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Highlights: 

 Seismicity in the Yunnan area is sensitive to dynamic stress caused by distant 

strong earthquakes. 

 The ETAS models reveal a high proportion of forced seismicity and a weak 

magnitude-dependent aftershock productivity. 

 Triggered clusters repeatedly manifested in specific fault structures with 

enhanced fluid permeability. 

Abstract 

The Yunnan area is rich in geothermal fluids, and thus seismicity in this region is 

considered to be sensitive to stress turbulence by earth tides and distant strong 

earthquakes. We have identified 13 distant strong earthquakes out of 110 that have 

dynamically triggered seismicity with a statistical significance of β value greater than 

2 and β𝑒. The triggered seismic clusters show the following features. 1) Most clusters 

are distributed at special fault locations such as fault ends, fault bends, fault steps, and 

fault intersections. 2) Some clusters display clear fluid diffusion processes, with an 

increasing water temperature in nearby wells. 3) The ETAS models show a high 

proportion of forced seismicity and a weak dependence on magnitude for aftershock 

productivity. These results suggest that the triggered seismicity in the Yunnan area 

tends to concentrate in specific fault structures with enhanced fluid permeability, 

where the presence of overpressured fluids possibly makes the seismicity sensitive to 

dynamic stress triggering. 
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1. Introduction 

Dynamic triggering, caused by passing seismic waves [Brodsky and van der Elst, 

2014], results in oscillating stress perturbance on the fault plane, accelerating the fault 

rupture process and potentially causing immediate failure if the fault is critically 

stressed [Perfettini et al., 2003]. Unlike static triggering, which occurs due to stress 

changes from nearby fault slips, seismic waves from a distant earthquake do not 

produce a stress shadow zone. Additionally, dynamic stress decays more slowly with 

distance than static stress [Kilb et al., 2000].  

Understanding dynamically triggered seismicity provides insights into 

identifying fault segments that are at a critical stress level and quantifying the stress 

required to trigger fault failure. This is accomplished by statistically analyzing the 

spatial-temporal variation of seismicity before and after distant strong earthquakes 

[Hill et al., 1993]. Furthermore, seismic waves have the potential to trigger abnormal 

changes in subsurface fluids [Brodsky, 2003]. Consequently, the role of deep 

overpressured fluids in dynamic triggering is a compelling yet not fully understood 

key issue in seismology [Aiken et al., 2018; Alfaro-Diaz et al., 2022; Brodsky and 

Prejean, 2005; DeSalvio and Fan, 2023; Fan et al., 2021; Guenaga et al., 2021; Lei et 

al., 2011a; Miyazawa et al., 2021; Prejean and Hill, 2018; N. J. van der Elst et al., 

2013; B Wang et al., 2018; Yao et al., 2021; Yukutake et al., 2013]. 

Dynamic triggering is frequently observed in regions such as geothermal and 

volcanic areas, extensional zones, and areas of high strain rates [Hill and Prejean, 

2015]. In certain instances, the arrival of surface waves or coda waves of distant 

strong earthquakes can immediately trigger seismic activity [Hill et al., 1993; Lei et 

al., 2011a; Yukutake et al., 2013]. For instance, following the 2011 Tohoku M9 

earthquake, there was a rapid increase in seismicity below the Hakone volcano in 

central Japan, located approximately 450 km away [Yukutake et al., 2013]. In other 

areas, dynamic triggering shows delayed effects, ranging from hours to months 

[Brodsky, 2006; Johnson and Bürgmann, 2016; Peña Castro et al., 2018]. For 

example, approximately 7 hours after the 2016 Mw7.8 Ecuador earthquake, a 
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statistically significant increase in seismicity was observed in the wastewater injection 

field in north Oklahoma, USA [Peña Castro et al., 2018]. 

Previous studies have proposed various mechanisms to explain dynamic 

triggering, including the frictional properties model [Voisin, 2002], the Coulomb 

failure model [Voisin et al., 2004], and the subcritical crack growth model [Brodsky 

and Prejean, 2005]. However, these models fail to account for delayed triggering. 

