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Projecting seismicity induced
by complex alterations

of underground stresses

with applications to geothermal
systems

M. Cacace®*, H. Hofmann' & S. A. Shapiro®?

Seismicity associated with subsurface operations is a major societal concern. It is therefore critical

to improve predictions of the induced seismic hazard. Current statistical approaches account for the
physics of pore pressure increase only. Here, we present a novel mathematical model that generalises
adopted statistics for use in arbitrary injection/production protocols and applies to arbitrary physical
processes. In our model, seismicity is driven by a normalised integral over the spatial reservoir volume
of induced variations in frictional Coulomb stress, which—combined with the seismogenic index—
provides a dimensionless proxy of the induced seismic hazard. Our model incorporates the classical
pressure diffusion based and poroelastic seismogenic index models as special cases. Applying our
approach to modeling geothermal systems, we find that seismicity rates are sensitive to imposed
fluid-pressure rates, temperature variations, and tectonic conditions. We further demonstrate that

a controlled injection protocol can decrease the induced seismic risk and that thermo-poroelastic
stress transfer results in a larger spatial seismic footprint and in higher-magnitude events than does
direct pore pressure impact for the same amount of injected volume and hydraulic energy. Our results,
validated against field observations, showcase the relevance of the novel approach to forecast seismic
hazards induced by subsurface activities.

An earthquake—be it tectonic or man-made—is a sudden release of elastic energy upon an excess of shear stress
relative to the shear strength of a fault'. In the context of induced seismicity (i.e. seismicity associated with
subsurface operations), little debate exists on the main co-factors that lead to fault instability, which include the
tectonic in-situ stress, local geology, pore pressure- and temperature changes, and stress redistribution from
event-event interactions and (a)seismic slip®.

Traditionally, pressure variations have been considered the main driver of induced earthquakes, which has
inspired extensive literature on the induced seismic hazard with the aim of correlating expected seismicity to
pore pressure variations within a probabilistic seismic-hazard framework®*. The advantage of stochastic analysis
is that once calibrated to available catalogues, it can provide near-real-time forecasts of seismic hazards that can
be fed into advanced traffic light systems (ATLS)®”. This information can be helpful in pinpointing correlations
between induced seismicity and operational parameters, which can be controlled and optimised in the field®.

Common practice in reservoir studies is to correlate induced earthquake magnitudes to the total injected
fluid volume®. The assumption is that the rupture size of an induced event correlates with the stimulated rock
volume and that this volume can be controlled during injection!. This concept has been critically revised in
recent works, which argue that tectonics and local geology play concomitant roles in induced earthquakes'®!’.

A growing volume of information from cases of induced seismicity highlights the importance of mecha-
nisms other than pore pressure variations. Seismicity ahead of the pore pressure front was monitored in meso-
scale injection experiments'>!? and was interpreted as the result of induced poroelastic stress and aseismic
stress transfer'*!. Thermal stresses associated with cold-water re-injection have also been found to result in
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an increased seismic risk in geothermal systems'®. Recent experimental findings have revealed that injection-
induced seismicity depends both on magnitudes of fluid-pressure build-up and on imposed pressurization
rates'”!8,

These observations require a critical revision of our understanding of the controlling mechanisms of induced
earthquakes. An increasing number of field studies have challenged the validity of log-linear magnitude scal-
ing correlations between expected induced earthquake magnitudes and cumulative injected volume, with the
most-discussed example being the 5.5 Mw Pohang earthquake'®, whose magnitude exceeded estimates based on
the total injected volume by a factor of over 800%. At the Geyser geothermal field, induced seismicity has been
linked to thermal contraction from steam withdrawal and associated thermoelastic stresses!. The stimulation
performed at the Grof3 Schonebeck site offers another example in which a large volume of water injected at high
flow rates triggered only micro-seismicity*.

In the present work, we outline a novel mathematical model that integrates the details of reservoir physics
into a statistical framework for induced seismicity. Our study generalises and departs from existing approaches in
its application to arbitrarily complex injection/production protocols, and it accounts for the non-linear thermal,
hydraulic, and mechanical response of the stimulated reservoir. Our model represents a substantial step towards
integrating reservoir physics into a probabilistic hazard-assessment framework with the goal of advancing the
forecasting of induced and triggered earthquakes.

