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The reservoir stimulation is an indispensable part in the development of 
hot dry rock, and the evaluation of reservoir stimulation is particularly 
crucial for guiding the subsequent implementation of Enhanced Geothermal 
Systems (EGS). This paper proposes an evaluation method for the reservoir 
stimulation of hot dry rock based on microseismic monitoring, and establishes a 
microseismic monitoring system around the hot dry rock development site for 
practical application. Microseismic events are located based on the amplitude 
superposition method. The focal mechanisms for selected microseismic events 
are inverted through moment tensor inversion, followed by in situ stress 
inversions. Taking the focal mechanisms as constraint, both discrete fracture 
network model and continuous fracture network model are developed to invert 
the reservoir permeability and evaluate the stimulated reservoir volume. The 
results indicate that 5,449 monitored microseismic events are predominantly 
spatially distributed within 200 m near the well, with a dominant expansion 
direction oriented NW-SE. The focal mechanism primarily consists of strike-slip 
faults and normal faults, and the maximum horizontal stress direction within the 
reservoir also aligns with NW-SE. Permeability inversion reveals relatively high 
values in the NW direction, while the calculated stimulated reservoir volume is 
approximately 7.73 million m3. These research results improve the evaluation 
accuracy of reservoir stimulation, and provide a foundational basis for the 
development of hot dry rock.
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 1 Introduction

Hot dry rock is regarded as one of the alternative energy sources to fossil energy in the 
future due to its significant resource potential and environmentally friendly development 
(Wang et al., 2012; Wen et al., 2023). Several developed countries have carried out Enhanced 
Geothermal Systems (EGS) of hot dry rock for over 50 years (Breede et al., 2013; Wu 
and Ansari, 2025). Currently, the predominant method of development involves injecting
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water as a heat exchange medium into hot dry rock reservoirs. 
This process allows for the efficient absorption of heat from the 
reservoir, after which the heated water is extracted for power 
generation (Tester et al., 2006; Gao et al., 2025). Prior to the 
development of hot dry rock, it is essential to perform reservoir 
stimulation through hydraulic fracturing. The purpose of this 
process is to create a connected complex fracture network within 
the hot dry rock reservoir, thereby enhancing both permeability 
and heat transfer capacity of the heat exchange medium in the 
reservoir, and then realize the efficient development of hot dry 
rock (Xu et al., 2012; Wang et al., 2015). The evaluation of 
effects following reservoir stimulation holds critical importance for 
accurately revealing the characteristics of the reservoir, optimizing 
development strategies and ensuring safety (Xu et al., 2024; Wang 
and Kobina, 2025). Furthermore, it is also the key challenge 
currently that restricts the efficient development of hot dry rock 
(Tan et al., 2023; Fang et al., 2018).

Microseismic monitoring method is widely used in the 
development of conventional oil and gas reservoirs. With the 
ongoing advancement and maturation of technology, its application 
in evaluating unconventional reservoir stimulation is also 
progressing rapidly (Chen et al., 2023a; Shapiro et al., 2002). In 
the development of dry hot rock, microseismic monitoring serves 
not only as a crucial component for real-time observation of induced 
microseismic events to ensure safe operations but also as an essential 
technical tool for assessing the effectiveness of reservoir stimulation 
(Sun et al., 2021; Liang, 2023). Globally, microseismic monitoring 
has been implemented during hot dry rock development to track 
both the location and magnitude of induced earthquakes that occur 
during reservoir stimulation, so as to adjust the pumping scheme 
of hydraulic fracturing and reduce the risk of induced seismic 
disasters (Chen, 2023b). Numerous studies on reservoir evaluation 
have been conducted based on microseismic data across various 
development projects (Majer et al., 2007).

