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SUMMARY

Over the past few decades, the global number of dams has increased substantially. Wa-
ter impounded behind these dams, resulting in elevated crustal pore pressure and al-
tered stress distribution around reservoirs, could potentially trigger or suppress the fail-
ure of nearby faults, leading to transient changes in seismicity. In this study, we anal-
yse 14 yr (2006-2019) of spatiotemporal seismicity recorded by a dense local network in
the Gotvand area (SW Iran), covering about 5.5 yr before and 8.5 yr after impoundment.
The initial catalogue, comprising over 48 000 relocated earthquakes, was reduced to 6464
background events by adopting a 3-D Epidemic-Type Aftershocks Sequence declustering
model with a cut-off magnitude of 1.3. We analyse the spatiotemporal background seis-
micity pattern in the Gotvand area in comparison with calculated reservoir-related spa-
tiotemporal stress changes relative to the initial stress state before water impoundment,
approximating the Gotvand reservoir by 726-point sources covering the reservoir surface.
We find that following the initiation of impoundment, the local background seismic ac-
tivity slightly increased during the impounding, pointing to induced/triggered seismicity.
However, most importantly, the impoundment of Gotvand lake has altered the spatial
seismicity patterns, leading to a notable reduction in seismic activity in the central area of
the reservoir, which is in agreement with the calculated negative Coulomb stress changes
in the same area. Using the Coulomb-Rate-and-State seismicity model, we find that the
spatiotemporal seismicity response due to the calculated stress changes is consistent with
the observations.

Key words: Earthquake interaction, forecasting, and prediction; Induced seismicity;
Seismicity and tectonics; Statistical seismology.

1 INTRODUCTION

The number of earthquakes associated with anthropogenic ac-
tivities (induced seismicity) has increased significantly since the
beginning of the last century (G.R. Foulger et al. 2018) and has
become of interest to both non-scientific and scientific com-
munities. Induced seismicity can occur close to densely pop-
ulated areas, and discriminating it from natural seismicity is
a highly debated topic. Many outstanding cases with moder-
ate magnitude caused by human-related activities have been re-
ported and compiled in different studies (e.g. A. McGarr et al.
2002; R. Davies et al. 2013; W.L. Ellsworth 2013; G.R. Foul-
ger et al. 2018). Induced earthquakes are caused by human
operations such as water impoundment, mining, geothermal

power production, hydrocarbon extraction, hydraulic fractur-
ing for shale gas extraction, CO, sequestration, wastewater in-
jection and cyclic injection and extraction operations at under-
ground gas storage (T. Dahm et al. 2010; W.L. Ellsworth 2013;
F. Grigoli et al. 2017; G.R. Foulger et al. 2018, 2022; A.P. Ri-
naldi et al. 2020; M. Jamalreyhani et al. 2021). Stress pertur-
bations due to man-made operations have the potential to ad-
vance failure on active faults that are prone to natural failure in
the future (T. Dahm et al. 2013). In this way they can also trig-
ger large events. Furthermore, stress changes caused by human
operations can nucleate small events that cascade into larger
events according to the Epidemic-Type Aftershocks Sequence
(ETAS) hypothesis (e.g. Y. Ogata 1998; H. Ebrahimian et al.
2022).

© The Author(s) 2026. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access

article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

920z Iudy g0 uo Jesn wepsiod Z49 Aq LSEEry8/e706eb6/ | /Syz/e10n1e/6/woo dno-oiwspese//:sdiy woly pepeojumoq


http://orcid.org/0000-0003-2904-6195
mailto:maleki@gfz.de
https://creativecommons.org/licenses/by/4.0/

2 B.M. Asayesh et al.

Anomalous increases in seismicity around water reservoirs
have been linked to the induced stress from the water impound-
ment behind the dams. In particular, reservoir impoundments
can drive nearby faults to failure by increasing crustal pore pres-
sure and Coulomb stress changes (K. Deng et al. 2010; G.R. Foul-
ger et al. 2018). Furthermore, various key aspects such as the
time to maximum water level, the reservoir area itself, the height
of the maximum water column, and variations in hydrogeolog-
ical conditions or the crustal faulting regime have been recog-
nized to affect the spatiotemporal seismicity patterns near reser-
voirs (e.g. H.K. Gupta et al. 1972a, b; H.K. Gupta 2002; X. Qiu &
C. Fenton 2015; G.R. Foulger et al. 2022).

The earliest report of reservoir-triggered seismicity (RTS) was
from Lake Mead, Nevada and Arizona, USA (D.S. Carder 1945).
Since that time many probable reservoir-induced earthquakes
have been reported, some of which have resulted in fatalities
and extensive property damage. Xinfengjiang Reservoir (China),
Koyna Dam (India), Nurek Dam (Tadjikistan) and Aswan Dam
(Egypt) are some of the notable examples with the most known
RTS (M > 6) that have been well studied (H.K. Gupta et al.
1972b; W. Leith et al. 1981; D.W. Simpson & S.K. Negmatullaev
1981; C. Keith et al. 1982; M. Awad & M. Mizoue 1995; P. Tal-
wani 1995; H.K. Gupta 2002; X. Lei 2011). By now (June 2025)
more than 230 reported cases of RTS listed in HIQuake database
(https://inducedearthquakes.org) (M. Wilson et al. 2017). The
2008 M,,7.9 Wenchuan, China, earthquake with tens of thou-
sands fatalities, is the largest earthquake claimed to have been
induced with the water impoundment of the Zipingpu dam
(e.g. X. Lei et al. 2008; S. Ge et al. 2009; R.A. Kerr & R. Stone
2009; X. Lei 2011). However, other researchers believe that the
Wenchuan earthquake was a natural event from aspects of either
phenomenological or mechanical analysis (Y. Chen 2009) and
the small Coulomb stress changes induced in the rupture zone
by the filling of the dam (K. Deng et al. 2010). The reservoir-
triggered seismicity of the Atatiirk Dam, the fifth largest dam
on Earth, has recently been studied by P. Biiyiikakpinar et al.
(2021), who showed that two moderate earthquakes, M,,5.5 in
2017 and M,,5.1 in 2018, occurred near the reservoir where the
induced stress was focused. While they found that the reser-
voir impoundment led to the locking of the faults beneath the
reservoir, the overall effective stress in the seismogenic zone in-
creased over decades due to pore-pressure diffusion. This in-
terplay can explain the enhanced background seismicity in the
reservoir area, which is anticorrelated with the water-level.