Modified Gutenberg-Richter (GR) statistics for induced earthquakes

The classical GR statistics for induced seismicity is described by the following equation***:
logyy[N=m()] = [T + 82 ()] — bM n

In Eq. (1), the seismogenic index (SI), Xy, quantifies the seismo-tectonic activity of a given geological site—
that is, the potential of a particular site to produce a given level of seismic activity in response to a given pertur-
bation of the internal stress and pore pressure state?>=¢. For instance, for fluid injection induced seismicity, o
can be computed as the logarithm of the number of induced seismic events of positive magnitudes per unit of
injected volume?®. § X (t) should be considered a time-sensitive correction that accounts for the effects from res-
ervoir operations. By assuming that pore pressure relaxation triggers instability, the number of events (N> (t))
scales with the total injection volume (Vg4 (t)), and the classical scaling between induced event magnitude and
net injected fluid volume®!***?* can be derived as:

§X(t) = log;o[Viia (D]. 2)

In the present model, we generalise Egs. (1) and (2) to account for arbitrary physics, which are considered
relevant in induced seismicity. We consider Mohr-Coulomb failure to be a valid criterion for earthquake occur-
rence and use variations in frictional Coulomb stress (§FCS) at critically oriented faults to estimate the number
of earthquakes at a given location and time. Seismic instability is therefore determined by resolved variations
with respect to an undisturbed tectonic stressing state of FCS, with positive changes favouring the generation of
seismic events and negative values contributing to fault stabilisation:

SFCS = 6t — w(80 — ép) (3)

In Eq. (3), 87, 80, and 8p are variations in shear stress, normal stress, and pore pressure, respectively, and
is the friction coeflicient. Please note that we assumed that compressive stress is positive when deriving Eq. (3)
and that cohesive force and the friction coefficient are considered constant (though these last assumptions can
be easily disregarded).

The total number of induced earthquakes can thus be defined as the product of the volumetric integral of the
probability that each fault will fail seismically (the probability density function of criticality) times the density
concentration of faults in the reservoir (see also Supplementary Information 1 for its derivation). We express
this probability as the integral of resolved §FCS over the entire reservoir domain:

SM[SFCS(x, t) d
sin(y)

In Eq. (4), Sis the uniaxial storage coefficient, \ is the friction angle, and M[§FCS(x, t)]is the minimum posi-
tive monotonic majorant of SFCS(x, t)¥. Please note that in the case of a non-monotonic rock stimulation, the use
of M[§FCS(x, t)] implies that an earthquake can be induced at a given location if resolved FCS variations exceed
the maximum level attained during the evolution of the system. This enables to account for the well-established
Kaiser effects in rock mechanics®.

From Egs. (1) to (4) we derive the total number of induced earthquakes above a certain magnitude M and
at a given elapsed time as:

8T (1) = logyl / v V] (4)

Noar(t) = 10<20—bM>/ SMISFCS(, 9] 5)

v sin()

By taking the derivative of Eq. (5) with respect to time, we can derive the following expression for the seismic-
ity rate, that is, the number of events over time:
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Figure 1. Maximum observed magnitudes and seismic moment as a function of the total injected volume for a
number of site applications. Data were taken from”>?*-*1. The predictions from this study (Eq. 7 in the main text)
are shown by the red squares. The black curve is estimated by’ (G =30GPa) and the grey curve by'® using the

same seismogenic index (X9 = —1.8) and a constant b value (b=1) as in our model.
d 0 SM[SFCS(x, t
—N ()= lo(zo*bM) 7/ wdv (6)
dt >m ot) v sin({)

Combining the above equations and assuming that the scaling of fault sizes obeys a GR frequency magnitude
distribution yields the following formula for the expected maximum magnitude (<M (t) >) within a given
statistical sample (see also Supplementary Information 1 for its detailed derivation):

1 SM[SFCS(x,1t)]
< Minax(t) >= 3 (S0 + logl / VTdeV]) )

Equations (4) and (7) generalise the classical SI approach to induced seismicity**** by accounting for any
physical process responsible for fault destabilisation, which is here expressed in terms of variations in result-
ing FCS. FCS variations can be computed by numerically solving for fluid mass, internal energy balance, and
thermo-poroelastic reservoir response, as is routinely done in applied reservoir studies (see Supplementary
Information 2).

For monotonic injection of an incompressible fluid within a linear poroelastic reservoir, we can approximate
SFCS in terms of variations in pore pressure (Eq. 3). In this case, pore pressure is a monotonically increasing
function of elapsed time: M[SFCS(x, t)] = M[p(x,t)] = p(x, t). Therefore, Eq. (7) reduces to the classical SI
formalism and to a log-linear scaling between maximum expected magnitudes and net injected fluid volume'
(Fig. 1). The classical log-linear correlation between maximum expected induced magnitude and net injected
volume naturally arises from the new model as a limiting case for scenarios in which the contribution from
thermo-poroelastic stress transfer can be deemed as negligible.

