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Abstract: The reservoir-triggered seismicity at the Song Tranh 2 reservoir in Vietnam is investigated
by using Shannon entropy, a well-known informational method used to analyze complexity in time
series in terms of disorder and uncertainty. The application of the time-varying Shannon entropy
to the time series of the interevent times of seismicity has evidenced clear links with the temporal
fluctuations of the water level of the reservoir, strengthening the belief that the reservoir operational
regime is one of the sources of the seismicity occurring in the area. Shannon entropy has also shed
light on the tectonic mechanisms of generation of reservoir-triggered seismicity, revealing that the
change in stress due to the variation in water level causes the seismic system to be in a state of
greater disorder and instability, well depicted by Shannon entropy, which would lead to an increase
in seismic activity.
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1. Introduction

Reservoir-triggered seismicity (RTS) has been the subject of many scientific papers
in recent times due to its ability to cause damage to buildings and infrastructure and,
in the worst case, to kill people. The main cause of RTS is additional static loading due
to the weight of water reservoirs, tectonic faults, liquefaction, and variations in pore
pressure. Several studies of RTS have been carried out worldwide [1–7], and all of them
reached the same conclusion that reservoir-filling influences the seismic regime of areas
with active tectonic faults. The operational regime of a dam is generally oscillating and
driven by the seasonal cycle of the water level [3]. Pore fluid pressure diffusion underneath
the reservoir or the gravitational loading of the reservoir [8–10] are considered the main
mechanisms of RTS. Mikhailov et al. [5] proposed that seismic events are triggered by
“ambient stress field conditions (as a result of the water load which may lead to a failure),
fracture occurrence, hydromechanical properties of the rocks beneath the reservoir, geology
of the area, dimensions of the reservoir and lake-level fluctuation.” Rajendran et al. [11]
suggested that RTS originates in the violation of equilibrium due to the “reduction in the
strength of the fault zones.” This finding was later refined in Rajendran and Harish [1],
who concluded that “water passes through the basalts broken by the meridional faults
and penetrates into the fault zone with the highly permeable” layers. There have been
several cases reported worldwide where earthquakes, even large ones, occurred years
after the impoundment of the reservoir in areas that were practically aseismic before the
impoundment [12].

Among the various ways to characterize the dynamics of a time series is the amount
or degree of uncertainty or disorder; this is quantified by Shannon entropy (SE), which is
large for very disordered series and low for very organized ones.
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SE has found successful application in the investigation of various complex nonsta-
tionary time series [13] and, in particular, in the study of the dynamics of earthquakes.
Previous studies investigated the relationship between the SE and the progressive failure
processes of the rocks leading to earthquakes, greatly depending on the heterogeneities
of the crust [14]. Guarino et al. [15] analyzed the pattern of the microfractures occurring
before the final crack on heterogeneous materials by recording the acoustic emissions under
progressive load; they found a decrease in the SE. Lu et al. [16] found that SE decreases
before a large event by investigating the micro-seismicity preceding a rock burst in a galena
mine. Similar results were discussed in Chelidze et al. [17] in connection with the magni-
tude series of large Caucasian earthquakes. Recently, Rundle et al. [18] applied the concept
of SE to seismic nowcasting. In this context, in our study we perform an entropic analysis
of seismicity triggered by the Song Tranh 2 reservoir by using SE, which, to our knowledge,
has not been used to investigate the time dynamics of reservoir-triggered seismicity so far.

2. Seismotectonic Settings and Data

The central part of the Vietnamese continental margin forms the transition from the
continental Indochina Block to the East Sea (or South China Sea), which makes the margin
a key area for understanding the complex Cenozoic development of Indochina and the
East Sea [19–21]. The Song Tranh 2 reservoir is located on the metamorphic rocks of
the Tra Bong and Kham Duc complex formations [22,23]. The original rock in the study
region is primarily metamorphic amphibolite, formed during the orogenic movement of
Indochina, which occurred about 245–250 million years ago. Research shows that the study
region and its vicinity have undergone several stages of tectonic movements with different
distortional characteristics. There were two main ductile deformational phases with the
general movement mechanism slipping, including: early phase axis, compressive strain
axis, and sub-latitude. Under this stress field, the NW-SE fracture activity slid to the left;
by contrast, distortion in the later phase featured local compressive axial sub-meridian
and enjoyed the strain axes of the sub-latitude. Under the action of this stress field, the
NW-SE fracture slid right. The Cenozoic tectonic motion of the later phase had close ties
with volcanic activities in central and southern Vietnam during the Neogene-Quaternary.
The Song Tranh 2 reservoir is located within a series of zones with split-snowboarding by
NW-SE direction, which tended to raise the compression zone sub-meridian direction and
which also creates an E-W spreading trend. The sub-latitude and the NE-SW directions
faults are underdeveloped, while the sub-meridian direction fault is hardly absent. There
are three main faults: Tra Bui–Tra Nu (F1), Phuoc Gia–Tra Kot (F8), and Tra Leng–Tra Khe
(F12); all the remaining faults are branches of the main faults [22,23]. All the faults are very
steep or vertical, striking NW-SE and exhibiting right–lateral strike slip motion (Figure 1).

