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ABSTRACT
Volcanic regions commonly host swarms comprising small to moderate-sized earthquakes 

while tectonic faults host mostly mainshock-aftershock sequences that can include very large 
earthquakes. In the southeastern Tibetan Plateau, large tectonic faults formed by the colli-
sion between the Indian and Eurasian plates intersect with the intraplate Tengchong volca-
nic field, and the seismic behavior of such an environment remains unclear. Here, we built 
a deep-learning-based high-precision earthquake catalog for the Tengchong volcanic field 
and found that (1) ∼59% of the seismicity occurred as swarms but on faults aligned with the 
regional tectonic stress field; (2) all swarms contained fluid-diffusion-like migration fronts, 
with some occurring where high CO2 emissions have been detected; and (3) a year-long 
swarm, including two ML 5.2 earthquakes within two months, revealed complex fluid-fault 
interaction. Combined with the historical occurrences of M >6 earthquake swarms around the 
Tengchong volcanic field, our observations suggest potential increased likelihood of swarms 
with large-magnitude earthquakes where large tectonic faults and magmatic systems intersect.

INTRODUCTION
Earthquake swarms, which are earthquake 

sequences that lack a distinct mainshock (Mogi, 
1963), are common in volcanic regions, where 
they are commonly inferred to manifest underly-
ing magmatic or fluid processes (Wilding et al., 
2023). Due to material and stress field heterogene-
ity as well as the lack of large faults (Hill, 1977), 
volcanic swarms are dominantly composed of 
MW <4.5 events (Cox, 2016), though occasion-
ally volcanic swarms associated with eruptions or 
caldera collapses can include large earthquakes 
(5.0 < MW < 7.0; Hildreth and Fierstein, 2012; 
Patrick et al., 2020). In comparison, tectonic 
faults in relatively homogeneous regions under 
uniform stress fields tend to accommodate main-
shock-aftershock sequences in which the seismic-
ity rate and probability of large events decrease 

with time after the mainshock (Mogi, 1963). 
While earthquake swarms sometimes occur on 
tectonic faults because of underlying fluid diffu-
sion or aseismic slip (Vidale and Shearer, 2006), 
they are less common than in volcanic regions. 
Globally, there are numerous regions where large 
tectonic faults intersect with volcanic systems 
(e.g., Mount Aso in Japan). However, how the 
interaction between magmatic systems and tec-
tonic faults affects the seismic behavior and haz-
ard of such regions remains unclear.

The collision between the Indian and Eur-
asian plates caused the rise and eastward extru-
sion of the Tibetan Plateau (Fig. 1A). The com-
plex deformation created a series of large-scale 
active faults in the southeastern margin of the 
Tibetan Plateau (Tapponnier et al., 1982), such as 
the Longmenshan, Red River, and Nujiang fault 
systems, which are responsible for the majority 
of earthquake activity in China and have hosted 
83 M >6.5 earthquakes since 1327 (Li et al., 
2023). The southeastern Tibetan Plateau inter-

sects with the Tengchong volcanic field, which 
is an intraplate volcanic system that consists of 
68 volcanoes (Fig. 1A; Duan et al., 2019). While 
the volcanic field has been in quiescence since 
its last eruption in 1609, it still exhibits signs of 
active magmatic activity, such as large amounts 
of CO2 emissions (Chen et al., 2012), high surface 
heat flow (Hu et al., 2000), and occasional gey-
sers (Shangguan et al., 2005). The fault structures 
around the Tengchong volcanic field are complex 
but predominantly accommodate right-lateral 
strike-slip movement, with the ∼450-km-long 
Nujiang fault surrounded by dense secondary 
faults (Deng et al., 2003), including the Day-
ingjiang and Longchuanjiang faults, which 
cut through the volcanic field (Fig. 1A). The 
Tengchong volcanic field and its adjacent areas 
have hosted intense seismic activity, including 
two M 6.5 earthquakes in 1512 and 1577 in the 
central volcanic field, a swarm of seven M >6.0 
earthquakes from 1929 to 1933 in the northern 
volcanic field, and two M 7.2 earthquakes within 
two hours in 1976 in the southeastern volcanic 
field (Fig. 1A). Therefore, the Tengchong volca-
nic field serves as a unique laboratory to probe the 
interaction between magmatic systems and large-
scale tectonic faults. In this study, we processed 
continuous seismic data from 2009 to 2022 and 
built a high-resolution earthquake catalog for the 
Tengchong volcanic field to characterize the seis-
micity and analyze its underlying driver.

