, these sub-
samples allow better evaluation of the mechanical properties 
of cores subjected to ASR stress measurements.

Uniaxial compression tests were conducted to directly 
measure the strength and deformation properties of the 
granites. Experiments were conducted using axial strain 
rates of 10–5 s−1 until sample failure occurred. The typical 
stress–strain curves of the samples are shown in Fig. 3. The 
non-linear concave phases at the beginning of deviatoric 
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Fig. 3   Axial and radial strain curves with key deformation charac-
teristics. Four pairs of strain curves with different colors denote four 
granite sub-samples from ~1865 and ~1959 m in depths, where con-
tractional strains are defined as positive. Note that peak strength val-
ues of samples from the JM-1 borehole are relatively lower than com-
mon granites, which generally have a UCS value larger than 100 MPa
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loading may be related to the gradual closure of pre-exist-
ing microcracks. After the initial increase, a quasi-linear 
stress–strain phase is obtained that represents the elastic 
behavior of the granite. From the peak stress and in the 
post-peak regime, microcracks coalesce and macroscopic 
cracks occur (Horii and Nemat-Nasser 1985; Eberhardt et al. 
1998). To characterize the elastic behavior of the granites 
under unconfined compression tests, we used the linear part 
of the loading stress–strain curve, which approximately cor-
responds to 40 and 60% of the peak compression strength, 
respectively, to calculate the elastic modulus and Poisson's 
ratio (Yin et al. 2016). The mean and standard deviation of 
unconfined compressive strengths (UCS) for the four sub-
samples was 57.0 ± 5.1 MPa, indicating that the mechanical 
strength of the shallow crustal granites is relatively weak. 
The grain size of granite cores from the JM-1 borehole was 
medium-coarse scale. Also, significant millimeter-scale and 
visible microcracks were found on the surface of the ASR 
cores. Eberhardt et al. (1999) stated that the strength of brit-
tle crystalline rock tends to decrease with increasing grain 
size because of the coalescence effect related to longer grain 
boundaries and larger intergranular cracks. However, further 
investigation and studies are necessary to clarify this issue.

Further extension to 3D stress magnitudes requires the 
assumption that the rock is an isotropic and linearly vis-
coelastic material with two independent modes of shear 
and volumetric deformation (Matsuki 1991; Byrne et al. 
2009). By applying the correspondence principle of linear 
viscoelasticity and making the assumption that the bulk 
modulus of the rock matrix is not a viscoelastic param-
eter, Matsuki (1991) reported that the recovered anelas-
tic normal strain depends on the in-situ stress tensor, 
pore pressure, and the compliances of both deformation 
modes. A term called ASR compliance ratio is defined as 
the ratio of the shear and volumetric deformation modes 
(i.e., Jas(t)/Jav(t)) and is needed to convert from the 
anelastic strain to the principal stress. However, previ-
ous studies (e.g., Matsuki and Takeuchi 1993; Lin et al. 
2006; Matsuki 2008) have shown that this ratio exhibits a 
lithology-dependent feature and has been usually assumed 
to be a constant (commonly 2 for granites). However, 
unlike high strength and somewhat rigid typical granite, 
the rock mechanics tests in this study yielded unusually 
weak strengths of the granite samples in the JM-1 bore-
hole, indicating that laboratory measurements of ASR 
compliance, rather than an assumed value, are therefore 
necessary to estimate the in-situ stress more accurately 
(e.g., Matsuki 2008; Gao et  al. 2014). We prepared a 
sub-core for these ASR compliance measurements in the 
laboratory. Two cross-gauges were glued to the cylindri-
cal surface at 90°. A syringe pump was used to load the 
sub-core specimen. Because core recovery from great 
depths often takes more than a few hours (even > 10 h), a 

long-term ASR compliance measurement for better in-situ 
stress estimation is recommended by Matsuki (2008) and 
Gao et al. (2014). Here, we pre-loaded the specimen at a 
constant pressure of ~50% of the UCS for 48 h to perform 
creep tests, then reduced the pressure instantaneously to 
zero while collecting ASR measurements that continued 
for 9 days (Fig. 4). A dummy core was also used through-
out the test.