Fluids and pore pressure mechanisms, on the other hand, offer an explanation for the 

delayed triggering through processes such as fluid diffusion, pore pressure changes, 

and liquid dissolution [Brodsky, 2003]. Nevertheless, many case studies lack 

definitive evidence of deep-seated fluids. The role of fluids is often inferred through a 

chain of circumstantial evidence. For example, the ETAS (epidemic type aftershock 

sequence) model effectively reveals the temporal and spatial variation in seismicity 

[Ogata, 1992; Zhuang et al., 2002], aiding in the identification of signs of 

fluid-triggered seismicity related to both industrial injections [Lei et al., 2013] and 

natural fluid [Su et al., 2023]. 

The dynamic triggering in Yunnan, China, known for its abundance of 

hydrothermal fluids [Shangguan et al., 2000], has been the subject of investigation in 

many previous studies [Lei et al., 2011a; L Li et al., 2019; G Peng et al., 2021]. 

Notably, the 2004 Sumatra Mw9.3 earthquake triggered 10 seismic clusters across a 

wide area, occurring at fault ends, bends, step-overs, and intersections. These 

geological features serve as permeable channels with hot springs, suggesting a 

potential link between geothermal fluids and the triggered seismic activities [Lei et al., 

2011a].  

In this study, we conducted a comprehensive investigation of dynamic triggering 

in the Yunnan geothermal region from 2006 through 2021, utilizing seismic data 

collected from permanent stations and 30 temporary stations installed in February 

2018 and the template matching method. The rest of this article is organized as 

follows. Section 2 describes the primary methods employed in the study, which 

includes earthquake detection and location, the ETAS model, and the β statistic. 

Section 3 presents the results of dynamic triggering observed from 2006 through 2018. 
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Section 4 focused on dynamic triggering during the period from March 2018 to 2021, 

with particular attention to the period following the 2019 Laos Mw 6.2 earthquake. 

Finally, Section 5 delves in to a discussion of key issues and provides concluding 

remarks. 

2. Methods 

2.1. Microseismic detection and hypocenter relocation 

We collected continuous seismic waveform data from February 25, 2018, to 2021, 

utilizing recordings from 14 permanent broadband stations and 30 temporary 

short-period stations. Between April 15 and April 30, 2018, data recording ceased for 

30 temporary seismic stations. The stations are strategically located within the region 

spanning from 99° to 101° in longitude and 25° to 27° in latitude (Fig. 1). To detect 

and locate seismic events, we employed the waveform correlation method using 

continuous seismic waveform data collected from February 25, 2018, to 2021, as 

described in [Z Peng and Zhao, 2009; Zhang et al., 2022; Zhang and Wen, 2015]. In 

our analysis, we used the 3D USTClitho2.0 velocity model, which was derived by 

combining both body wave and surface wave data [Han et al., 2021].  

We began by selecting 4459 template events from the catalog published by the 

China Earthquake Network Center (CENC), applying criteria such as M (magnitude) 

≥ 1.0, a station count of ≥ 3, and a Signal-to-noise ratio (SNR) ≥ 3.0. Initially, we 

performed a preliminary relocate these template events using the HypoDD method 

[Waldhauser and Ellsworth, 2000], using manually picked P and S arrival times for 

the permanent stations compiled by CENC. Subsequently, for the period when data 

from the temporary stations were available, we refined the template events relocations 

by incorporating P and S arrival times determined by the Akaike Information Criteria 

(AIC) method [see Lei et al., 2022 and reference within for details] for temporary 

stations. During the relocation process, we maintained a maximum distance of 10 km 

between earthquakes in a pair and ensured a minimum 8 links. In the end, we 

successfully improved the hypocenter accuracy for 1311 templates, covering the 
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period from February 25, 2018, to 2021. 

We applied the Template Matching method, which relies on multi-channel 

waveform cross-correlation, to detect and locate potential events of small magnitude 

and events excluded during the relocation processes. At first, we applied a band-pass 

filter (1 and 10 Hz) and reduced the sampling rate to 50 Hz for both the template and 

continuous waveforms to expedite computations. For the P-wave, we defined a time 

window of 1 second before and 5 seconds after the P-wave arrival time, while for the 

S-wave, the time window extended from 1 second before to 10 seconds after the 

S-wave arrival time.  