During the reservoir stimulation of hot dry rock, elastic wave 
signals are generated due to rock mass rupture, leading to the 
occurrence of microseismic events. The arrival times, amplitudes 
and waveform characteristics contain valuable information 
regarding rock mechanics and geological structure, which can be 
utilized to ascertain the location, occurrence time and magnitude 
of these microseismic events. On this basis, further analyses 
can be conducted to evaluate flow direction of fracturing fluid, 
focal mechanisms, reservoir permeability, and stimulated volumes 
(Eisner et al., 2010; Tarrahi and Jafarpour, 2012). For instance, 
the Paralana project in Australia determined the characteristics of 
fracture structure and identified the main flow path of fracturing 
fluid based on the spatial location analysis of microseismic events 
(Albaric et al., 2014). The Basel project in Switzerland performed 
focal mechanism analyses on large microseismic events to infer the 
complex fracture network structure within hot dry rock reservoirs 
(Kraft and Deichmann, 2014), evaluated the reservoir permeability 
based on the distribution data of microseismic events, and identified 
the hyperpermeable structure of the reservoir (Mukuhira et al., 
2020). The Soultz project in France assessed the stimulated 
reservoir volume based on the spatial distribution of thousands of 
monitored microseismic events resulting from hydraulic fracturing 
(Kinnaert et al., 2018). Additionally, sites such as Newberry and Raft 
River in the United States had all evaluated the fracture distribution 

characteristics through comprehensive analysis of microseismic 
monitoring data, providing an important basis for subsequent well 
location layout and reservoir reconstruction (Xu et al., 2018).

Therefore, the microseismic monitoring method plays an crucial 
role in the reservoir evaluation of hot dry rock. However, most 
previous studies on reservoir evaluation based on microseismic 
monitoring have focused on singular aspects, such as focal 
mechanism analysis or permeability assessment. There are few 
studies on the method system covering multiple aspects of hot 
dry rock reservoir evaluation. In addition, there are relatively 
few research and application examples of this technology in the 
development of hot dry rock in China (Liu et al., 2013). This 
paper established a comprehensive method for evaluating hot dry 
rock reservoirs based on microseismic monitoring and applied 
it to a reservoir stimulation project of hot dry rock in Jiangsu 
Province. By utilizing acquired microseismic data as a foundation, 
the effect of reservoir stimulation was comprehensively evaluated. 
Firstly, a microseismic monitoring system was established around 
the hot dry rock development site. During the reservoir stimulation, 
microseismic events were located according to microseismic 
signals, and their spatial distribution characteristics were analyzed. 
Subsequently, certain events were optimized to determine the focal 
mechanisms that served as constraints for inverting the in situ stress 
of reservoir. And then the model was established to evaluate the 
reservoir permeability and stimulated reservoir volume. The above 
analysis results provided a foundational basis for the development of 
hot dry rock. 

2 Materials and methods

2.1 Study area

The hot dry rock fracturing site is situated within the Northern 
Jiangsu Basin of Jiangsu Province, China. This basin lies on the 
northeastern margin of the Yangtze Block and constitutes part of 
the western section of the Northern Jiangsu-South Yellow Sea Basin 
onshore region (Qiu et al., 2006). It is bordered by the Pacific 
subduction zone to the east, the Tan-Lu Fault to the west; its 
southern boundary aligns with the southern Jiangnan Deformation 
Zone which connects with Tongyang Uplift while its northern 
boundary corresponds with Jiashan-Xiangshui Fault belonging 
to Suzhou-Shandong orogenic belt adjacent to Suzhou-Shandong 
Uplift (Liu et al., 2020). The Northern Jiangsu Basin represents 
a multi-stage geological formation developed under dynamic 
conditions characterized by double alternating subduction processes 
involving both Pacific Plate and Indian Plate influences. Since the 
Cretaceous period, it has undergone tectonic activities including 
Yizheng, Wubu, Sanduo phases as well as Cenozoic movements 
that ultimately shaped its current structural configuration known as 
“one uplift and two depressions” (Wang et al., 2020; Chen, 2010), 
namely, Dongtai Depression, Jianhu Uplift and Yanfu Depression 
from south to north (Wang et al., 2021).

