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Abstract The offshore Castor Underground Gas Storage (UGS) project had to be halted after gas
injection triggered three M4 earthquakes, each larger than any ever induced by UGS. The mechanisms
that induced seismicity in the crystalline basement at 5-10 km depth after gas injection at 1.7 km depth
remain unknown. Here, we propose a combination of mechanisms to explain the observed seismicity.
First, the critically stressed Amposta fault, bounding the storage formation, crept by the superposition
of well-known overpressure effects and buoyancy of the relatively light injected gas. This aseismic slip
brought an unmapped critically stressed fault in the hydraulically disconnected crystalline basement to
failure. We attribute the delay between induced earthquakes to the pressure drop associated to expansion
of areas where earthquakes slips cause further instabilities. Earthquakes occur only after these pressure
drops have dissipated. Understanding triggering mechanisms is key to forecast induced seismicity and
successfully design deep underground operations.

Plain Language Summary Underground fluid injection for energy-related activities

usually induces microseismicity (not felt earthquakes). But felt earthquakes are sometimes induced,
which may cause public concern and project cancellation. This was the case of the offshore Castor
underground gas storage (UGS), Spain. Gas injection induced numerous seismic events, including three
with magnitudes around 4, larger than any other earthquake ever induced by UGS. These earthquakes
occurred after the stop of injection in the crystalline basement, which is hydraulically disconnected from,
and significantly deeper than the storage formation. To explain this seismicity, we propose a combination
of mechanisms. First, the Amposta fault, bounding the site, crept (failed slowly, aseismically) because of
pore pressure buildup induced by injection, which reduces the effective compression stabilizing faults,
and stress variations caused by gas buoyancy. Aseismic slip of the Amposta fault provoked underground
displacements, which reactivated a critically stressed unmapped fault in the crystalline basement. We
attribute the delay between earthquakes of the sequence to rock expansion, and stabilizing pore pressure
drop, in areas where slip displacement might cause new earthquakes. Earthquakes occur only after the
pressure drop dissipates, which takes some time. Assessing fault stability prior to gas injection would have
identified the risk of inducing seismicity.

1. Introduction

The processes that caused the induced seismicity at the Castor underground natural gas storage (UGS)
project, Spain, have not been clarified yet. Castor UGS constitutes the largest seismicity induced worldwide
in an UGS (M > 4) and represents the case of project cancellation resulting from induced or triggered seis-
micity with the highest cost ever. The cancellation of the project implies an investment compensation to the
operating company that may cost up to 4.73 billion euros to Spanish citizens (The Corner, 2017). Although
the compensation has been paid with public money, data gathered by the operating company through the
drilling of 14 wells and several characterization campaigns have not been made publicly available, which
hampers the scientific community from analyzing what caused the induced seismicity at Castor UGS.

Cushion gas injection at Castor UGS induced a sequence of felt earthquakes during September-October
2013 (Figure 1a and Movie S1), leading to the project cancellation before entering into operation. Despite
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the offshore platform being more than 20 km away from the coast, the local population felt a large num-
ber of earthquakes during 20 days after the stop of cushion gas injection into a depleted oil field at 1.7 km
depth. Each of the three largest earthquakes, with magnitudes 4.08, 4.01, and 3.97, constitute the largest
seismicity induced worldwide in an UGS. The earthquake locations are uncertain, with the hypocenters
appearing to be deep (>5 km depth) when using the most detailed seismic velocity model available for
this region (Villasefior et al., 2020), whereas previous studies suggest shallower depths (Cesca et al., 2014;
Juanes et al., 2017). The uncertainty in earthquake location is caused by a poor monitoring network, with
a scarce number of seismometers near the area and an inhomogeneous distribution in space, with all of
them located inland given the absence of ocean-bottom seismometers (Cesca et al., 2014; Gaite et al., 2016;
Juanes et al., 2017).