In Iran, reservoir-triggered seismicity has not been compre-
hensively studied so far, although reservoirs have been im-
pounded in seismically active regions. In particular, a number
of dams have been built on the Karun River, which rises in the
Zard Kuh in the Zagros Mountains of western Iran, flows south
and west, and continues to the Persian Gulf. This river is 950 km
long and is the wateriest, largest and longest river in Iran. The
dams have been built mainly for hydroelectric power genera-
tion, agricultural purposes, and flood control. Karun-1 (Shahid
Abbaspour Dam), Karun-3, Karun-4, Masjed Soleyman Dam,
and Gotvand Dam are all on the main stem. Gotvand Dam, lo-
cated in the downstream of Masjed Soleyman Dam, with a total
height of 180 m and a total water capacity of 4.5 billion m? is
the highest rock-fill dam with a central clay core and the second
largest reservoir in Iran. This dam is located in the Zagros Simply
Folded Belt (SFB), one of the main tectonostratigraphic domains
of the Zagros Mountains. The Zagros range in southwestern Iran
is known as one of the most seismically active regions, having

experienced both historical and instrumental large earthquakes
(Fig. 1).

The seismicity of the Gotvand region has been continuously
monitored by a dense local seismological network since 2006
(about five and half years before the impoundment of the Got-
vand Dam). Additionally, detailed topographical data of the un-
derwater area of the reservoir have been meticulously compiled
through precise mapping procedures before impoundment. The
precise catalogue of about 14 yr (2006-2019) from the local net-
work, the underwater topographical information and the daily
time history of water levels enable us to study the relationship
between reservoir impoundment and seismicity in detail. For
that purpose, we first remove aftershocks, which can distort the
signatures of RTS, using the recently developed 3-D ETAS model
(B.M. Asayesh et al. 2023a, 2025). We then investigate the sta-
tistical characteristics of the seismicity of the Gotvand area in
three time periods, including pre-impounding (before impound-
ment), impounding (from impoundment until the first peak
of water level) and post-impounding (after the first peak). We
also calculate the Gutenberg-Richter b-value for these periods
and investigate correlations between water level and seismicity.
Finally, we calculate the spatiotemporal stress at seismogenic
depths induced by the reservoir due to loading and pore pres-
sure diffusion and apply the Coulomb-Rate-and-State seismicity
model (J. Dieterich 1994; E.R. Heimisson & P. Segall 2018). We
show that the spatiotemporal patterns of the stress calculations
and resultant seismicity changes are consistent with the obser-
vations in the Gotvand region.

2 GOTVAND DAM, SEISMICITY AND
SEISMOLOGICAL SETTING

2.1 Seismotectonic setting

The Karun River and its built-up dams are situated in the Za-
gros active belt, the most active seismotectonic zone of the Ira-
nian plateau. The Zagros orogenic belt is the result of the open-
ing and closure of the Neo-Tethys oceanic realm. The belt is
considered to be a complex product of an early Mesozoic sep-
aration of the Iranian continental block from the rest of the
Gondwana landmasses following by a NE-dipping subduction
of the newly generated Neo-Tethyan oceanic crust below the Ira-
nian microcontinent and subsequent collision between the Ara-
bian and Iranian plates (M. Alavi 1980; M. Berberian & G. King
1981; A.C. Sengdr 1984). The Zagros mountain belt is approxi-
mately 1500 km long, 250-400 km wide and extends from east-
ern Turkey, where it connects to the North- and East-Anatolian
faults, to the Oman Gulf, where it dies out at the Makran sub-
duction zone. The NW-SE striking Zagros Mountains, as a cen-
tral part of the Alpine-Himalayan orogenic belt, accommodate
approximately one-third of the current Arabian-Eurasian con-
vergence (~2-3 cmyr ') (e.g. P. Vernant et al. 2004; F. Khorrami
et al. 2019).

The Mesopotamia-Persian Gulf Foreland Basin, the Zagros
Fold-Thrust Belt (ZFTB), and the High Zagros Zone are the three
primary tectonostratigraphic domains from SW to NE that make
up the Zagros Mountains. Gotvand Dam are located in the SFB,
which with Zagros Foredeep Zone and the Mountains Front
Flexure Zone are three subdomains of the ZFTB (M. Berberian
1995; A. Bahroudi & H. Koyi 2003; A. Bahroudi & H.A. Koyi
2004; M. Alavi 2007). The SFB is the lower-elevation part of

920z 1udy g0 uo Jesn wepsiod Z49 Aq LSEEry8/e706eb6/|/Syz/e10n1e/6/woo dno-ojwspese//:sdiy woly pepeojumog


https://inducedearthquakes.org

32.5° —

Reservoir related seismicity changes 3

52°

64°

|| Dezful
O,
1 S 24°
%,
> DARB O
SE]JSh : X ‘9’)
Sopee, NN
1 A ALAD M-S o8 Talkhab-e Nazar
SHGR 7y, CHSHC A, ]
Haft Tepe < | Shushtar LA R
320 & — ="
\? o Masjeod Soleyman ED
N
1 %N ALID
(G' [+]
% A?
d % TEM
A
%,
R,
_ )
O
I 1
50 km
31.5° e e S e i
48.5° 49° 49.5°

Figure 1. (a) The Iranian plateau and its seismotectonic settings. The Kirkuk Embayment (K.E.), Lurestan Arc (L.A.), Dezful Embayment (D.E.) and
Fars Arc (F.A.) from NW to SE are four tectonostratigraphic domains of the most active part of the Zagros (the Simply Folded Belt). Grey lines depict
the main active faults of this plateau and the Gotvand area is outlined by the white rectangle. Yellow and blue triangles indicate the IRSC and IIEES
stations, respectively. (b) Zoom on the Gotvand area. Black lines show major mapped active faults. Large green squares indicate major cities, the small
green squares depict small towns, and the black triangles indicate the location of seismic stations of the Gotvand local seismological networks. Red
circles in both panels are M > 5.0 earthquakes during 1900- 2022 from the USGS catalogue. Red circles with white stars inside them in panel (b) are

M > 5.0 earthquakes since 2002 in the area from the USGS catalogue.

the range where most of the active deformation in the Zagros is
concentrated and is subdivided laterally into four physiographic
provinces from NW to SE, namely the Kirkuk Embayment, the
Lurestan Arc, the Dezful Embayment and the Fars Arc (Fig. 1)
(e.g. J. Stoecklin 1968; K. Hessami et al. 2001; M. Alavi 2007; B.
Oveisi et al. 2009).