To determine the relative location of potential events, we employed a grid search 

approach, as outlined in [Zhang and Wen, 2015]. For each template, the grid is 

centered at the template's hypocenter, with a maximum horizontal and vertical search 

distance of 2 km and a grid spacing of 0.1 km and 0.2 km in horizontal and vertical 

directions, respectively. The travel time difference between the template event and 

each grid point was calculated and the used in the calculation of the correlation 

coefficient (CC) for each pair of waveforms. The stacked average CC and SNR were 

instrumental in identifying potential events and their respective locations. Specifically, 

we applied a CC threshold of 0.3 and a SNR threshold of 10 for event detection [Tang 

et al., 2018; Z Wang et al., 2020; Zhang and Wen, 2015]. Furthermore, we calculated 

the magnitude by comparing the peak S-wave amplitudes of the template earthquake 

to these of the potential earthquake. In total, our analysis reveals 31,806 events. 

2.2. β-statistic  

We use β-statistics to map the spatial variation in seismicity rate changes 

following a given event [Aiken and Peng, 2014 ; Aron and Hardebeck, 2009; Lei et al., 

2011a; Matthews and Reasenberg, 1988; Reasenberg and Simpson, 1992]. The β 

values ≥2 and ≤−2 indicate a significant increase and decrease in the seismicity rate, 

as detailed by Hill and Prejean (2015). The β-statistic is given by:  

β =
𝑁𝑎 − 𝑁 ∗ 𝑇𝑎/𝑇

√𝑁(𝑇𝑎/𝑇)(1 − 𝑇𝑎/𝑇)
 (

1) 
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where 𝑁𝑎 represents the number of events within the specific time window 𝑇𝑎. N is 

the total number of events during the entire time window T, which includes both the 

background time window 𝑇𝑏 and the specific time window 𝑇𝑎. It's important to 

ensure that the duration of T is sufficiently long to estimate a reliable mean rate of 

background seismicity and its standard error. 

To map the β values, we partitioned the research area into a grid of 101×101 cells 

and compute the β value at each grid point. To ensure the reliability of the β value 

calculation for a specific grid, we required a minimum of 40 events within the total 

time span, all occurring within a maximum radial distance of 15 km from that grid 

point. Grids with an insufficient number of events to meet these criteria were assigned 

a β-value of zero. 

After identifying triggered clusters with β values greater than 2, we adopted a 

methodology similar to the approach proposed by Li et al. (2023)[C Li et al., 2023]. 

This method allowed us to differentiate seismicity increases due to dynamic triggering 

from those attributed to random fluctuations. It involved establishing an empirical β 

value threshold, denoted as β𝑒, associated with each distant shock. However, due to 

the longer time span of our dataset, 2006-2021, if we take the entire window after 

possible triggering events (i.e., distant earthquakes) as the upper limit of Ta, there are 

some cases of Ta much larger than Tb. It is possible to include some occasional 

swarms having large number of events, and the entire sequence is no longer stable. As 

an improvement, we require Ta to be not greater than Tb. Furthermore, we only used 

5000 random Ta, and the results were no different from those of 10000. 

2.3. Peak dynamic stress  

We first computed Peak Ground Velocity (PGV) values from the observed 

surface waves, using a band-pass filter of 0.01~0.2Hz. Subsequently, we applied the 

formula 𝜎𝑝𝑑= PGV*G/c to calculate the peak dynamic stress value, where 𝜎𝑝𝑑 is the 

peak dynamic stress value, G is the shear modulus (32GPa), c is the shear-wave 

velocity (3.5km/s) [Peña Castro et al., 2018; Nicholas J. van der Elst and Brodsky, 

2010; Velasco et al., 2004].  
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2.4. Epidemic-Type Aftershock Sequence (ETAS) Model 

We constructed an ETAS model to analyze the earthquake triggering relationship 

and characterize seismicity features, drawing from previous studies [Lei et al., 2013; 

