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Abstract: Numerous investigations have suggested that seismic source parameters and properties of the 
surrounding medium harbor valuable information regarding alterations in stress fields and medium properties 
at the focal depth. Monitoring the spatial and temporal evolution of these parameters can yield insights into 
variations in stress fields or medium properties within the seismogenic zone, offering a critical avenue to 
overcome the Earth's inaccessible nature. In recent years, modern seismic parameters such as seismic moment, 
focal mechanism solution, source stress drop, corner frequency, radiated seismic energy, rupture radius, and 
apparent stress have been increasingly used to characterize source characteristics. The Sichuan region is 
situated on the southeastern edge of the Qinghai-Tibet Plateau and is known for its strong eastward extrusion 
and structural deformation. The main fault zones in the area include the Xianshuihe Fault, Anninghe Zemuhe 
Fault, and Longmenshan Fault. This paper estimates source parameters of small to medium-sized earthquakes 
(ML 1.5-5.2) in the main fault zones and adjacent areas in Sichuan. A total of 4,310 earthquake stress drop 
measurements from 2019 to 2023 were analyzed to create a stress distribution image along the fault. This 
earthquake parameters training catalog provides insight into how coseismic stresses change and their 
relationship with other geophysical factors, as well as their spatial and temporal evolution. 

Keywords: source parameters training catalog; self-similar earthquake scaling; stress drop; spatio-
temporal evolution 

 

1. Introduction 

The earthquake process involves two fundamental interrelated links: the tectonic background 
and the seismogenic environment. The tectonic background refers to the large-scale dynamic energy 
required for earthquake occurrence, while the seismogenic environment pertains to local conditions 
under which strong earthquakes occur. It depends on the physical properties of the medium, tectonic 
activity, and stress state of the location where the earthquake occurs [1,2]. 

Earthquakes are the result of sudden instability and rupture caused by the continuous 
accumulation of strain in discontinuous deformation areas, ultimately reaching the limit state under 
regional tectonic stress provided by the tectonic background [3]. Non-continuous structural areas are 
often where strain is most easily accumulated and structural deformation is strongest, making them 
favorable locations for strong earthquake development. 

Experiments in Structural Physics [4–8] have indicated that main-aftershock type earthquakes 
predominantly occur in homogeneous medium environments. In contrast, fore-main-aftershock type 
earthquakes and swarm type earthquakes tend to occur in complex tectonic environments. Analysis 
of the modern tectonic stress field and intense seismic activity suggests a significant correlation 
between stress distribution and the occurrence as well as recurrence of earthquakes.  

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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On the one hand, regions experiencing strong and complex tectonic stress, as well as changes in 
the direction and type of stress, are more susceptible to powerful earthquakes. It is common for large 
earthquakes to occur in areas where there is a relatively high accumulation of stress within active 
fault zones or in sections where fault zones are relatively locked; On the contrary, the local stress 
variation area in a uniform stress field background is an area where strong seismic activity is 
relatively concentrated. Under specific conditions, even a small stress variation of 0.1 bar magnitude 
can significantly impact seismic activity. Research conducted by Xu et al. [9] has indicated that faults 
capable of generating high magnitude earthquakes often exhibit low b-values and high stress 
anomaly segments. Additionally, their pre-earthquake locking characteristics are essential 
prerequisites for stress or strain accumulation and the occurrence of high magnitude earthquakes.\ 

The type of earthquake sequence is also influenced by the overall level of stress. Isolation-type 
earthquakes typically occur under conditions of high prestress and/or low rupture strength, while 
front-main-residual type earthquake sequences tend to occur under conditions of medium prestress 
and/or medium rupture strength. Additionally, swarm-type earthquake sequences are associated 
with low prestress and/or high rupture strength conditions [10]. 

When utilizing seismological methods to assess the risk of significant earthquakes within a 
research area, the M6.0 earthquake in Parkfield in 2004 serves as a typical illustration. Allmann and 
Shearer [11] emphasized that enhanced stress is often observed in fault areas prior to a strong 
earthquake, and there is a substantial decrease in regional stress drop following the event. Hardebeck 
and Aron [12] proposed that regions with higher strength or subjected to greater external shear stress 
are more likely to exhibit higher source stress drop, and areas with concentrated distribution of high 
stress drop may serve as potential nucleation sites for moderate to large magnitude earthquakes. 

In addition, stress intensity provides crucial information regarding the potential energy release 
of earthquakes, while stress characteristics offer insights into the possible types of earthquakes. 
Tensile stress indicates regions under tension and suggests a potential occurrence of earthquakes on 
normal faults; compressive stress points to areas under compression, indicating a likelihood of 
earthquakes on reverse faults; neutral stress implies a strike-slip earthquake. Therefore, conducting 
quantitative research on the state of stress and its variations in the deep seismogenic layer is an 
essential method for investigating the issue of predicting strong earthquakes. 

Due to challenges such as the difficulty in accessing the Earth's interior and the infrequency of 
large earthquakes, direct measurement of stress and intensity in the deep crust remains elusive for 
humans. Numerous studies have indicated that earthquake source parameters and medium 
properties contain valuable information about changes in stress fields and medium properties at the 
focal depth. Monitoring the spatio-temporal evolution of these parameters can provide insights into 
changes in stress fields or medium properties within the seismogenic zone, offering an important 
means to overcome the Earth's inaccessibility. 

