Earthquakes triggered by the subsurface undrained response to
reservoir impoundment at Irapé, Brazil

Haris Raza'23, George Sand Fran(;al’z, Eveline Sayio', and Victor Vilarrasa

3

I'Seismological Observatory, Graduate Program in Geology, Institute of Geosciences, University of Brasilia,

Campus Darcy Ribeiro, 70297-400 Brasilia, Brazil

ZInstitute of Astronomy, Geophysics and Atmospheric Sciences, University of Sdo Paulo, 05508-090 Sio Paulo, Brazil
3Global Change Research Group (GCRG), IMEDEA, CSIC-UIB, 07190 Esporles, Spain

Correspondence: Haris Raza (harisraza90 @yahoo.com) and Victor Vilarrasa (victor.vilarrasa@csic.es)

Received: 18 January 2024 — Discussion started: 27 February 2024
Revised: 15 July 2024 — Accepted: 8 September 2024 — Published:

Abstract. The necessity to reduce carbon emissions to miti-
gate climate change is accelerating the transition from fossil
fuels to renewable energy sources. Specifically, hydropower
has emerged as a prominent and safe renewable energy
s source but entails reservoir-triggered seismicity (RTS). This
phenomenon causes significant challenges for safe reservoir
management. Irapé, in Brazil, is a prominent RTS site where
seismicity surged after reservoir filling, with a maximum
event of magnitude 3.0 in May 2006, just 6 months after the
10 start of reservoir impoundment. Despite the fact that more
than 1 decade has passed since the seismicity occurred, the
factors governing these earthquakes and their connection to
subsurface rock properties remain poorly understood. Here,
we attempt to understand the potential causes of RTS at Irapé
15 Dam, which is the highest dam in Brazil at 208 m and the
second highest in South America. Permeability and poros-
ity measurements of cylindrical cores from hard and intact
rock samples, which were extracted near the RTS zone by pit-
ting 10 cm from the surface, reveal a low-permeability rock.
20 Porosity values range from 6.3 % to 14.7 %. Only 3 out of the
11 tested samples present permeability above the lowest mea-
surable value of the apparatus (0.002 mD), with the highest
permeability being 0.0098 mD. The undrained response of
the low-permeability rock placed below the reservoir results
25 in an instantaneous increase in pore pressure and poroelas-
tic stress changes due to elastic compression, which brings
potential faults located below the reservoir closer to failure
conditions. According to our analytical calculations, the ver-
tical loading caused by the increase of 136 m in the reser-
a0 voir water level led to a 0.61 MPa pore pressure buildup in

response to compression at the depth of the M, 3.0 earth-
quake, i.e., 3.88 km, resulting in an increase of 0.75 MPa in
the vertical effective stress and of 0.48 MPa in the horizon-
tal effective stress. These changes resulted in an increase in
the deviatoric stress that led to fault destabilization, causing
the RTS. The laboratory measurements and analytical cal-
culations corroborate the hypothesis that the initial seismic
activity was induced by the undrained subsurface response
to the reservoir loading at Irapé.

1 Introduction

Reservoir impoundment, deep underground mining, and fluid
injection into and withdrawal from the subsurface are some
of the well-known causes of induced/triggered seismicity
which have become a global issue in the past few decades
(McGarr et al.,, 2002; Foulger et al., 2018; Kivi et al.,
2023). The understanding and identification of these types
of human-induced earthquakes is crucial in terms of envi-
ronmental and economic impact and for socio-political and
scientific discussion (Gonzalez et al., 2012; Vilarrasa et al.,
2019). Recently, the debate over the potential induced or trig-
gered nature of cases of felt seismicity has intensified, such
as the Oklahoma earthquakes of M, 5.7 in 2011 and My, 5.8
in 2016 (Ellsworth, 2013; Keranen et al., 2013; Yeck et al.,
2016); the earthquakes in Emilia, Italy, of My, 6.1 and 5.9 in
2012 (Cesca et al., 2013); the earthquake in Pohang, South
Korea, of M, 5.5 in 2017 (Grigoli et al., 2018; Kim et al.,
2018); the earthquake in Lorca, Spain, of My, 5.1 in 2011
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(Gonzilez et al., 2012); and the earthquake in Castor, Spain,
of My, 4.11in 2013 (Cesca et al., 2014; Vilarrasa et al., 2021,
2022), to name a few. Apart from the possibility of injuring
people and damaging infrastructure, such earthquakes can
have a negative public perception leading to project cancel-
lation (Boyet et al., 2023a).