The few previous studies on this site include both statistical and physics-based approaches. On the one
hand, the statistical analysis of the sequence shows a decrease in the b-value of the Gutenberg-Richter law
(Gutenberg & Richter, 1942) after the stop of injection, indicating a tendency to induce larger events in the
post-injection period (Ruiz-Barajas et al., 2017). Such tendency is not novel in fluid injection operations
as it has also been observed in other induced earthquake sequences, like at the Soultz-sous-Foréts, France
(Cuenot et al., 2008) and Basel, Switzerland (Bachmann et al., 2011) deep geothermal projects. On the other
hand, physics-based models can shed light on the mechanisms controlling such increase of magnitude after
shut-in. Juanes et al. (2017) used numerical simulations to show that the critically stressed Amposta fault,
which bounds the storage formation, was destabilized by gas injection. However, they limited their analysis
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Figure 1. (a) Location map of the Castor platform, including the traces at the surface or sea bottom of the faults in the vicinity of the site (AF(e) indicates
the East Amposta Fault), the location of the wells used to estimate the stress tensor from breakouts, the location of the induced seismicity, the beach ball
with the nodal planes of the largest earthquakes (the nodal planes of the other induced earthquakes are similar) and the estimated stress tensor (b) schematic
representation of the Amposta fault and the rupture fault within the crystalline basement and their orientation with respect to the stress tensor; and (c)

slip tendency stereo plot of the Castor storage formation prior to injection. The red diamonds and black dots correspond, respectively, to the nodal planes
derived by Cesca et al. (2014) and those used in this study. The white square indicates the Amposta fault, which lays on the critically stressed area (red colors
corresponding to a mobilized friction coefficient of 0.6) and thus, the fault may undergo shear failure for small perturbations of the effective stress state.
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Sequence of the induced seismicity at Castor:
@Reactivation of the Amposta fault (creep) was induced by gas injection

@A critically stressed fault in the crystalline basement was reactivated by
the shear slip stress transfer of the Amposta fault

@The sequence of earthquakes was induced by shear slip stress transfer
and transient poromechanical effects

Figure 2. Proposed sequence and mechanisms leading to induced seismicity at Castor. First, the injection of cushion
gas aseismically reactivated the Amposta fault because of the combined effect of (a) buoyancy and (b) pressure
buildup. The stress transfer caused by the aseismic slip of the Amposta fault reactivated a critically stressed fault

in the crystalline basement, which induced the sequence of earthquakes by (c) shear slip stress transfer, which (d)
leads to volumetric expansion and pore pressure drops in the zones where slip transfer is destabilizing, delaying new
earthquakes until these drops have dissipated.

to the injection period and do not explain the largest deep seismic events occurring in the post-injection
stage. In contrast, Sald et al. (2017) focused the analysis on the post-injection period, finding that shear slip
stress transfer may have contributed to trigger subsequent events. However, the link between gas injection
and the subsequent deep earthquakes is still missing.

Unraveling the peculiarity of the Castor induced earthquakes requires addressing the following open sci-
entific questions. (i) How can the injection of gas into a shallow sedimentary formation induce deep earth-
quakes into the crystalline basement if they are hydraulically disconnected? (ii) Can the buoyancy of the
injected gas contribute to fault reactivation? (iii) Why did the main earthquakes occur after the stop of
injection? (iv) What is the cause of delay between earthquakes that are induced by shear slip stress transfer?

By answering these questions, we aim at finding the triggering mechanisms that induced the sequence of
felt earthquakes at Castor. We conjecture that the critically stressed Amposta fault bounding the storage for-
mation was destabilized not only by the traditional pressure buildup, which was small in this case because
of the high permeability of the storage formation, but also by buoyancy forces induced by gas injection. As
a result, the Amposta fault creeped, progressively accumulating aseismic slip and transferring stress to the
crystalline basement, where a critically stressed fault reached failure conditions a few days after the stop of
injection, triggering the first felt earthquake. The rest of the felt earthquakes of the sequence were induced
by shear slip stress transfer. The interevent times between these earthquakes could be explained by the tran-
sient poromechanical pressure changes resulting from shear slip. A schematic summary of the proposed
combination of mechanisms is presented in Figure 2.
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2. Castor Setting

The Castor UGS is located in the Valencia Through, off the coast of northeastern Spain, which was formed
due to a rifting phase during Neogene times with a NW-SE extension direction (Roca & Guimera, 1992)
(Figure 1a). The minimum horizontal stress roughly coincides with the direction of extension. The orien-
tation of the maximum horizontal stress follows a NE-SW direction in the northern part of the Valencia
Trough, but it rotates to a NNE-SSW orientation in the southern part (Jurado & Miiller, 1997), where the
Castor UGS is located. Since there are no data available on the stress state at Castor, we refer to the esti-
mates based on breakouts of two wells (Delta E-3 and San Carlos III/1) placed some 10 km away from the
Castor UGS (Figure 1a), which are characterized by a normal faulting/strike-slip stress regime, that is, the
vertical stress is equal to the maximum horizontal stress (Schindler et al., 1998). The mean azimuth of the
maximum horizontal stress is 26.35° + 11.75°. The stress state at a depth of 1.7 km, that is, the depth of
the storage formation, is estimated to have the vertical and maximum horizontal effective stresses equal
to 20.5 MPa, the minimum horizontal effective stress equal to 6.6 MPa and the pore pressure equal to
17.0 MPa. This evaluation is based on assuming a rock density of 2250 kg/m?, a fault friction coefficient of
0.6 (Bakker et al., 2016; Barton, 1976), hydrostatic pore pressure and taking into account that the Valencia
Through is an active seismic zone (Perea et al., 2012) and, thus, that favorably oriented faults are critically
stressed.