The master blind thrust faults, such as the Main Zagros Thrust
Fault, Mountain Front Fault known also as the Lahbari Fault,
the Main Recent Fault, the High Zagros Fault and the Zagros
Foredeep Fault, are the most dominant faults in Zagros. These
faults which mainly separate Zagros to domains and subdo-
mains follow its NW-SE trend and abruptly shifts southward at
the eastern syntaxis of the Fars Arc to link up with structures in
the Makran accretionary wedge (e.g. M. Berberian 1995; V. Re-
gard et al. 2004; F. Yamini-Fard et al. 2007; A. Edey et al. 2020).

Zagros is famous for its abundant earthquakes with low to mod-
erate magnitude (W.D. Barnhart et al. 2013). The larger earth-
quakes, distributed across an ~200 km wide zone, commonly
occur on blind faults (M. Berberian 1995) with focal depths rang-
ing from 8 to 14 km (e.g. J. Ni & M. Barazangi 1986; C. Baker et al.
1993; K. Hessami et al. 2001; B.M. Asayesh et al. 2018, 2023b; M.
Metz et al. 2023).

The reservoir of the Gotvand Dam is located in the north part
of the Dezful Embayment and surrounded with active faults
such as Dezful, Pirahmad, Lali, Andakan, Golestan, Tugah, Mas-
jed Solayman, Lahbari and Baghe Malek faults, which dominate
the regional tectonics in the study area (Fig. 1). A detailed study
of the historical earthquakes occurred before 1900 in the Got-
vand region (N.N. Ambraseys & C.P. Melville 2005) indicates
the absence of any important historical seismicity within an
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Figure 2. Magnitudes as a function of the times of events recorded by the local network (M > 0). The two vertical dashed black lines depict the start
and end times (before the 2019 heavy flood) of the data set used in the analysis. The thick grey column shows the time of data gap due to the coronavirus
pandemic. The blue curve (with the scale on the right) refers to the water level of the Gotvand Dam. The left dashed green line shows the impoundment
time (2011.07.30) of the Gotvand Dam, and the right one shows the first peak of its water level (2014.09.09). The temporal variation of the magnitude
of completeness (MaxC) is shown in red, while the horizontal dashed red line indicates the selected cut-off magnitude of 1.3.

Table 1. The characteristics of the Gotvand Dam and reservoir.

Characteristics Gotvand Dam
Dam type rock-fill
Construction time 1998-2011
Filling of water July, 2011
Dam height (m) 234
Dam length (km) 90
Reservoir capacity (m?) 4.5 billion
Surface area (km?) 96.5
Min. water level (m) 133.70
Max. water level (m) 230.25

Table 2. 1-D velocity structure of the Gotvand
and Masjed Soleyman region used for earth-
quake localization (M. Tatar 2010).

Vp (kms™1) Depth (km)
4.70 0.0
5.25 4.0
5.95 10.0
6.35 14.0

area with a radius of 50 km from the dam site (Fig. 1). Impor-
tant events such as the 840 Ahvaz, 1052 Baghe-Malek (M ~ 6.8)
and 1666 Zagros (M ~ 6.5) earthquakes were located quite far
from the study region. Regarding the large events, there are
several events with magnitudes even greater than 5 (red cir-
cles in Fig. 1b). Since 2002, about 10 earthquakes (M > 5.0)
have occurred in the area mainly located southeast of the Got-
vand lake (red circles with white stars inside in Fig. 1b and
Table S1, Supplementary Material).

2.2 Gotvand Dam

The upper Gotvand Dam (Gotvand-e Olya), or simply the Got-
vand Dam, is constructed on the Karun River in Khuzestan
province, Iran. This clay-cored rock-filled dam is the highest
dam in Iran and its reservoir, with an area of ~96.5 km? (total
volume of 4.5 billion m?) at height of 234 m above sea level, is
the second largest after the Karkhe reservoir (M. Ebrahimi et al.
2018). The construction of the Gotvand Dam took about 18 yr
from 1998 to 2011 and the impoundment of the reservoir started

on 2011 July 30 (left green vertical line in Fig. 2). From the be-
ginning of impoundment until 2012 January 20, the water level
increased only slightly (from 133.7 m until 140.3 m). After that
the rate of water level increment increased and has reached one
of its peaks with 223.42 m on the September of 2014 (right green
vertical line in Fig. 2). The highest water level was recorded on
August 2019 due to previous heavy spring flood (Fig. 2 and Ta-
ble 1).

2.3 Seismic network and seismicity distribution

We used an approximately 14-yr seismic catalogue of the
Gotvand-Masjed Soleyman local seismological network (Fig. 1
and Table S2, Supporting Information). This seismic network
consists of 10 stations belonging to the Gotvand project of the
Iran Water and Power Resource Development Co. (IWPCO) and
to the Masjed Solyman Dam of the Khuzestan Water and Power
Authority (KWPA), and one station (Shushtar—-SHGR) from the
Iranian National Broad-band Seismological Network (BIN) of
the International Institute of Earthquake Engineering and Seis-
mology (ITEES). It was designed and installed by ITEES and has
been in operation since 2006 (Fig. 1b). The local seismic net-
work consists of very high quality Taurus recorders and Tril-
lium 40 (40 s-50 Hz) seismometers manufactured by Nanomet-
rics Company. Each seismic station operates at a sampling rate of
80 Hz. To control the timing of the recorded seismograms, a GPS
was connected to the recorder, which synchronized it by sending
hourly timing pulses. Furthermore, to reduce the azimuthal gap
and improve location accuracy, we incorporated data from two
permanent seismological networks in Iran: (1) the Iranian Seis-
mological Center (IRSC) network, which operates more than
120 three-component broad-band and short-period stations and
(2) the BIN of IIEES, comprising 35 three-component broad-
band stations (Fig. 1a).