The first reservoir-triggered seismicity (RTS) case was ob-
served during the filling of Lake Mead at the Hoover Reser-
voir (US) in the mid-1930s, with ~ My o (Carder, 1945). Ma-
10 jor worldwide RTS cases were detected in the 1960s, such as

Mg 1 in Hsinenghiang (China) in 1962, Mg > in Kariba (Zam-

bia) in 1963, Mg 3 in Kremasta (Greece) in 1966, and Mg 3

in Koyna (India) in 1967 (Gupta, 2002). To date, over 150

RTS cases have been documented (Wilson et al., 2017; Foul-
15 ger et al., 2018). Studies to understand the triggering mech-

anisms of RTS show that pore pressure changes in the or-

der of a few 10ths of MPa and the associated poroelastic
stress changes are sufficient to reactivate deep faults (Rice
and Cleary, 1976; Simpson, 1976; Bell and Nur, 1978; Tal-
20 wani and Acree, 1985; Roeloffs, 1988; Simpson et al., 1988).

RTS is generally controlled by the stress state, the geo-
logical and hydrogeological properties of the region, and the
water level changes at the reservoir. The perturbation caused
by the changes in water level results in the loading and/or un-
loading of the subsurface, which may respond in a drained or
undrained way. An undrained response leads to an instanta-
neous pore pressure buildup that is proportional to the height
of the reservoir load. In contrast, a drained response leads to
pore pressure diffusion into the rock that causes progressive
pore pressure buildup as the pressure front propagates into
the rock (Table 1). In general, RTS magnitudes are smaller
for undrained responses than drained ones (Simpson et al.,
1988). The interactions and comprehensive analysis of these
two responses are key to understanding the causes of RTS
ss cases and eventually improve the forecasting and mitigation

of RTS hazard.

The RTS cases are booming around the world, with Brazil
being one of the concerned countries, with 29 RTS cases to
date (Sayao et al., 2020). The study of RTS in Brazil started

40 in 1972 with the M3 7 at Carmo do Cajuru reservoir, south-
eastern Brazil (Foulger et al., 2018). The largest recorded
event, an My in 1974, caused damage to several buildings
without any fatalities and was associated with nearby reser-
voirs at Porto Colombia and Volta Grande, both of which

45 started damming in the early 1970s (Sayao et al., 2020).

Irapé Dam, located in the state of Minas Gerais, Brazil,
is the highest dam in Brazil at about 208 m and the second
highest in South America (Franca et al., 2010). The Irapé
hydropower plant lies in the vicinity of the Jequitinhonha

so River. Seismicity started to increase immediately after the
impoundment of the reservoir and completion of the dam,

with the maximum event of M3 occurring on 14 May 2006,

coinciding with the peak water level of the dam. The signif-

icant magnitude of the earthquake and the early occurrence
ss after filling the reservoir impoundment has raised questions
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about the triggering mechanisms of this RTS. Understanding
these mechanisms is crucial for ensuring the safety of infras-
tructure around the Irapé reservoir and for the local popula-
tion.

In this study, we aim to investigate the potential causes of
the main RTS event at Irapé. We initially elaborate on the ge-
ological setting and rock characteristics in the vicinity of the
reservoir. We explain the characteristics of the RTS at Irapé,
including the temporal evolution of the seismicity, which oc-
curred in the short period from December 2005 to May 2006,
and the location of the main event based on the local veloc-
ity model. Then, we present the performed permeability and
porosity tests of cylindrical cores from hard and intact rock
samples, which were extracted near the RTS zone to identify
and describe the primary role of porosity and permeability.
We perform analytical calculations to estimate the pore pres-
sure and poroelastic stresses in response to the highest water
level of the reservoir filling and the time it would take for
the pore pressure diffusion front to reach the depth of the
main event. We present evidence that the cause of RTS at
Irapé was the undrained response of the subsurface to reser-
voir impoundment.