The storage formation is an oil-bearing tilted limestone formation dipping 7° to the East, which under-
went oil production in the 1970s and 1980s with no reported felt induced seismicity (Batchelor et al., 2007;
Seeman et al., 1990). The storage formation, which is highly fractured and karstified (Playa et al., 2010), is
bounded to the West by the East Amposta fault, a NNE-SSW normal fault that dips to the West with an an-
gle of 60° (Perea et al., 2012) (Figure 1b). The fault offset equals 1 km (Batchelor et al., 2007), which suggests
a low-permeability resulting from accumulation of clay-rich geomaterials in the fault core over successive
shear slip events (Egholm et al., 2008). According to this setting and the estimated initial stress state, the slip
tendency analysis reveals that the Amposta fault is critically stressed assuming a typical friction coefficient
of 0.6 (Figure 1c). There are little data on the rock types below the storage formation down to the crystalline
basement, which is found around 5 km depth. Available data down to 2.25 km depth show alternations of
low and high permeability layers (Schindler et al., 1998). The presence of low-permeability rock below the
storage formation impedes hydraulic connection with the crystalline basement.

3. Potential Triggering Mechanisms
3.1. Pressure Buildup and Buoyancy Destabilize the Amposta Fault

A total of 1.02-10° m*® of natural gas at standard conditions were injected from the September 2, 2013 to Sep-
tember 16, 2013 as cushion gas, inducing hundreds of co-injection microseismic events (Cesca et al., 2014;
Gaite et al., 2016). According to the operating company, the pressure buildup was lower than 0.8 MPa,
implying a reservoir permeability higher than 107'* m?, a plausible value for a karstic reservoir (Seeman
et al., 1990). The injected gas has a density around 100 kg/m” at reservoir conditions, that is, 178 bar and
80°C, which implies a difference of some 900 kg/m’ between the gas and the resident pore water densities.
We analyze the effect of both pressure buildup and buoyancy on the stability of the Amposta fault by means
of coupled two-phase flow and geomechanical numerical simulations (Vilarrasa et al., 2020) (Figure S1)
using the finite element method fully coupled simulator CODE_BRIGHT (Olivella et al., 1996) (see SI for
details).

Simulation results show that the pore pressure buildup caused by gas injection could reactivate the Am-
posta fault during injection because of the reduction in the effective stress (Figure 2b). However, pressure
buildup alone cannot explain why the largest earthquakes occurred in the post-injection period, because
pore pressure rapidly dissipates after shut-in. In contrast, the buoyant injected gas causes a permanent
effect (Figure S2a). Buoyancy induces a small increase of the vertical total stress above the storage forma-
tion, of 0.08 MPa (Equation S4), and a consequent slight reduction of the horizontal total stresses to satisfy
stress equilibrium. These stress changes increase the deviatoric stress in a normal faulting/strike-slip stress
regime like the one at Castor, causing failure in critically stressed faults (Figure 2a). Therefore, buoyancy
should be considered as a potential triggering mechanism when injecting low-density fluids.

VILARRASA ET AL.

40f 10



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters

10.1029/2020GL092038

CFS (MPa)
0.10

10.00

\
\/\%o
L &

Depth (km)

\

Note that these effects are consistent with the lack of seismicity during
the oil production period. In this period, pore pressure was reduced and
oil was displaced by water, which is slightly denser.