Induced seismicity in geothermal systems

Effects of injection rates and protocols. Observations derived from field applications and laboratory
studies indicate a correlation between induced-seismicity rates and fluid-pressurisation rates'”'8. In this para-
graph we show that rates of FCS map directly onto seismicity rates (Eq. 6), thereby enabling to control for
the probability of the occurrence of a seismic event at a given time. More information about the model set up,
boundary and initial conditions are provided in Supplementary Information 2.

Figure 2 reveals how injection protocols can affect the induced seismicity, both in terms of rates and mag-
nitudes. In line with existing observations, we find that seismicity rate is proportional to injected pore pressure
and—most importantly—to imposed pressurisation rates. In our formulation, the dynamic triggering of seismic
events in space and time is dictated by the ability of the reservoir to relax induced variations in FCS, and these
variations also control post-injection seismicity rates. Accordingly, modelled decay in seismicity rates at shut-in
can be fitted by a modified Omori’s law*? in the form of (see also Supplementary Information 4):

1— ( t ) (1-p)
_ W - (8)
Nem(t > to) = -1 Nem (= to),
where N (t > to) is the number of cumulative events after shut-in, N> (t = t) describes the number of
cumulative events at shut-in and p denotes the exponent of the power law distribution.
When considering monotonic injection, higher rates increase the overall seismic potential and lead to a
steeper seismicity-rate curve during stimulation—followed by a more-gradual decay at shut-in (smaller power-
law exponent, p)—and therefore to a higher post-injection seismic risk.
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Figure 2. Effects of injection protocols on induced seismicity rates and magnitudes. (a) Injection rates (red
curves) and computed wellhead overpressure (blue curves) for the tested injection protocols. (b) Resulting
seismicity rates and the power-law exponents (Eq. 8) that best fit the post-injection decay curves (empty circles).
(c) Cumulative exceedance probability of a given magnitude Mw (Eq. 9). Each scenario lasted 6.5 days and used
the same amount of net injected fluid volume (10,800 m?) and hydraulic energy (Figure S1). Different cases
(upper and middle panels) have been shifted in time to ease visual comparison.

The magnitude distribution also depends on imposed injection rates, with higher rates being more likely to
produce higher-magnitude events'. This is shown in the lower panel of Fig. 2 where we plot the obtained induced
earthquake probability distributions for each protocol. The latter probabilities are computed by assuming that the
occurrence of a given-magnitude earthquake can be described by a Poisson process. Therefore, the probability
of exceeding a given magnitude (Mw) is given by:

w(My) =1 —w(0,My,Nxp) = 1 — exp(—N= ), 9)

where w(0, My, N>\ ) is the probability of having no earthquakes of a magnitude greater than or equal to M,y
within the specified time given the expectation of having N earthquakes whose magnitudes are greater than
or equal to M,,.

Our results demonstrate that it is possible to reduce the seismic risk during both active stimulation and
shut-in by controlling rates and pressure magnitudes via stepwise-controlled injection or a cyclic-stimulation
strategy. The role of cyclic-injection strategies or step-rate tests in influencing seismic-hazard potential depends
on (1) the duration of each cycle, (2) imposed injection- and pressurisation rates, and (3) the time needed for
the induced overpressure to equilibrate between each stage (Fig. 2).

With respect to the post-injection phase, cyclic rock stimulation is characterised by significantly faster relaxa-
tion upon shut-in and therefore by higher decay rates of induced seismicity (i.e. higher p values) than is mono-
tonic or step-rate fluid injection. Thus, given equivalent tectonic conditions (the same X¢) and the same injected
volume and hydraulic energy (Figure S1), the seismic hazard of a cyclic stimulation is significantly smaller
(especially during the post-injection phase) than the hazard of monotonic injection strategies.

Scientific Reports |

(2021) 11:23560 |

https://doi.org/10.1038/s41598-021-02857-0 nature portfolio



www.nature.com/scientificreports/

Deriving generic conclusions on the influence of the discussed stimulation protocols (which should be evalu-
ated for individual cases) lies beyond the scope of this study. However, our results—which have been corrobo-
rated by novel laboratory'”'® and field evidence**—demonstrate the importance of systematically controlling the
injection protocol to minimise the seismic hazard induced by subsurface stimulation.