The data were analysed in the manner described by M. Tatar
etal. (2004, 2005, 2011). All earthquakes were relocated using an
appropriate local velocity model (Table 2) obtained from simul-
taneous inversion for a 1-D velocity structure and hypocentres
(E. Kissling 1988) using well-located local earthquakes recorded
by the Gotvand and Masjed Soleyman seismic networks (M.
Tatar 2010).
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From 2006 May 26 to 2021 April 10, 48 436 events with mag-
nitudes ranging from —0.9 to 5.2 were recorded by this local
network. Fig. S1 (Supplementary Material) shows the epicentral
and depth distribution of all recorded data. We remove all explo-
sions/blasts (due to oil and gas exploration and dam construc-
tion) from the catalogue, knowing their approximate location
and time of occurrence (47 414 events remained). Focal depths
of well-located earthquakes show that the majority of reliable
seismic events were located at depths between 7 and 17 km,
mostly within the crystalline basement. Fig. 2 shows the mag-
nitudes as a function of the time of these recorded earthquakes.
In March 2019, a heavy flood occurred in the area, causing an in-
terruption in the seismic network and data gathering. Further-
more, at the beginning of the coronavirus pandemic in 2020,
there is a gap of about 81 d (2020.03.04-2020.05.24) in our cata-
logue (thick grey column in Fig. 2) due to difficulties in visiting
the stations and gathering the recorded data. Because of the pan-
demic situation, the problem of checking the stations and gath-
ering the data continued for several months. Therefore, events
after February 2019 are not included in our analysis. The two
vertical dashed black lines in Fig. 2 represent the duration of the
data set we use in our analysis. Furthermore, some of the well-
recorded data are located far from the local dam network. There-
fore, we only consider the events inside a polygon surrounding
the dam region (Fig. S1, Supporting Information).

2.4 Focal mechanism

The dense seismological network in the epicentral area of the
earthquakes reduces the difficulties of assigning take-off an-
gles to regional phases (e.g. refracted waves) and provides bet-
ter coverage of the focal sphere than possible with teleseismic
or regional recordings. However, the quality of the focal mech-
anism solution depends strongly on the number of stations. We
analyse focal mechanisms of earthquakes recorded by the local
network using the first arrival polarities of P-waves. This ap-
proach involved projecting the rays emanating from the earth-
quake source across different take-off angles toward seismic sta-
tions positioned at various azimuths relative to the event’s epi-
centre on the surface.

Using at least seven P-wave polarities on the focal sphere, we
determined focal mechanisms for 23 events that occurred before
impoundment (Table S3, Supporting Information) and 16 events
after impoundment (Table S4, Supporting Information). These
analyses were conducted to identify the predominant tectonic
regime of the area and to select the appropriate receiver fault pa-
rameters for the subsequent stress calculations. Taking into ac-
count the number and quality of the polarity measurements, the
type of waves (direct or refracted) and the azimuthal distribution
on the focal sphere, we categorize the focal mechanisms into
two groups. Category A includes mechanisms where all three
quadrants are sampled and for which both nodal planes are con-
strained within 20°. Category B comprises mechanisms where
only one nodal plane is well defined, but the orientations of the
P and T axes are determined within 20°. The fault plane between
the two nodal planes can only be identified by analysing the spa-
tial distribution, particularly in this study, through the geometry
of the seismicity with depth. The best quality mechanisms (cat-
egory A) are presented in red, and those belonging to category B
are shown in green in Fig. 3. Source mechanism solution maps

Reservoir related seismicity changes 5

for 16 earthquakes that occurred after impoundment, illustrat-
ing the primary polarity distribution of the seismic stations, are
presented in Fig. S2 of the Supplementary Material. We also con-
sider 11 Global Centroid Moment Tensor (gCMT) focal mech-
anisms (M,, 4.8-6.1, see Table S5 in Supplementary Material),
which occurred since 1977 in the study area (black beach balls
in Fig. 3).

Apart from a few strike-slip mechanisms, the majority of the
focal mechanisms solutions indicate reverse faulting, known to
be the dominant mechanism in Zagros (Fig. 1). Although the
seismicity distribution is rather defused, several alignments re-
lated to the surface traces of known active regional faults can be
recognized. Computed focal mechanisms mainly indicate NW-
trending reverse faults dipping toward either NE or SW. Ac-
cording to the distribution of earthquakes on cross-sections, the
dip was towards the northeast (M. Tatar 2010). The strikes of
these earthquakes concentrate in NW-SE direction 120° and
300°. However, NE-dipping of some focal mechanisms, consis-
tent with gentle dip alignment of seismicity, indicates the ex-
istence of NW-trending NE-dipping low-angle reverse faults.
Based on observed alignments across the NE-trending sections,
the geometry of active faults is divided mainly into three cate-
gories: gentle dip of 25° towards NE related to the Lahbari fault,
high-angle dip of 60° towards NE, related to active faults like Pi-
rahmad, Tougah, Golestan, Masjed Soleyman and Andakan and
high-angle dip of 65° towards SW related to activity of the Lali
fault.

3 STATISTICAL ANALYSIS OF THE
EARTHQUAKE CATALOGUE

3.1 Completeness and frequency-magnitude distribution

For our selected catalogue (events between 2006.05.26 and
2019.28.02 and inside the polygon), we estimated the magni-
tude of completeness (M.) by two different standard proce-
dures, namely the fast and straightforward Maximum Curva-
ture (MaxC) and the Entire Magnitude Range (EMR) methods
(Y. Ogata & K. Katsura 1993; M. Wyss et al. 1999; S. Wiemer &
M. Wyss 2000). The MaxC method defines M, by the maximum
of the magnitudes’ histogram, which is equivalent to the maxi-
mum value of the first derivative of the cumulative frequency-
magnitude distribution. It is known to often underestimate M..
In contrast, the EMR method considers an error function as de-
tection probability in combination with the Gutenberg-Richter
distribution to fit the entire distribution. The first approach
yields a completeness magnitude of 0.65, and the application of
the latter approach yields M. = 1.2 using a 90 per cent detec-
tion probability threshold for the smallest events (Fig. 4a). To be
on the safe side, we use 1.3 as the cut-off magnitude and con-
sider events with a magnitude equal to or greater than 1.3 in
our analysis. We also performed a time-dependent analysis of
M. using the MaxC method to assess its variation over the study
period. The results indicate that M, remained below 1.3 for most
of the period, with only brief increases attributable to episodes
of elevated seismicity (Fig. 2). Altogether, we have 9541 M > 1.3
events inside our selected polygon that occurred from 2006 May
30, until 2019 February 28. Fig. 5 illustrates the epicentral and
depth distribution of this data set.