Pre-Mesozoic carbonate rocks with large thickness are widely 
developed in the Northern Jiangsu Basin, characterized by low 
porosity, low permeability and low water content. Additionally, 
secondary pores, holes and fractures are developed near the 
unconformity surface of these carbonate rocks, making them 
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suitable for the development of hot dry rock resources (Li and Duan, 
2010). Among these formations, the main development target of 
hot dry rock is Ordovician-Cambrian carbonate rock (Figure 1). 
The cover layers of the hot dry rock reservoir mainly include 
Carboniferous-Triassic carbonate rocks and Cretaceous-Quaternary 
continental clastic rocks. The shallowest burial depth is less than 
1,000 m, while the deepest reaches over 6,000 m. The maximum 
thickness of this layer exceeds 2,000 m; however, it is absent in a 
small part of the area (Zhang et al., 2024). The lithology of the 
reservoir primarily consists of dolomite, gray dolomite and dolomite 
limestone. Logging data (Lu, 2022) indicate that porosity ranges 
from 3.1% to 4.9%, while permeability varies between 0.1 and 
0.14 mD. Based on the logging data, the rock mechanical parameters 
are calculated: average Young’s modulus ranges from 73 to 91.4 GPa; 
bulk modulus spans from 66.9 to 76.4 GPa; shear modulus falls 
between 27.8 and 35.2 GPa; and Poisson’s ratio is estimated at 
approximately between 0.3 and 0.32.

2.2 Data acquisition

This study employed the monitoring method that deployed 
microseismic geophones in both shallow surfaces and wells. 
As shown in Figure 2, a total of 46 monitoring stations were arranged 
radially within a 5 km radius of the fractured well. At each station, 
a three-component geophone was installed at depths ranging from 
0.5 to 30 m below ground level to facilitate superficial microseismic 
monitoring. The geophone has a sensitivity of 240 V/m/s, a natural 
frequency of 4.5 Hz, a dynamic range of 120 dB, and an operating 
temperature range of −40 °C–85 °C. It uses 4G full network real-
time transmission. Taking the fracturing well as the center, two 
deep boreholes were drilled to a depth of 1,500 m at the horizontal 
distance of 1,200 m at both ends along the NNW-SSE direction. 
A fifteen-stage geophone was installed into the well for in-well 
microseismic monitoring. The geophone spacing is 15 m, with 
a dynamic range of 120 dB, an inter-stage transmission rate of 
10 Mbps, and an operating temperature range of −40 °C–85 °C. A 
large number of shallow surface microseismic monitoring stations 
increased the coverage density on the plane and improved the 
positioning accuracy of microseismic events. The deployment of 
geophones in wells enhanced the vertical monitoring perspective 
and improved the vertical positioning accuracy of microseismic 
events. Due to their greater depth, the geophones located in wells 
experienced significantly less background noise compared to those 
situated at shallow surfaces; this allowed them to more sensitively 
detect microseismic signals emanating from around the fractured 
well. Consequently, the number of microseismic events monitored 
by downhole geophones was notably higher than that captured by 
shallow surface geophones.

2.3 Evaluation method

2.3.1 Evaluation process
The processing flow of microseismic monitoring data is 

presented in Figure 3. During the reservoir stimulation period, 
once the geophone detects a microseismic event signal, immediate 
location determination can be performed through waveform 

data aggregation and format conversion, thereby completing the 
preliminary processing of microseismic data. Based on the location 
results of all detected microseismic events, an analysis of their spatial 
distribution characteristics is conducted directly. Subsequently, 
microseismic events with distinct waveforms are selected for 
source mechanism analysis and ground stress inversion. Under the 
constraints of the focal mechanism, a discrete fracture network 
model is established to invert hydraulic fracture permeability; 
additionally, a continuous hydraulic fracture network model is 
developed to evaluate stimulated reservoir volume, completing 
the fracture analysis and reservoir evaluation. The above results 
of spatial distribution characteristics of microseismic events, 
in situ stress inversion, reservoir permeability inversion and 
stimulated reservoir volume evaluation provide a basis for enhanced 
geothermal system development.

2.3.2 Location of microseismic events
With the extensive research and application of microseismic 

monitoring method in reservoir evaluation, methods for positioning 
microseismic events have matured significantly; consequently, the 
spatial positioning accuracy has seen continuous improvement 
(Chen, 2023b). Relevant studies have indicated that reasonable 
pre-processing such as noise suppression of microseismic data can 
significantly improve positioning accuracy (Wang, 2018; Ren et al., 
2018). This study conducted pre-processing techniques, including 
static correction, dynamic correction and noise suppression on the 
waveform data generated by microseismic events. Subsequently, 
the amplitude superposition positioning method was employed 
to determine the source location (Wu et al., 2017). This 
method performs offset stacking on the arrival time of seismic 
waves, thereby enhancing originally weak microseismic events 
through multi-channel stacking, which improves the reliability 
of positioning (Sun et al., 2017). The positioning of microseismic 
events inevitably has errors. In this study, the positioning accuracy 
of the monitoring system was verified through perforation before 
reservoir fracturing. The location of the perforation was established, 
and the microseismic monitoring system successfully detected the 
microearthquakes generated by this process. The error between the 
positioning results and the actual perforation locations in the X, Y, 
and Z directions were found to be within 10–15 m. 