2 Geological setting and RTS at Irapé
2.1 Geological setting

The area of Irapé is located within the domain of the pre-
folding Cambrian Aracuai Belt, which is oriented approx-
imately in a north—south direction and defines the eastern
part of the Sao Francisco Craton in the state of Minas Gerais
(Almeida, 1977). Approximately 80 % of the reservoir area
in Irapé corresponds to the Chapada Acaua Formation. The
Chapada Acaud Formation, which has been investigated near
the Irapé shear zone (Araujo Filho et al., 2010), consists
of carbonaceous mica schist rocks, with pyrite, garnet, or
graphite locally (Lima et al., 2002). This rock is intensely de-
formed, characterized by the formation and rotation of quartz
sub-grains and the migration of grain edges (Araujo Filho et
al., 2010). This formation is characterized by typical passive
margin sedimentation and is associated with sediment depo-
sition in the Macaubas Basin along with the Nova Aurora
Formation (Silva et al., 2014). The Ribeirdo da Folha Forma-
tion is found to the east of the Chapada Acaua Formation,
consisting of mica shales, quartzite, and calc—silicate rock

(Fig. 1).

2.2 Background on the reservoir-triggered seismicity at
Irapé

The Irapé reservoir covers an area of 137.8 km? with a reser-
voir volume of 5.964km>. The dam was constructed on
the Jequitinhonha River, filling the reservoir to a maximum
height of 137 m (Fig. 1 and Table 2). The dam area was moni-
tored by a three-component seismic network at three stations
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Table 1. The time distribution types of responses to reservoir-triggered earthquakes by Simpson (1988).

Response type Mechanism Description Main features Cases
Instantaneous Instantaneous  elastic  This type of RTS increases Changes in water level have a strong  Koyna, Monticello,
response response and undrained  immediately after the initial correlation with the change in seis- Manico-3, Nurek,
response due to reser- impoundment of the reservoir  micity. This generally occurs around  Kariba, Kremesta
voir loading or changes rapidly after rapid  the reservoir area, and the earthquake  Irapé (this paper)
changes in the water level. magnitude is small; the majority of
them are swarm seismicity.
Delayed Increase in pore pres- It is only after a period of There is no significant correlation be-  Koyna, Aswan,
response sure caused by pressure  reservoir impoundment that tween changes in water level and  Oroville
diffusion through per- the seismicity changes con- seismicity, the time delay is obvi-
meable rock below the tinuously. ous, the magnitude is generally large,
reservoir and the earthquake occurrence point
is not limited.
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Figure 1. Geological map of Irapé reservoir and surrounding area.

prior to 3 years of its impoundment, which started on 7 De-
cember 2005. These stations did not detect any seismicity
before the impoundment (Chimpliganond et al., 2007).
Microearthquakes started to be detected just 1d after the
s impoundment began, exceeding 300 microearthquakes by
October 2006. The largest event occurred on 14 May 2006
with an M3 that was felt at the reservoir area at a depth of
3.88 km (Chimpliganond et al., 2007; Franca et al., 2010).
The seismicity occurred within a small area, with epicenters
10 in the lake and its nearby margins (less than 3 km from the
narrow lake), close to the dam axis. The epicenters are dis-

occurrence of seismicity leads us to investigate a causative
relationship (Figs. 2 and 3). The spatial distribution of the
epicenters also suggests the hypothesis that this is another
case of RTS of the initial response type.

The events were analyzed using the program Seismic
Analysis Code (Goldstein and Snoke, 2005), in which the
arrival of the P and S waves and the polarity are considered.
The hypocenter location of the events that were recorded by
three stations was computed with the program HYPO71 (Lee
and Lahr, 1975). The analysis of seismograms went through a
double-checks routine (Silva et al., 2014). The local monitor-
ing station presented operational challenges, which resulted
in positional uncertainty in seismic events (Silva et al., 2014).
The velocity model that was used to locate the seismic events
was based on a deep seismic refraction survey in combination
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Table 2. Characteristics of the main RTS event at Irapé (Franca et al., 2010).

Dam height Length  Volume Max. reservoir water Reservoir area  Seismicity  Date Magnitude Io AT
(m) (m)  (km?) depth (m) (km?)  type (mR)  (MMI)  (yn
208 540 5.964 137 137.8  Initial 14 May 2006 30 M-IV 05

AT': time interval (years) since the start of filling/impoundment; MMI: Modified Mercalli Intensity scale; mR: regional magnitude.
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Figure 3. RTS distribution in the initial period with location and
magnitude (see color scale). The red star is the main event felt near
the dam, and black triangles denote the sample location.

with local geological interpretations and studies of the crustal
structure in southeastern Brazil (Assumpgao et al., 2002).

