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ABSTRACT

Both artificial and natural hydrosphere changes can impact regional seismicity. In the Three Gorges
Reservoir (TGR) area, because of human regulation, the reservoir water level and natural rainfall
show opposite seasonal patterns: when the reservoir water level is high, the precipitation amount is
low, and vice versa. To investigate whether these artificial and natural factors are related to regional
spatiotemporal seismicity and, if they are, to reveal the possible mechanisms, we used statistical analysis
and calculated changes in stresses and pore fluid pressures due to these factors. We found that, based on
the distances of the epicenters to the TGR, earthquakes can be divided into two groups: those occurring
within 0-12 km and those occurring within 32-70 km. Our results show that the reservoir water-level
fluctuation influences the seismicity near the TGR (0-12 km), resulting in fewer earthquakes in summer
and more in winter. Stress changes caused by the elastic response to water loading play an important role
in this trend. In contrast to the seasonal pattern of near-TGR seismicity, earthquakes far from the TGR
(32-70 km), to some extent, show opposite pattern: more in summer and less in winter. Furthermore,
we found that seismic productivity far from the TGR (32-70 km) is moderately correlated with seasonal

precipitation. But it cannot be explained by the precipitation-induced pore pressure variations.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Hydrosphere changes can either promote or inhibit regional
seismicity. These changes can be attributed to human and nat-
ural factors, such as reservoir impoundment, oil and gas pro-
duction, wastewater injection, river-level fluctuation, rainfall, and
snow (Ader and Avouac, 2013; Bettinelli et al., 2008; Craig et al.,
2017; Dutilleul et al.,, 2021; Ge et al,, 2009; Gonzalez et al., 2012;
Johnson et al., 2017a; Keranen et al., 2014; Perry and Bendick,
2021; Talwani et al., 2007; Xue et al., 2020). Generally, hydro-
sphere changes can be associated with seismicity as they may
cause changes in regional stress field and pore fluid pressure. To
be more specific, first, the mass redistribution will change the re-
gional stress field. If this change overcomes the frictional strength

Abbreviations: 1D, one-dimensional; AF, Allan factor; ECA, earthquake con-
centration area; EQ, earthquakes; GNSS, Global Navigation Satellite System; HYF,
Huayingshan Fault; ITS, injection-triggered seismicity; MCSD, maximum compres-
sive stress direction; TGD, Three Gorges Dam; TGR, Three Gorges Reservoir; XNF,
Xiannvshan Fault.
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of a pre-existing fault, an earthquake can be triggered (e.g., Foulger
et al,, 2018; Xue et al., 2020). Second, the instantaneous response
(undrained effect) and the diffusion of water may increase the pore
fluid pressure on some pre-existing faults, reduce the effective nor-
mal stress, and cause sudden fault sliding (e.g., Ge et al., 2009;
Talwani et al., 2007).

Around the Three Gorges Reservoir (TGR) in central China, hy-
drosphere changes are influenced by both artificial and natural
factors, making it ideal for investigating the relationship between
regional seismicity and hydrosphere changes. The TGR was created
in 2003 due to the construction of the Three Gorges Dam (TGD)
on the Yangtze River, the largest hydropower dam in the world
(Fig. 1). The TGR extends westward from the TGD, with a length
of approximately 660 km and a water area of approximately 1,040
km? (Wang et al., 2013). In contrast to natural conditions, the rainy
season corresponds to the low-water-level period of the reservoir
(Tang et al., 2019; Xue et al., 2020; Fig. 2a and 2b). The TGR area is
situated in the transition zone from the Tibetan Plateau to the hills
and plains of eastern China. It has a complex geological and tec-
tonic background with multiple active faults, such as Xiannvshan
Fault (XNF) and Huayingshan Fault (HYF) (Fig. 1), and can host
moderate-sized earthquakes (Huang et al., 2018; Tang et al., 2019;
Zhang and Lou, 2011).
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Fig. 1. Map of the Three Gorges Reservoir area. Regional earthquakes (2009-2020) are marked as red circles sized by magnitude. The largest four earthquakes are 2013 Ms
5.1, 2017 Ms 5.0, 2014 Ms 4.6, and 2014 Ms 4.5. Black lines represent the faults, and the two main active faults, Xiannvshan Fault (XNF) and Huayingshan Fault (HYF), are
marked. Light blue triangles show the locations of the seven selected meteorological stations. The Three Gorges Dam (TGD) is marked by purple stars. (For interpretation of

the colors in the figures, the reader is referred to the web version of this article.)