Due to the presence of microcracks caused by stress 
or cooling during core recovery, both the elastic strain 
and anelastic strain are affected to some extent. Only one 
group of ASR compliances (i.e. Jas(t)/Jav(t) ratios) show 
the expected anelastic and time-dependent curve (see 
fig. 1 in Matsuki (2008) and hereafter Fig. 5). Therefore, 
this Jas(t)/Jav(t) ratio was suitable for stress estimation. 
Overall, both the shear and volumetric modes increased 
over time, but the rate of increase decreased after approxi-
mately 1.5 days. Previous studies (e.g., Matsuki 2008; 
Gao et al. 2014) have shown that the long-term Jas(t)/

Fig. 4   The ASR compliance measurement of granite sub-sample in a 
laboratory of Kyoto University. The strain acquisition system was the 
same type as ASR stress measurements in the JM-1 borehole field. 
Uniaxial pressure acting on the sub-core was transmitted by high-
pressure freshwater from the syringe pump. Room temperature was 
fluctuating from 23.3 to 26.0 °C during the experiment. However, the 
water temperature in the tank was kept constant at 25 ± 0.5 °C by the 
water circulation of the thermostatic controller
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Jav(t) ratio remained essentially unchanged for 10  h. 
However, our measurements show that, except for the 
drastic fluctuations in the first 33 h, the Jas(t)/Jav(t) ratio 
decreased rapidly from ~12 to ~4 within the following 
50 h, then slowly decreased to 2.5 over the next 5.6 days 
(Fig. 5). It seems that this rapid decline in the Jas(t)/

Jav(t) ratio at the beginning of the test may be due to the 
presence and opening of microcracks. Nevertheless, the 
extent to which microcracks will affect the compliance of 
ASR cores requires further investigations in the future.

4 � Results

4.1 � Anelastic Strain Recovery

The anelastic strain values of granite cores recovered dur-
ing 5.5–7.0 days in various directions ranged in ~15–200 
microstrains (Fig. 6), which are sufficiently high relative 
to the measurement accuracy of the system such that the 
data can be used for 3D stress analysis. Based on the meas-
ured anelastic normal strain values, the anelastic strain 
tensors were calculated as a function of time (t) using a 
least squares analysis. The calculated results include the 
principal strain components ε1,2,3(t) and the mean normal 
strain εm(t) (Fig. 6). It is reasonable to consider the gran-
ite cores as homogeneous and isotropic materials, such 
that the orientations of the principal anelastic strain and 
the principal in-situ stress can be assumed to be the same 
(Matsuki 1991), thus obtaining 3D in-situ stress orienta-
tions (Fig. 7) and ratios of the principal stress deviations.

4.2 � Magnitudes of In‑Situ Stresses

As mentioned earlier, the ASR method can obtain three-
dimensional stress states, namely σ1, σ2, and σ3, which reveal 
the true crustal stress state under the background of tectonic 
movement. The free surface of the Earth is in contact with 
air or water is also a principal stress plane since it cannot 
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red curve represents the smoothed result of the Jas(t)/Jav(t) ratio 
and reaches a final value of 2.50, gradually. Note that there are three 
raised steps after the 80 h due to temperature disturbance by adding 
water into the tank
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Fig. 6   a Anelastic normal strain recovery curves for the core speci-
men from 1959.5 m, where extensional strains are defined as positive. 
The labels A1–A9 in the box show the measurement directions of the 
normal anelastic strain shown in Fig. 2A. The water temperature was 

held at 29.0 ± 0.5 °C throughout the measurements. b Three principal 
anelastic strain values ε1,2,3 and mean constant strain εm as a function 
of time. See the unit of temperature on the right axis label
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sustain shear force (Zoback 2007). Thus, one principal 
stress, generally assumed as the vertical stress, Sv, is normal 
to the Earth's surface, while the other two principal stresses, 
named SHmax and Shmin, act in an approximately horizontal 
plane. It is verified that it is generally true from the earth’s 
surface to the depth of the brittle-ductile transition in the 
upper crust at ~15–20 km depth, according to the compila-
tion of earthquake focal mechanism data and other stress 
indicators (Zoback 1992). In this study, both types of prin-
cipal stress are listed in Table 1. However, for clear analysis 
and discussion, the magnitudes and orientations of the verti-
cal and horizontal principal stresses will be more involved 
in the following text.