Scientists use various physical parameters to describe an earthquake, and these parameters that 
depict the mechanical characteristics of the source are known as the source mechanical parameters, 
abbreviated as the source parameters. Traditional "earthquake statistics" typically only focus on the 
"time, space, and intensity" sequence of earthquakes. In recent years, modern seismic parameters 
such as seismic moment, focal mechanism solution, source stress drop, corner frequency, radiated 
seismic energy, rupture radius, and apparent stress have been increasingly utilized to characterize 
source characteristics.  

A plethora of earthquake examples indicate that the physical properties of large earthquakes 
differ from those of small and moderate earthquakes in actual earthquake processes. The source 
characteristics of the former largely reflect the seismic tectonic background, stress mode of the source, 
and result in a larger rupture area, while small and moderate earthquakes more so reflect non-
uniform changes in stress state within a smaller area. The study of source parameters of small and 
moderate earthquakes not only serves as the basis for exploring the source process of large 
earthquakes but also provides new insights for studying regional stress states and evaluating 
potential earthquake magnitudes. 
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The Sichuan region (Figure 1) is situated on the southeastern edge of the Qinghai-Tibet Plateau 
and is known for its strong eastward extrusion and structural deformation. The main fault zones in 
the area include the Xianshuihe Fault [13], Anninghe Zemuhe Fault, and Longmenshan Fault. Over 
an extended period of geological evolution, this research region has undergone complex structural 
deformation, leading to a diverse seismic activity behavior within a dynamic environment. 

 
Figure 1. Distribution of epicenters involved in calculations. 

The gray circle represents the background seismic event, while the orange circle signifies the 
seismic event that is involved in the calculation of source parameters. Additionally, the blue box 
indicates the six main tectonic areas in Sichuan.  

Sichuan is an important area for strong earthquake monitoring in China, with at least 15 
earthquakes of magnitude ≥ 7 occurring in just over 200 years. There are significant differences in the 
seismic activity characteristics of the regional main and secondary faults. Strong earthquakes of 
magnitude ≥7 mostly occur on the Xianshuihe fault. No earthquakes of magnitude ≥ 7 have occurred 
on the Anninghe fault since 1536, the Zemuhe fault since 1850, the Jinshajiang fault since 1870, or the 
Litang fault since 1948. Therefore, understanding the changes in stress state among different faults 
within this research area has become a focus of attention. 

To understand the current stress distribution characteristics of the primary active faults in the 
region and identify sections where relatively high stress accumulation is occurring, this paper 
estimates the source parameters of small and medium-sized earthquakes (ML 1.5-5.2) in the main fault 
zones and adjacent areas in Sichuan. A total of 4,310 measurements of earthquake stress drops during 
the 5-year period from 2019 through 2023 are analyzed to draw a stress distribution image along the 
fault. The study discusses the stress distribution characteristics on major faults, variations of seismic 
stress drop with location, and correlations between stress-strain loading and regional deformation 
dynamic processes based on geometric structure, activity habits, and temporal spatial distribution of 
modern seismic activity in different sections of the region. This earthquake parameters training 
catalog provides an opportunity to understand how coseismic stresses change and how other 
geophysical factors relate to the distribution of stress drop as well as its evolution in space and time. 

2. Main Fault Zones and Their Activity 
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2.1. Longmenshan Fault Zone (LMS) 

The Longmenshan fault zone is located on the eastern edge of the Qinghai Tibet Plateau, at the 
junction of the Bayankala block and the Yangtze block. The Longmenshan fault zone has four main 
faults developing from northwest to southeast: the Maoxian Wenchuan Fault (Houshan Fault), the 
Beichuan Yingxiu Fault (Central Fault), the Jiangyou Guanxian Fault (Qianshan Fault), and the 
Guangyuan Dayi Fault (Hidden Fault in front of the Mountain). The dextral strike slip rate (<1mm/a) 
and vertical slip rate (<1mm/a) of the Longmenshan fault zone are both very small [14,15], and 
multiple periods of sliding have occurred. The secondary fault exhibits long-term creep deformation 
characteristics [16,17]. 

The 2008 Wenchuan 8.0 earthquake occurred on the Longmenshan Fault zone, causing both the 
Beichuan Yingxiu Fault (Central Fault) and the Jiangyou Guanxian Fault (Qianshan Fault) to rupture 
simultaneously. The surface rupture zone of the central fault is about 240km long, mainly 
characterized by reverse fault displacement, and also has a right lateral strike slip component. The 
surface rupture of the Qianshan Fault is about 72km long, which is a typical reverse fault 
displacement property. The 2013 Lushan 7.0 earthquake occurred in the southern section of the 
Longmenshan Fault zone, which was a blind reverse fault type earthquake. No structurally 
significant fractures were found on the surface. 

2.2. Xianshuihe Fault (XSH) 

The Xianshuihe fault of western Sichuan Province, China, is one of the world's most active faults, 
can be divided into two segments of different structural styles, jointing at the pull-apart area of 
Huiyuan Monastery. The northwestern segment has a relatively simple geometric structure. While 
the southeastern segment exhibits a complex structure composed of several branches. In the southern 
part of Huiyuansi, the fault is divided into three secondary parts as Yalahe fault, Selaha fault, and 
Zheduotang fault. To the south of Kangding, it is manifested as a main fault with only local branching 
phenomenon, known as the Moxi fault. 