CHARACTERIZATION OF SEISMICITY 
IN THE TENGCHONG VOLCANIC FIELD

We adopted a deep-learning-based workflow 
to develop a 13-yr earthquake catalog including 
10,078 events that were precisely located using a 
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waveform cross-correlation-based method (Text 
S1–S4 in the Supplemental Material1; Liu et al., 
2023). The earthquakes occurred primarily in the 
southern Tengchong volcanic field and revealed 
multiple previously unmapped faults that mostly 
strike north-northwest or near north (Fig. 1). 
The earthquakes are predominantly located in 
the upper crust, with the eastern events located 
deeper (7–15 km depth) than the western events 
(2–10 km depth; Fig. 1C). We further identi-
fied earthquake swarms with at least 100 events 
(Figs. 1B and 1C; Fig. S1 in the Supplemental 
Material) using the DBSCAN algorithm (Ester 
et al., 1996) and manual inspections (Text S5). 
In total, we identified five swarms compris-
ing 5905 events, which represent ∼59% of the 
newly developed catalog. These swarms are sig-
nificantly different from mainshock-aftershock 
sequences where the largest event occurs toward 
the beginning of the sequence (Fig. S1). The 
spatial extents of the swarms are also larger than 
the expected rupture dimensions of the largest 
events. For instance, swarms 2 and 4 extended 
4–6 km laterally (Figs. 2B and 2F), while the 
expected dimensions of their largest events (ML 
4.5 and 4.6) are <∼1.5 km (Wells and Copper-
smith, 1994; Text S6). The five swarms follow 
similar spatiotemporal evolution, initiating at 

a point before migrating outward over days 
to months (Figs. S1 and S2). In addition, all 
five swarms exhibit migration fronts that can 
be fitted reasonably well using the fluid dif-
fusion model (Figs. 2 and 3; Fig. S3; Shapiro 
et al., 1997). Meanwhile, some swarms exhibit 
clear back fronts (swarms 2, 3, and 5; Fig. S3; 
Parotidis et al., 2004). Swarms 1–4 generally 
delineate simple planar faults that are 1–6 km 
long, whereas swarm 5 outlines a complex fault 
network (Fig. 1B).

Swarm 5 lasted approximately one year with 
a complex evolution that can be divided into four 
phases by three main events: ML 4.7 on 31 May, 
ML 5.2 on 20 June, and ML 5.2 on 7 August 2011 
(Fig. S1). Phase 1 began on 17 November 2010 
with some small events (ML <3.0) at a depth 
of ∼9.3 km (Figs. 3A and 3B). The seismicity 
then migrated ∼1 km northwest and down to 
∼9.7 km depth, delineating a southwest-dipping 
fault plane (Figs. 3A and 3B). The late evolution 
of phase 1 exhibits a clear migration front, which 
can be modeled by a diffusivity of 0.02 m2/s 
(Fig. 3C; Shapiro et al., 1997). Subsequently, an 
ML 4.7 event occurred near where the downward 
migration of phase 1 terminated (Figs. 3A and 
3B; Fig. S4), initiating phase 2 on 31 May 2011. 
The seismicity then migrated ∼1.2 km northeast 
and down to ∼10.3 km depth, overall delineat-
ing a conjugate structure at depth (Figs. 3D and 
3E). The northeasternmost events are character-
ized by an isolated cluster of events (cluster 1) 
that started at a point before migrating outward 
in all directions (Figs. 3D and 3E).

On 20 June 2011, an ML 5.2 earthquake 
nucleated near the base of the conjugate struc-
ture and initiated phase 3 (Fig. 3E). Subsequent 
events rapidly migrated northwest, delineating 
a downward-extending ring fault (Figs. 3F and 
3G). The focal mechanisms of nine ML >2.5 
earthquakes (Text S7) that occurred within the 
ring structure exhibit rotated nodal planes (Fig. 
S5) consistent with the structure’s complex 
geometry. In addition, cluster 1 subsequently 
extended farther in the southwest direction with 
a diffusive migration front (Fig. S6). Mean-
while, a new isolated cluster of events (clus-
ter 2) occurred ∼2 km southeast of the ML 5.2 
earthquake, outlining an ∼1-km-long, north-
west-dipping fault plane (Fig. 3F; Fig. S7a). 
Cluster 2 also exhibited a diffusive migration 
front with a diffusivity of 0.2 m2/s (Fig. S7b). 
Less than two months later on 7 August 2011, 
another ML 5.2 earthquake nucleated near the 
edge of cluster 2 and initiated phase 4 (Fig. 3F; 
Fig. S7a). In phase 4, early events delineated 
an ∼2-km-long, northwest-trending fault plane 
(Figs. 3H and 3I). Five days later, the seismicity 
reactivated the western part of the complex fault 
network of phase 3, especially the downward-
extending ring fault (Fig. 3H).