Velocity models were adopted based on a deep seismic re-
fraction survey in combination with local geological inter-
pretations and studies of the crustal structure in southeast-
ern Brazil to locate seismic events in the Irapé area (As-
sumpgdo et al., 2012). The local velocity model consists of
a superficial 4.8 km thick layer with a P-wave velocity (V,)
of 4.5kms™!, representing the mica schist to graphite schist
rocks from surface, and a second layer from schist to crys-
talline basement rocks with a thickness of 11.2km with P-
wave velocity (V;) of 6 km s~ (Marshak et al., 2006; Silva
et al., 2014).

The repetition of a structural trend in the NE-SW direction
originates from the geological and geophysical structuring of
the crust (Silva et al., 2014). The stress regime in the Irapé re-
gion has been estimated to be a normal faulting stress regime.
The accuracy of the focal mechanisms remains a subject of
debate due to the low quality of the seismic data recorded
by analog seismograms and uncertainties associated with the
velocity model. Consequently, the focal mechanisms of the
M3 earthquake on 14 May 2006 have not been resolved yet
(Silva et al., 2014).

3 Materials and methodology

We inspected the Irapé site and surrounding areas, as well
as the outcrops. The dam area is surrounded by mica schist
rock, which is shiny, ranging from blackish to medium gray
in color, with foliated, fine- to medium-grained textures. Ac-
cording to the local velocity model, there is a superficial
layer that is 4.8 km thick, representing mica schist to graphite
schist rocks at the surface. Below that, there is a second
layer that is 11.2km thick, consisting of crystalline base-
ment rock. Measurements from these samples are crucial for
understanding the estimated permeability beneath the sub-
surface in the context of the main event, which occurred at
a depth of 3.88 km (Franca et al., 2010). Since the epicen-
ter of the main event was located about 1 km away from the
dam, we collected bulk rock samples from different locations
around the dam and nearby outcrops by digging pits that were
0.10 m deep.

3.1 Laboratory experiments

We extracted cylindrical core samples perpendicular to the
bedding planes of mica schist rock. We performed tests on
three sets of samples, with a total of 11 core samples, which
were hard and intact samples because the rest of the samples
were fragile and fractured during the coring from bulk sam-
ples (Table 3). The retrieved cylindrical plugs had a length
ranging from 3.8 to 5.0 cm and a diameter of 2.50 cm, which
meets the international standard criteria (Core Lab) to mea-
sure core plug samples with Ultra-Pore 300 and Ultra-Perm
610 (Fig. 4).

We conducted porosity measurements using the Ultra-
Pore 300, which is manufactured by Core Lab Instruments
in Texas, USA. The Ultra-Pore 300 is a gas expansion he-
lium pycnometer specifically designed for determining the
grain volume or pore volume of both core plug and full-
diameter samples. To achieve this, we utilized matrix cups
designed for samples with diameters ranging from 2.5 to
3.8 cm, equipped with a Setra 204 transducer rated for pres-
sures ranging from 0 to 1.72 MPa. We determined the pore
volume using the nitrogen gas (N») expansion technique
(API, 1998; Ceia et al., 2019).

We measured the intrinsic permeability of rock samples
using Ultra-Perm 610 Permeameter. This precision equip-
ment, which controls back-pressure, maintains a constant
rate or mean pressure at 0.69 MPa. Before testing, samples
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Table 3. Location of samples with permeability and porosity data from measured cores.

Location (lat., long.)

Sample
numbers

16.73872, 42.57680

IR-1a
IR-1b
IR-1c
IR-1d

16.74038, 42.57652

IR-2a
IR-2b
IR-2¢

16.72438, 42.56316

IR-3a
IR-3b
IR-3¢c
IR-3d

Permeability ~ Porosity
(mD) (%)
<0.002 7.5
<0.002 6.8
<0.002 8.8
0.0098 6.6
<0.002 9.5
0.0038 10.5
0.0038 14.7
<0.002 6.9
<0.002 133
<0.002 7.1
<0.002 6.3

Experiments loaded perpendicular to bedding plane (.L).