Since its first impoundment, many surveys on seismicity have
been conducted in the head area of the reservoir (within several
tens of kilometers near the TGD). Many researchers have claimed
that impoundment has a significant impact on regional seismicity
(e.g., Huang et al, 2018; Wu et al,, 2012; Yi et al,, 2012; Zhang
et al., 2018). However, there is currently little research on the
spatiotemporal patterns and mechanisms of seismicity over the en-
tire TGR area. In addition, the TGR area is located in the Yangtze
paraplatform; hence, more studies on its seismicity can help eluci-
date the seismic response to surface processes, the mechanisms of
intraplate seismicity, and the physical processes of induced earth-
quakes.

In this study, we first collected data on seismicity, reservoir
water level, and regional precipitation in the TGR area since the
third stage of impoundment (2009-2020). We then investigated
the temporal patterns of regional seismicity and their relationship
with hydrosphere changes using statistical analysis. To elucidate
the underlying mechanisms, we calculated stress changes and pore
pressure variations due to water-level changes and seasonal pre-
cipitation, respectively.

2. Data
2.1. Water-level data and precipitation data

The daily water-level data measured in front of the TGD since
2003 was downloaded from the Yangtze River Hydrological Net-
work. Considering the large fluctuation in the autumn of 2020, we
focused on the 11 storage cycles between July 2009 and June 2020
in the following analysis (Figs. S1 and 2a-1). To show the seasonal
pattern of the water level, we calculated the average water level
in the 11 storage cycles with a step width of one day (Fig. 2a-2).
The data of seasonal water volume changes in the TGR water area
were from Lai et al. (2022). They were obtained from the Shut-
tle Radar Topography Mission digital elevation model v4.1 with a
spatial resolution of 90 m (Lai et al., 2022).

Daily precipitation data from seven stations in the TGR area
from 2009 to 2020 were collected from the China Meteorolog-
ical Data Service Center (Figs. 1 and S2a). We calculated the
monthly precipitation at each station based on the unevenness of
the month length (adjusting the precipitation assuming that there

were 31 days in each month) and found a consistent annual sig-
nal (Fig. S2b). Therefore, we assumed that the spatial variability of
precipitation is negligible compared to the uncertainty of the re-
gional geological structure. We then calculated the precipitation
time series of the area using the average of the data from the
seven stations (Fig. 2b-1). The precipitation time series obtained
between 11 water storage cycles was averaged to generate the av-
erage monthly precipitation in the TGR area (Fig. 2b-2).

2.2. Earthquake catalog and declustering

We collected seismic catalog data for the region (106°E-
111.5°E, 29°N-32°N) from the China Earthquake Network (China
Unified Earthquake Catalog). The data were compiled by the China
Earthquake Administration using the results produced by local net-
works (below M 4) and the national network (above M 4). They
include 3,224 events with M > 0 from January 1, 2009, to De-
cember 31, 2020 (Fig. 1). The magnitude of completeness (Mc)
was estimated to be 1.2 (Fig. S3a). We used the nearest-neighbor
distance approach (Zaliapin and Ben-Zion, 2013) to identify and re-
move clusters of aftershocks from the catalog (Figs. S3 and 2c-1).
In the following analysis, we used the declustered catalog directly
without considering the minimum complete magnitude. This is be-
cause the declustered catalog includes 2,388 events during the 11
water storage cycles. However, under the constraint of the mini-
mum complete magnitude, the number of earthquakes is reduced
to 809, which is not conducive to statistical analysis (Fig. S5; Craig
et al,, 2017; Xue et al, 2020). We then adjusted the number of
earthquakes in each month according to the unevenness of the
month length and stacked them annually (Fig. 2c-2).