DISCUSSION AND CONCLUSIONS
Seismogenesis of Swarms in the Tengchong 
Volcanic Field

Fluid and aseismic slip are commonly 
inferred to be the main drivers of swarms (Vidale 
and Shearer, 2006). In our study, each identified 

1Supplemental Material. Seismic data process-
ing procedure and high-resolution earthquake cata-
log. Please visit https://doi​.org​/10​.1130​/GEOL​
.S.25057634 to access the supplemental material; 
contact editing@geosociety​.org with any questions.

Figure 1.  (A) Map view of 
study area, Tengchong 
volcanic field, south-
eastern Tibetan Plateau. 
Squares represent perma-
nent (blue) and temporary 
(yellow) seismic stations. 
Green triangles indicate 
the location of volcanic 
cones (Duan et al., 2019). 
Red stars show the epi-
centers of the 1976 M 
7.4 doublet. Purple stars 
show the epicenters of 
the seven M >6 earth-
quakes in the 1929–1933 
swarm. Black dots show 
our located earthquakes 
from 2009 to 2022. F1 
and F2 mark the Dayingji-
ang and Longchuanjiang 
faults, respectively. Arrow 
indicates the greatest 
principal stress orienta-
tion (SHmax) of ∼N10°E. 
Inset shows regional tec-
tonic movement (black 
arrows) and our study 
area (white box). (B) 
Zoom-in of our study area 

marked in A by the black dashed rectangle. Red dots represent the five identified swarms (S1–S5). Green dots represent CO2 monitoring sites 
(Chen et al., 2012). Black line marks the profile TT′ shown in C. C3 indicates the inferred magma chamber from three-dimensional magnetotel-
luric tomography (Ye et al., 2018). (C) Cross-section along profile TT′ shown in B.
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swarm exhibits at least one migration front that 
can be well fitted by the fluid diffusion model, 
with diffusivities ranging from 0.01 to 40 m2/s 
(Figs. 2 and 3; Fig. S3). Swarms 2, 3, and 5 
also exhibit clear back fronts (Fig. S3), which 
have been inferred to represent the termina-
tion of fluid injection (Parotidis et al., 2004). In 
addition, previous studies have found: (1) large 
volumes of CO2 emission in the Tengchong 
volcanic field including at the surface above 
swarms 3 and 4 (Figs. 1B and 2G; Chen et al., 
2012); (2) widespread hydrothermal systems in 
the Tengchong volcanic field (Guo et al., 2017); 
and (3) tidal modulation of seismicity in the 
area around swarm 5 in the two years before 
the first ML 5.2 earthquake (Peng et al., 2021). 

These observations suggest that these swarms 
were likely driven by fluids, which decreased 
the effective normal stress on pre-existing faults.

In situ experiment (Guglielmi et al., 2015) 
and field seismic observation (De Barros et al., 
2020) have indicated that fluid diffusion and 
aseismic slip may be imbricated in swarms, 
where fluid pressure first induces aseismic slip, 
which in turn triggers seismicity through stress 
perturbation. We cannot exclude the possibil-
ity that similar processes are at play for the 
swarms in the Tengchong volcanic field but 
note that even in such a scenario, fluids would 
remain the fundamental underlying driver of 
the swarms in the volcanic field. In addition, 
we observe that some linear migration fronts 

were embedded in the evolution of swarms 2 
(Fig. 2D) and 5 (Fig. 3C; Fig. S7b), which may 
be associated with stress transfer triggering or 
the manifestation of aseismic slip (De Barros 
et al., 2020). Besides, the 40 m2/s apparent dif-
fusivity of swarm 4 is higher than the general 
diffusivities of 0.01–10 m2/s in the crust (Scholz, 
2019) but is lower than that of some fluid-driven 
swarms in geothermal regions, such as the 1997 
Umbria-Marche (central Italy) sequence (22–90 
m2/s; Antonioli et al., 2005) and the 2018–2020 
Noto Peninsula (Japan) sequence (∼200 m2/s; 
Amezawa et al., 2023). The high apparent dif-
fusivity may be explained by the presence of 
pressurized fluids at depth and the high per-
meability of fault zones or simply reflect the 