2.3.3 Inversion of focal mechanism and in-situ
stress

Conventional microseismic event location fall short of providing 
a detailed description of reservoir fracture propagation. Therefore, 
it is essential to conduct focal mechanism inversion to analyze 
both the rock fracture process and the mechanical type of fracture 
generation, including describing the strike, dip and dip angle of the 
focal fracture surface accurately. Such analyses enable reasonable 
inferences regarding fracture development and stress states, thereby 
enhancing evaluations of fracturing effectiveness (Diao, 2020). The 
moment tensor inversion method is one of the inversion methods for 
focal mechanisms, which does not require seismic phase analysis. 
In addition to inverting the occurrence of the fracture surface, it 
can also obtain a complete description of the source force system, 
making it increasingly prevalent in practice. However, this method 
imposes stringent requirements on the quality of microseismic 
monitoring data (Rong et al., 2018). In this paper, the moment tensor 
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FIGURE 1
Typical stratigraphic histogram of the Northern Jiangsu Basin.

inversion method was adopted (Li et al., 2023a). This approach 
utilizes projections of the initial polarity of direct P-waves recorded 
by monitoring stations on a source sphere to derive solutions 

for fault joint surfaces, thereby elucidating focal mechanisms. The 
reliability of this method lies in the accurate determination of 
the initial polarity of the P-wave, which requires a high degree 
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FIGURE 2
Deployment of microseismic monitoring system: (a) Layout diagram of the microseismic monitoring system; (b) Shallow stations: a three-component 
geophone installed at depths 0.5–30 m; (c) In-well stations: a fifteen-stage geophone installed in the well of 1,500 m.

of distinctiveness of the seismic waveform. Consequently, we 
prioritized microseismic events characterized by distinct waveforms 
and strong signals—specifically those with high signal-to-noise 
ratios. The initial arrivals of the seismic waves were manually 
picked up, and the solved focal mechanisms were basically reliable. 
However, for low signal-to-noise ratio events exhibiting indistinct 
waveforms and unclear initial arrivals, it becomes challenging 
to resolve their focal mechanisms. As a result, the number of 
microseismic events suitable for focal mechanism analysis is 
lower than the total number monitored. Furthermore, these high 
signal-to-noise ratio events typically possess greater energy levels 
and relatively larger magnitudes that reflect key characteristics 
associated with main microseismic event focal mechanisms.

Based on the solution of the focal mechanism, the in situ stress 
can be inverted according to the sliding vector of the real section, 
thereby the in situ stress field with statistical significance can be 
obtained, which provides support for the study of microseismic 
geomechanics (Baig and Urbancic, 2010; Chen, 2019). In this paper, 
the in situ stress inversions of the above microseismic events were 
conducted (Li et al., 2023a). Based on multiple composite focal 
mechanism solutions, the stress moment tensor can be obtained by 
the least squares inversion method, and the orientation and dip angle 
of the three principal stresses could be further calculated through 
the eigenvalue decomposition method. And then the relative size of 
the maximum horizontal principal stress, the minimum horizontal 
principal stress and the vertical stress of the reservoir were obtained, 
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FIGURE 3
Processing flow for microseismic data.

as well as the distribution characteristics of the orientation and dip 
angle, so as to describe the in situ stress field of the fracturing section.