The Xianshuihe fault is a highly active strike-slip fault system. Since earthquake records began 
in 1700, the Xianshuihe fault has experienced eight M＞7.0 earthquakes,  accounting for about half 
of the total earthquakes of the same magnitude in the entire western Sichuan region. The surface 
rupture zone of the earthquake almost covers various sections of the entire fault. 

2.3. Jinshajinag Fault (JSJ) 

The Jinshajiang fault is composed of multiple SN direction arc-shaped secondary reverse faults 
and the NNE trending Batang fault. There is almost no seismic activity on the arc-shaped secondary 
fault. Moderate historical earthquakes have occurred on the west segment of the Batang Fault, such 
as the earthquakes of 1989 M6.7, 2006 M 5.0, M 5.4 and M 5.6 in Balongda. From the perspective of 
active structure, the arc-shaped secondary reverse fault is a complex fracture zone composed of 
numerous small faults and fault combinations, which is not easy to concentrate stress. Seen from 
Google earth images, the Batang fault has a clear geomorphic expression, however, geometry and 
late Quaternary slip-rate are still unknown. 

2.4. Muli-Yanyuan Fault (MLI) 

The active fault system of this unit is mainly composed of the NE oriented Lijiang Xiaojinhe fault 
zone and secondary faults parallel to it, in addition to the Muli Arc Fault, Zhongdian-Daju Fault, and 
Ninglang Fault. These main and secondary active faults intersect and intersect locally, resulting in 
frequent seismic activity in this unit both historically and today. Among them, the Lijiang-Xiaojinhe 
Fault cuts through the Research diamond block and divides it into two parts: the northwest Sichuan 
secondary block and the central Yunnan secondary block. The Ninglang-Yanyuan and Muli areas are 
located at the junction of the south and north secondary blocks. 

2.5. Anninghe-Zemuhe Fault Zone (ANH) 
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The Anninghe Fault zone is located on the axis of the Kangdian earth axis, starting from Shimian 
in the north and extending through Xichang to the Huili area. It generally runs in an NS direction 
and is mainly characterized by sinistral strike slip movement. In history, this area may have occurred 
1470 AD earthquake.The Mianning-Xichang area in the southern section of the Anninghe fault was 
the main rupture part of the M 7½ in 1536.But since the M 63/4 earthquake in south of Mianning in 
1952, there have been no larger earthquakes on the Anninghe Fault. A modern seismic gap gradually 
formed with the Liziping-Xichang section as the core, with the background of the first kind seismic 
gap. 

The northern end of the Zemuhe fault is connected to the Anninghe fault, and the southern end 
is connected to the Xiaojiang fault. It extends from Xichang through Puge and Ningnan to Qiaojia, 
with an overall trend of 330°. There have been M 7 earthquakes in 814 AD and M 7½ earthquakes in 
1850. The most recent moderate earthquake was the Xichang M5.1 earthquake on October 31, 2018. 
The Zemuhe fault is mainly characterized by sinistral strike slip movement, with a sinistral strike slip 
rate of about 6.4 ± 0.6 mm/a in the Holocene [13], accompanied by a normal fault dip slip component 
between Xichang and Puge [18]. In the southwest of Qiaojia, the southernmost fault of the Zemuhe 
fault zone deviates towards the south southwest direction. 

2.6. Daliangshan Fault (DLS) 

The Daliangshan fault is left-lateral strike-slip fault approximately 250 km long. The 
Daliangshan fault has a complex fault geometry characterized, and mainly composed of four 
secondary faults, including the Yuexi Fault, Puxiong Fault, Butuo Fault, and Jiaotong River Fault. 
The historic earthquake record is no M≥6.0 strong earthquakes on the Daliangshan fault. But seismic 
and geological studies have confirmed that the fault has experienced prehistoric strong earthquakes 
and has the structural conditions for the breeding and occurrence of strong earthquakes [19–21]. 

3. Database 

The estimation of source parameters is of great significance to reveal whether the rupture 
mechanism of large and small earthquakes has the same physical process, and to apply source 
parameters to the study of earthquake prediction and to understand the physical properties of 
earthquakes. The effective stress, stress drop, and source size can be estimated by comparing the 
measured seismic spectrum with the theoretical spectrum [22]. Static stress drop is the simplest 
method to measure the overall reduction in shear stress caused by sliding of fracture zones [23]. It is 
the difference between the average shear stress on the fault zone before and after the earthquake, and 
represents the stress released on the fault plane during the earthquake. Assuming that the static initial 
shear stress on the fault plane before the earthquake is ߪଵ and the final shear stress on the fault plane 
after the earthquake is ߪଶ, the static stress is reduced by  

ߪ߂  = ଵߪ −  ଶ      (1)ߪ

The average stress is 

ߪ̄  = ఙభାఙమ
ଶ

       (2) 

Since the stress drop of a real earthquake varies throughout the fault zone, the overall static 
stress drop is the sliding weighted average of the spatially variable stress drop [23]. 