Lei et al., 2019; Ogata, 1992; Zhuang et al., 2002]. In ETAS modeling, the total 

occurrence rate 𝜆(𝑡) of seismicity is divided into two components. The first part 

represents background (also termed as forced to emphasize that these seismic 

activities are driven by some external forces, such as tectonic loading, aseismic 

sliding, and fluid pressure) seismicity 𝜆0(𝑡), which we assume varies with time. The 

second part represents the earthquake contribution before the i-th event 𝜉(𝑡; 𝑡𝑖, 𝑚𝑖), 

and we assume it depends on the occurring time of the previous events . The 

relationship is as follows: 

𝜆(𝑡) = 𝜆0(𝑡) + ∑ 𝜉(𝑡; 𝑡𝑖, 𝑚𝑖)

𝑖:𝑡𝑖<𝑡

 (

2) 

𝜉(𝑡; 𝑡𝑖 , 𝑚𝑖) = 𝜅(𝑚𝑖)𝑔(𝑡 − 𝑡𝑖) 
(

3) 

𝜅(𝑚) = 𝐴𝑒𝛼(𝑚−𝑚𝑐), 𝑚 ≥ 𝑚𝑐 (

4) 

𝑔(𝑡) =
𝑝 − 1

𝑐
(1 +

𝑡

𝑐
)

−𝑝

, 𝑡 > 0 (

5) 

𝑡𝑖: represents the time when the i-th event occurred. 𝑚𝑐: denotes the magnitude of 

completeness for the catalog. α: signifies the aftershock production capacity. 𝑝: 

represents the aftershock attenuation rate. 𝑐 and A: denotes the constants involved in 

the modified Omori's law. For specific details regarding the calculation process of 

these parameters, please refer to [Lei et al., 2013] for the specific parameter 

calculation process. 

3. Results for the period from 2006 to 2018 

We gathered a dataset comprising 8,093,375 P arrivals and 8,239,700 S arrivals 
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recorded across 63 permanent seismic stations for a total of 24,462 events occurring 

between 2006 to February 25, 2018. The catalogs magnitude of completeness (Mc) is 

1.5 (Fig. 1). Employing the HypoDD method, we successfully relocated 7,968 events 

with improved hypocenter accuracy (Fig. 2).  

Between 2006 and 2021, we analyzed 110 long-distant earthquakes with a 

magnitude (M) of 6.0 or greater, resulting in peak dynamic stresses exceeding 1.0 kPa 

in the research area, as illustrated in Figure 2. Subsequently, we mapped β 

distributions following these earthquakes, using a time window (𝑇𝑎) of 14 days and a 

maximum radial distance of 15 km were used in the β statistics. The window length of 

14 days is determined following [Lei et al., 2011a], representing the typical duration 

of dynamically triggered seismicity clusters from the 2004 Sumatra earthquake. The 

threshold of β >2 and β >β𝑒 was chosen as an indicator of statistically significant 

seismicity increase[C Li et al., 2023]. It is considered that dynamic triggering has 

occurred if just one location reaches the β triggering threshold. Our analysis revealed 

that 13 earthquakes were followed by a significant increase in the seismicity rate, with 

multiple locations having β values greater than 2 and β𝑒, as depicted in Figure 3 and 

summarized in Table 2. These dynamically triggered seismic clusters were notably 

concentrated at fault ends, step-overs, bends, and fault intersections. Remarkably, 

more than ten spots experienced dynamically triggering on at least two occasions. 

Of particular interest is the source region of the 2021 Ms 6.4 Yangbi earthquake 

sequence, one of the major events in our study area. It is noteworthy that this source 

region is surrounded by triggered clusters, yet no triggered seismicity was observed 

within the source region itself.  
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Figure 1. Frequency–magnitude distribution spanning the years 2006 to 2018. The 

seismic b-value, estimated using the Maximum Likelihood Method, is depicted by the 

red line. The white dots represent the seismic frequency, while the black dots 

represent the cumulative numbers. The catalog is sourced from the National 

Earthquake Data Center and can be accessed at http://data.earthquake.cn. 
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Figure 2. Map view of Yunnan study area, relocated earthquakes, faults, and distant 

strong earthquakes. Colored earthquakes indicate the occurrence time of events with a 

magnitude greater than 4. LJ_Well: LiJiang water temperature well. RRF: Red River 

Fault. XJF: XiaoJiang Fault. In the rectangle inset, the red box is the research area. 