Figure 2.  Spatiotemporal 
evolution of earthquake 
swarms 2 and 4 (see 
Fig.  1). (A) Map view of 
swarm 2 with color indi-
cating event index, which 
was sorted by earthquake 
origin time. White bars 
show the two profiles TT′ 
and II′ exhibited in (B) and 
(C), respectively. (D) Dis-
tance from the inferred 
fluid injection point with 
time. Red solid curve rep-
resents the best-fit fluid 
diffusion model (Shapiro 
et  al., 1997): r Dt== 4ππ , 
where r is the distance of 
an earthquake from the 
injection point, t is time, 
and D is diffusivity. (E–H) 
Similar to A–D, but for 
swarm 4. Green triangles 
in E and G mark the CO2 
monitoring site (Chen 
et al., 2012).
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complex interaction of multiple mechanisms. 
Besides, recent numerical modeling suggested 
that actual hydraulic diffusivity may be higher 
than that inferred from seismic migration fronts 
due to non-instantaneous earthquake nucleation 
(Kim and Avouac, 2023). Nevertheless, the over-
all evolution of seismicity at the Tengchong vol-
canic field still points to the significant influence 
of fluids.

Interaction between Tectonic Faults and 
Magmatic Systems

Seismic behavior of volcanic regions signifi-
cantly differs from that of tectonic fault systems. 
Volcanic seismicity commonly occurs as swarms 
consisting of small to moderate events (Cox, 
2016), while tectonic faults mostly accommo-
date mainshock-aftershock sequences that can 
include very large earthquakes (Mogi, 1963). 

While previous studies have identified swarms 
occurring on tectonic faults, tectonic swarms are 
less common than volcanic swarms (e.g., Ross 
and Cochran, 2021). At the Tengchong volcanic 
field, we find that even though the seismicity 
delineates fault strikes that align with previously 
mapped large tectonic faults and the regional 
tectonic stress field (Fig. 1A; Fig. S8), at least 
∼59% of the earthquakes occurred as swarms. 

Figure 3.  Spatiotemporal 
evolution of earthquake 
swarm 5 (see Fig. 1), which 
is divided into four phases 
by three main events (M1–
M3; white stars). (A) Map 
view of earthquakes that 
occurred during phase 1 
with color indicating event 
index. Beach ball shows 
focal mechanism of main 
event. (B) Similar to A, but 
in three-dimensional (3-D) 
view. (C) Earthquake dis-
tance (black dots) from 
the inferred fluid injection 
point with time. Red solid 
curve represents the best-
fit fluid diffusion model 
with a diffusivity D = 0.02 
m2/s (Shapiro et al., 1997). 
(D) Similar to A, but for 
phase 2. Black dots rep-
resent earthquakes that 
occurred before the cur-
rent phase. (E) Similar to 
D, but in 3-D view. (F) Simi-
lar to A, but for phase 3. 
White rectangle indicates 
a ring fault exhibited in 
3-D view in (G). (H, I) Sim-
ilar to F and G, but for 
phase 4.
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Therefore, these swarms likely reflect the reac-
tivation of pre-existing tectonic faults by flu-
ids that are prevalent due to the presence of an 
underlying magmatic system (Fig. 1C; Bren-
guier et al., 2014; Ye et al., 2018).