3.2. Aseismic Slip of the Amposta Fault Triggers the Seismicity
Onset in the Deep Basement

Coupled two-phase flow and geomechanical modeling shows that the
Amposta fault underwent shear failure conditions during the injection
and post injection periods as a result of the combined effect of pore pres-
sure buildup and buoyancy (Figure S2b). Since none of the events for
which we have available focal mechanisms coincide with the Amposta
fault (Villasefior et al., 2020), shear slip in the Amposta fault had to occur
aseismically as a result of creep. At the mesoscale in rock laboratories,
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injection-induced aseismic slip has been observed to trigger microseis-
1-0.05 micity away from the pressurized region as a result of stress transfer
] (Bhattacharya & Viesca, 2019; Cappa et al., 2019; Duboeuf et al., 2017;
Guglielmi et al., 2015). This effect has also been observed at a larger scale
in the 2012 Brawley swarm (Wei et al., 2015) and in a swarm induced by
hydraulic fracturing in western Canada (Eyre et al., 2020). Thus, aseismic
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Figure 3. Onset of M > 3.5 seismicity resulting from the stress transfer
induced by the Amposta aseismic slip. Coulomb Failure Stress (CFS) at a
vertical plane that contains the hypocenter of the first M > 3.5 earthquake
of the sequence (EQ1, red dot) and is perpendicular to the Amposta fault.
The black line indicates the 0 isoline. The dark red line represents the
projection of the Amposta fault on the plane and the dashed dark blue line
represents the projection of the nodal plane 1.

N100E (km)

: -0.10 slip could explain the link between fluid injection at shallow depths and

the deep induced seismicity observed in the hydraulically disconnected
crystalline basement.

We have estimated the stress changes induced by aseismic slip at the Am-
posta fault using Okada’s (Okada, 1992) solution. Given the uncertainty
in the length and width of the rupture area, the location of the hypocenter
and the rake of the rupture, we have performed an optimization to deter-
mine the parameters that better explain the onset of the felt seismicity at
depth (see SI for details on the optimization procedure and Figure S6).
Assuming that the accumulated aseismic slip in the Amposta fault is of
10 cm, the optimized rupture length and width are 750 and 3,000 m, re-
spectively, with the hypocenter placed to the South of the Castor UGS ata
depth of 2.5 km. Thus, the Amposta fault slips from 1.2 to 3.8 km deep, which roughly corresponds to those
depths where shear failure is predicted by the coupled fluid flow and geomechanical model (Figure S2b).
The slip rake resulting from the optimization is 180°, that is, the fault undergoes a right-lateral slip, which
is compatible with the orientation of the Amposta fault with respect to the in situ stress state (Figure 1b).

This right-lateral slip displaces the hanging wall toward the North and the footwall toward the South, where
the hypocenter of the first M > 3 earthquake of the sequence is located. By observing the stress changes at a
vertical plane that is perpendicular to the Amposta fault and that contains the hypocenter of the first earth-
quake for which we could obtain focal mechanisms, corresponding to M 2 3.5 (Figure S4), compression
occurs in the footwall and extension in the hanging wall at the depths where aseismic slip occurs, that is, up
to 4 km depth. At deeper depths, the stress in the direction sub-parallel to the minimum principal stress de-
creases, and the other principal stresses either increase (vertical direction) or remain nearly constant (direc-
tion sub-parallel to the maximum horizontal stress). Thus, the deviatoric stress slightly increases, causing
the rupture of the fault that coincides with the nodal plane 1, as indicated by the positive Coulomb Failure
Stress (CES) at the location of the hypocenter of the first M > 3.5 earthquake of the sequence (Figure 3).

3.3. Shear Slip Stress Transfer Drives the Earthquake Sequence

The aseismic slip of the Amposta fault brought a critically stressed pre-existing fault in the crystalline base-
ment to failure, triggering the first M 2 3.5 event of the sequence (Figure 3). We apply again the solution of
Okada (1992) to calculate the stress variations induced by the slip of each earthquake and assess whether
the seismic sequence could be the result of accumulated shear slip stress transfer. We focus on the cluster
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of earthquakes for which we have focal mechanisms that is localized below the Castor platform (8 earth-
quakes) and disregard another cluster of earthquakes that occurred laterally some 9 km to the SE of the
Castor platform (5 earthquakes) (see Fig. S3). The mean strike, dip and rake of the selected cluster of earth-
quakes are 40°, 62.5°, and —5°, respectively, for the nodal plane 1, and 132°, 85.5°, and —152°, respectively,
for the nodal plane 2 (Table S2) (Villasefior et al., 2020).