3. Methods
3.1. Statistical analysis

We first analyzed the spatial distribution of declustered earth-
quakes and divided them into two groups according to the dis-
tances of the epicenters to the TGR. Based on the statistical
approaches described below, we then investigated their tem-
poral patterns, differences, and relationships with hydrosphere
changes.
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Fig. 2. Comparison among water level, precipitation, and seismicity. (a-1) Time series of TGR water level at the TGD from January 1, 2009, to December 31, 2020. (a-2) Water
level from July 1, 2009, to June 30, 2020, stacked on an annual timescale with 1 day running average (orange). (b-1) Monthly precipitation in the TGR area from January
2009 to December 2020. (b-2) Monthly precipitation histogram from July 2009 to June 2020, stacked on an annual timescale with 1-standard deviation (orange bars). Dotted
horizontal line shows average monthly precipitation. (c-1) The cumulative number of earthquakes (EQ) for the complete (blue curve) and declustered (orange curve) catalogs
from January 1, 2009, to December 31, 2020. The event magnitudes of the complete catalog are indicated by black bars. (c-2) Earthquake frequency histogram of complete
(blue bars) and declustered (orange bars) catalogs from July 2009 to June 2020, stacked on an annual timescale. Dotted and solid horizontal lines show the average values

for the complete and declustered catalogs, respectively.

The clustering of earthquakes over time is shown by the coeffi-
cient of variation C,. It is defined as:

CV:_7 (1)

where o and u are the standard deviation and the mean value of
the event interval time, respectively. The earthquake sequence is
regular if Cy, is lower than 1, Poissonian if C, is 1, or clustered if
C, is greater than 1 (Kagan and Jackson, 1991).

Cy, provides the time-cluster information of the point process
but does not reveal its timescale. Therefore, we used the Allan fac-
tor (AF) and Schuster spectra, which have different resolutions and
sensitivities, to determine seismic periodicity.

AF is related to the variability in successive counts (Thurner et
al., 1997). The catalog is divided by duration T, and a counting
sequence of earthquakes is obtained. The number of earthquakes
falling in the k™ window is shown by Ny (7). Then, AF is defined
as

(Vi (®) = Ne(@)?)

AR = N

: (2)

where (x) denotes the mean value of x. If the process is clustering,
the AF will change with duration t. The decline of the logarithmic
curve of AF-T on a particular timescale indicates that the earth-
quake sequence has periodicity on this timescale (Telesca et al.,
2017).

The Schuster test regards each earthquake as a unit vector,
whose direction is represented by the phase angle (the phase an-
gle of the event that occurs at time t; is 6 =27ty /T, where T is
the periodicity). The vector sum is used to calculate the probability
that the concentration of events in the catalog changes accord-
ing to a sine function (Schuster, 1897). Based on the Schuster test,
Schuster spectra is a more reliable periodic detection method, the
principle of which is to perform multiple Schuster tests (Ader and
Avouac, 2013). Quantitatively, if the p-value is lower than 0.01 T/t
(t is the duration of the catalog), we can claim that a periodicity T
is detected above the 99% confidence level.

Simultaneously, we employed jackknife analysis on the stacked
series. It excludes the data of each storage cycle (July to June of the
following year) separately (Craig et al., 2017). By comparing the
stacked series after excluding the data for each cycle, we can ver-
ify the statistically significant periodicity and assess whether the
periodicity is the result of extreme excursions in a single year.
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We then aimed to reveal the seasonality and underlying driv-
ing mechanisms of these two groups of earthquakes. We used the
Pearson and cross-correlation coefficients to test the correlation
between earthquake frequency and hydrosphere changes.

3.2. Calculation of elastic stress changes caused by water-level
fluctuation

The TGR experiences a rapid 30-m rise in the water level before
winter every year from 2009 to 2020 (Fig. 2a). This would lead to
an increase of 22.7 km3 water in the TGR water area (Wang et
al.,, 2013), which can induce changes in the static stress field, and
thus, may modulate regional seismicity (e.g., Ge et al., 2009; Xue et
al., 2020). Previous studies have usually used the Mohr-Coulomb
criterion and calculated changes in the Coulomb failure stress to
evaluate the effects of static loading on the stress of a known fault
plane and its seismicity (e.g., Ge et al., 2009; Xue et al., 2020). This
requires the input of fault parameters, such as strike, dip, and rake.
However, in the TGR area, these geometrical parameters of faults,
on which seismicity occurred, are not clarified, and some of the
earthquakes occurred on unmapped faults. Furthermore, the mag-
nitude of the earthquakes in the TGR area was small, typically M
0-2. Thus, it is impossible to obtain the focal mechanism solution
data and derive fault geometry information.