The interaction between pre-existing tectonic 
faults and hydrothermal or magmatic fluids is 
illustrated by the complex evolution of swarm 5, 
which included two ML 5.2 earthquakes with dif-
ferent rupture behaviors (Fig. 3; Fig. S1). Swarm 
5 initiated in a local area and then migrated out-
ward with a clear migration front that can be 
modeled with fluid diffusion, with the seismicity 
delineating a planar structure (Fig. 3). This sug-
gests that a pre-existing fault zone was activated 
by fluid diffusion possibly from a connected res-
ervoir. An ML 4.7 earthquake followed by the 
first ML 5.2 earthquake subsequently nucleated 
at the edge of preceding seismicity (Fig. 3E), 
activating a downward-extending ring fault that 
does not align with the regional stress field and 
hence could be a product of a local stress field 
related to pressurized fluid reservoirs (Figs. 3F 
and 3G). Such complex faulting is rare in typi-
cal mainshock-aftershock sequences but has 
been observed during fluid-driven swarms 
because permeability structure could be simi-
larly complex (Bense and Person, 2006; Shelly 
et al., 2013). These observations also reflect the 
“fault valving” mechanism in which earthquake 
faulting can dramatically increase permeability 
and enable fluids to flow farther (Sibson, 1981). 
Besides, the ML 5.2 earthquake triggered an 
isolated sub-swarm (cluster 2) that exhibited 
a diffusive migration front (Fig. 3F; Fig. S7). 
This suggests the ML 5.2 earthquake might have 
broken the seal of another reservoir, which acti-

vated another fluid-driven earthquake sequence. 
A second ML 5.2 earthquake eventually nucle-
ated near the edge of cluster 2 and activated a 
simple ∼2-km-long planar fault (Figs. 3H and 
3I) that is well-aligned with the typical tectonic 
earthquakes. The seismicity five days after this 
second ML 5.2 earthquake in turn reactivated the 
ring fault (Fig. 3H). Geological investigation has 
highlighted a similar role of fluid-faulting inter-
action during the reactivation of interconnected 
fault networks (Dempsey et al., 2014). There-
fore, the evolution of swarm 5 further illustrates 
how the interaction between fluid diffusion and 
stress triggering when large faults are present 
can result in multiple isolated fault structures 
and fluid reservoirs being activated in a complex 
extended sequence that includes multiple large 
earthquakes (Fig. 4).

The underlying interaction mode between 
hydrothermal or magmatic fluids and tectonic 
faults at the Tengchong volcanic field revealed 
by recent seismicity may explain the numerous 
historical large-magnitude swarms that occurred 
in the vicinity of the volcanic field, such as the 
seven M >6.0 earthquakes during the 1929–
1933 Tengchong swarm and the 1976 Longling 
MW 7.2 doublet (Fig. 1A). Thus, our observa-
tions suggest that interaction between tectonic 
faults and magmatic systems can promote the 
occurrence of large-magnitude swarms. Simi-
lar environments can be found globally, such as 
at the Coso volcanic field in the United States, 
Mount Aso in Japan, and the Andean Cordillera 
in South America. Therefore, further study of 
fluid-fault interaction in these regions is critical 
to improve our ability to manage future earth-
quake hazards.
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Introduction 

This supporting information provides eight texts and nine figures to support the discussions in 

the main text. 

 

Text S1: Machine learning-based phase picking and association 

Routine catalogs in the Yunnan province usually have low resolution due to the sparse permanent 

seismic network (Liu et al., 2022b, 2023). Here, we first develop a high-resolution catalog using 

continuous seismic data from both the permanent (2009 to 2022) and temporary (2011 to 2013) 

seismic network, which in total include 19 broadband seismometers with a 100 Hz sampling rate. 

The data processing procedure mainly follows the machine-learning-based workflow implemented 

by Liu et al. (2023). We first use LPPN, a lightweight network-based phase picker (Yu & Wang, 

2022), to identify P- and S-wave arrival times from the continuous waveforms. LPPN outputs a 

probability value for each pick to quantify the picking quality. We only keep P- and S-wave arrival 

times with at least a 0.3 probability value to remove possible false picks. Subsequently, these 

remaining P- and S-wave arrival times are associated into individual earthquakes using a Bayesian 

Gaussian Mixture model (GaMMA; Zhu et al., 2022). A strict threshold of three P picks, three S 

picks and a total of eight P and S picks is adopted during the GaMMA association, resulting in 

60,099 earthquakes within a region of 1° × 1° (latitude: 24.6° to 25.6°; longitude: 97.8° to 98.8°) 

from 2009 to 2022. 