The blue dots represent long-distance strong earthquakes with a magnitude (M) 

greater than 6, triggering dynamic stress peaks exceeding 1.0 kPa. The M>6 Catalog 

is sourced from the USGS and can be accessed at 

https://www.usgs.gov/programs/earthquake-hazards/earthquakes. 
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Figure 3. The spatial distribution of β-statistics corresponding to 12 distant M > 6 

strong earthquakes is shown in Figure 1. Si-j designates clusters, where 'i' represents 

the clustered index, and 'j' indicates the number of instances triggered in that cluster 
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thus far. Stress values labeled on top is the minimum dynamic peak stress value 

calculated in Table 1. 

 

Table 1. The peak dynamic stress from 13 long-distance strong earthquakes, with the 

13th (Laos earthquake) discussed later in the text. 

Num

ber 
Name 

Date 

Y/M/D 

M

w 

Epicentral distance 

range (°) 

Peak dynamic stress 

𝜎𝑝𝑑 range (kPa) 

1 
Wenchua

n 

2008/5/

12 

7.

9 
(3.28, 8.79) (67.53, 347.15) 

2 Yushu 
2010/4/

14 

6.

9 
(5.41, 10.69) (6.13, 15.15) 

3 Myanmar 
2011/3/

24 

6.

9 
(3.67, 7.53) (8.74, 28.79) 

4 Sikkim 
2011/9/

18 

6.

9 
(9.85, 14.34) (3.01, 5.60) 

5 Myanmar 
2012/11

/11 

7.

2 
(2.37, 7.95) (9.60, 47.26) 

6 Yaan 
2013/4/

20 

6.

6 
(2.50, 8.03) (3.93, 8.00) 

7 Thailand 
2014/5/

5 

6.

1 
(4.65, 8.66) (1.09, 3.08) 

8 
Khudi, 

Nepal 

2015/4/

25 

7.

8 
(13.27, 17.78) (17.50, 27.10) 

9 
Kodari, 

Nepal 

2015/5/

12 

7.

3 
(11.94, 16.38) (6.32, 10.22) 

10 
Imphal, 

India 

2016/1/

3 

6.

9 
(4.42, 8.94) (4.15, 13.34) 

11 Burma 
2016/4/

13 

6.

9 
(3.26, 8.64) (6.96, 35.15) 

12 
Jiuzhaigo

u 

2017/8/

8 

6.

5 
(5.51, 10.88) (1.89, 5.84) 

13 Laos 
2019/11

/20 

6.

2 
(4.59, 9.18) (1.25, 3.96) 

We examined the spatial-temporal migration of seismicity for the ten clusters that 

experienced repeated triggering to determine whether the seismicity migration front 

adhered to the hydraulic trigger model 𝑟 = √4𝜋𝐷𝑡 [Shapiro et al., 1997]. In this 

equation, 𝑟  represents the distance from the source point of fluid, typically 

corresponding to the hypocenter of the initial earthquake, to the hypocenter of a given 

event. The 𝑡 indicates the elapsed time, and 𝐷 denotes the hydraulic diffusivity. It is 
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important to note that during the period from 2006 to 2018, the seismic network in 

Yunnan Province was relative sparse, resulting in limited detection of small 

earthquakes and lower location accuracy. Consequently, we were able to observe 

possible fluid-triggering migration fronts in only two clusters, S1 and S5 in Figure 4. 

These clusters exhibited hydraulic diffusivity values falling within the range from 

0.25 to 1.0 m²/s.  