To evaluate the effects of water loading on the regional stress
field, we introduced the Drucker-Prager yield criterion (Drucker
and Prager, 1952). It includes the effects of the mean stress and
shear stress and can be expressed as follows (Drucker and Prager,
1952):

Fpp=+/J2 +ali — B, (3)
2sing

=—— " 4

“ V3 (3 +sing) @
6C cos¢

—_ ot 5
p V33 +sing)’ )

where Fpp is the yield stress function under Drucker-Prager cri-
terion, o and B are material constants related to cohesion C and
internal friction angle ¢, I; is the first invariant of the stress ten-
sor, and J, is the second invariant of the deviatoric stress tensor.
In this study, we defined compressional stress as negative. The
internal friction angle of dry rock is usually approximately 30°,
which decreases if the rock is wetted by water (Byerlee, 1978;
Jaeger et al., 2007; Zoback, 2007). Similar to the changes in the
Coulomb failure stress, an increase in Fpp (AFpp > 0) promotes
failure, whereas a decline in Fpp (AFpp < 0) moves the stress state
far away from failure and increases the stability of rocks.

A regional initial stress field is required to calculate AFpp. How-
ever, the TGR area lacks reliable crustal stress observation data, and
some inconsistencies exist. For example, a recent tectonic stress
map of China shows that the maximum compressive stress direc-
tion (MCSD) of the entire TGR area is NW-SE (Hu et al., 2017). In
contrast, the MCSD in the head area of the TGR was reported to be
NE-SW (Wu et al.,, 2012). In light of this, we estimated two initial
regional stress fields using the method proposed by Zoback (1992)
according to these two viewpoints. We then calculated the regional
stress field change due to impoundment using Boussinesq's three-
dimensional analytical solution (Jaeger et al., 2007). The final re-
gional stress field was calculated by superimposing the stress field
change onto the initial regional stress field. Hence, AFpp can be
calculated by subtracting the initial Fpp from the final Fpp. More
information on the Drucker-Prager yield criterion and calculation
is shown in the Supplementary Material (Text S1).

Earth and Planetary Science Letters 592 (2022) 117618

3.3. Calculation of pore pressure changes caused by monthly
precipitation

Precipitation can affect regional seismicity by causing changes
in pore pressure (Hainzl et al., 2006, 2013). Here, we used a one-
dimensional (1D) model (Dutilleul et al., 2021; Hainzl et al., 2013)
to assess this effect in the TGR area. The model includes the poroe-
lastic effect (undrained response) and pore pressure diffusion. The
change in groundwater level is regarded as the difference between
the monthly precipitation and the average value (Dutilleul et al.,
2021). More details are provided in the Supplementary Material
(Text S2).

4. Results

4.1. Relationship between water level, precipitation, and observed
seismicity

From the complete catalog, we observed that seismicity in the
TGR area was frequent when the water level reached its highest
point and then began to fall (November, December, February, and
March; blue bars in Fig. 2¢-2). This is consistent with the seismicity
observed in the head area of the TGR (Zhang et al., 2018). How-
ever, the difference is weakened after declustering (orange bars in
Fig. 2c-2). This indicates that earthquakes in winter are more likely
to generate aftershocks.

Seismicity in the TGR area exhibited three spatial distribu-
tion characteristics (Fig. 3). First, horizontally, the epicenters were
mainly distributed within 12 km or between 32 and 70 km from
the TGR (Figs. 3a and 3c). We observed this pattern in both the
complete catalog and the declustered catalog using Mc = 1.2 as a
minimum (Fig. S4). Therefore, this pattern is an inherent feature
of regional seismicity rather than a statistical fluke. Second, ver-
tically, the hypocenters of approximately 90% of the events were
distributed within 10 km of the surface, and approximately 70%
of them occurred 5-7 km below the surface (Figs. 3b and 3c).
Finally, earthquakes with deep focal depths typically occurred di-
rectly below the TGR or very close to the river bank (within a few
kilometers) (Fig. 3c).