 

Text S2: Earthquake relocation 

We use a sequential location procedure to refine 19,954 hypocenters around the TVF (latitude: 

24.7° to 25.3°; longitude: 98.25° to 98.80°) with good station coverage. We first utilize a non-

linear oct-tree grid-search algorithm (NonLinLoc) with a 1-D velocity model to update the absolute 

locations of the 19,954 earthquakes (Lomax et al., 2000). Among them, we select 18,772 

earthquakes with a station gap of < 200° and travel time residual of < 0.6 seconds, to further refine 

their hypocenters based on their catalog differential arrival times using the relative location method 

hypoDD (Waldhauser & Ellsworth, 2000). The probabilities of the picks obtained from LPPN are 

used as phase weighting in hypoDD. The maximum separation and minimum links of event pairs 

are 10 km and 8, respectively. We successfully relocate 17,747 earthquakes. Subsequently, we 



utilize a waveform cross-correlation-based relative location method GrowClust to relocate the 

17,747 earthquakes (Trugman & Shearer, 2017). We first build an event-pair database using the 

ph2dt program provided by the hypoDD software package (Waldhauser & Ellsworth, 2000). Each 

earthquake is paired with other events within < 5 km. The minimum links and maximum distance 

from the station for each event-pair are defined as 8 and 120 km, respectively. We then implement 

the fast double-difference cross-correlation algorithm (FDTCC) to measure the cross-correlation 

differential times for all event-pairs (Liu et al., 2023). All event waveforms are filtered from 1 to 

12 Hz. The window lengths of P- and S-waves are defined as 3 and 4 seconds respectively, starting 

0.25 seconds before the LPPN-picked arrival times. When the LPPN-based picks are unavailable, 

we use the TauP toolkit to predict the arrivals based on a 1-D velocity model (Crotwell et al., 1999). 

In GrowClust, the minimum correlation coefficient threshold and the number of differential times 

per event-pair for relocation are defined as 0.7 and 8, respectively. We successfully relocate 10,078 

earthquakes (Figure 1). We further perform a bootstrapping analysis using GrowClust to estimate 

the relative location uncertainty for all relocated events. The mean horizontal and vertical 

uncertainties are 54 m and 147 m, respectively. 

 

Text S3: Relocating the hypocenters of the three largest events 

Due to rupture complexity, the three largest events could not be paired with other smaller events 

based on FDTCC. We thus adopt a GPU-based Match&Locate method (GPU-M&L) to determine 

their initial rupture points based on their initial P waves (Liu et al., 2020, 2022a). We first select 

three reference events with clear P-wave first motions from our relocated catalog. The template 

length is defined as 0.15 s starting 0.1 s before the manually picked P-wave arrivals, whereas the 

waveform windows of the three target events are 5 s before and 50 s after their origin times. To 

improve the spatial resolution, we further interpolate the template and target waveforms from 100 

to 5000 Hz in the frequency domain (Liu et al., 2022a). Finally, based on a grid-search strategy, 

GPU-M&L determines the initial rupture points of the three largest events by maximizing the 

cross-correlation coefficients between template windows and target waveform segments (Liu et 

al., 2020, 2022a). 

 

Text S4: Magnitude estimation 



We estimate the local magnitudes for all relocated earthquakes based on their S-wave amplitudes 

and a recently improved national standard magnitude scale that is specific to the Yunnan region, 

China (Richter, 1935; Lin et al., 2018). The maximum amplitudes of horizontal component 

waveforms are measured after deconvolving the instrument response from the raw waveforms and 

then convolving the obtained signal with the theoretical Wood-Anderson seismometer response. 

The measured waveform window starts 0.5 seconds before the P wave arrival and is twice the 

predicted S–P travel time in length. The estimated magnitudes range from ML 0.02 to 5.20 with a 

completeness magnitude of 0.8 (Figure S9). 

 

Text S5: Earthquake swarm identification 

We systematically detect potential earthquake swarms from our newly developed catalog. Based 

on 3D earthquake hypocenters, we initially identified 664 earthquake clusters using the DBSCAN 

algorithm (Ester et al., 1996) with the sphere radius and minimum number of points defined as 0.5 

km and 1, respectively. Eleven clusters with at least 100 events are then selected for manual 

inspection where we only keep burst-like clusters and exclude those typical mainshock-aftershock 

sequences with the largest events occurring towards the beginning of the sequence. This leaves us 

with five earthquake swarms containing 5,905 events (Figures S1-S2). 