We used the measured long-term Jas(t)/Jav(t) ratio of 2.50 
to obtain the three-dimensional principal stress magnitudes 
(Fig. 5). The horizontal principal stresses (SHmax and Shmin) 
are not directly measured but are obtained by resolving the 
3D principal stresses on the horizontal plane according to 
their trends and plunges. We assumed that the vertical stress 
(Sv) was equal to the density-related overburden stress from 
surface to 1959.5 m. The density of granite was measured 
in the laboratory using cores of different depths in the JM-1 
borehole, and the average value is 2.64 g/cm3. The pore pres-
sure (p0) was calculated using the water density, assuming 
hydrostatic pressure (Yamamoto et al. 2013). The ground-
water level of the JM-1 borehole is ~200 m below the ground 

Fig. 7   Orientations were determined for three-dimensional principal 
in-situ stresses in four samples from the JM-1 borehole. Open dia-
mond symbols represent the orientation at the beginning of the ASR 
test and solid diamonds represent the orientation at the end of the 
test; the solid circles present average orientation from the anelastic 

strains except at an early stage of the ASR test (Refer to text). Note 
that σ2 and σ3 changed widely during the measurement for the core 
specimen from 1959.5  m, which is consistent with changes in the 
principal anelastic strain ε2 and ε3 shown in Fig. 6B
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surface and hydrostatic pressure was adopted to calculate the 
principal stress magnitudes in this study.

In Table 1, the results show that from ~1865 and ~1959 m 
in depth, σ1 is approximately 49.3–55.8 MPa, whereas σ2 and 
σ3 are 36.1–45.0 MPa and 34.0–38.3 MPa, respectively. The 
relationship between the three principal stresses and Sv is rel-
atively clear: σ1 > Sv > σ2 > σ3. In addition, the maximum and 
the minimum horizontal principal stresses are 36.1–48.7 and 
34.0–38.5 MPa, respectively. The vertical principal stresses 
are 49.3–51.7 MPa. According to Anderson's faulting theory, 
the three-dimensional principal stresses are characterized by 
Sv > SHmax > Shmin, indicating that the effects of gravitation on 
the regional stress field is stronger than that of the tectonic 
plate motion. Furthermore, the normal-faulting stress regime 
indicated by the data implies the presence of an extensional 
environment in this region. Lin et al. (2006) showed that a 
common range of Jas(t)/Jav(t) ratio from one to three would 
have a relatively small influence on the magnitudes of the 
principal stresses. Furthermore, the relationship between 
the three principal stress values (the stress regime) remains 
unchanged regardless of the different Jas(t)/Jav(t) ratios. The 
change law of the three principal stresses is characterized by 
linear formulas, as shown in Fig. 8. Due to the lack of data 
constraints above 1865 m in the borehole, we assumed that 
the principal stresses at the surface are zero.

4.3 � Orientations of In‑Situ Stresses

Few published studies have used paleomagnetic analyses 
to restore the geographic coordinates of granite samples. 
Here, we obtained principal stress orientations by redirecting 
the core baseline relative to the geographic north. Among 
them, the two cores that are close to each other exhibit rela-
tively consistent principal stress directions, respectively 
(see Fig. 7). The principal stress orientations measured 
must be unique for a certain core sample. However, the ori-
entations calculated by anelastic strain at an arbitrary time 
from measurement beginning varies with time due to anelas-
tic strain measurement accuracy. At an early stage of the 
whole measurement period, the calculated orientations of 
the principal strains scatter significantly because the ratios 

of the deviations of principal anelastic strains are unstable 
when the maximum component of principal strain deviation 
(Eq. 2), was small. Consequently, we averaged the time data 
series of the three principal strain orientations, respectively, 
using data that excluded the first 200 min of the early stage.

For the sample from 1865.4 m, the plunge of σ1 is 48.8°, 
which is not consistent with the vertical stress Sv. The other 

Table 1   Orientations 
and magnitudes of the 
in-situ stresses of the ASR 
measurement

Tr trend, Pl denotes plunge

No Depth
(m)

Orientations (°) Magnitudes (MPa) SHmax Ori. (°)

σ1 σ2 σ3 σ1 σ2 σ3 SHmax Shmin Sv

Tr Pl Tr Pl Tr Pl

1 1865.4 285.0 48.8 122.5 39.8 25.1 8.7 53.3 45.0 34.7 48.7 35.0 49.3 N67°W
2 1867.4 336.8 87.4 129.8 2.3 219.9 1.2 49.3 36.1 34.0 36.1 34.0 49.3 N50°W
3 1958.6 322.9 56.1 162.9 32.2 67.0 9.3 55.8 43.8 37.4 47.6 37.7 51.7 N28°W
4 1959.5 334.5 72.3 113.7 13.6 206.4 11.1 53.2 38.9 38.3 40.1 38.5 51.7 N27°W
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Fig. 8   Horizontal and vertical principal stress magnitude profiles for 
the JM-1 borehole. The parameter D of linear formulas represents the 
borehole depth. The results indicate a normal-faulting stress regime, 
illustrated by the cartoon in the upper right corner. A critical Shmin 
(μ = 0.6) is also shown according to the Mohr–Coulomb frictional-
failure criterion