The corresponding dynamic stress drop is more complex because the space-time history of stress 
drop can be quite variable. Any individual part of the fault plane may have a variable stress drop 
during sliding. Due to the impossibility of reliably inverting seismic waves to determine the complete 
spatiotemporal process of dynamic stress drop, the simplest viewpoint is that the dynamic stress 
drop is constant on the spatiotemporal window of fault sliding.  

When the earthquake rupture begins to expand, the stress at this point gradually increases to 
the horizontal stress ߪ௦ that the rock can withstand, the rupture occurs at this point. For the region 
without rupture, ߪ௦ is the shear fracture strength of the material or rock. To have broken down, for 
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the two discs of the fault and squeezed together by static friction stress, ߪ௦ is the maximum static 
friction stress. When sliding occurs, the stress decreases from ߪ௦ to the dynamic friction stress ߪ௙, 
and the dynamic friction stress ߪ௙ remains unchanged during sliding. As the rupture process on the 
whole fault surface stops, the stress transitions from the dynamic friction stress ߪ௙ to the final stress 
  .ଶߪ

The shear rupture strength, or the difference between the maximum static friction stress ߪଶ and 
the dynamic friction stress ߪ௙, is called the effective stress ୣߪ 

ୣߪ  = ୱߪ −  ୤      (3)ߪ

In the Brune [22] disk model, assuming that shear failure occurs simultaneously and ߪଵ =  ,ୱߪ
the effective stress ୣߪ is the dynamic stress drop ୢߪ߂ 

ୢߪ∆  ≈ ୣߪ = ଵߪ −  ୤                            (4)ߪ

Seismologists generally use simple constant stress drop model to estimate the seismic stress 
drop. In the method of estimating stress drop using the scaling relation [24,25], regardless of the 
details of fault geometry and slip distribution, assuming that the earthquake rupture process is a 
linear elastic process in semi-infinite space. The basic formula for stress drop is as follows 

ߪ߂  ≈  (5)       ܮ/ഥܦߤ

where ܦഥ is the average displacement that occurs on a fault of length L at the time of the earthquake, 
 is the elastic shear modulus. Since seismic moment (M0) for most large earthquakes can be reliably ߤ
determined from seismic waves, rewrite the above equation as: 

ഥܦ  ≈  ଶ      (6)ܮߤ/଴ܯܿ

where ܿ is the fault shape parameter，ܿ =  refers to the length of the fault, and ܹ refers to ܮ，ܹ/ܮ
the width of the fault. Then 

ߪ߂  ≈  ଷ      (7)ܮ/଴ܯܿ

or 

ߪ߂  ≈  (8)      ܣܮ/଴ܯܿ

 is the fault area.From formula (7) and (8), we need three quantities to calculate stress drop: a ܣ
measurement of the seismic moment (ܯ଴ ), some estimate of the fault area (A), and then some 
appropriate choice for the characteristic fault dimension (ܮ). 

In practice, it is very difficult to determine the characteristics of seismic source rupture. It is 
common to assume a theoretical rupture model to calculate the stress drop, then different geometric 
coefficients ܿ and fault feature length ܮ are taken according to the calculation model [25]. For large 
earthquakes, the rupture scale in the direction of the fault can be tens to hundreds of kilometers, the 
depth direction is limited by the focal depth, and generally adopt ܮ×ܹ rectangular model, taking 
ܿ =   is expressed as ߪ߂ then the stress drop ,ߨ/2

ߪ߂  = ଶ
஠

∙ ெబ
௅మௐ

      (9) 
For the infinite dip-slip fault model, 

 ܿ = ߣ）4 + ߣ）ߨ/（ߤ +  (10)     （ߤ2
 .is the Lame coefficient ߣ
For small magnitude earthquakes, Brune's [22] disk rupture model is often used, which assumes 

that earthquake rupture occurs on a circular fault plane with uniform stress drop and constant 
rupture velocity. Usually c=7π/16, take the disc radius ݎ, stress drop is expressed as 

ߪ߂  = ܿ ெబ
 ௅஺

= ଻஠
ଵ଺

ெబ
 ௥⋅஠௥మ = ଻

ଵ଺
ெబ
 ௥య     (11) 
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For the acquisition of the rupture radius ݎ, the source rupture process can be retrieved from the 
far-field seismic records in seismology, by the frequency domain of corner frequency ௖݂  indirect 
access to the source physical dimension information [26,27], expressed as 

ݎ  = ଶ.ଷସఉ
ଶ஠௙ౙ

      (12) 

 .is the shear velocity near the source ߚ
Then formula (11) is rewritten as 

ߪ߂  = ଻ெబ
ଵ଺

ቀ ௙ౙ
௞ఉ

ቁ
ଷ
       (13) 

݇ is a constant, depending on the type of model used to correlate the relationship between the 
corner frequency ௖݂  and the focal rupture radius ݎ. In Brune [22] model, ݇ = ଶ.ଷସ

ଶ஠
= 0.37; In the 

Madariaga [28] model, ݇ = 0.21 [29,30]; In Sato and Hirasawa [31], ݇ depends on the source rupture 
velocity [32]. 