The nodal plane 2 is a vertical plane oriented NW-SE, roughly perpendicular to the maximum horizontal
stress, implying that the shear stress acting on this plane is extremely low, which makes it a very stable
plane (Figure 1c). In contrast, the plane corresponding to the nodal plane 1 (oriented NE-SW) dips 62.5°
to the East and is almost perpendicular to the minimum horizontal principal stress, which makes it a crit-
ically stressed plane in the normal-faulting/strike-slip stress regime at Castor (Figure 1c). Given this stress
regime, the slip has a horizontal component, which yields a left-lateral displacement (Figure 1b). This dis-
placement is in agreement with the measured rake of the earthquakes, that is, —5°. When observing the
hypocenters at a vertical plane that is perpendicular to the strike of the nodal plane 1, six out of the eight
earthquakes align along a plane with the same dip as this nodal plane (Figure S3), indicating that most of
the seismicity at Castor occurred in a steeply dipping fault within the crystalline basement. Note that the
nodal planes provided by Cesca et al. (2014) cannot explain the sequence of earthquakes (Figure 1c and see
SI for further details).

We evaluate, for each earthquake, whether the cumulative stress variation caused by shear slips occurring
on nodal plane 1 (Table S2) leads to shear failure conditions at the subsequent hypocenter in the sequence.
We assign the values of the slipping surface and the amount of slip according to the magnitude of each
event and to the result of an optimization analysis (see SI). We find that the value of the width to length ratio
of the slipping surface, W/L, which better explains the sequence is 1.75 (Figure S5 and S7). By assuming
this value, indeed, we calculate a CFS > 0 at most of the hypocenters as a result of the accumulated stress
transfer (Figure S5). Thus, consequent to the aseismic failure of the Amposta fault, a mechanism of shear
slip stress transfer has driven the sequence of the M > 3.5 induced earthquakes that are located below the
Castor UGS (Figure 2c).

3.4. Transient Slip-Induced Poromechanical Pressure Changes Cause Delay Between
Earthquakes

Shear slip stress transfer occurs immediately after an earthquake is nucleated. However, M 2 3.5 earth-
quakes in the sequence are triggered at intervals that range from hours to days. This delay can be explained
by transient poromechanical pore pressure changes induced by slip (Figure 2d), which we investigate by
means of numerical coupled hydro-mechanical simulations (see Section S1.3 in SI for details). Slip com-
presses the rock ahead of the rupture area in the direction of slip (Figure S9), inducing a pore volume
decrease. In contrast, the rock behind the rupture area in the direction of slip undergoes tension, causing
an increase in the pore volume and, thus, a decrease in pore pressure. Given that the characteristic time
of earthquake slip is much shorter than that of fluid diffusion (Equation S7), pore volume changes induce
non-negligible pore pressure changes (of some tens of MPa), that is, undrained response, which modify the
effective stresses (Figure S9). While the pressure buildup in the compressed regions may promote shear
failure and more seismic events, the pressure drop occurs in the extended regions, which causes a transient
improvement in fault stability because these regions would be the most unstable if pore pressure changes
were disregarded (Figure. 2d and Figure S10). Seismicity is delayed until these pore pressure changes are
dissipated.

Slip-induced poromechanical pressure changes cause transient stability changes around a fault (Figure 4).
Where pore pressure drops right after slip, fault stability initially improves, but decreases with time as pore
pressure changes dissipate. Eventually, a part of this region reaches failure conditions, explaining the delay
between earthquakes of the sequence. The velocity at which pore pressure changes dissipate and thus, the
timing between earthquakes, is controlled by hydraulic diffusivity.
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Figure 4. Effect of shear slip-induced pore pressure changes on the stability of a fault placed at 9 km depth, with strike
40° and dip 62.5° (a) Post-Slip HM Failure Index (PSFI) (Equation S8, see SI) at dimensionless time 7, = 1, that is, once
the pressure has dissipated, but the effects of shear slip stress transfer remain. White color indicates the regions that
fail during slip; negative values correspond to regions where stability improves after pore pressure dissipation; values
between 0 and 1 represent the regions where stability decreases after pore pressure dissipation, but failure conditions
are not reached; and values higher than one show the regions where failure occurs after dissipation of the shear slip-
induced pore pressure changes (b) Temporal evolution of the Coulomb Failure Stress (CFS) at the regions that undergo
delayed failure (where PSFI_x > 1). Lines correspond to different elements in the domain. Time is normalized with
respect to the diffusive characteristic time (Equation S7). Both PSFI and CFS refer to failure along the direction parallel
to the fault.