NN

W2 % ///////é//////////s////////mm]gnnm\\;\\\\\\;\\\\\\\\\\‘\\\\\é\\§\\\\\\\\}\‘,\\\‘
a b (6

Figure 4. The three sets of mica schist rock samples (1, 2, and 3)
after cylindrical coring from bulk samples (L coring of cylindrical
plugs was done by loading perpendicular to the bedding planes).

were cleaned with Soxhlet equipment and toluene, followed
by drying in an oven. The permeability measurements in-
cluded a permeameter, a nitrogen source, a stopwatch, a
core holder, a bubble tube, and a digital calliper. The core
s holder was pressurized to 3.45 MPa confining pressure us-
ing compressed air. The bubbles passing through a burette
were timed, and outflow gas volume was recorded. The per-

meability was calculated using Darcy’s law, considering core
dimensions. Hard rock core samples, like mica schist, require
long stabilization times due to the low permeability.

3.2 Analytical calculations of undrained pore pressure
and stress changes

Reservoir impoundment causes an undrained effect in the
subsurface that manifests as instantaneous pore pressure and
stress changes below the reservoir (Skempton, 1954). The
change in the vertical stress, Aoy, equals the weight of the
water level rise assuming an extensive reservoir. The hor-
izontal stress, assuming oedometric conditions, changes as
follows because of the increase in the vertical stress and the
undrained pore pressure change (Rutqvist, 2012):

Agh — v A (1—2\))A !
Uh—m( Uv)+0lm Y28 (D

where Aoy, is the horizontal stress change, « is Biot’s co-
efficient, v is Poisson’s ratio, and Ap is the pore pres-
sure change. Additionally, in an isotropic and homogeneous
poroelastic material subject to undrained conditions, the
change in pore pressure resulting from a change in stress can
be computed as follows (e.g., Rice and Cleary, 1976; Cocco
and Rice, 2002):

B
Ap = EAO'kk, (2)

where Aok = Aoy +2A0n, Aok is the mean stress change,
and B is Skempton’s coefficient of mica schist rock
(Roeloffs, 1988). Here we adopt the sign criterion of geome-
chanics; i.e., compressive stresses are positive. Equations (1)
and (2) constitute a system of two equations with two un-
knowns. Their resolution yields the undrained pore pressure
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pore space

Figure 5. Megascopic representation of samples IR-2b and ¢ and
IR-3b showing pores that are not well connected.

change as

B 1 A
Ap== (I+v) Aoy

3 (1—v—273(a—u—2av))'

3

3.3 Analytical calculations of the time at which the
pore pressure diffusion front reaches the depth of
the earthquake

The advancement of the pore pressure front within the sub-
surface is controlled by diffusivity:

_ kpg

D= ,
HuSs

C))

where D is diffusivity, k is the intrinsic permeability, p is
water density, g is gravity, u is water viscosity, and Ss is
the specific storage coefficient. The time at which the pore
pressure front reaches a certain distance r is given by

=

&)

SIR®

4 Results
4.1 Porosity and permeability measurements

The results of our laboratory measurements are provided in
Table 3. These data are subject to measurement uncertainties
inherent to the experimental equipment used according to the
standard procedure. Laboratory measurements of samples of
mica schist reveal a low permeability (Table 3 and Fig. 6).
The maximum permeability is 0.0098 mD, but most of the
samples present a lowest measurable permeability value of
the apparatus, i.e., 0.002mD. Such permeability is in the
range of low-permeability rock, which acts as a barrier to
flow. Most of the samples have a porosity between 6 % and
10 %, except for two with higher porosity. The low perme-
ability of mica schist could be explained by the fact that the
larger pores are not well connected (Fig. 5). In general, there
is no correlation between permeability and porosity (Fig. 6).

0.009

0.008 +

0.007

0.006

0.005

0.004

0.003

Permeability (mD)

0.021— 9 & & @ ®

Lowest measurable permeability (mD) values

0.001

0.000 T T T T
6 8 10 12 14

Porosity (%)

Figure 6. Porosity—permeability relation of mica schist rock sam-
ples.

4.2 Undrained response of rock: changes in pore
pressure and stress

The 136 m of water level increase at the time of the M3
earthquake resulted in an increase in the vertical stress of
1.36 MPa. To compute the pore pressure change caused by
the reservoir impoundment, the Biot coefficient, Skempton’s
B coefficient, and Poisson’s ratio of mica schist are needed
(Eq. 3). Since such measurements are not available, we adopt
the values of Opalinus Clay because it is a similar rock to
mica schist (both are shales primarily composed of quartz
minerals). Thus, we assume Skempton’s B coefficient of
0.92, an undrained Poisson’s ratio of 0.39, and Biot’s co-
efficient of 1. With these values, the resulting pore pres-
sure change is 0.61 MPa. Consequently, the horizontal stress
change is 1.09 MPa (Eq. 1). These pore pressure and stress
changes result in an increase in the vertical effective stress of
0.75 MPa and in the horizontal effective stress of 0.48 MPa,
increasing the deviatoric stress by more than 0.25 MPa.