We calculated the coefficients of variation for the declustered
catalogs of these two groups of earthquakes (located 0-12 km
[group-1] and 32-70 km [group-2] away from the TGR, respec-
tively). We obtained C, ~ 1.21 for group-1 and C, ~ 1.19 for
group-2. To assess the significance of these results, we randomly
generated 10,000 Poisson catalogs of the same size and average
seismicity rate for each group. The 95% confidence intervals for
Poissonian surrogates are [0.95,1.05] (group-1) and [0.92, 1.08]
(group-2), which suggests that both groups are clustered over the
entire time domain at 95% confidence. The irregular clustering in-
dicates potential irregular factors that have an impact on regional
seismicity.

The AF shows that both groups have periods of slightly more
than 1 year and 1.5 years (Fig. 4). The Schuster spectrum shows
the annual period for group-1 events, while group-2 events show
several periods of less than 1 year, among which the 1-day pe-
riod may reflect the role of solid tide or the daily changes in
detection levels (Fig. 5). Periodicities other than 1 year are inter-
esting. Telesca et al. (2021) and Dutilleul et al. (2021) also reported
multiple periodicities in the Song Tranh 2 Reservoir area (Viet-
nam) and near Parkfield, but failed to determine a mechanism.
Therefore, we focused only on the annual cycle, which may be
explained by hydrosphere changes. We applied jackknife analysis
to two sub-catalogs and verified the annual periodicities (Figs. S5c
and S5d). An earthquake swarm was found at 32-70 km in Febru-
ary 2013, which continued to show a clustering characteristic after
the nearest-neighbor approach was applied (Fig. S6b). Thus, we
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Fig. 3. Distribution characteristics of regional seismicity. (a) Cumulative histogram of earthquakes versus distance from the TGR for the declustered catalog. The gray shading
marks two earthquake concentration areas (ECAs), which are respectively bounded by 12 km, 32 km, and 70 km away from the TGR. (b) Cumulative histogram of earthquakes
versus depth of the earthquakes for the declustered catalog. (c) The relationship between focal depth and epicenter distance from the TGR (declustered catalog). EQ:

earthquakes.

eliminated the swarm-related events that occurred within the re-
gion (107.5°E-108.5°E, 29°N-29.5°N) in the following analysis.

The earthquake frequency was stacked for each month, and we
found that these two groups of earthquakes do not have the same
seasonal characteristics. The productivity of group-1 earthquakes is
enhanced in winter and reduced in summer (Fig. 6a). In contrast,
the productivity of group-2 earthquakes appears to be enhanced in
summer and reduced in winter (Fig. 6b). The correlation coefficient
between the monthly number of group-1 earthquakes and the wa-
ter level was 0.93, indicating a high correlation. Meanwhile, the
correlation coefficient between the monthly number of group-2
earthquakes and precipitation was 0.58, showing a moderate cor-
relation. According to the cross-correlation, the frequency of the
stacked sequences and changes in the hydrosphere are maintained
in synchronization (Fig. S7).

4.2. Water-level fluctuation and monthly rainfall induced stress changes

To help understand the impact of reservoir water-level change
on the crust, we first checked the surface deformation using the
Global Navigation Satellite System (GNSS) series. We found that
the phase of the GNSS series is the same as that of the water level
(Figs. S8b-S8d, blue curves). We used Boussinesq’s model (Jaeger
et al,, 2007) to simulate surface deformation and found that the
results are consistent with actual observations (Fig. S8). We then
calculated the changes in Fpp caused by the 30-m rise in water
level (Figs. 7a-7d, S9, and S10). When the internal friction angle
¢ is low, the area near or below the reservoir is the concentra-
tion area of positive AFpp. Generally, the entire area tends to be
more stable with a larger internal friction angle ¢ (Figs. S9 and
$10). This results from the greater effect of the mean stress on
the yield stress. In addition, the absolute value of AFpp gradually
decreases with depth, but the distribution remains approximately
the same (Figs. S9 and S10). We further calculated the AFpp at
the hypocenters of group-1 earthquakes (Figs. 7e-7i and S11). We
found that when ¢ = 0°, 74% (MCSD: NW-SE) and 66% (MCSD:
NE-SW) of the earthquakes occurred in places where AFpp was
positive. The ratio of earthquakes with positive AFpp decreases as

¢ increases (Fig. 7i). This result indicates that the elastic response
induced most of the group-1 earthquakes if the internal friction
angle is low. We also noticed that deep earthquakes typically had
a positive AFpp under different ¢ and background stress fields
(Figs. 7g, 7h, and S11). This implies that elastic response plays a
leading role in the deep part.