4. Discussion

Minimizing induced seismicity, particularly large felt earthquakes, is crucial for a successful deployment
of geo-energy projects, both because felt events have a negative effect on public perception and because
large events may jeopardize well stability and adjacent infrastructure (Langenbruch et al., 2020). First,
transparency and data sharing are necessary to achieve a positive public perception. Additionally, thorough
site characterization and continuous monitoring are a requirement to reduce subsurface uncertainty and
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perform real-time risk assessment of induced seismicity. Unfortunately, Castor was not characterized by
these principles.

Site characterization at Castor would have allowed, through fault stability analysis, to identify that the risk
of inducing seismicity was very high because the Amposta fault is critically stressed (Figure 1c). In general,
sedimentary rocks are not critically stressed because of their low stiffness compared with the stiff crystalline
basement, which makes them accumulate less stress (Vilarrasa & Carrera, 2015a). However, sedimentary
rocks are critically stressed in some regions, like in the Valencia Through, which is an active seismic region.
An accurate estimation of the stress state is essential to limit pore pressure buildup below a threshold to
prevent induced seismicity (Vilarrasa & Carrera, 2015b; Zoback & Gorelick; 2015) (Figure 2b).

Apart from pressure buildup, other triggering mechanisms may induce seismicity (Brown & Ge, 2018; Jiang
et al., 2020; Vilarrasa et al., 2019). In particular, buoyancy need to be considered when gases are injected
because their density is lower than that of water, which generates buoyancy-induced stress redistribution
around the storage formation (Figure 2a). Density effects are suspected to have a persistent local effect in
seismicity induced by wastewater disposal (Pollyea et al., 2020). At Castor, the combined effect of pressure
buildup and buoyancy reactivated the critically stressed Amposta fault, inducing aseismic slip. The aseis-
mic slip rate resulting from our calculations is 0.05 um/s, which falls within the range of aseismic slip rates
reported in the literature. Guglielmi et al. (2015) measured an aseismic slip rate of 0.43 um/s in a highly
monitored injection test at the Laboratoire Souterrain a Bas Bruit, in France, and Wei et al. (2015) estimated
an aseismic slip rate of 0.008 um/s as a result of geothermal operations in Brawley, California.

We have shown that aseismic slip can be a triggering mechanism of induced earthquakes that nucleate
in geological formations that are hydraulically disconnected from the injection formation. When aseismic
slip occurs, large post-injection seismic events may be induced, as occurred at Soultz-sous-Foréts, France
(Cornet et al., 1997) and Le Mayet de Montagne, France (Cornet, 2012). However, at these sites, induced
events occurred within the rock mass affected by pressure buildup. Such post-injection seismicity may be
explained by a superposition of a destabilizing effect of aseismic slip and a stabilizing effect of the poro-
mechanical response to pressure buildup that compresses faults but vanishes after the stop of injection (De
Simone et al., 2017). At Castor, the poromechanical stabilizing effect did not act directly during injection
because the crystalline basement was not hydraulically connected with the storage formation. Thus, the
delay in the onset of earthquakes after shut-in may have been caused by the progressive accumulation of
aseismic slip as the Amposta fault was destabilized by buoyancy.

Once an unmapped critically stressed fault in the crystalline basement was reactivated as a result of aseis-
mic slip of the Amposta fault, a sequence of earthquakes was triggered by shear slip stress transfer (Fig-
ure 2c and Figure S5). We argue that the delay between successive earthquakes in the basement is due to
fluid diffusion, which dissipates pore pressure changes caused by the poromechanical response to shear slip
(Figure 2d). In particular, there are regions where failure is promoted as a result of shear slip stress transfer,
but the transient pore pressure drop associated to the fast slip compensates the decrease in stability. Failure
conditions are met only when pore pressure is recovered, leading to a new induced earthquake (Figure 4).

5. Conclusions

Castor is a unique and challenging case study that has allowed us to identify a novel combination of trig-
gering mechanisms with the potential to induce earthquakes far away from the region affected by pressure
buildup. Buoyancy and aseismic slip stress transfer act as primary mechanisms that trigger the sequence in
a hydraulically disconnected and critically stressed pre-existing fault. Then, shear slip stress transfer and
the associated slip-induced poromechanical pressure changes trigger the rest of the earthquakes in the se-
quence. It does not escape to us that these findings may have ground-breaking implications to both induced
and natural seismicity forecasting.

Data Availability Statement
The associated data is available at the repository DIGITAL.CSIC (https://digital.csic.es/handle/10261/216863)
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