We investigate our catalogue using the well-established
Gutenberg-Richter (GR) relation for the frequency-magnitude
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Figure 3. Map of the focal mechanisms (equal-area lower hemisphere) of events in the Gotvand area, derived by recordings of the local network. The
earthquake mechanisms are divided into two categories based on their quality. The best-quality mechanisms belonging to category A are presented in
red, and those belonging to category B are shown in green. Black beach balls depict focal mechanisms of earthquakes from gCMT with magnitudes
(My 4.8-6.1) during 1977-2021.
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Figure 5. Epicentral and depth distribution of the M > 1.3 earthquakes recorded by the local network from 2006 May 30, until 2019 February 28, inside
the selected polygon around the Gotvand Dam. The colour of the circles depicts the time. The black solid lines in the map show the main active faults,
and the white triangles are the local network stations. The histogram in the bottom right depicts the depth distribution of selected events.

distribution. This relation states that the number of events (N)
with magnitudes above a value M follows the simple relation
log(N) = a — bM. Here, the a-value represents the total seismic-
ity rate, which can largely vary between different tectonic re-
gions, and the b-value determines the relation between the fre-
quency of small and large earthquakes and is usually found to
scatter around 1.

The frequency-magnitude distributions of the earthquakes
together with GR-fits for our selected catalogue (2006.05.26-
2019.02.28) and three successive periods including before
impoundment, pre-impounding, (2006.05.26-2011.07.30), after
impoundment until the first peak of water level, impound-
ing, (2011.07.31-2014.09.09) and after the first peak of water
level, post-impounding, (2014.09.10-2019.02.28) are shown in
Fig. 4(b). The b-value of GR distribution is estimated as 0.99 +
0.01, 0.96 £ 0.2, 1.01 &= 0.02 and 1.00 = 0.02 for the whole data
and the three successive periods, respectively. The b-value for
the pre-impounding period is less than 1.0, but it increases a lit-
tle during the impounding and post-impounding periods.

3.2 Declustering

Earthquake catalogues are essentially a mix of two populations:
dependent and independent events. Independent earthquakes

or so-called background events are caused by tectonic loading
or aseismic stress transients such as reservoir-induced stress
changes. They are not related to earthquake-earthquake inter-
actions and, thus, not triggered by previous earthquakes. The
second population of earthquakes in a catalogue are aftershocks
that are thought to be dependent, triggered by mechanical pro-
cesses at least partly controlled by previous earthquakes. After-
shocks should be removed from the catalogue to reveal the po-
tential changes in the spatial and temporal seismicity patterns
with the reservoir impoundment.

We use the recently developed 3-D ETAS model (B.M. Asayesh
etal. 2023a, 2025) to separate aftershocks and background events
in our data set. In this model, the earthquake rate R at the
hypocentral location X and time ¢ is the sum of the background
rate u and the ongoing aftershock activity of past events, where
the latter are given by their occurrence times, hypocentres, and
magnitudes ¢, X;, M;. It is described by:

R(E.£) = p(®) + ) K107 (e £ — 1)7P £~ 5| my).

ity <t

1

In this model, the total number of aftershocks increases ex-
ponentially by the magnitude of the triggering event with the
scaling parameter «, and the temporal decay of aftershocks is
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Table 3. Estimated 3-D ETAS parameters for M > 1.3 events between 2006.05.30 and 2019.02.28.

Model w[1/d] K o c|d] p y q A i & AIC
ETAS“ 1.44 0.015 0.39 0.012 1.40 0.84 0.07 1.59 - - - 142683
ETAS? 1.44 0.005 0.37 0.012 1.40 0.08 1.46 36.05 14.59 0.3 142475

YETAS model with uniform K-value.
bETAS model with depth-dependent K-value.

described by the Omori-Utsu law (T. Utsu et al. 1995) in terms
of the parameters c and p. The spatial trigger function f given
by an isotropic power law of the distance r = |x — x}| according
to

70 = e [ (@107 +7] 7 @

We follow the approach described in detail in B.M. Asayesh
et al. (2023a). Due to the absence of moderate to large events,
we treated earthquakes as point sources and employed an
isotropic spatial kernel in our ETAS model. In particular, we es-
timate the ETAS parameters together with a 3-D varying back-
ground rate by the maximum likelihood method using two dif-
ferent approaches. In the initial approach, we assume a con-
stant trigger potential (K-value). In the second approach, we
consider that K varies with depth z according to K(z) =K -
[1+A-h(z,a,6) H(z)], where H is the Heaviside function
and h the lognormal distribution with parameters /i and &. Ta-
ble 3 provides the estimated results using the M > M, = 1.3
events between 2006.05.30 and 2019.02.28 inside the selected
polygon. To compare the fits, that is, the maximum loglikelihood
values (£L,y ), of both model variants having a different num-
ber of parameters (IN,), we use the Akaike Information Crite-
rion (AIC) given by AIC = 2(N, — LLpyay). AIC estimates each
model’s quality relative to others, with the best model indicated
by the lowest AIC. The results show that the 3-D ETAS model
with depth-dependent K-value fits significantly better the Got-
vand data set, in accordance with the results for California pre-
sented by B.M. Asayesh et al. (2023a).

In the following, we identify the background events using
the parameters estimated by the maximum likelihood method
for the model with depth-dependent K-value (Table 3). For this
purpose, we determine the probability for each event to be-
long to the background activity by the ratio between the back-
ground rate and the total earthquake rate at the events’ occur-
rence time and location (for more information see B.M. Asayesh
et al. 2023a). Using a probability threshold of 0.5, we separate
our data set to 6464 background and 3077 aftershocks. Figs S3
and S4 (Supplementary Material) depict epicentre and depth
distributions of the background events and aftershocks sepa-
rately. For a consistency check, we compare our declustering re-
sults from the 3-D ETAS approach with the results of the inde-
pendent, well-established nearest-neighbour distances method
(M. Baiesi & M. Paczuski 2004, 2005; 1. Zaliapin et al. 2008;
I. Zaliapin & Y. Ben-Zion 2013). The results for both meth-
ods are similar, demonstrating the consistency of our approach
(Fig. S5, Supplementary Material).

3.3 Temporal variations of seismicity and water levels

Fig. 6 shows the magnitude versus time distribution of the back-
ground (blue circles) and triggered (grey circles) events and the
monthly total seismicity (grey) and background (blue) rates.