The ߪ߂ obtained by equation (13) is proportional to the cube of ௖݂, so the stress drop ߪ߂ is very 
sensitive to the error of ௖݂. Even if the fault model is close to the actual fault, the small observation 
error of ௖݂  will reduce the reliability of ߪ߂ , which is also the limitation of the traditional 
seismological method to give the seismic stress value. 

4. Results 

4.1. Scaling Relationships of Earthquake Source Parameters 

The relationships between earthquake source parameters like seismic moment ܯ଴ ， or 
magnitude ܯ୐, moment magnitude ܯ୛,stress drop ߪ߂, corner frequency ௖݂, and source scale r ,are 
termed as scaling relations [33,34]. The self-similar of earthquakes is manifested on many scales, 
which means that stress drops remain constant over a large range of earthquake magnitudes, and 
fault sliding systematically increases with the fracture area. However, other studies have emphasized 
the possible self-similarity bias at regional and global scales, indicating that stress reduction may vary 
with earthquake magnitude and different regions [35,36].  

Here, we try to unravel measurement uncertainty and potential physical differences in 
earthquake source processes by analyzing source spectra of more than 4,310 micro-earthquakes 
ranging from ML 1.5 to ML 5.2 in the 5-yr time period from 2019 through 2023. Analyzing a large 
number of small-magnitude earthquakes enables us to better resolve statistically significant 
variations in source parameters, such as stress drops, even if scatter is high. We analyze seismograms, 
including those of numerous small earthquakes, to calculate the scaling relations of seismic source 
parameters in six tectonic zones (Table 1).  

Table 1. Scaling relations of seismic source parameters in six tectonic zones. 

LMS XSH JSJ 
(݈݁ܽܿݏ)݈݃ = ௐܯ0.26 + (݈݁ܽܿݏ)݈݃ 1.59 = ௐܯ0.34 + (݈݁ܽܿݏ)݈݃ 1.46 = ௐܯ0.37 + 1.29 

௅ܯ = ௐܯ1.36 − ௅ܯ 0.76 = ௐܯ1.21 − ௅ܯ 0.63 = ௐܯ1.06 − 0.24 
ௐܯ = ௅ܯ0.66 + ௐܯ 0.75 = ௅ܯ0.74 + ௐܯ 0.72 = ௅ܯ0.84 + 0.47 

(଴ܯ)݈݃ = ௐܯ1.47 + (଴ܯ)݈݃ 9.19 = ௐܯ1.49 + (଴ܯ)݈݃ 9.12 = ௐܯ1.46 + 9.21 
(଴ܯ)݈݃ = ௅ܯ0.95 + (଴ܯ)݈݃ 10.45 = ௅ܯ1.05 + (଴ܯ)݈݃ 10.37 = ௅ܯ1.22 + 9.96 

MLI ANH DLS 
(݈݁ܽܿݏ)݈݃ = ௐܯ0.39 + (݈݁ܽܿݏ)݈݃ 1.31 = ௐܯ0.22 + (݈݁ܽܿݏ)݈݃ 1.57 = ௐܯ0.26 + 1.51 

ௐܯ = ௅ܯ0.61 + ௐܯ 1.11 = ௅ܯ0.67 + ௐܯ 0.88 = ௅ܯ0.67 + 0.86 
௅ܯ = ௐܯ1.25 − ௅ܯ 0.76 = ௐܯ1.33 − ௅ܯ 0.89 = ௐܯ1.35 − 0.89 

(଴ܯ)݈݃ = ௅ܯ0.89 + (଴ܯ)݈݃ 10.79 = ௐܯ1.49 + (଴ܯ)݈݃ 9.13 = ௐܯ1.50 + 9.10 
(଴ܯ)݈݃ = ௐܯ1.47 + (଴ܯ)݈݃ 9.20 = ௅ܯ0.94 + (଴ܯ)݈݃ 10.64 = ௅ܯ0.96 + 10.51 
The moment magnitude ܯ୛  reflects the magnitude of deformation and is an absolute 

mechanical scale for describing earthquake size which does not cause saturation problems. So, it is 
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the best physical quantity for measuring earthquake size currently. By assuming specific models of 
fault geometry and fracture dynamics, the seismic moment of the source spectrum can be used to 
determine the size of the fracture. Here in six tectonic zones, as the moment magnitude increases, the 
source scale increases linearly (Figure 2).  

 
Figure 2. Moment magnitude ܯ୛ versus source scale (m). 

Both local magnitude ܯ୐ and seismic moment ܯ଴ or equivalently moment magnitude ܯ୛ are 
measures of basic properties of the earthquake source: ܯ୐ is proportional to the maximum of the 
moment-rate function, whereas ܯ଴ is proportional to its integral. Thus, theoretical considerations 
and empirical regressions show that, the values of ܯ୛  and ܯ୐  should be the same for special 
earthquakes caused by similar source processes. However, the observed data do not match the ideal 
situation.  

The observation that the theoretical 1:1 relationship breaks down in empirical relationships was 
explored by Hanks and Boore [37]. Ben-Zion and Zhu [38] proposed that an alternative cause of the 
deviation from 1:1 scaling could result from non-self-similarity of earthquake sources. For small 
events the heterogeneity of a tectonic stress field may lead to slip that does not grow substantially 
with rupture dimension, whereas for larger events the effect of small-scale stress heterogeneities is 
smoothed out. That means the evolution between the two extremes of small and large events could 
lead to the observed polynomial form of ܯ୐-ܯ୛ scaling. 