5696	 C. Zhang et al.

1 3

three samples all have a sub-vertical maximum principal 
stress (σ1) with a plunge 56.1°–87.4°, while the intermediate 
(σ2) and minimum (σ3) principal stresses are sub-horizontal 
(Table 1). For the normal faulting stress regime, σ1 and σ2 
correspond to Sv and SHmax, respectively. The trends of σ2 
are 113.7°–162.9°, which are close to the P-axis directions 
of the focal mechanism solutions in the Xiamen region (Hu 
et al. 2017), stating the test reliability of paleomagnetic ori-
entation. On the other hand, the maximum horizontal princi-
pal stresses (SHmax) are oriented at N67°W, N50°W, N28°W, 
and N27°W, from 1865.4 to 1959.5 m, respectively. Except 
for 1959.5 m, the orientations between SHmax and σ2 have 
good consistency (Table 1). Moreover, the SHmax directions 
of the two samples with similar depths agree with each other 
very well. Overall, the averaged SHmax direction of all sam-
ples is N43° ± 19°W, which agrees with previous findings 
(Gao et al. 2009; Lin et al. 2009; Zhang et al. 2013) and 
is generally consistent with the subduction direction of the 
Philippine Sea plate towards the Eurasian plate.

4.4 � Analysis of Regional Faults Activity

Byerlee (1978) compiled an extensive dataset of laboratory 
friction measurements derived from natural joints in rocks, 
failure discontinuities in triaxial compression tests and arti-
ficial joints with various roughness, concluding that friction 
is nearly independent of the rock type and deriving the fric-
tional coefficient, μ, of 0.6–1.0, commonly known as Byerlee's 
law. The strength of a critically stressed fault can be estimated 
by evaluating the limited frictional coefficient. Stress states 
obtained from in-situ measurements in the upper crust agree 
well with the failure equilibrium (Townend and Zoback 2000). 
The ratio of maximum effective principal stress to minimum 
effective principal stress, which corresponds to the case in 
which critically stressed faults and fractures are at the fric-
tional limit is given by Jaeger and Cook (1979) as

where μ is the frictional coefficient of faults or preexisting 
fractures.

According to Anderson's faulting theory (Anderson 1951), 
Eq. (3) should take a different form for a normal-faulting stress 
regime

If crustal stress reaches the frictional strength of critically 
stressed faults and fractures, frictional sliding will occur along 
the optimally orientated planes, which can be given by
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where � is the angle between the normal of a fault or fracture 
plane and the direction of the maximum horizontal principal 
stress.

In an area of critically stressed normal faults, when pore 
pressure is hydrostatic and μ = 0.6, the lower bound value of 
the minimum principal stress Shmin is ~0.6 Sv (Zoback 2007). 
From Fig. 8 we can see that, no Shmin value approaches the 
lower bound (commonly μ = 0.6) determined by the Cou-
lomb frictional-failure criterion and Byerlee's law. However, 
clay and other minerals contained in the natural faults, such 
as montmorillonite or vermiculite, will reduce the frictional 
coefficient, and therefore reduce the frictional strength con-
sequently (Byerlee 1978). Some researchers reported that the 
frictional coefficient will be lower in an actual fault than pre-
dicted (Zoback 2007; Collettini et al. 2019). Carpenter et al. 
(2011) found that natural serpentines near the San Andreas 
Fault system at depth exhibited low frictional coefficients (only 
0.18–0.26). Here, it was inferred that the stress state in the 
deep of the JM-1 borehole could be critical normal-faulting if 
the frictional coefficient of optimal-orientated faults is close 
to 0.28 (Fig. 8).

5 � Discussions

5.1 � Validity and Reliability of Stress Measurement 
Data of JM‑1 Borehole

Generally, integrating stress data from multiple measured 
methods can help better constrain and improve the reli-
ability of in-situ stress results in a borehole or an area 
(Zang and Berckhemer 1993; Ask et al. 2009) . For deep 
boreholes, hydraulic fracturing is often considered to 
provide high-quality complementary in-situ stress data, 
especially the Shmin values. Unfortunately, there is no 
available hydraulic fracturing test data from the depth of 
2 km of the JM-1 borehole. By careful examination of 
a section of the ultrasonic imaging log, slight borehole 
breakouts or spallings were confirmed, which can be used 
to indicate the principal stress directions. It is well known 
that in vertical wells, borehole breakouts are the enlarge-
ment of a wellbore wall at the azimuth of the Shmin result-
ing from rock failure or grains fall-out under significant 
excess differential stress (Zoback 2007). As shown in 
Fig. 9, a discontinuous but identifiable borehole breakout 
image from a depth of ~1871.0 to ~1874.5 m manifests 
that the direction of the Shmin is N38° ± 24°E and thus the 
direction of the SHmax is N52° ± 24°W. This agrees well 
with the results of the SHmax directions determined by the 
paleomagnetism of the ASR cores at ~1865 and ~1867 m 

(5)� =
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(Table 1), indicating the reliability of the principal stress 
directions of the ASR cores determined in this study.