To explore the relationship between group-2 events and precip-
itation, we estimated the seasonal pore pressure changes caused by
precipitation. We tested the hydraulic coefficient between 0.1 and
10 m?2/s, which is considered a reasonable range (Talwani et al,,
2007). The pore pressure peaked in October, and there is a two- to
three-month delay compared with precipitation (Fig. 8). Owing to
the coupling of the undrained and diffusion effects, the phase dif-
ferences at different depths are not obvious (Figs. 8a, 8b, and S12).
Overall, the increase in pore pressure has a time lag at all depths
(Fig. S12), which cannot match the change in seismic productivity.

5. Discussion

We observed seasonal characteristics of earthquakes closer to
the TGR (0-12 km, group-1). The annual stacking form of the se-
quence shows a high correlation with the reservoir water level.
For earthquakes 32-70 km from the TGR (group-2), this annual
periodicity and seasonality are weakened and are not evident in
the Schuster spectra. The annual stacking form of the sequence
shows a moderate correlation with regional precipitation. We are
convinced that group-2 events are not synchronized with those in
group-1. But we also acknowledge that there is less statistical ev-
idence for seasonal seismicity variations in group-2 events. One
possible explanation is that the variations in precipitation are sig-
nificantly less than that in the reservoir water level, causing the
surface mass load to be concentrated in the reservoir rather than
in the surrounding area. Thus, seismicity far from the TGR may
have a weaker annual periodicity. To demonstrate the robustness
of our results, we adjusted the boundaries of these two earthquake
groups and observed the same seasonality (Fig. S13). However, we
could not observe the seasonality of earthquakes that occurred
32-70 km from the TGR (Fig. S14). Therefore, the TGR area can
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indeed be divided into three regions, two of which are earthquake
concentration areas (ECAs) with different seismicity patterns.

To evaluate the mechanism of group-1 events quantitatively, we
calculated the static stress field change due to water level rise. Our
results show that impoundment of the TGR can cause high-stress
changes in its vicinity and make the rocks closer to failure un-
der a low internal friction angle ¢ (Fig. 7). Previous studies have
shown that the frictional coefficient can be as low as 0.08 in water-
saturated rocks, suggesting a low frictional angle of approximately
4.6° (e.g., Fulton et al, 2013). Hence, owing to strong perennial
reservoir water and abundant precipitation (Huang et al.,, 2018;
Tang et al,, 2019), it is reasonable to use a low internal friction
angle in this region. In addition, AFpp shows similar patterns in
the head area of the reservoir under the two background stress
fields. However, when using the stress field of the head area (NE-
SW), AFpp was not consistent with the seismicity upstream of the
TGR (Figs. 7e and 7f).

According to our calculation, we can hypothesize as to how wa-
ter level affects seismicity near the reservoir (group-1 events). In
the shallow part, earthquakes may be jointly modulated by the
elastic response and pore pressure variations. However, in the deep
part, the instantaneous elastic response plays a dominant role. In
these places, the pore fluid pressure variations are weaker and
probably become too insignificant to cause the rocks to fracture.
This also leads to the pattern shown in Fig. 3c that deep earth-
quakes tend to occur directly below the TGR or close to the river
bank, where the AFpp amplitude is larger.

We used a 1D model to calculate the changes in pore pres-
sure caused by seasonal precipitation. Based on this, we can reject
the hypothesis that the pore pressure variations caused by precip-
itation drive group-2 events. Hainzl et al. (2006) suggested that
the tiny pressure variations associated with precipitation can trig-
ger seismicity at Mt. Hochstaufen because the crust there is close
to failure. However, our study, to some extent, demonstrates that
in the stable intraplate region, rainfall-induced pore pressure vari-
ations might not be a dominant factor modulating earthquakes.
According to the synchronization signal, we assumed that the elas-
tic response to the changes in precipitation-related surface water
storage may be a possible mechanism for group-2 events. Because
seasonal precipitation can cause large variations in surface loads,
and thus may lead to greater stress variations than pore pressure
(Bettinelli et al., 2008; Birhanu and Bendick, 2015; Dutilleul et al.,
2021).