The Song Tranh 2 region is a site of reservoir-triggered seismicity, where the seismic
activity is controlled by the pore pressure and water level change due to the water im-
poundment [24]. The Song Tranh 2 hydropower reservoir was impounded in November
2010 and seismicity increased in 2011, with earthquakes continuing to occur. Every year
several thousands of earthquakes occur, and there are no signs of decline. The largest
earthquake, of ML 4.7, occurred on 15 November 2012, causing minor damage to houses in
the Tra My district.

Digital data acquisition systems were deployed by the Institute of Geophysics (VAST)
in the vicinity of the Song Tranh 2 reservoir to get a large amount of data and to help in
understanding the physical processes responsible for generating earthquakes in the area.

A seismic network of 10 stations was established by the Institute of Geophysics–
Vietnam Academy of Science and Technology (IGP-VAST). The stations are installed on the
hard rock site and the distance from the epicenters to 10 stations ranges from 4 to 23 km.
These stations were equipped with Guralp CMG-6TD seismometers. Guralp seismometers
have on-board digitizers with a dynamic range of 130 dB. During the observation period of
September 2012 to March 2020, about 8.000 earthquakes were reported by IGP-VAST. These
earthquake epicenters are shown in Figure 1.
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Figure 1. (a) Spatial distribution of earthquake epicenters during the period of September 2012
to March 2020 (dark circles) near the Song Tranh 2 reservoir (light blue). The investigation area,
represented by the red square in the inner map (b), is located in the center of Vietnam. The earthquakes
with ML 4.7 and 4.6 are indicated by red stars. Geology and identified geologically mapped faults
(red) with dip and slip direction as given by Hoai et al. [22,23].

3. Shannon Entropy

Shannon entropy (SE) furnishes a characterization of the probability density function
of a series on a global scale [25] and can be used to analyze the complexity of nonstationary
time series in terms of disorder or uncertainty [26]. The SE is defined through the following
formula:

SE = −
+∞∫
−∞

fX(x) log fX(x)dx, (1)

where f (x) is the probability density function of the series x. As the calculation of SE
depends on f (x), this has to be accurately estimated. In this paper, the estimation of f (x)
was performed by applying the kernel-based approach, which has been shown to perform
better than the discrete-based approach in calculating the SE for Gaussian processes [27].
The kernel-based approach is based on the kernel density estimator technique [28,29]:

f̂M(x) =
1

Mb

M

∑
i=1

K
(

x− xi
b

)
, (2)

where f̂M(x) is the estimate of f (x), b refers to the bandwidth, M represents the number of
data, and K(u) is a continuous non-negative and symmetric kernel function that satisfies
the following two conditions:

K(u) ≥ 0 and
+∞∫
−∞

K(u)du = 1, (3)
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The estimation of f (x) uses an optimized integrated method that combines the algo-
rithms of Troudi et al. [30] and Raykar and Duraiswami [31]; the method consists in finding
the optimal value of the bandwidth b [27] for the kernel estimation of f (x). In particular, by
using a zero mean and unit variance Gaussian kernel, the estimate of f (x) is the following:

f̂M(x) =
1

M
√

2πb2

M

∑
i=1

e−
(x−xi)

2

2b2 . (4)

4. Results

In this study we analyzed the series of interevent times ∆τ, which is the series of
time intervals between two consecutive events. Based on the results by Telesca et al. [32],
the completeness magnitude of the analyzed seismic catalogue is 1.7; thus, the series was
computed considering only events with a magnitude larger or equal to 1.7.

According to Vogel et al. [33], in this study we calculated the time varying SE by
sliding a fixed-length window through the series. We set the length of the window at
N = 50 and N = 100 data in order to check for dependence on the window length. In
both cases, we shifted the window by one datum, associating the calculated value of SE
to the time of occurrence of the last event in the window. This procedure guaranteed
enough smoothing among the values and allowed us to evaluate their variation with a
good resolution.