2.3.4 Inversion of permeability
A precise evaluation of reservoir permeability often requires 

specialized analysis based on certain measured data. The numerical 
model inversion method, which integrates the advantages of 
statistical analysis and process simulation, is the primary approach 
at present (Chen, 2023b). The inversion results from the focal 
mechanism provide critical information regarding the spatial 
location of the microseismic event, as well as the rupture mechanism 
and the occurrence parameters of the rupture surface. This paper 
utilized the above results as constraint conditions to conduct discrete 
fracture network modeling based on the discrete theory of seepage 
within fractured bedrock (Li et al., 2023b). Permeability inversion 
was carried out on the basis of discrete fracture modeling, and the 
discrete fracture network was modeled by random-deterministic 
joint modeling. For large magnitude events, there are complete 
attribute information, including the spatial location of microseismic 
events, the time of occurrence, the radius of the source, and 

the fracture direction and dip angle information obtained by the 
inversion of the focal mechanism. The information can directly 
assign the size and orientation of the fracture. For the small energy 
events monitored by the geophone in the well, the focal mechanism 
cannot be determined. The random modeling method was used 
to obtain the range of fracture size and orientation according to 
the deterministic modeling. In this range, the fracture size and 
orientation were obtained randomly. By considering factors such 
as the number, direction, and size of fractures in each cell, the 
permeability tensor in the discrete model was calculated to evaluate 
the permeability of hydraulic fractures in the reservoir. 

2.3.5 Evaluation of stimulated reservoir volume
The stimulated reservoir volume determines the effectiveness of 

artificial fracturing and directly affects the development capacity of 
hot dry rock. Currently, most evaluations of stimulated reservoir 
volume rely on fracture network modeling (Xu, 2017). In this 
paper, the fracture network model was reconstructed based on the 
time-space distribution characteristics derived from microseismic 
events. Taking the focal mechanism as constraints, a continuous 

Frontiers in Earth Science 06 frontiersin.org

https://doi.org/10.3389/feart.2025.1688302
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xu et al. 10.3389/feart.2025.1688302

FIGURE 4
Daily statistics of microseismic events.

FIGURE 5
Spatial distribution map of microseismic events: (a) X-Y top view; (b) X-Z side view; (c) Y-Z side view.
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FIGURE 6
Microseismic event density map.

fracture network model was formed to calculate the stimulated 
reservoir volume of the fractured section (Li et al., 2023c). Firstly, the 
occurrence points of microseismic events were iteratively expanded 
in chronological order (Alexandre et al., 2015). Continuous 
hydraulic fracture network modeling was conducted based on the 
time-space distribution of microseismic events. The parameters 
for fracture size and heat transfer radius were obtained through 
rock physics experiments. In this study, values were assigned by 
taking the average value to construct the three-dimensional spatial 
fracture network of the reservoir after reservoir stimulation. Finally, 
the cumulative volume of all hydraulic fractures was calculated to 
determine the stimulated reservoir volume. 

3 Results and discussion

3.1 Spatial distribution of microseismic 
events

This paper utilized microseismic monitoring data obtained from 
reservoir fracturing at depths ranging from 4,645 to 4,680 m as 
a case study. The fracturing process in this section lasted for a 
duration of 7 days. During the fracturing period, the injection flow 
rate was maintained at 2.5∼5 m3/min, the injection pressure was 
40–80 MPa, and the cumulative injection was about 10,000 m3. 
Since the beginning of fracturing, the statistics of daily microseismic 
events are presented in Figure 4. It can be seen that there was a 
general upward trend in the number of microseismic events during 
the fracturing period. Following the completion of the fracturing, 

the number of events decreased rapidly, and basically no events 
occurred on the 10th day. In total, 5,449 microseismic events were 
monitored during this section of fracturing.

The spatial distribution is presented in Figure 5, where X 
represents the east direction, Y represents the north direction, Z 
represents the vertical depth, and the origin represents the position 
of the fracturing well. The results indicate that the influence range 
of microseismic events centered on the fracturing well is within 
550 m on the plane. These events are predominantly concentrated 
within −400–300 m in X direction and −400–400 m in Y direction. 
The planar morphology exhibits an approximately elliptical shape 
with its long axis oriented in a NW-SE direction. Vertically, the 
microseismic events are distributed within the depth range of 4,500 
to 4,850 m, concentrated within 4,550–4,800 m, covering the depth 
of the fracturing section and extending about 100 m upwards and 
downwards respectively. Morphologically, they present a clustered 
distribution pattern.