Here, the background rate is calculated by summing the prob-
ability of each earthquake being a background event, using the
ETAS model with its estimated parameters. In particular, the
background probability of an event with index i is given by the
ratio ;(x;)/R(%;, t;). In case of a truly constant background rate,
the result should fluctuate around the mean value with a Poisso-
nian variability. In contrast, real temporal variations of the back-
ground rate would be reflected in larger variations, while ETAS
parameters might be slightly biased due to an incorrect model
assumption.

Based on the cumulative number of background events
(Fig. 6a), following the initiation of impoundment, the average
background seismicity rate experiences only minor changes dur-
ing and after the impounding period, justifying the use of the
ETAS model with a constant background rate in time. During
the pre-impounding period, the average seismicity rate equals
1.29, which increases to 1.54 events per day in the impounding
period and then decreases to 1.39 events per day in the last pe-
riod, when the water level varied less. However, those changes
are almost insignificant, considering that the background rate
was already evaluated the last two years before the impound-
ment, with an average rate of 1.45 events per day.

We also compare the temporal evolution of earthquake activ-
ity after impoundment with the water level variations. We find
no significant correlation or anticorrelation between the earth-
quake rate and water level changes (Fig. 6b). We calculated the
Pearson’s correlation coefficient for earthquake rates and water
levels calculated in bins of 30 d. The highest correlation coeffi-
cient r, = 0.27 with a p-value of 0.05 is observed for the post-
impounding period. However, Spearman’s rank correlation in-
dicates no correlation (r; = 0.23, p = 0.10) for the same period.
Furthermore, the results for the correlation between water levels
and delayed seismicity by 1 to 3 months show no improvement.

3.4 Spatial distribution

We separately investigate the spatial distribution of pre and post-
background seismicity before and after the start of the impound-
ment, respectively. For that purpose, we smoothed the back-
ground events in the corresponding time interval and divided
the resulting values by the duration of the period. Here, we used
adaptive smoothing, where each event is smoothed with a Gaus-
sian distribution with a standard deviation equal to the distance
to its 10th nearest neighbour but considering a minimum value
of 5 km. Figs 7(a) and (b) illustrate the spatial density rate of
background seismicity in the pre and post-period. The seismicity
rate change, that is, the difference between the seismicity rates
in both periods, is shown in Fig. 7(c). It shows that upon the
commencement of impoundment, a considerable seismicity de-
crease occurred in the central area of the reservoir, while some
moderate activation occurred in the surroundings. Some stud-
ies have reported that seismicity occurring in close proximity to
reservoir shores (typically within about 20 km) is more strongly
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Figure 6. (a) Magnitude-time distribution of the background (blue circles) and triggered (grey circles) events with the scale on the left and cumulative
number of background (blue line) and triggered (grey line) with the scale on the right. (b) The time evolution of the water level with values referring
to the changes relative to the start of the impoundment and the earthquake activity (M > 1.3).

correlated with water level changes than more distant events
(e.g. M. Imoto 2001; K. Pavlou 2019). To account for this, we
reanalysed our data set by restricting it to earthquakes within
20 km of the reservoir shore. The results, however, remained
fully consistent with those obtained from the complete data set
(Fig. S6, Supporting Information).

4 MODELLED RESERVOIR-INDUCED
STRESSES AND SEISMICITY CHANGES

We calculate the reservoir-related stress changes relative to the
initial stress state before water impoundment using a semi-
analytical approach, which has been widely adopted in similar
studies of reservoir-triggered seismicity (e.g. K. Gahalaut & A.
Hassoup 2012; S. Hainzl et al. 2014; P. Biiylikakpinar et al. 2021).
This method was selected due to the limited availability of de-
tailed subsurface structural and mechanical data necessary for
constructing a robust finite element model. The semi-analytical
approach provides a practical and efficient way of quantifying
stress perturbations while ensuring the transparency and repro-
ducibility of the modelling assumptions. To achieve this, we as-
sume a uniform and isotropic half-space and represent the Got-
vand reservoir by 726-point sources covering the reservoir sur-
face (see Fig. S7 in Supplementary Material). Utilizing the avail-
able accurate topographical map of the region beneath the Got-
vand lake, alongside the daily historical records of water levels,
we have acquired the water column height h for each specific
point source (x;, y;) as function of time ¢, that is, h(x;, y;, t)(i =
1,...,726).

The total stress changes related to a reservoir are due to two
main mechanisms, namely (1) the elastic stress changes result-
ing from the surface load of the water, and (2) the change in
pore pressure diffusion due to the water intrusion into depth,

APy (E.A. Roeloffs 1988). We calculated those stress changeson a
three-dimension grid with spacing of 0.02°. For each grid point,
we calculate both contributions by summing the solutions for all
726 point sources representing the Gotvand reservoir.

The stress change tensor Aogjj. related to the instant
undrained loading effect is calculated by means of the 3-D
Boussinesq-Cerruti solution for a point force acting on the sur-
face of an infinite half-space (see e.g. K. Deng et al. 2010), and the
instant pore-pressure change due to the loading effect is deter-
mined by AP. = —B(Ao11.c + Ao + Aoss)/3, where Bis the
Skempton coefficient. The delayed pore pressure changes APy
due to diffusion into depth z is calculated by the convolution of
the observed reservoir water height i with the Green’s function
G (K. Gahalaut & A. Hassoup 2012; S. Hainzl et al. 2014)

APd(x1 .z, t)

726 !

=Dy A [ pghtunD)
=1
x G(x —X;,y —yi, 2, t — 1) di
with G(x — x;,y — yi, 2.t — )

z G +o-yp? 2

4D(t—1) (3)

- 87 LS[D(t — 1)]>5 €

where parameters g, p and D refer to the gravitational constant,
the water density and the hydraulic diffusivity, respectively. A; is
the reservoir area related to the point-source indexed by i. The to-
tal time-dependent stress change tensor Ao;; consisting of both
contributions is calculated by Ao;; = Aojj . — &;jAPy/B with §;;
being the Kronecker delta function.
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Figure 7. Map of seismicity rates and stress changes: Observed colour-coded seismicity rates in the (a) pre and (b) post-impoundment periods result
from smoothing the observed background events that occurred in those periods (grey points). (c) The corresponding rate change of the observed back-
ground activity. (d, e) Calculated ACFS at the first peak of the water level in September 2014 and at the end of our calculation time (February 2019),
where stress is calculated at 12.5 km depth for a receiver mechanism with strike = 300°, dip = 60°, and rake = 85°, considering a tectonic stressing
rate of 2 kPa yr~1. Panels (f) and (g) depict in correspondence to (b, c) the seismicity rate and rate changes calculated using the RS model based on
the determined spatiotemporal stress evolution. In all panels, the blue dashed line shows the selected buffer area and the blue solid line indicates the

Gotvand lake outline.