Figure 2 shows the results for the interevent times ∆τ. A clear variability characterizes
the time pattern of SE, suggesting the changing dynamics of the seismic process between
disordered states (high SE) and ordered states (low SE). The curves obtained with the two
values of the window lengths are quite similar, suggesting the robustness of the results
against the length of the moving window. Most strikingly, the spike-like behavior of the SE
time pattern reflects the oscillatory behavior of the water level. In particular, most of the
relative maxima of the SE occur within the annual cycle of the water level; the exception
was during 2018–2019, in which the water level exhibited rather anomalous cyclic behavior
characterized by three cycles (two large ones and a very small one in the middle). This
anomalous water cyclic behavior probably “breaks” the correlative relationship between
the SE and the water level, which is instead characterized by the concidence of most of
the relative maxima of the SE with the annual cycle of the water level. This indicates that
the seismic process taking place at Song Tranh 2 reservoir changes its status with dynamic
transitions that could be triggered by fluctuations in the water level. Figure 3 shows the
comparison between the frequency of ∆τ in two windows, where the SE is maximum
(10 February 2017) and minimum (13 March 2018), respectively, for the whole catalogue
with a moving window of length of N = 100. As can be seen, the frequency distribution of
the interevent times in the window where SE is the minimum (black) is characterized by a
more peaked behavior and smaller width than those featuring the frequency distribution
in the window with the maximum SE (red). The modulating behavior of the SE reflects the
modulating behavior of the time dynamics of the seismicity. The ∆τ frequency distribution
of the seismicity changes between more peaked and narrower to less peaked and wider
shapes, which could reflect the changing tectonic stress status of the area subjected to the
cyclic trend of the water level.
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of moving windows have been selected for calculating SE: N = 50 (solid) and N = 100 (dashed).
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Since the results could be influenced by the existence of possible clusters in the data,
we de-clustered the seismic catalogue and applied time-varying Shannon entropy to the
interevent times of the de-clustered catalogue. We de-clustered the seismic catalogue by
means of the method developed by Zaliapin et al. [34] based on nearest-neighbor (NN)
distance in the space–time–energy domain between events i and j [35]:

ηij =


cτijr

d f
ij 10−wmi τij > 0

∞ τij ≤ 0
(5)
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where τij is the time interval (in years) between events i and j (positive or negative, if
earthquake i preceded or followed earthquake j), rij is their spatial distance (in km), df is the
fractal dimension of the spatial distribution of the epicenters [34], and w is the parameter
that introduces the exponential weight of the earlier event i by its magnitude [36]. We set w
equal to 0 for de-clustering purposes [37]. If the seismicity is not clustered or Poissonian,
the distribution of ηij is unimodal; but if the seismicity is clustered, the distribution of ηij
is bimodal. Thus, fitting the distribution of ηij with a 2-component 1-D Gaussian mixture
model and estimating the boundary between the two modes by the maximum likelihood
method, a threshold η0 can be found, and the background seismicity can be discerned from
the clustered one, whose events have distance ηij larger or smaller than the threshold η0,
respectively [34].

Figure 4 shows the time-varying Shannon entropy of the interevent times for the
declustered seismicity and the water-level fluctuations.
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The SE of the seismic interevent time series of the de-clustered seismicity is charac-
terized by a roughly similar behavior as the whole seismicity, and this suggests that the
obtained results are nearly robust against the presence of seismic clusters.

5. Discussion

To assess the role of the water level as the forcing (or one of the forcings) of the time
dynamics of a seismic process, it is necessary to reveal the reservoir-triggered feature in the
seismicity by identifying the link between some characteristics of seismicity and water-level
fluctuations. Since the water level of a reservoir generally undergoes annual cycles due
to the filling and un-filling phases of the dam, a yearly oscillatory behavior in seismicity
that is triggered by the reservoir might also be visible. Methods like the power spectrum
of the monthly earthquake counts, the singular spectrum analysis of the monthly number
of events, the Allan factor of the seismic point process, or the Schuster’s spectrum of the
earthquake sequence ([32] and reference therein) have been used to identify annual or
quasi-annual periodicities in the time distribution of earthquakes, matching those revealed
in the temporal variation in the water level, and thus allowing assessment of the existence
of a dynamical link between the seismic and hydrologic processes.

The seismic area analyzed in the present study is located in the vicinity of the Song
Tranh 2 hydropower plant in Vietnam. The seismic rate of the area increased after the
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initial impoundment of the reservoir, and the seismic activity is still continuing, suggesting
that the loading/unloading operations of the dam could be one of the sources of the
occurring earthquakes.

To assess the link between the fluctuations of the water level of the reservoir and
the seismic activity of the area, we analyzed the interevent times between consecutive
earthquakes that represent the transitions from one earthquake to the next in the time
domain.