The microseismic monitoring event density map is 
presented in Figure 6. It is evident that the high-density area is 
concentrated within a radius of 200 m centered on the fractured well, 
indicating that most of the microseismic events occur in the near-
wellbore region. Overall, it forms an approximately elliptical shape 
with the fracturing well as the center and the NW-SE direction as the 
long axis, suggesting that microseismic events extend predominantly 
along this orientation. High-density zones are distributed at 200 m 
in the NW and 150 m in the SE of the fractured well, respectively. 
The high-density zone in the NW exhibits a circle with a radius of 
about 50 m, while the high-density area in the SE presents a strip 
about 200 m long, oriented NE-SW. These two areas characterized 
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FIGURE 7
Plane distribution of focal mechanism beach balls and fault rods.

FIGURE 8
Strike rose diagram: (a) and strike-dip rose diagram; (b) of fracture surface based on focal mechanism.

by frequent microseismic activity are hypothesized to form relatively 
large-scale fracture networks.

When the fluid enters the reservoir during hydraulic fracturing, 
the original stress balance is disrupted, leading to the occurrence 
of microseismic events. Consequently, the spatial distribution 

characteristics of microseismic events reveal both the primary 
flow direction and influence range of the fracturing fluid. They 
also indicate the expansion direction and formation range of 
hydraulic fractures and identify the areas with better stimulation 
effects. Through the spatial distribution characteristics of the above 
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FIGURE 9
Distribution map of in situ stress.

microseismic events, it is indicated that the reservoir stimulation is 
predominantly concentrated within 200 m near the well. And the 
dominant direction of hydraulic fracture expansion is oriented NE 
- SE, with notable zones exhibiting effective reservoir stimulation 
located in both NW and SE directions respectively, providing a 
basis for the subsequent well location layout and target design. 
From an engineering perspective, this implies that the observed 
stimulation pattern has established effective flow paths, which is a 
prerequisite for efficient heat transfer and sustainable production. 
Therefore, the distribution characteristics revealed in this study lay 
a solid geological foundation for subsequent well placement and the 
design of optimal injection-production strategies to maximize heat 
extraction efficiency. 

3.2 Inversion of focal mechanism and in 
situ stress

3.2.1 Focal mechanism inversion
The focal mechanism inversion obtains the beach balls and fault 

rods corresponding to each microseismic event, with the spatial 
distribution results illustrated in Figure 7. In terms of fracture 
mechanisms, approximately 47.5% are identified as strike-slip faults, 
while around 35.6% are classified as normal faults. Consequently, 
the hydraulic fracturing process is predominantly characterized by 
strike-slip and normal faulting mechanisms. An analysis of the strike 
and dip angles of the fracture surfaces for these microseismic events 
reveals that (as shown in Figure 8) the dominant strike direction is 
NW, followed by NNW and NWW. The dip angles primarily exceed 
40°, indicating a distinct prevalence of medium to high-angle dips.

The essence of microseismic events is the process of energy 
release due to rock mass rupture or sliding of existing faults, and the 
focal mechanism solution serve as core parameter for quantitatively 
describing this process. The focal mechanism of microseismic events 
provides source parameters and fracture parameters, revealing 
the fracture mechanism of hydraulic fractures in reservoirs and 

offering a key basis for achieving the “visualization” of the reservoir 
simulation process of hot dry rock. In this section, the fracturing 
mechanism mainly consists of strike-slip faults and normal faults. 
The fracture surface mainly is oriented towards the NW with a 
relatively high dip angle, indicating minimal resistance to expansion 
along this direction; hence, vertical extension predominates among 
fractures. Furthermore, development patterns involving high-angle 
strike-slip faults and normal faults may signify potential geological 
risks necessitating adjustments to subsequent fracturing parameters 
to mitigate such hazards. 