4.3 Pressure diffusion along mica schist

The measured intrinsic permeability of mica schist is in the
order of 10~!® m? (Table 3). Assuming a specific storage co-
efficient in the order of 1.05 x 10~ m~!, diffusivity (Eq. 4)
results in 9.5 x 1076 m? s~ 1. Taking into account that the
depth of the M3 earthquake occurred at 3.8 km, the time
at which the pore pressure front would reach this depth by
diffusion (Eq. 5) is in the order of 50 000 years by assuming
the absence of fractures.

5 Discussion

RTS has been the focus of many studies, but the origin and
development of RTS are still unclear in many cases (Gupta
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et al., 2016; Arora et al., 2018). There is a general consen-
sus that there are two main triggering mechanisms (Simp-
son et al., 1988). On the one hand, low-permeability rock
has an undrained response to the water level changes in the
reservoir, which acts as a loading, instantaneously increas-
ing pore pressure and causes poroelastic stress changes deep
underground (Chen and Talwani, 2001; Vilarrasa et al., 2022;
Razaet al., 2023; Vilarrasa et al., 2023). On the other hand, in
the presence of permeable rock or a permeable fracture net-
work, pore pressure diffuses downwards, which may even-
tually trigger an earthquake if a critically stressed fault be-
comes pressurized (Talwani and Acree, 1985).

At Irapé, the low permeability of the rock below the
reservoir, i.e., mica schist with permeability in the order of
10~ m? or lower, hinders pore pressure diffusion. Given
that the hypocenter was located at 3.88 km depth, the pres-
sure propagation front would take in the order of 50 000 years
to start pressurizing the depth at which the earthquake was
nucleated. Even assuming that the presence of fractures en-
hanced the rock permeability by 3 orders of magnitude,
which would be the upper limit of observed permeabil-
ity enhancement of low-permeability rock at the field scale
(Neuzil, 1986), the pressure front would take 50 years to
reach 3.88 km depth. The permeability enhancement due to
the presence of fractures could become larger in crystalline
than in clay-rich rock, reaching an increase of up to 5 or-
ders of magnitude (Bondarenko et al., 2022). Such high per-
meability enhancement caused by fractures is not feasible in
clay-rich rock like mica schist because of its ductility and
low dilatancy angle, which prevent fractures from becom-
ing open pathways. At Irapé, the necessary permeability of
the rock to reach the depth of the largest earthquake within
0.5 years, i.e., the delay of the earthquake with respect to
the start of impoundment, would be of 10713 m?2, 5 orders of
magnitude higher than the actual permeability of mica schist.
Such high permeability enhancement is deemed unlikely for
mica schist.

Considering the load caused by the water level rise in the
reservoir of 136 m, the low-permeability mica schist expe-
rienced an undrained response, with subsequent poroelas-
tic stress and pore water changes. We have estimated these
changes analytically, finding a vertical effective stress in-
crease of 0.75 MPa, a horizontal effective stress increase of
0.48 MPa, and a pore pressure increase of 0.61 MPa. Given
the normal faulting stress regime at Irapé, these changes
cause an increase in the deviatoric stress that could destabi-
lize faults in the subsurface. These changes in pore pressure
and stress levels provide valuable insights into the dynamic
behavior of the geological formation and are crucial consid-
erations in understanding the reservoir response to alterations
in reservoir water levels. We contend that the rapid loading
of the reservoir weakens this fault because of the undrained
stress and pore pressure changes (Fig. 7).

In addition, the megascopic representation of core samples
in the configuration of the physical evidence illustrates that

rocks can exhibit relatively high porosities and low perme-
ability when their pores are not well connected (Fig. 5). Thus,
mica schist may present preferential lateral fluid migration
at depth, following the foliation direction. The surface rock
beneath the Irapé reservoir is highly metamorphosed, and,
despite having high porosity, the rock presents low perme-
ability. Therefore, pore pressure diffusion is disregarded as
the potential cause triggering the seismicity at Irapé.