As mentioned previously, all core-dependent stress 
measurement methods are based on the assumption that the 
rock is a homogeneous and isotropic material (Zang and 
Stephansson, 2010). According to extensive investigations 
and literature, it is reasonable to consider granite as a homo-
geneous and isotropic material, regardless of its grain size. 
Overall, it is a valid and acceptable assumption for the ASR 
cores in this study. Zang and Berckhemer (1993) examined 
anelastic strain recovery and ultrasonic wave velocity of core 
samples in the KTB pilot hole and quantified the alterations 
of physical properties of crystalline rock caused by time-
dependent, stress-relief microcracking within the recovered 
cores, which revealed the possible influencing factors of 
ASR in-situ stress measurements of large-depth boreholes. 
Further investigations showed that crack-induced anisotropy 
played an important role in total rock anisotropy (Zang et al. 
1996).

Teufel (1983) assumed the nature of the anelastic strain 
recovery process to be a consequence of crack formation and 
stated that the initially measured strains are more significant 
than those at the end of the recovery process for the stress 
estimation of the directions and magnitudes. Our ASR cores 
started strain acquisition in less than 8 h after cut from the 
borehole bottom. The anelastic strain values of granite cores 
of the JM-1 borehole were ranged in ~15–200 microstrains, 
which are well consistent with those of ASR cores of the 
KTB pilot hole taken from a depth of 1488–3858 m (Zang 
and Berckhemer 1993). There were some visible millime-
ter-scale microcracks on the surface of the ASR cores of 
the JM-1 borehole. However, whether these microcracks 
are mainly parallelly oriented and to what extent they may 
affect the results of in-situ stress measurements are not yet 
well understood and require further study. It is worth not-
ing that the comparative measurements of ASR and another 
core-based stress test method, that is, differential strain curve 
analysis, have been performed in Hijiori hot dry rock bore-
holes in Japan, and the results show that the ASR measure-
ment data are helpful and reliable (Oikawa and Yamaguchi 
2000). The magnitudes and directions of principal stresses 
obtained by these two methods were similar to each other, 
which was verified by the microseismic clusters character-
istics of hydraulic fracturing conducted later (Tezuka and 
Niitsuma 2000).

5.2 � Stress Characterize in the CRSC

Converging plates increase horizontal compression. Frontal 
collisions of large plates at relatively high velocities usu-
ally imply high tectonic stress accumulation rates associated 
with strong earthquakes near the plate margins. However, 
our measured stress results seem to indicate that it is not the 
case in the CRSC. As can be seen from Fig. 8, the horizontal 
stress difference only increases by 3.50 MPa/km and the 
SHmax magnitude is equal to 0.85 Sv, indicating a relatively 
low-stress accumulation in the shallower range of < 2 km (in 
the shallow crust) in the Xiamen region. As mentioned ear-
lier, the strength of the Yanshanian granite in the JM-1 bore-
hole is quite weak. Nonetheless, imaging logs showed few 
borehole breakouts, or only mild spallings on the borehole 
wall (Fig. 9), further indicating that the differential stress 
in this region is relatively small. In this study, in-situ stress 
measurements in the JM-1 borehole show that the shallow 
crust in the Xiamen region of the CRSC is mainly controlled 
by the vertical stress due to gravity, indicating an exten-
sional stress field. This probably reflects the influence of 
the nearby NW striking Jiulongjiang fault zone that formed 
during the Mesozoic and is still active, with normal and 
sinistral strike-slip faulting patterns (Ma 1989). The hori-
zontal stress difference or shear stress level is relatively low, 
which indicates that the compression between the Eurasian 