In our research，a difference was also observed between ܯ୛ and ܯ୐. We performed linear 
regressions for ܯ୛  versus ܯ୐ in different areas (Figure 3), and found that for small magnitude 
events, this 1:1 relationship is ineffective. However， from these data we observed systematic 
deviations of ܯ୐ relative to ܯ୛ , simultaneously fitting the linear scaling relationship between ܯ୐ 
and ܯ୛. The determination of ܯ୛ for small events is desirable to obtain robust a and b values in a 
recurrence relationship and the magnitude of completeness of the earthquake catalogue. 

To improve our understanding of these differences between ܯ୛ and ܯ୐, some studies suggest 
that it can be attributed to the variation in the physical properties, as attenuation and scattering along 
the path ,pore fluid pressure, temperature, and related changes in normal stress, interface 
morphology, and material properties [39,40]. 
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Figure 3. Moment magnitude ܯ୛ versus local magnitude ܯ୐. 

Seismic moment ࡹ૙ can be estimated during the spectral fitting [41,42]. Figure 4 shows that the 
six available seismic moment ࡹ૙ tensor catalogs for the sequence have similar dependence on local 
magnitude ۺࡹ.Seismic moments are observed within the range from 8.15 ×1012 to 7.41 × 1014 N·m.  

 
Figure 4. Seismic moment ܯ଴ versus local magnitude ܯ୐. 

4.2. Stress Drops Training Catalog 

Stress drop is a basic parameter that describes the characteristics of the source scale. Earthquake 
stress drop is defined as the difference in average shear stress on the fault plane before and after an 
earthquake, representing the stress released on the fault plane during the earthquake. This study aims 
to investigate the spatio-temporal distribution of static stress drop values of the six faults rupture 
seismic sequence in Sichuan. We observe that the vast majority of earthquakes have stress drop 
between 0.1 and 1 MPa, some earthquakes are between 1 MPa and 10MPa, a few earthquakes have 
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stress drop less than 0.1MPa, only few events are greater than 10MPa (Figure 5). We find several 
anomalous events with unusually high or low stress drops in the small earthquake parameters 
training catalog. Individual event stress drops show some scatter. Previous studies [11] have 
suggested that this divergence presumably caused by inherent uncertainty in the computation 
method and a combination of other effects, including uncertainty in corner frequency estimation, 
incomplete averaging of radiation pattern effects，heterogeneities in the physical properties of faults 
and simplified assumptions about the source model. 

Given these sources of uncertainty, it should not be assumed that a single stress drop estimate 
for a particular event can be generalized to an entire region. Analyzing a large number of small-
magnitude earthquakes enables us to better resolve statistically significant variations in stress drops 
even if scatter is high. In our study, the stress drop was calculated using the same analytical methods 
and the same source model assumptions for each earthquake in separate tectonic area, so their 
relative values should be meaningful. We therefore focus on the properties of the data set to obtain 
statistically significant differences in stress drop to study the relative stress drop between events 
generated under different tectonic conditions in Sichuan, although the absolute value of the stress 
drop remains somewhat model dependent. To detect a possible dependence in the highly scattered 
values, we classify seismic events in different tectonic zones. This classification of events allows us to 
calculate and investigate median stress drops for each tectonic region. We apply a bootstrap method 
over 100 resamples for each tectonic region and estimate the median stress drops which represent 
averages of individual stress drops which are highly scattered. These are listed in Table 2 for each 
tectonic regime. It is interesting to note that the median stress drop varies with magnitude in different 
tectonic zones. For most regions, the distribution of stress drops shows a clear peak that allows us to 
derive meaningful statistics. 

Table 2. The median stress drop varies with magnitude in six tectonic zones. 

LMS XSH JSJ 
 ߪ߂ median ࡸࡹ ߪ߂ median ࡸࡹ ߪ߂ median ࡸࡹ
2.0 0.32 2.0 0.35 2.0 0.65 
3.0 1.41 3.0 0.85 3.0 1.58 
3.5 1.73 3.5 1.38 3.5 3.72 
4.0 3.11 4.0 3.48 4.0 5.4 

MLI ANH DLS 
 ߪ߂ median ࡸࡹ ߪ߂ median ࡸࡹ ߪ߂ median ࡸࡹ
2.0 0.44 2.0 0.82 2.0 0.81 
3.0 0.78 3.0 1.70 3.0 2.55 
3.5 2.9 3.5 5.65 3.5 3.61 
4.0 5.4 4.0 9.82 4.0 5.60 

Recent observations have suggested that as earthquakes increase in magnitude, they radiate an 
increasingly large amount of energy [25,43], which implies that stress drop varies with magnitude. 
We also observed this phenomenon in this study. Although there are actual differences in the spatial 
patterns of stress drop with seismic moment in different faults (Figure 6), the overall stress drop value 
for small and medium earthquakes increases with the magnitude increase.  
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Figure 5. Plot of seismic moment and source radius with the lines of constant stress drop in six tectonic 
zones. 

 
Figure 6. The mean stress drop under different magnitudes rage in six tectonic zones. Blue hollow 
circle represents stress drop, yellow solid square represents the mean stress drop under different 
magnitudes. 