The regional geology at the eastern part of the Sao Fran-
cisco Craton in the state of Minas Gerais follows an N-S
direction (Almeida, 1977). Silva et al. (2014) also mentioned
that the repetition of a structural trend in the NE-SW direc-
tion originates from the geological and geophysical structur-
ing of the crust. This trend makes it feasible to assume the
existence of an N-S vertical mature fault that could become
destabilized by small changes in the effective stress. An as-
sociation of such seismicity with the shear zone along reser-
voir/lineaments suggests the reactivation of such faults under
the influence of reservoir impoundment.

Mitigation of the risk of RTS requires knowledge of the
physical mechanisms that may trigger seismicity. Thus, a
thorough characterization of the site to measure rock phys-
ical properties is crucial. Analytical and numerical solutions
should integrate the physics of the problem, in particular,
poromechanics to assess both the undrained response of the
subsurface to reservoir impoundment and pore pressure dif-
fusion. Such models should include the rock layers below the
reservoir down to the crystalline basement and their charac-
teristics, including features like faults. Before the construc-
tion of the dam, the hazard of triggering moderate to large
earthquakes should be estimated, to disregard locations with
a high probability of RTS. This estimation requires knowing
the hydro-mechanical properties of the rock layers, i.e., per-
meability, porosity, stiffness, and strength, and the design pa-
rameters of the dam, i.e., height for potential future projects.
Note that, at Irapé, the porosity and permeability measure-
ments have not been taken until now but should have been
taken prior to the design of the dam. The successful manage-
ment of RTS requires an interdisciplinary approach combin-
ing concepts of hydrogeology, geomechanics, and seismol-
ogy.

To address and manage RTS risks, the Traffic Light Proto-
col (TLP) should be employed (Fig. 8). A TLP is a tool that
assists decision-makers to decide how to operate the dam to
minimize risks. The TLP has three levels of operation: (1) a
green light that allows operations to proceed without restric-
tions, (2) a yellow light that requires the activation of miti-
gation measures, and (3) a red light that urges operations to
stop. Efforts have been made regarding the incorporation of
real-time data with the application of risk-oriented measures
to prevent infrastructure damage and nuisance to the local
community. Incorporating the two types of RTS in the TLP,
i.e., immediate events induced by the undrained response of
the subsurface to water level changes and delayed seismicity
induced by pore pressure diffusion, is crucial. To this end, the
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Figure 7. Schematic description of the mechanism of RTS at Irapé, indicating the effect of the weight of the reservoir water volume due to
undrained response in mica schist rock of low permeability (the background photo was taken in the field from an outcrop at Irapé).
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(gray boxes).

utilization of physics-based models is promising, since they
are capable of anticipating seismic activity, enabling opera-
tional adjustments for future mitigation of RTS risk (Boyet
et al., 2023b) (Fig. 8).

5 Regarding the mitigation approaches for RTS within the
framework of a TLP, the effectiveness of an operator heavily
relies on the efficiency of mitigation strategies implemented
at the yellow-light stage. Ideally, these strategies would pro-
ficiently diminish seismic risks and hazards, ultimately cir-

10 cumventing the red-light scenario that terminates the op-
eration. Thus, TLPs can be one major strategy and strong

decision-making tool for operators to minimize the risk of
RTS for future developments of dams.

6 Conclusions

We have analyzed RTS at Irapé to discern the cause of the
triggered seismicity. The measured low permeability of the
rock at Irapé disregards pore pressure diffusion as the trig-
gering mechanism and suggests that the M3 o RTS was trig-
gered by the undrained response of the subsurface to reser-
voir impoundment. Analytical calculations estimate that pore

20
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pressure increased by 0.61 MPa in response to an increase
of 136m in the reservoir water level. The resulting verti-
cal effective stress increased by 0.75 MPa, and the horizontal
effective stress increased by 0.48 MPa. Thus, the deviatoric

s stress would increase in a normal faulting stress regime, like
the one at Irapé, destabilizing the fault and causing RTS.
Both laboratory measurements and analytical calculations
support the hypothesis that the initial seismicity was trig-
gered by the undrained response of the subsurface to the

10 loading of the reservoir at Irapé. This study suggests that the
occurrence of such earthquakes may be avoided by thorough
site characterization and careful management of the reservoir
loading following TLPs that mitigate RTS risk.
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