Fig. 9   Borehole breakout or spalling image revealed by ultrasonic 
borehole image logging from ~1871.0 to ~1874.5  m section of the 
JM-1 borehole
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plate and the Philippine Sea plate is weak at shallow depths. 
Xu et al. (1999) analyzed borehole breakout data from off-
shore oil wells adjacent to the northern Taiwan Strait and 
concluded that the shear stress was relatively small. Some 
hydraulic fracturing in-situ stress measurements were con-
ducted above 500 m depth in coastal areas in need of rock 
engineering construction (Zhang et al. 2015; Li et al. 2016). 
All of these borehole stress magnitudes indicated low stress 
levels. Furthermore, stress regimes were characterized by 
strike-slip and normal faulting and may be affected by NW 
and NE trending faults in the coastal region from Xiamen 
to Fuzhou, except for Quanzhou, which is located in the 
middle. A destructive earthquake with a magnitude of ~ 8 
occurred offshore of Quanzhou in 1604, which was also 
the largest earthquake in the historical record in the CRSC 
(Zhang et al. 2018), implying that the tectonic environment 
in Quanzhou is prone to accumulating stress and developing 
strong earthquakes (Fig. 10B). Hydraulic fracturing results 
from Quanzhou indicate a thrust faulting stress regime and 
high compressive stress accumulations (Zhang et al. 2015), 
coinciding with its seismicity conditions.

In the hydraulic fracturing in-situ stress measurements of 
previous studies, a routine operation named impression test-
ing was conducted to obtain information on the SHmax direc-
tions. For the northern coast of the CRSC, impression tests 
showed that the average orientation of the SHmax is N33°W 
in Fuzhou and Xiapu (Li et al. 2016). In the middle part of 
the coast, the SHmax orientations are N54°W and N52°W in 
Quanzhou (Zhang et al. 2015) and Xiamen, respectively. 
The CRSC is seismically active, we collected available 
stress indicators from the focal mechanism (Fig. 10B). The 
stress directions from the focal mechanism are close to 
and sub-parallel to several major NW striking active faults 
(Fig. 10B), which seems to be consistent with the tectonic 
feature of the study area dominated by strike-slip active 
faults. It should be pointed out that the measured stress 
directions by the hydraulic fracturing method are similar to 
those by the focal mechanism method, indicating that the 
regional principal stress directions may be consistent from 
shallow to deep. Understanding the stress orientation at a 
local scale, the plate boundary forces, especially the conver-
gence and compression of the Eurasian and Philippine Sea 
plates, play a first-order role in controlling the crustal stress 

patterns. To some extent, the influence of the northward col-
lision of the Indian plate cannot be ignored. However, it is 
hard to evaluate and understand its role clearly and intui-
tively based on the results of this study.

The newly integrated China Stress Database shows that 
there are two opposing fan-shaped stress patterns in eastern 
China (Hu et al. 2017). On a continental scale, the SHmax ori-
entations rotate clockwise from the north to the south along 
the coastal line and towards the sea (see fig. 4 in Hu et al. 
(2017) in detail). In contrast, regional-scale SHmax orienta-
tions rotate counterclockwise from the north to the south, 
disturbing the clockwise rotation in the CRSC and causing 
the local stress heterogeneity (Fig. 10A). Some research-
ers have interpreted this as a consequence of the tectonic 
knot effect (Hu et al. 2017) or the indenter model (Ranjbar-
Karami et al. 2019) of the compressing block. Therefore, we 
can further conclude that the interaction of the two plates 
generates a regional crustal stress field in the CRSC and the 
Philippine Sea plate seems to play a more important role 
in controlling or enhancing the inhomogeneity of the local 
stress pattern.

5.3 � Regional Active Tectonics Related to Stress Field 
of CRSC

The CRSC is considered tectonically active and is mainly 
divided and controlled by two sets of active faults that strike 
NE and NW, as shown in Fig. 10B. The NE–NEE striking 
Binhai fault zone (BFZ) is a strike-slip lithospheric fault that 
developed along the coastal zone and is ~400 km in length 
and ~12 km in width (Xu et al. 2006). It is also believed to 
be the boundary fault between South China and the South 
China Sea Blocks. The crustal structure on the NW side 
of the BFZ is ~30 km thick normal continental crust, while 
the SE side is thinning continental crust with a thickness 
of 25–28 km (Huang et al. 2014). The left-lateral strike-
slip CNFZ, located on the western boundary of the Taiwan 
Strait, is 450 km in length and ~40 km in width (Xu et al. 
2006). It formed during the Late Cretaceous and controlled 
the development of the extensional structure of the CRSC 
and Taiwan Strait during the Cenozoic, therefore affecting 
the distributions of geothermal anomalies, volcanic activity, 
and dynamic metamorphic zones. The CNFZ is an important 
seismic zone and is currently active. There are five main 
NW striking active faults, i.e. Minjiang faults, Shaxian-
Nanao faults, Yongan-Jinjiang faults, Jiulongjiang faults, 
and Shanghang-Zhaoan faults respectively, from north to 
south in the study region (Fig. 10B) that produce a hetero-
geneous stress field and differential crustal deformation. 
Furthermore, in the CRSC, NW-striking faults are mainly 
strike-slip faults, which control the development of basins, 
plains, and bays in coastal areas. It is worth noting that 
the faults north of the Yongan-Jinjiang fault are all dextral 