We calculate the time-dependent Coulomb Failure Stress
(CFS) changes for the dominant focal mechanism of the Got-
vand area as the receiver mechanism. For the given slip di-
rection, first the change of the shear stress Az and the com-
pressional normal stress Ao, is calculated based on Aoc;;. Then
ACEFS is determined by ACFS = At — u(Ao, — AP) with fric-
tion coefficient « and pore pressure change AP = AP. + AP;.
In our calculation, we use the dominant mechanisms in the
Gotvand area as receiver mechanisms. Specifically, we define a
strike of 300°, a dip of 25° and 60°, and a rake of 85°, while set-
ting B = 0.5, © = 0.8 and Poisson ratio equal to 0.3. Hydraulic
diffusivity (D) in the crust can vary across several orders of
magnitude. It is often hypothesized to be higher along faults
due to their increased permeability and interconnected frac-
ture networks, which enhance both porosity and fluid trans-
port compared to the surrounding intact rock, resulting in
higher effective hydraulic diffusivity (S.A. Shapiro et al. 1997).

By analysing the evolution of reservoir-induced seismicity, P.
Talwani & S. Acree (1984) reported hydraulic diffusivity values
ranging from 0.5 to 50 m?s~!, while C.H. Scholz (1990) sug-
gested a narrower range of 1-10 m?s~! based on a a synthesis
of seismicity-based studies. S.A. Shapiro et al. (1997) later de-
veloped a method to estimate permeability from seismic emis-
sions induced by borehole fluid injections, yielding an upper
crustal diffusivity on the order of 1 m? s~!. In this study, we adopt
D = 1.0m?s~! and assume it to be spatially uniform over all the
domain.

The calculated stress changes are less than 50 kPa at seismo-
genic depth. Therefore, tectonic loading has to be considered
in our analysis. For that purpose, we use the linear relation of
B. Kostrov (1974) between the tectonic stressing rate ¢ and the
background rate r of earthquakes, ¢ = (M,)r/V, where (M) is
the mean seismic moment tensor and V the seismogenic vol-
ume of the seismicity. Assuming the same moment tensors for
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all events, the scalar stressing rate can be calculated by

b 10(-5—b)Mmax
T = 10a+941 4
1.5—-b AD )

forb < 1.5, with the surface area A, respectively, the seismogenic
width D, and the Gutenberg-Richter a-value of the activity in
the volume, that is, the logarithm of the m > 0 events per year
(T. Dahm et al. 2015, eq. 1). For our estimation, a is defined by
a = 10g(Npre/ Tpre) + 1.3b with N being the number of m > 1.3
in the polygon area A in the pre-impoundment period T, where
b is set to 1.0. Furthermore, D is defined by the observed depth
distribution of the seismicity and is around 10 km. The main
unknown is the maximum possible magnitude My,,x. Assuming
Mmax &~ 7.5 leads to a stressing rate scattering around ¢ = 2 kPa
yr~! that we used for our calculation.

Figs 7(d) and (e) show the calculated stress changes at the time
of the first peak of the water level and the end of our calcula-
tion time, accounting for the tectonic stressing rate. Here, the
defined mechanism with a high-angle dip of 60° is considered
as the receiver mechanism, and the results for a gentle dip of
25° are presented in Fig. S8 (Supplementary Material). The plots
show that the stress decreased below the lake and slightly in-
crease northeast of it. To strengthen the analysis, we perform an
additional test by calculating ACFS with different friction co-
efficients. To do this, we repeat our calculation for the effective
friction coefficient (' = u(1 — B)) of 0.2 and 0.6. While increas-
ing u’ from 0.2 to 0.6 slightly intensifies the negative and positive
stress patterns around Lake Gotvand, the effect is insignificant
(Fig. S9, Supplementary Material).

For five moderate events that occurred in the area after im-
poundment of the reservoir (events 46-50 in Fig. 3 and Table S5
in Supplementary Material), we estimated the stress change
since the start of the impoundment accounting for the reservoir
effects and the tectonic stressing rate (2 kPa yr~!). We find that
all of them received a positive total stress change. However, the
values are low due to their far distances to the reservoir.

To estimate the seismicity changes associated with the spa-
tiotemporal stress evolution, we first calculate the stress at a
depth of 12.5 km on a spatial and temporal grid with a resolu-
tion of 0.02° and 1 d. Then, we use the Coulomb-Rate-and-State
(RS) model, widely used for natural, anthropogenic and volcanic
activity (J. Dieterich 1994; E.R. Heimisson & P. Segall 2018). As-
suming constant normal stress, the spatiotemporal seismicity
rate is given in this model by

K. 1)
t

14+ éTfK(f, )de

R(x, 1) = r(x) -

with K(%, 1) = exp[#(t — T,) + ACFS(X, 1)]

where the integration starts at time T; when the transient stress
changes ACFS start. The background rate r(X) is estimated by
the smoothed seismicity calculated for the pre-impoundment
period (see Fig. 7a). Ao is the product of a constitutive parame-
ter related to the direct effect in the laboratory-derived rate-and-
state friction law and the effective normal stress acting on the
faults. Since both parameters are not well constrained for nat-
ural faults, the product Ao is taken as a free parameter, where
fits of various seismic sequences yielded Ao values between 0.01
and 0.05 MPa (S. Hainzl et al. 2010). The smaller Ao, the more
stress changes affect the seismicity rate. Here, we set Ao = 0.01
MPa.

Reservoir related seismicity changes 11

The result of the modelled seismicity rate in the post-
impoundment period is shown in Fig. 7(f) and Fig. S8(f)
(Supplementary Material), and the modelled seismicity changes
with respect to the pre-impoundment period is shown in
Fig. 7(g) and Fig. S8g (Supplementary Material) for selected re-
ceiver mechanisms. For the high-angle receiver faults, the mod-
elled seismicity rate changes highlight a clear contrast between
the NE and SW directions (Fig. 7g), whereas the observed seis-
micity rate change is more isotropic around the centre of the
lake (Fig. 7¢). In contrast, for the lower-angle receiver faults, the
modelled seismicity rate changes are isotropic around the centre
(Fig. S8g, Supplementary Material), consistent with the obser-
vations (Fig. S8c, Supplementary Material). Overall, the results
based on the calculated reservoir-induced stresses are very well
in agreement with the observations; in particular, the seismic-
ity is expected to be strongly reduced in the central area of the
reservoir as observed.