To date, Shannon entropy has never been employed to analyze reservoir-triggered
seismicity. In this paper, time-varying SE was suitable to reveal dynamical patterns in the
investigated seismic series that could be correlated with the water level variability. In fact,
the time-varying SE showed a quasi-periodic behavior, mimicking the oscillatory behavior
of the water level. Moreover, the peaks of each cycle of the SE are mostly reached within
the cycles of the water level.

The behavior of the time-varying SE suggests that the reservoir-triggered seismic
process at Song Tranh 2 reservoir is characterized by alternating phases of higher disorder
and lower disorder. This alternating behavior is visible in the whole seismicity as well as
the de-clustered seismicity. However, the SE of the seismic series for the whole seismicity
apparently behaves in a much noisier manner than that of the de-clustered seismicity; such
larger irregularity in the whole seismic catalogue can be due to the presence of seismic
swarms or aftershock sequences, whose time dynamics are characterized by timescales
lower than those of the background seismicity, thus causing the time variation in the SE to
appear more irregular.

Focusing on the time varying SE of the interevent times of de-clustered seismicity
(Figure 4), the increasing phases of the SE nearly correspond to the loading or filling phases
of the dam. The increase in the level of the water (corresponding to the increase in the
volume of the water in the reservoir) might change the stress state of the area, causing the
seismic system to be in a situation of greater disorder and instability that would lead to
the increase in the rate of earthquake occurrence. Figure 5 shows, indeed, the synoptic
variation in the water level and the number of events per 10 days in the Song Tranh 2 area;
we see that most of the cycles of water level are followed by peaks of seismic activity
culminating in relatively large earthquakes (indicated by the black dots). The increased
seismic activity is the fingerprint of an increased instability in the seismic system, well
depicted by the behavior of the SE of ∆τ.
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Figure 5. Temporal variation in water level in the ST2 reservoir (red) and number of earthquakes
(ML ≥ 1.7) per 10 days (blue) in the period of September 2012 to March 2020. Black dots show the
time occurrence of earthquakes (ML ≥ 3.5).

Another interesting feature of the time-varying SE of the ∆τ is the increasing trend
between approximately the second and fourth cycles of the water level; such increase
corresponds to the increase in the maximum of the water level between the same cycles.
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It is well known that one of the factors contributing to continued reservoir-triggered
seismicity is the exceedance of reservoir levels over the previous maxima [38]; in our case,
we observe that from the second to the fourth cycle the maximum of the water level in one
cycle exceeds that in the previous cycle, and this seems to be well reflected in the increase
in the SE, which indicates an increase in the instability and level of disorder in the seismic
system. Although the number of events does not show very clearly an increase in seismic
activity between the second and fourth cycles of the water level (Figure 5), it is striking
that, on the contrary, the SE evidences the increase in the level of disorder and, then, in
the instability in the seismic system, which underwent an increase in the stress state due
to the maximum of the water level exceeding that in the previous cycle. This might have
led to the greater number of events that occurred during the fifth cycle of the water level,
during which the SE decreased, indicating the tendency of the seismic system toward a
more stable state after the earthquakes have relaxed their energy.

Furthermore, comparing the time-varying SE of ∆τ of the whole with that of the
declustered seismicity, the range in the variation in the SE of the last one is larger than that
of the first; as observed by Vogel et al. [33] the aftershocks and swarms present in the whole
seismicity are characterized by successions of low and medium intensity earthquakes at
short intervals producing low values of Shannon entropy. It is also probable that, since
the time distribution of the de-clustered seismicity is less heterogeneous than that of the
whole seismicity (seismic swarms and aftershocks being a source of heterogeneity and time
clustering), the Shannon entropy is larger.

6. Conclusions

SE, well known in informational theory for its capability to characterize complex time
series, has been applied to reservoir-triggered seismicity at the Song Tranh 2 reservoir
in Vietnam. Our findings suggest a clear link between the time variability of the water
level and the time variation in the SE of the interevent times of earthquakes. Although
the potential of water reservoirs to trigger earthquakes in tectonic areas is well known, no
entropic analysis of reservoir-triggered seismicity has been performed to date. Furthermore,
the application of SE has furnished a novel way to interpret the occurrence of reservoir-
triggered seismicity in terms of increased instability or disorder in the seismic system due
to variation in water level, leading to an increase in seismic activity. Further studies will
be necessary, focused on the analysis not only of several other cases of reservoir-triggered
seismicity but also of other seismological variables (like epicenter distance or magnitude) in
order to get a more complete description of the entropic properties of this type of seismicity
and illuminate water-related causative mechanisms that are not exhaustively clarified yet.
Thus, the present study suggests a new perspective for investigation of reservoir-triggered
seismicity.
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