We also observed relatively noteworthy patterns within 14 days in groundwater 

temperature fluctuations at the LJ-Well, located in close proximity S5, following 12 

distant strong earthquakes (Fig. 4). It is important to highlight that in the groundwater 

circulation system of LJ_Well, deep fluids play a substantial role. The reliability of 

the groundwater temperature data, which boasts an accuracy of 0.00001°C, has been 

rigorously verified through on-site instrument testing, observation environment 

assessment, and adherence to standard calibration procedures [Y Liu et al., 2015]. 
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Figure 4. The fluid-triggering migration and water temperature changes with 12 

distant strong earthquakes. (a) Magnitude versus time of distant strong earthquakes. (b) 

LJ_Well water temperature changes with time. The blue dots and blue curves mark 

temperature changes possibly linked with distant earthquakes. (c) The fluid hydraulic 

triggering model of the S1 cluster seismicity. (d) The fluid hydraulic triggering model 

of the S5 cluster seismicity (See S1 and S5 cluster position in Fig. 3). 

 

Table 2. Summary of dynamically triggered clusters within 14 days indicated by β ≥  

β𝑒 and β ≥ 2.0. The numbering of events in "Distant EQ" corresponds to the 

numbering in Table 1 under the column "Number", with the 13th (Laos earthquake) 

discussed later in the text  

# Distant EQ. Type β value β𝑒 D (m
2
/s)   Mmax 
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S1 1, 9, 11, 12 S 2.60, 2.71, 2.92, 

3.18 

1.81, 1.32, 1.48, 

1.68 

0.25~1.00 4.1 

S2 1, 8, 11 M-A. 4.57, 3.23, 3.83 1.13, 1.90, 1.49 0.50~1.25 3.6 

S3 7, 8, 9, 10, 

13 

M-A. 4.70, 4.80, 4.79, 

4.85, 5.08 

2.15, 2.21, 2.20, 

2.23, 2.35 

0.50~1.25 4.0 

S4 1, 5, 7, 9 S 5.98, 3.52, 2.96, 

4.25 

2.83, 2.11, 1.71, 

1.73 

0.25~0.75 3.4 

S5 1, 3, 4, 5, 6, 

13 

S 2.71, 2.98, 2.23, 

2.33, 3.38 

1.92, 1.98, 1.96, 

1.25, 2.01 

0.25~1.00 3.6 

S6 1, 2 S 6.28, 6.11 2.98, 2.89 0.25~0.75 3.6 

S7 2, 3, 5, 6, 

11 

S 3.05, 3.18, 4.56, 

3.22, 3.22 

0.49, 0.55, 0.57, 

0.57, 1.89 

0.25~1.00 3.4 

S8 1, 3, 7, 13 S 2.46, 5.69, 2.64, 

2.53 

1.26, 1.81, 1.47, 

1.39 

0.25~0.75 3.7 

N1 13 S 84.72 3.26 15~20 4.3 

*S: swarm, M-A: Main-aftershock, I: Isolated. 

4. Seismicity of the detailed observation period (2018 ~ 2021) 

Commencing on February 25, 2018, we install 30 temporary stations to facilitate 

detailed seismic observation. Using the Template Matching and Location method, as 

described in the Methods section, we conducted earthquake detection and location 

from continuous waveforms records. While the magnitude of completeness Mc is 

deduced to 1.0 (Fig. 5), we applied a higher threshold magnitude of 1.5 to the β 

statistic. This adjustment helps prevent the overestimation of β values when 

incorporating the detected events into the catalog. But we may have overlooked some 

potential distant earthquake triggers. The main contribution of template scanning in 

this study is to provide a more detailed analysis of detected cases. This allows for a 

relatively better constraint on fluid-triggering and hydraulic diffusivity, as shown in 

Figure 7. 
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Our analysis focuses on the seismicity characteristics in Yunnan both before and 

after the 2019 Mw6.2 Laos earthquake, which occurred approximately 700 km to the 

southeast. This event generated peek dynamic stress ranging from 1.25 to 3.96 kPa 

(Table 1). Notably, it triggered 10 seismic clusters within our study area, as indicated 

by the β statistic (Fig. 6). Prior to the mainshock, the distribution of seismicity in 

Yunnan was primarily governed by the fault geometry, with seismic activity, including 

the dynamically triggered clusters mentioned in the previous section, concentrated at 

fault ends, bends, step-overs, and intersections. Following the Laos mainshock, 

earthquakes including those that were triggered, continued to be distributed in these 

distinct locations. 