3.2.2 In-situ stress inversion
To intuitively obtain the stress state of the reservoir, the 

confidence intervals of the three-dimensional stress from the focal 
mechanism of all events were processed. The in situ stress inversion 
results are presented in Figure 9. In the figure, red, green and 
blue represent the direction of the maximum principal stress, the 
intermediate principal stress and the minimum principal stress, 
respectively. The closest to the center of the circle represents 
the vertical stress, while the other two represent the maximum 
horizontal stress and the minimum horizontal stress. The results 
indicate that the vertical stress is the maximum principal stress, 
ranging from 345° to 15°, with an average azimuth of 0.36°. The 
azimuth is approximately north, and the dip angle ranges 20°–35°. 
The maximum horizontal stress is the intermediate principal stress, 
with an azimuth range of 115°–140°, an average azimuth of 131.29°, 
and an dip angle of approximately 65°–80°. The minimum horizontal 
stress is the minimum principal stress, the azimuth range is 
210°–240°, the average azimuth is 228.28°, and the inclination angle 
is also about 65°–80°. Notably, the direction of the maximum 
horizontal principal stress in the reservoir aligns with an NW-
SE trend, which is consistent with the result that microseismic 
events display an almost elliptical spatial distribution with the NW-
SE direction as the major axis.

In-situ stress is the core factor that control the initiation, 
propagation direction and network morphology of fractures in hot 
dry rock fracturing. The inversion of in situ stress elaborately depicts 
the spatial distribution of the stress field, reveals the stress state of 
the fracturing section, and serves as a crucial basis for optimizing 
subsequent fracturing construction plans. In this fracturing section, 
the maximum principal stress is identified as vertical stress with 
a relatively small dip angle, which indicates that the rock mass is 
mainly subjected to vertical compression; tensile or shear stress is 
prone to occur in the horizontal direction, resulting in horizontal or 
gently inclined tensile fractures. The maximum horizontal principal 
stress aligns along the NW-SE direction with a relatively large 
dip angle, which may promote the formation of high-angle shear 
cracks. The complex combination of the two types of fractures 
could potentially establish the dominant fluid channel within the 
reservoir. It is worth noting that the larger vertical stress leads to the 
closure risk of horizontal fractures in the reservoir, which should be 
considered in the later reservoir stimulation. 

3.3 Inversion of permeability

Based on the distribution range of microseismic events, a 
discrete network model centered on the fracturing well was 
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FIGURE 10
Numerical distribution histogram of hydraulic fracture permeability.

FIGURE 11
Slices of hydraulic fracture permeability (a) and microseismic event density (b) at the depth of 4,619 m.

established to calculate the permeability of hydraulic fractures. 
The results indicate (as shown in Figure 10) that the number 
of hydraulic fractures with a permeability of 0–10 md is the 
largest. With the increase of permeability, the number of hydraulic 
fractures decreases significantly. The permeability predominantly 
ranges within 0–50 mD, and the maximum value exceeded 300 mD. 
The depth corresponding to the maximum hydraulic fracture 
permeability value is 4,619 m. The slice of the hydraulic fracture 
permeability body at this depth is presented in Figure 11a. It can be 
observed that the permeability in the NW direction of the fracturing 
well is higher than that in other areas. The high-permeability areas 
are distributed along the X direction from −100 to −250 m and in 
the Y direction from 0 to 200 m, with the maximum value located 

approximately 200 m NW of the well. Comparing with the 4,619 m 
depth slice of the microseismic event density body (Figure 11b), it is 
determined that the permeability of hydraulic fractures aligns with 
the distribution trend of microseismic event density.

The inversion of permeability quantitatively characterizes the 
distribution of permeability following reservoir stimulation. This 
approach effectively evaluates the effect of reservoir stimulation, 
delineates the areas with higher permeability, and provides a 
foundation for the direction design of well groups. According to 
international experience, reservoir permeability generally needs to 
exceed 100 mD to achieve efficient exploitation of hot dry rock 
(Cui et al., 2020; Mohais et al., 2016). The hydraulic fracture 
permeability in this fracturing section is mostly distributed within 
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FIGURE 12
Distribution of continuous fracture network: (a) X-Y top view; (b) X-Z side view; (c) Y-Z side view.

FIGURE 13
Model for evaluating stimulated reservoir volume: (a) X-Y top view; (b) X-Z side view; (c) Y-Z side view.

the range of 0–50 mD, exhibiting relatively high values near the 
well, particularly in the northwest direction. Thus, further artificial 
stimulation of the reservoir in this section is necessary to facilitate 
the development of hot dry rock resources. Additionally, the 
permeability of the fracturing well in the NW direction is relatively 
high, which can be served as the main reference direction for the 
subsequent layout of well locations. 