 

Text S6: Rupture dimension estimation 

Rupture dimensions of the main events in swarms 2 and 4 are estimated based on Wells & 

Coppersmith (1994). Pang et al. (2021) used the gCAP method to calculate the moment magnitudes 

of the two ML 5.2 main events in swarm 5, which are Mw 5.1 and 5.0, respectively. It suggests that 

the moment magnitude of an earthquake in Tengchong is lower than its local magnitude. Since an 

Mw 4.7 earthquake can rupture a length of ~1.5 km, we infer that the actual rupture dimensions of 

the two main events (ML 4.6 and 4.7) in swarms 2 and 4 are both likely less than ~1.5 km. 

 

Text S7: Focal mechanism solutions 

We use HASH to obtain the focal mechanism solutions for the first ML 4.7 main event and nine 

ML > 2.5 events that occurred on the ring-like fault based on P-wave first motions and S/P 

amplitude ratios (Hardebeck and Shearer, 2002, 2003). Results show that these earthquakes are 

predominately strike-slip and normal faulting events (Figures 3, S4 and S5). These earthquakes 



that occurred within the ring-like structure exhibit rotated nodal planes (Figure S5). Since the 

amplitudes of the two ML 5.2 main events exceed the dynamic range of seismometers used in this 

study, we thus obtain their focal mechanism solutions from a previous study which applied the 

generalized cut and paste method using data from seismometers located farther away (Peng et al., 

2021). Both ML 5.2 events are strike-slip events (Figure 3). 

 

Text S8: Regional stress field inversion 

We first collect the focal mechanism solutions of 20 MW > 5.3 earthquakes that occurred around 

TVF (latitude: 20° to 25°; longitude: 97° to 102°) between 1976 and 2021 from the Global Centroid 

Moment Tensor catalog (https://www.globalcmt.org/CMTsearch.html). We then use a damped 

linear inversion technique to invert the regional stress field based on these earthquakes (Hardebeck 

and Michael, 2006). Results show that the greatest principal stress is nearly horizontal (plunge = 

1.7°, standard error = 8°) with an azimuth angle of ~10° and the stress shape ratio is ~0.5 (Figure 

S8), which is conducive for the formation of strike-slip faults with strike directions of ~40° and 

~340° (e.g., Yu et al., 2022).  
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Figure S1. Magnitude-time evolution of earthquake swarms. Red stars in (a-d) represent the largest 

events in swarms 1-4. Gray lines in (a-e) indicate the cumulative number of events with time. 

Insets in (b) and (d) show the zoom-in time periods, which are marked by gray rectangles. Three 

colored stars in (e) indicate the three largest events dividing swarm 5 into four episodes. 

 



 
Figure S2. Similar to Figure 1b-c, but with color indicating the origin time of the identified swarms. 

 

 

 

 

 

 

 

 



 

 
Figure S3. Distance from the initiation points with time. Red curves represent the best-fit fluid 

diffusion models. Purple curves indicate the possible back fronts of fluid diffusion. 

 

 

 

 

 

 

 

 

 

 

 



 

 
Figure S4. Focal mechanism solution of the first main ML 4.7 event solved based on P-wave first 

motions (+, up; –, down) and S/P amplitude ratios.  

 

 

 

 

 

 

 

 



 
Figure S5. Illuminating the ring-like structure through the focal mechanisms of nine relatively 

large events. Clear rotation of nodal planes (black curves) is exhibited in this panel. 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S6. Spatiotemporal evolution of phase 3 of swarm 5. (a) Map view of the earthquakes that 

occurred during phase 3 with color indicating event index. Black rectangle marks a fluid-driven 

sub-swarm with a zoom-in 3D view and migration front exhibited in (b) and (c), respectively. 

Black dashed circle in (b) indicates cluster 1. Red curve in (c) represents the fluid diffusion model 

with a diffusivity of 7.0 m2/s. 

 

 

 

 

 

 

 

 

 

 



 
Figure S7. (a) 3D view of the isolated cluster 2. (b) Migration front of earthquakes that occurred 

within the isolated cluster 2, which can be well-fitted by the fluid diffusion model (red curve). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure S8. Regional stress field inversion. (a) Estimated stress shape ratio of the principal stresses. 

(b) Estimated azimuths and dip angles of the principal stresses with errors. 

 

 

 

 

 

 

 

 



 
Figure S9. Frequency-magnitude distribution and magnitude of completeness (Mc) of our newly 

developed catalog. 
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