 

Figure 5. Frequency–magnitude distribution for two seismic catalogues. The blue 

dots represent the seismic frequency from the catalog provided by the National 

Earthquake Data Center (CEA). In the template matching method (M&L) catalog: 

seismic frequency is represented by orange triangles, while cumulative numbers are 

denoted by black triangles. The seismic b-value, estimated using the Maximum 

Likelihood Method, is depicted by the red line. 
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Figure 6. Spatial distribution of seismicity in Yunnan before and after the 2019 Laos 

Mw 6.2 earthquake. The background color is the β statistics of seismicity increase rate 

after the Mw 6.2 mainshock. The time window (𝑇𝑎) of 14 days, the maximum radius 

distance of 5 km, and the magnitude completeness for the catalog Mc is 1.5. S3, S5, 

and S8 have the same numbers as the repeatedly triggered clusters in Figure 3. N1 to 

N7 are newly triggered clusters. 

Remarkably, we observed a highly significant dynamically triggered earthquake 

cluster labeled as 'N1' within close proximity to the seismic stations near Eryuan City 
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(Fig. 7). In the follows, we will conduct a detailed analysis of this cluster. 

The detected and relocated hypocenters vividly depict the seismogenic fault, 

characterized by a strike of N47.33°W and a dip angle of 72.58°. These parameters 

were determined through a least squares method fit of the fault plane to the 

hypocenters.  

The onset of triggered seismicity occurred three days after the Laos Mw6.2 

earthquake, commencing with events of approximate magnitude 1. Subsequently, 

about one hour later, a significant M4.3 event occurred. In our analysis, we consider 

the first M1 event as the injection point. The resulting R-t plot reveals a possible 

triggering front with D estimated in the range of 15 to 20 m
2
/s. 

 

Figure 7. Seismicity migration process at the triggered cluster (N1) after the Mw 6.2 

mainshock. (a) Seismicity epicenters distribution of triggered cluster. (b) Seismicity 

depth profile distribution. (c) Triggering front and estimated hydraulic diffusivity.  
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Benefitting from the dense seismic network, the magnitude completeness for this 

cluster is 0.0, as illustrated Figure 8c. The results of the ETAS model with variational 

forced seismicity indicate that the proportion of forced seismicity accounted for 59.2% 

(Fig. 8d). Additionally, the magnitude dependence α was 1.114, and the aftershock 

attenuation coefficient p was determined to be 1.43. These parameters show 

similarities to those observed in the following cases: the fluid signal that initiated a 

swarm in Bohemia, central Europe [Hainzl and Ogata, 2005; Lei et al., 2019; Lei et 

al., 2011b], injection-induced seismicity in the shale gas field in the Sichuan basin 

[Hainzl and Ogata, 2005; Lei et al., 2019; Lei et al., 2011b], and remotely triggered 

seismicity in our study region following the 2004 Sumatra earthquake [Hainzl and 

Ogata, 2005; Lei et al., 2019; Lei et al., 2011b]. The resemblance of ETAS results 

suggests the possibility that the remotely triggered clusters were indeed influenced by 

deep-seated fluids. 

 

Figure 8. The seismicity at the triggered cluster (N1 in Fig. 6) before and after the 

Mw 6.2 Laos earthquake. (a) Long-term seismicity varies with time. (b) Map view of 
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the seismic cluster. (c) Magnitude- frequency distribution for the time span 3 weeks 

before and 7 weeks after the occurrence of the distant Laos earthquake. (d) Results of 

ETAS model with time-varying rate of forced (background) seismicity for the same 

time span of (c). 𝜆(𝑡): the total event rate. 𝜆0(𝑡): the background event rate.  