Fig. 10   A SHmax stress trajectory and tectonic environment of China 
and the adjacent regions ( modified from Liu et  al. (2011) and Hu 
et  al. (2017)). The JM-1 borehole is located in Xiamen city and is 
controlled by a fan-shaped local stress field resulting from the north-
westward movement of the Philippine Sea plate. B Simplified present 
geologic setting and active faults in the CRSC and Taiwan (modi-
fied from Ma et al. 1989). Stress data are collected from Xie (2015), 
Zhang et al. (2015), Li et al. (2016), and some unpublished hydraulic 
fracturing stress results. The star represents the JM-1 borehole. Note 
that only stress data in the CRSC are collected and shown here

◂
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strike-slip, while the faults south of the Jiulongjiang fault 
are all sinistral strike-slip. The JM-1 borehole, located in 
Xiamen City, is in the transition area. The NE and NW strik-
ing faults intersect and cut across each other geographically 
and tectonically. This produces multiple consequences that 
have not only affected the basin growth and geothermal dis-
tribution but have also dominated the seismic activity of the 
neighboring regions. The BFZ is a seismogenically strong 
fault zone that has produced or controlled several destructive 
historical earthquakes (M ≥ 7) (Xu et al. 2006). In contrast, 
the CNFZ is seismically weaker than the BFZ in inten-
sity, frequency, and spatial density. It has been statistically 
shown that most small to moderate (M ≤ 5) earthquakes in 
the CNFZ occur at relatively shallow depths (<15 km) (Xu 
et al. 2006). Our ASR stress measurements were conducted 
in the JM-1 borehole, which is located near the Zhangzhou 
Basin and is only several kilometers from a secondary fault 
of the 110 km long, NW striking Jiulongjiang fault zone.

According to compiled stress data (Fig. 10B), in the 
CRSC, from north to south, the horizontal principal stress 
direction has undergone a significant but smooth transi-
tion from NNW to NWW in a counterclockwise manner. 
The stress directions change as largely as ~60°. Overall, 
this change is consistent with orientation changes of focal 
mechanisms, regardless of the earthquake type, reflecting 
a stable regional active tectonics.

5.4 � Implications for Geothermal Resources 
Development in the Future

Geophysical surveys have shown that there may be consid-
erable dry hot rock resources in the crystalline rocks of the 
shallow crust in the Xiamen region (Lin et al. 2020). The 
development of hot dry rock relies on hydraulic fracturing 
technology to create a large-scale fracture network in the 
high-temperature and low-permeability reservoir to improve 
the hydraulic conductivity of the rock mass, and then extract 
heat energy for power generation. Hydraulic fracturing needs 
to utilize and reactivate the pre-existing natural fractures to 
establish stable hydraulic channels with various (artificial 
and natural) fractures. In-situ stress characteristics play a 
major role in hydraulic fracturing design and field operation 
(Valley and Evans 2019).

Those natural fractures that align favorably with the pre-
sent-day stress field, contribute to subsurface fluid flows. 
Generally, hydraulic fractures propagate in the SHmax direc-
tion because they open and dilate with minimal energy 
consumption against the minimum principal stress (Zoback 
2007). Therefore, both the orientation and regime of the in-
situ stress in the geothermal reservoir are imperative before 
drilling to optimize well performance. The results of ASR 
stress measurements indicate that the stress regime is nor-
mal faulting in the Xiamen region. In this case, the σ3 is 

horizontal and equals to Shmin, which would result in the 
development of vertical hydraulic fractures and preferential 
opening/stimulation of sub-vertical pre-existing fractures as 
opposed to horizontal ones. The ASR results show that the 
regional SHmax direction is N43° ± 19°W. Hence, the ver-
tical hydraulic fractures would propagate parallel to this 
direction.