3.4 Evaluation of stimulated reservoir 
volume

Based on 5,449 microseismic events of this fracturing section, 
a continuous fracture network model was established (as shown in 

Figure 12). The resulting model indicates that the fractures exhibit 
an approximately elliptical shape oriented in the NW-SE direction, 
which aligns well with both the spatial distribution of microseismic 
events and analyses pertaining to focal mechanisms and in situ stress 
conditions. Based on this model and the results of rock physics 
experiments, an average fracture height of 5 m and a fracture 
influence radius of 4 m (Li et al., 2023c) were taken to establish 
a volume model for fracturing reservoir stimulation (Figure 13). 
The calculated stimulated reservoir volume is about 7.73 million 
m3, indicating that the effects of reservoir reconstruction
are favorable.

Stimulated reservoir volume serves as a crucial indicator for 
verifying the effectiveness of fracturing and evaluating the fracturing 
effect (Ren et al., 2024). The stimulated reservoir volume is evaluated

Frontiers in Earth Science 12 frontiersin.org

https://doi.org/10.3389/feart.2025.1688302
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xu et al. 10.3389/feart.2025.1688302

by establishing a continuous fracture network model to further 
enhance the evaluation accuracy of reservoir stimulation. This 
study referred to the analysis method of time-space connectivity 
of microseismic events proposed by Alexandre et al. (2015), 
iteratively expanding the network of microseismic event occurrence 
points in chronological order, connecting discrete event points, 
and conducting continuous hydraulic fracture network modeling. 
Fracture height and heat transfer radius are key parameters in 
the evaluation of stimulated reservoir volume. To avoid parameter 
arbitrariness, this study adopted the average value of experimental 
data for assignment, and constructed the three-dimensional spatial 
fracture network. The evaluation result indicated that the stimulated 
reservoir volume in this section is approximately 7.73 million 
m3, which can basically meet the development requirements of 
hot dry rock, confirming the effectiveness of artificial fracturing 
for reservoir stimulation. In view of the fact that the reservoir 
permeability is not at a high level at present, it is suggested 
that the follow-up stimulation should focus on improving the
reservoir permeability. 

4 Conclusion

This paper established an evaluation method for the reservoir 
stimulation of dry hot rock based on microseismic monitoring 
methods and actually applied it to the dry hot rock development site 
in Jiangsu, China. The following conclusions were drawn: 

1. The microseismic monitoring system utilizing shallow 
combined borehole geophones was established, successfully 
recording 5,449 microseismic events during reservoir 
stimulation. The spatial distribution of these microseismic 
events on the horizontal plane exhibits an influence range 
extending up to 550 m from the fracturing well, forming a 
nearly elliptical pattern with a NW-SE orientation as the major 
axis. The isodensity map indicates that microseismic events 
are concentrated within 200 m near the well, with notable 
high-density areas observed in both NW and SE directions. 
This finding highlights the dominant expansion direction 
of hydraulic fractures and the areas exhibiting enhanced 
stimulation efficacy, providing a basis for subsequent well 
location layout and target design.

2. The rupture mechanism of reservoir hydraulic fractures 
predominantly consist of strike-slip faults and normal 
faults, with a prevailing strike orientation towards the NW 
and primarily medium to high dip angles. The in situ
stress in the reservoir reveal that the maximum principal 
stress corresponds to vertical stress, oriented approximately 
northward, while the direction of maximum horizontal stress 
is aligned NW-SE, which is consistent with the dominant 
direction of the distribution of microseismic events. The 
above analysis offers suggestions for subsequent fracturing 
operations and engineering development initiatives.

3. The inversion of reservoir permeability indicates that most 
areas exhibit permeabilities ranging from 0 to 50 mD, with 
a maximum value exceeding 300 mD. Notably, permeability 
is higher in the NW direction, which aligns with the 
distribution characteristics observed in microseismic events. 

Furthermore, the stimulated reservoir volume was evaluated 
as approximately 7.73 million m3. The findings improve the 
accuracy of reservoir reconstruction evaluation, and provides 
a reference for the subsequent implementation of hot dry rock 
development.
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