4.3. Spatial Variation of Stress Drops 

The spatial distribution of stress drop values in a complex seismic sequence could support a 
more complete understanding of the earthquake rupture process and the evolution of seismic 
sequences. It could also highlight areas where stress loading is focused, which would have 
implications for short and intermediate term seismic hazard estimates [11,29]. 

Figure 7 shows the individual stress drop estimates at the event locations. At first sight, we 
observe no obvious correlation with tectonic regime. However, we do observe areas with overall 
higher or lower average stress drop than their surrounding regions. A particularly striking feature is 
the region of low stress drop estimates along the XSH fault zone with average values below 2.78 MPa. 
Examples with higher-than-average stress drops are the ANH fault zone with values around 5.11 
MPa and the region near Qiaojia in Yunnan province.  
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Figure 7. Map view of stress drops for individual earthquakes in six tectonic zones. JSJ, Jinshajinag 
fault zone; LMS, Longmenshan fault zone; ANH, Anninghe-Zemuhe fault zone; XSH, Xianshuihe 
fault zone; MLI, Muli-Yanyuan fault zone; DLS, Daliangshan fault zone. 

The LMS fault zone shows a very heterogeneous stress drop pattern. We observe an apparent 
variation along strike with lower stress drop values near the hypocenter of the great Wenchuan 
earthquake of 2008, and higher stress drops both to the northeast and to the southwest. However, 
because of the dense clustering of events in this region and a variation of tectonic regimes over short 
distances, we need to look at a finer regional scale in order to clearly see differences and possible 
correlations in LMS fault zone. 

The stress drop also generally increases with depth [44]. Normal stress on faults increases with 
depth in the earth and has long been thought to be a potential factor influencing earthquake stress 
drops [45]. However, some studies have also interpreted the dependence of stress drop on focal depth 
as an observation illusion [46],which vary significantly along strike [47,48], and to depend on fault 
rheological and geometrical complexities [49]. 

We plot the stress drop distribution at a depth of 0-36km in six tectonic zones, and take the depth 
distribution of the stress drop on the LMS as an example to demonstrate. In order to effectively solve 
the color matching problem caused by the excessive range of data values, the stress drop data are 
drawn in Figure 8 after logarithmic selection. In LMS, the high stress drop values are distributed 
along the fracture trend and mainly occurred from 2019 to 2022. After interpolation along the central 
fault strike of Longmenshan fault and using the nearest neighbor algorithm to calculate the weighted 
average of grid points, it is found that stress drop estimates largely constant within the upper 9 km 
and show a sharp increase at 10km from 3 MPa to 10 MPa. After Delaunay triangulations 
interpolation [50–53] of the whole area, the data results show that the high stress drop events are 
concentrated in the depth range of 20-24km. Even though our study regions in LMS host some of the 
deepest seismicity in Sichuan, observations of stress drop as a function of depth show considerable 
variability and the systematic variation of stress drop with depth is not particularly obvious. 
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Figure 8. Stress drops variations as a function of depth in LMS. (a) Stress drop distributed along the 
fracture trend. (b) Variation of stress drop with depth over time domain. (c) Variation of stress drop 
with depth after interpolation along strike. (d) Variation of stress drop with depth after Delaunay 
triangulations interpolation of the whole area in LMS. (e) The triangular plane of Delaunay 
triangulations interpolation. 

5. Discussion 

Much research in recent years shows that the average difference in shear stress (static stress 
drop) on faults caused by earthquakes is usually between 0.1 MPa and 100 MPa [11,29,54–56]. In this 
paper we explore the small earthquake stress drop training catalog on the main faults in Sichuan, the 
stress drops are usually between 0.1 MPa and 10 MPa. It should be noted that there is considerable 
scatter in the stress drop estimates above about 30 MPa, which reflects large uncertainties in 
measuring corner frequencies that are near the 25-Hz upper-frequency limit of our analysis. Thus, 
these very high values should not be considered reliably resolved although they should be retained 
in computing median stress drops as they are almost certainly on the high side of the stress drop 
distribution [55,57,58].  

5.1. Self-similar Earthquake Scaling 

The source-scaling relationships, including whether stress drop is self-similar and magnitude-
invariant [34] or obeys a more nuanced scaling relation. Self-similar earthquake scaling has been 
observed at many scales, which means that stress drops remain constant across a wide range of 
magnitudes and that fault slip increases systematically with rupture area [34,59,60]. However, an 
increase in stress drops with seismic moment ࡹ૙ would imply non-self-similar earthquake scaling 
and whether this occurs has been the subject of considerable debate [41,57]. Other studies have 
emphasized on regional and global scale possible deviation of self-similarity, suggests that stress 
drops may change with earthquake magnitude in different areas [36]. But source parameter estimates 
often exhibit a puzzling degree of scatter [57], and results from different methods are often 
inconsistent, even when using the same underlying data set. 
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In our study, we have observed a consistent trend of increasing stress drop with magnitude, 
indicating the presence of self-similarity rule. The same equivalent stress drop line (Figure 5) can 
traverse at different seismic scales (ordinate), while the fracture scale (abscissa) and seismic moment 
(ordinate) have the same slope as the stress drop line, which indicates that there is a self-similarity 
between the fracture scale and seismic moment, and the stress drop can be a constant at different 
magnitude scales. 