Furthermore, for hot dry rock reservoirs with a normal 
faulting stress regime, deviated drilling is necessary and 
effective to enhance productivity. However, wellbore insta-
bility issues, typically manifested as wellbore breakouts and 
collapses, are common in the development process and can 
cause vast increases in deviated drilling costs (Zoback et al. 
2007). The in-situ stress state can be used to evaluate the risk 
of wellbore stability. In this study, the normal faulting stress 
regime (Sv > SHmax > Shmin) is estimated to be dominant in the 
deep reservoir of hot dry rock, and the largest differential 
stress comes from between Sv and Shmin. As a result, wells 
that deviated parallel to the SHmax orientation may encounter 
wellbore instability problems in the reservoir. Due to the 
lack of imaging logging data, the development of the well-
bore breakouts of the JM-1 borehole remains unclear. How-
ever, as discussed above, the differential stresses between 
the three principal stresses are relatively low. Therefore, 
although laboratory tests have shown that the compressive 
strength of the granite from the JM-1 borehole is relatively 
weak, the extent of wellbore collapse in the deep reservoir 
may not necessarily be severe. It can be reasonably expected 
that in future drilling, it is not necessary to use high-density 
mud as the drilling circulating fluid to effectively mitigate 
or even avoid the problem of wellbore instability.

To quantitatively understand and analyze the influence 
of in-situ stress state on natural fractures during hydraulic 
fracturing operations, the Mohr–Coulomb failure criterion is 
here introduced to evaluate the tendency of natural fracture 
reactivations in the Xiamen region. Usually, the hot dry rock 
is developed economically at 4–6 km depth. For simplic-
ity, we mainly study the reactivity of natural fractures at 
5 km depth of dry hot rock reservoirs in the Xiamen region. 
The in-situ stress state is determined by linear extrapola-
tion according to the measured results of the JM-1 borehole 
(Fig. 8). The static groundwater level of the JM-1 borehole is 
200 m, and the initial pore pressure of 5 km can be assumed 
to be 48 MPa. The coefficient of friction of natural fractures 
is 0.6. Here, the string friction during hydraulic fracturing 
and the cohesion of natural fractures are not considered.

It can be seen that all the natural fractures are generally 
stable under the present-day in-situ stress state (Fig. 11). 
However, pore pressure is increasing with the injection of 
fluids into the reservoir rocks, which results in the leftward 
movement of Mohr's Circle and increases the possibility of 
being reactivated for natural fractures. When the injection 
pressure reaches 7.6 MPa, the natural fractures that are at the 
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optimal directions with the maximum principal stress will be 
in a critical stress state (Eq. (5)). When the injection pressure 
exceeds 31.9 MPa, some natural fractures will overcome 
the minimum horizontal principal stress and be in a state of 
tensile failure. However, this scenario needs to be avoided 
in the development of hot dry rock. Therefore, the critical 
pore pressures for reactivation of natural fractures caused by 
fluid injection are between 7.6 and 31.9 MPa (see Fig. 11). It 
is objectively evaluated that the stimulation pressure of hot 
dry rock reservoir in the Xiamen region is not high and is 
relatively suitable for development in the future.

6 � Conclusions

To better understand the stress state of the shallow crust 
in the CRSC, the ASR method and related laboratory tests 
were employed to constrain the full stress tensors at ~2 km 
depth in a granite borehole in Xiamen city. Rock mechanics 
and ASR compliance experiments were conducted to help 
constraint the in-situ stress state.

(1)	 The results show that from ~1865 to ~1959 m in depth, 
the SHmax and Shmin are 36.1–48.7  MPa and 34.0–
38.5 MPa, respectively. The three-dimensional prin-
cipal stresses are characterized by Sv > SHmax > Shmin, 
showing that the shallow crust is controlled by the 
normal-faulting stress state, as well as indicating the 
domination of the vertical stress and the presence of 
an extensional environment in the CRSC.

(2)	 Paleomagnetic tests show that the orientation of the 
SHmax is N43° ± 19°W, which is consistent with the 
borehole breakouts information as well as the absolute 
plate motion of the Philippine Sea plate, indicating that 

the convergence and compression of the Eurasian and 
Philippine Sea plates play a first-order role in control-
ling the crustal stress patterns.

(3)	 The frontal collision between large tectonic plates usu-
ally produces high compressive stress accumulations 
near the margins. However, our ASR stress measure-
ment results and borehole imaging data show that there 
is a lower horizontal compressive stress state in the 
shallow crust in the CRSC (especially in Xiamen City).

(4)	 In particular, the significance of in-situ stress for the 
future development of hot dry rock resources in the 
Xiamen region is appropriately discussed. Based on the 
present-day in-situ stress state, the reactivation possi-
bility of natural fractures under different injection pres-
sures is quantitatively analyzed. Generally, the critical 
injection pressures for reactivation of optimally-ori-
ented natural fractures are between 7.6 and 31.9 MPa. 
Therefore, the operation of hydraulic fracturing in hot 
dry rock reservoirs is relatively easy, and its effects on 
the reservoir environment may be safe and clear.
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