Changes in the surface hydrosphere can lead to different re-
gional seismicity patterns. For example, in the Himalayas, Califor-
nia, and the northern Rocky Mountains, seismic productivity coin-
cides with the stressing rate (Bettinelli et al., 2008; Johnson et al.,
2017a; Perry and Bendick, 2021). However, in the TGR area, we re-
ported earthquakes associated with stress perturbation (Fig. S15),
similar to the cases in the New Madrid Seismic Zone and the west-
ern branch of the East African rift system (Craig et al., 2017; Xue et
al., 2020). According to Ader et al. (2014), the variations in seismic-
ity are predicted to be related to the peak stress if the amplitude
of the cyclic load is the same order of magnitude as the secu-
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lar stress rate multiplied by the duration. Therefore, we suggest a
slow tectonic load rate and long critical nucleation period for the
TGR area.

In this study, we could not exclude other possible combina-
tions of different processes, such as atmospheric pressure, tem-
perature changes, and solid tides (e.g., Cochran et al., 2004; Gao
et al., 2000; Johnson et al., 2017b). In particular, we have not at-
tempted to assess the impact of reservoir water-level changes on
earthquakes that occur 32-70 km away from the TGR. Because this
involves a common problem in current triggered-earthquake re-
search: how far away from an operation site an earthquake can
still be induced/triggered (Goebel and Brodsky, 2018). On the one

hand, it has long been believed that the dangerous areas for in-
duced/triggered earthquakes are concentrated in the vicinity of the
operation (Foulger et al,, 2018). Chen (2009) even judged that the
2008 Wenchuan earthquake was not triggered by the impound-
ment of the Zipingpu Reservoir, since the distance between the
reservoir and the hypocenter was more than 5 km. On the other
hand, many recent studies on injection-triggered seismicity (ITS)
have shown that ITS may occur more than 30 km away from
the wells (Goebel and Brodsky, 2018; Keranen et al., 2014). Nev-
ertheless, no bimodal distribution pattern of spatial distance has
been reported for reservoir-triggered seismicity cases worldwide.
Moreover, it seems complicated to explain the different seismicity
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patterns in the three regions based on changes in reservoir water
level. Overall, we are convinced that earthquakes occurring 0-12
km from the TGR are driven by the water level. Simultaneously, we
are more inclined to believe that earthquakes that occur 32-70 km
away from the TGR are modulated by other mechanisms, among
which the change in precipitation-associated water storage is a po-
tential candidate.

The seismicity may be modulated by the hydrosphere. The rel-
evant processes are controlled by many factors, such as the initial
stress state, pre-existing faults, hydraulic conductivity of fractures,
and hydrodynamic properties of the underlying rocks (Bell and
Nur, 1978; Huang et al., 2018). The TGR area has a large span, its
geological structure is complicated, and the seismic risks in differ-
ent regions vary greatly (Tang et al., 2019). In the future, further
studies to establish a multi-field coupling geomechanical model
and an earthquake-physics model would be challenging but worth-
while.

6. Conclusions

We examined seismicity characteristics in the Three Gorges
Reservoir area since the third stage of the impoundment (2009-
2020) and investigated their relationship with hydrosphere
changes. The following conclusions can be drawn.

1) Seismicity in the TGR area is concentrated in two regions,
within 0-12 km and 32-70 km from the TGR.

2) The productivity of earthquakes within 0-12 km of the TGR
is enhanced in winter and reduced in summer. This is highly
correlated with the reservoir water level. The instantaneous
elastic response owing to changes in the reservoir water level
plays a significant role.

Earthquakes occurring 32-70 km from the TGR show slightly
opposite seasonal patterns, that is, they are less frequent in
winter and more frequent in summer. The seismic productivity
is moderately correlated with regional precipitation. The pore

w
=

pressure variations due to precipitation are unlikely to be the
main factor that modulate this group of earthquakes.
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