 

Observing Figure 4, we note a consistent upward trend of water temperature at 

the LJ_Well was observed since 2011. The temperature has increased by 

approximately 0.14 ℃, with fluctuations of around ±0.02 ℃, shifting from 16.72 ℃ 

in 2011 to 16.86 ℃ by the end of 2019. For the 2019 Laos earthquake (in Fig. 9), 

similar to responses observed following other distant earthquakes, the water 

temperature displayed an immediate increasing trend over 2 days, then returned to a 

level predicted from the relatively stable trend before the Laos earthquake. 

 

Figure 9. Magnitude (a) and daily event rate (b) for seismicity in cluster N1 (in Fig. 

4). Water temperature in LJ well before and after the Mw 6.2 Laos earthquake(c). 
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5. Discussion and conclusions 

In summary, we conducted a systematic analysis of the dynamic triggering 

impact of global remote earthquakes on seismic activity in geothermally active 

regions in Yunnan. We found a total of 110 distant earthquakes that triggered peak 

dynamic stress values exceeding the assumed threshold of 1.0 kPa. Among them, 13 

distant events, with a distance less than 20 degrees, triggered seismic clusters at 

multiple sites. These clusters were predominantly located at specific fault-related 

spots, including fault ends, fault bends, fault step-overs, and fault intersections. Most 

teleseismic earthquakes with M> 8.0 did not trigger significant seismicity rate change 

in our study areas, similar with the Salton Sea Geothermal Field [C Li et al., 2023].  

We identified 8 sensitive sites that exhibited repeated dynamic triggering. S2 and 

S3 clusters, characterized by one or more major events at the beginning, exhibit traits 

akin to a local main-after sequence or a seismic swarm. Cluster S1, S4, S5, S6, S7 and 

S8 are categorized as swarm sequences. 

The triggered seismicity demonstrating various delay times, similar to what was 

observed following the 2004 Mw9.3 [Lei et al., 2011a]. Four triggered sequences 

commenced immediately after the distant event, likely during the passage of surface 

waves. In contrast, other sequences demonstrated delays up to three days before 

initiation, such as N1 cluster after the Mw6.2 Laos earthquake. 

The triggered sequences of S1, S5 and N1, which boast sufficient number of 

well-located events, show an efficiently modeled hypocenter migration front through 

a pore pressure diffusion model. The hydraulic diffusivity ranges from 0.25 to 20 m²/s. 

Indeed, the fitting is poor, but falls in the range of hydraulic diffusivity in the upper 

and middle crust, from less than 0.01 m²/s to greater than 100 m²/s, as indicated by 

some well-constrained cases. For example, in the Tengchong-Baoshan area, which is 

also within our study area, the hydraulic diffusivity coefficients exhibited by different 

seismic clusters (well-constrained) spanned four orders of magnitude, ranging from a 
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minimum of 0.02 m²/s to a maximum of 40 m²/s [M Liu et al., 2024]. 

In addition to the triggered seismicity, we noted an upward trend in water 

temperature in the LJ well. Over the years, the temperature increased by 

approximately 0.14 ℃, with fluctuations of an amplitude about ±0.02 ℃. Specifically, 

the temperature rose from 16.72 ℃ in 2011 to 16.86 ℃ by the end of 2019. 

Importantly, thirteen distant earthquakes that triggered seismicity in the study area 

were accompanied by an increasing response in water temperature, which was 

subsequently followed by a transient process lasting over 14 days. This observation 

suggests that the subsurface temperature field may serve as indicators of dynamic 

stress variations, providing insight into the interplay between seismic activity and 

hydrogeological responses. 

Based on our comprehensive analysis of the results, we propose that widespread 

presence of overpressured geothermal fluids in the Yunnan region's crust renders the 

seismic activity in this area highly sensitive to dynamic stress induced by surface 

waves from distant earthquakes worldwide. This is a direction worthy of further 

in-depth research.  
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Highlights: 

 

 Seismicity in the Yunnan area is sensitive to dynamic stress caused by distant 

strong earthquakes. 

 The ETAS models reveal a high proportion of forced seismicity and a weak 

magnitude-dependent aftershock productivity. 

 Triggered clusters repeatedly manifested in specific fault structures with 

enhanced fluid permeability. 