It is important to note that the modeling assumptions can significantly impact the absolute 
values of stress drops, which may not accurately represent the true static stress drop of the 
earthquake rupture. Our focus in this study is on relative variations in stress drops, which were 
estimated consistently and can be interpreted as reflecting variations in high-frequency energy 
release. Higher and lower stress drops correspond to energetic and enervated events, respectively. 

5.2. Spatio-Temporal Stress Drop Evolution 

In addition to studies exploring systematic variations in stress drop with size, there have been 
continuous efforts to determine whether stress drop varies based on tectonic environment, faulting 
mechanism, or focal depth. Recent studies have identified spatial and temporal variations in stress 
drop in California [11,30,61], Japan [56,62,63], and New Zealand [64]. These papers suggest that 
spatial and temporal variations of stress drop have the potential to reveal heterogeneities and 
demonstrate more nuanced changes in the character of a stress field on a fault [12,65]. In this paper, 
the earthquake sequences are used for detailed studies of spatio-temporal variations in the stress state 
of the six main tectonic areas with different structural inheritance in Sichuan, to outline regions of 
alternating high and low stress drop. The relationship between stress drop and faulting regime could 
help to identify fault segments with relatively high stress accumulations, which generally indicate 
greater applied shear stresses or the presence of higher-strength materials [12].  

From the spatial distribution (Figure 7), we observe that regions of high and low stress drop 
alternate on either side of the six main tectonic areas. The events with highest stress drop are mostly 
in the ANH fault zone and the region near Qiaojia in Yunnan province. Our results suggest that the 
general degree of stress field heterogeneity and strain localization may influence stress drops more 
strongly，relatively high stress drop estimates correlate with relatively high fault strengths due to 
inferred low seismic coupling [47] or high fault heterogeneity [44]. 

Previous studies [66] show that changes in the patterns of high and low stress drop values are 
in line with the process of stress accumulation or transfer from the pre-mainshock to post-mainshock 
periods. Taking the LMS fault zone as a case study, we have re-evaluated the stress drop values of 
small and medium earthquakes occurring from 2013 to 2018 (Figure 9) and from 2019 to 2023 (Figure 
10). We have then compared the variations in these values between the two time periods.  

In Figure 9, two months after the Ms 7.0 event, the stress drops suddenly attenuate, with 
significantly less seismic energy release per event. A few high stress drop events occurred in the 
middle and northern section of LMS fault zone from 2013 to 2015. There are very few high stress drop 
events between 2019 and 2023. This means that even we observe considerable small-scale 
heterogeneity, it is still general stability and consistency over the entire time period in LMS fault zone. 
During the study period, the Lushan 6.0 earthquake also occurred in this area in 2020. We also 
observed no signicant change in the spatial distribution before and after the 2020 M6.0 earthquake. 
We deduce from this that the spatial variability in fault conditions is significantly greater than any 
temporal effects resulting from the coseismic or postseismic slip. 
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Figure 9. Stress drops variations from 2013 to 2018. (a) Stress drop distributed along the fracture trend 
from 2013 to 2018. (b) Variation of stress drop with depth after interpolation along strike. (c) Variation 
of stress drop with depth after nearneighbor interpolation of the whole area in LMS. (d) Variation of 
stress drop with depth over time domain. 
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Figure 10. Stress drops variations from 2019 to 2023. (a) Stress drop distributed along the fracture 
trend from 2019 to 2023. (b) Variation of stress drop with depth after interpolation along strike. (c) 
Variation of stress drop with depth after nearneighbor interpolation of the whole area in LMS. (d) 
Variation of stress drop with depth over time domain. 

6. Conclusion 

The spectral analysis of body waves from 100 Broadband Seismograph (BBS) stations within the 
Sichuan Seismic Network has been conducted to investigate the scaling relation and self-similarity of 
small to moderate size earthquakes in Sichuan. These scale relations encapsulate the unique 
characteristics of the study area and lay a foundation for future predictions of local seismic calibration 
coefficients in Sichuan. The primary objective behind establishing these scaling relationships is 
essentially to provide a benchmark against which data can be juxtaposed, thereby serving as a 
valuable reference point for analysis. 

The presence of stress drop scaling and coherent regional variations in source spectral 
parameters holds profound implications for earthquake physics and seismic hazard assessment. 
High frequency peak ground motions are, to some extent, contingent upon stress drop, thereby 
prompting the development of non-ergodic, region-specific ground motion prediction equations to 
accommodate systematic fluctuations in source parameters. Departures from self-similarity may 
carry significant ramifications for extrapolating observations of minor earthquakes to constrain the 
hazards posed by larger ones. 

The use of spatial and temporal variation in stress drops as a proxy for the seismic response of 
fault systems provides an optimal data setting to explore the relationship between fault mechanics, 
geological setting, and stress drop variation. The spatio-temporal distribution of stress drop values 
within a complex seismic sequence could potentially provide valuable support for a more 
comprehensive comprehension of the earthquake rupture process and the development of seismic 
sequences. Furthermore, it has the potential to identify specific regions where stress loading is 
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concentrated, thus carrying significant implications for short and intermediate-term estimations of 
seismic hazard. 
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