5 DISCUSSION

The local network (11 stations) covering the Gotvand Dam area
together with IRSC and IIEES permanent seismological net-
works in Iran enabled us to study a 14-yr-long precise catalogue
of the seismicity in this area prior to, during and after the im-
poundment phase, revealing clear changes due to the impound-
ment. The dense local network also allows focal mechanism
computation of small-magnitude earthquakes. Most of the 39
focal mechanisms solutions indicate a dominant reverse mecha-
nism, similar to the gCMT solution for moderate to large events
and teleseismically computed mechanisms in this area (e.g. J.
Jackson & D. McKenzie 1984; M. Talebian & J. Jackson 2004),
trending NW-SE parallel to the main structures of the region
(Fig. 3). These focal mechanisms and gCMT solutions for this
area indicate NW-trending (300°) faults, mostly dipping towards
NE with a gentle dip of 25° or a dip of 60°. The Gotvand region is
one of the best examples within the Simple-Fold Belt of the Za-
gros, which clearly shows that the high-angle reverse faults are
terminated by a very low-angle thrust fault, as mentioned by M.
Berberian (1995).

By starting impoundment (2011.07.30), the temporal rate of
the cumulative seismicity only slightly increased and decreased
during and after impounding (Fig. 6a). Similarly, the shape
of the magnitude distribution also only slightly changed with
time (Fig. 4b). Furthermore, we find no evidence of any signifi-
cant correlation between change of water levels and total back-
ground seismicity in the area, in contrast to other reservoirs;
for example, for the Itoiz reservoir, where M.A. Santoyo et al.
(2010) found a positive correlation between the water level vari-
ations in the lake and the occurrence of the mainshock event,
or for Ataturk reservoir, where H. Eyidogan et al. (2010) and P.
Biiytlikakpinar et al. (2021) obtained a clear anticorrelation be-
tween water level and seismicity. Thus, in the case of the Got-
vand reservoir, the total seismic activity was not significantly af-
fected by the reservoir impoundment. These findings were con-
sistent for the events located within 20 km of the dam lake shore
(Fig. S6, Supplementary Material).

However, the seismicity rates were locally strongly affected
by the reservoir impoundment, as revealed by the compari-
son of the rate density maps prior to and after the start of
the impoundment. Before impoundment, the background seis-
micity was concentrated in the central area of the reservoir.
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There, the seismicity significantly decreased after the start of
the impoundment (Figs 7a and b). This observation aligns well
with the calculated time-dependent Coulomb stress changes
for two dominant focal mechanisms in the area, showing sig-
nificant stress shadowing below the central part of the reser-
voir because of the water load stabilizing thrust faulting, while
stresses slightly increased in the remaining parts (Figs 7d, e
and S8d, e, Supplementary Material). This observation can be
attributed to the fact that seismicity triggered by reservoirs is
most evident in regions with low-seismic activity and stressing
rates (S. Ruiz-Barajas et al. 2023). Conversely, the suppression
of seismicity due to water loading is more likely to be observed
in highly active areas, such as the Zagros region, where a no-
table decrease in background activity can be detected. Despite
the stress decrease below the Gotvand reservoir, seismicity mod-
elling using the RS model only leads to reduced seismicity in the
stress-shadow area instead of a shutoff. The calculated seismic-
ity changes based on the estimated spatiotemporal stress evo-
lution (Figs 7f, g and S8f, g, Supplementary Material) are very
well in agreement with the observed seismicity patterns (Figs 7b
and c). The predicted presence of seismicity in the stress shadow
agrees with the observations and results from the relatively high-
tectonic stressing rate. In active tectonic regions such as Zagros,
the regional stress field can partly override the effects of water
loading.

Induced stress due to water loading on reverse faults depends
on the dip of the fault plane. Gently dipping reverse faults (dip =
25°) experience stress drops almost symmetrically beneath the
lake (Fig. S8, Supplementary Material), while the stresses de-
crease only below and southwest of the lake for steeper faults
(dip = 60°, Fig. 7). However, the estimated stress changes (drop)
at seismogenic depths are smaller than 50 kPa. Thus, tectonic
loading likely plays a crucial role. We estimated the tectonic
scalar stressing rate to be about 2 kPa yr~! in the Gotvand area.
This tectonic loading contributes to the adjustment of negative
stress changes in the central part of the reservoir over time. It
results in a smaller area with negative Coulomb stress changes
in 2019 (Figs 7e and S8e, Supplementary Material) compared to
2014 (Figs 7d and S8d, Supplementary Material). As time pro-
gresses, tectonic loading stress will dominate over the negative
stress induced by impoundment in less than 25 yr.

6 CONCLUSIONS

We analysed about 14 yr of spatiotemporal seismicity recorded
by a dense local network covering the Gotvand reservoir (SW
Iran). Our data span the years 2006 through 2019, with im-
poundment started in 2011 to fill the reservoir (4.5 x 10° m?).
Calculated focal mechanisms for small earthquakes show an
NW-SE-oriented reverse mechanism that agrees with the gCMT
solutions for moderate and larger events and is compatible with
the general trend of the existing tectonic regime in the Zagros
mountain range.

To remove local aftershock activity unrelated to aseismic pro-
cesses, such as tectonic forcing or reservoir-induced stresses,
we used the ETAS model, recently extended to 3-D. We find
that the cumulative activity in the region did not change sig-
nificantly with the onset of the reservoir impoundment, nei-
ther concerning the seismicity level (rates) nor the frequency-
magnitude distribution (b-value). However, the impoundment
of Gotvand lake has significantly altered the spatial seismicity

pattern, showing a notable reduction in seismic activity in the
central area of the reservoir, which is in agreement with nega-
tive calculated time-dependent Coulomb stress changes for the
two dominant focal mechanisms in the same area. This cen-
tral part, which was highly active before the impoundment,
shows a clear stress shadowing effect. Accounting for the con-
tinuous tectonic stressing in this seismically active region, the
modelled seismicity evolution, based on the spatiotemporal
stress changes after impoundment, can explain the observed
seismicity.
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