Role of thermo-poroelastic stress transfer during long-term circulation of geothermal flu-
ids. The dynamics of fluid-induced seismicity have been traditionally limited to the direct effects of pore
pressure increase within the stimulated rock volume, and the effects of thermo-poroelastic stress transfer have
only recently grown in importance'***-%, These additional mechanisms are particularly relevant for geothermal
applications over relatively long time scales of concurrent cold-water injection and hot-water production.

In our approach we can handle both long-range (quasi-)static thermo-poroelastic and direct pore-pressure-
effect interactions over time and we can effectively translate these interactions into seismicity-rate changes and
into the probability of the occurrence of a seismic event of a given magnitude at a given time. To further under-
stand how thermo-poroelastic stress transfer can affect seismic hazard, we simulated a long-term circulation
scenario (via simultaneous injection and production) and analysed the seismogenic stability of the system. We
targeted a geothermal doublet lifetime of 30 years and continuously re-injected geothermal fluids (at 70 °C at
50 1/s) into the reservoir (at 150 °C).

We identified two main stages in the evolution of the system: (1) a short-term regime (before pore pressure
equilibrates), during which instability is driven by the induced pore pressure increase near the injection well
and variations in FCS are limited by the fluid-pressurised front, and (2) a long-term regime (after pore pressure
equilibration), which shows a dominance of thermo-poroelastic effects (Figs. 3, 4). During this stage, thermo-
poroelastic stress variations control the geomechanical response of the reservoir and result in a larger spatial
footprint of positive variations in FCS that extend beyond the pressurised front (Fig. 3).

Variations in the stress state due to coupled thermo-poroelastic stress also affect the seismicity distribution
(Fig. 4). By disregarding thermo-poroelastic effects, the forecasted annual probability of exceedance (Eq. 9) is
biased towards lower magnitudes for all times and/or circulated fluid volumes. The difference between the two
models systematically increases with the circulated volume, thereby suggesting that cold-fluid re-injection can
induce larger events than pore pressure diffusion alone, especially at later times in the system evolution. Com-
puted differences concern mostly the highest magnitudes in the explored range (Mw > 2), thereby illustrating
the significant risk of the long-term circulation of geothermal fluid, which must be accounted for in any seismic-
risk-assessment- and mitigation strategy.

Modelling of the 2007 hydraulic stimulation at the geothermal site of Gro? Schonebeck, Ger-
many. In this section, we apply our model to a real-world case study and address a relatively complex stimu-
lation experiment performed at the scientific geothermal facility of Grof§ Schénebeck in Northern Germany®.
This 5-day water-frac treatment targeted the volcanic-rock section of the reservoir and consisted of five distinct
cyclic-injection phases, with maximum flow rates of up to 9 m*/min (Fig. 5). In total, 13,170 m® of slickwater
and 24.4 tons of meshed-quartz sand were injected during the treatment while maintaining a wellhead pressure
below 58.6 MPa (Figure S2). During the last two cycling stages, micro-seismic events with moment magnitudes
ranging between — 1.8 and — 1.0 were recorded by a downhole seismometer located close to the injection sec-
tion of the well. The hypocentre distribution exhibited a degree of directional ordering, with seismic activity
migrating away from the injection well with time. The relocated seismic catalogue was found to be consistent
with the presence of a seismic fault plane that was favourably oriented for re-activation under the in-situ stress
state® (Figure S3).

The aim of this modelling example is to showcase the forecast capability of our approach when applied to a
complex geological set-up and injection protocol by also considering additional effects from the nonlinear physics
on the resulting seismic response of the reservoir. For this purpose, we set up a 3D thermo-hydro-mechanical
model of the stimulation treatment, which integrates details of the geological architecture of the reservoir, includ-
ing mapped major fault zones, the open-hole section of the well, as well as the stimulated fracture. The hydraulic
stimulation was considered implicitly by imposing variations in the fracture aperture as computed by a frac
model??, which were also used to compute the evolution through time of the fracture permeability (Figure S2).
Supplementary Information 3 provides a detailed description of the model set-up, including rock-properties and
imposed boundary and initial conditions. The overall goal of the simulation was to match the spatio-temporal
evolution of monitored micro-seismicity as well as their magnitude distribution. We identify a seismic event
at a specific location following a Mohr-Coulomb-type rupture model, where rupture occurs if resolved stress
magnitudes are higher than the critical yield strength of the rock. By assuming a constant friction coefficient,
such critical value can be recast in term of an adimensional parameter, the slip tendency given by the ratio of
shear to normal loading®. It follows, that an induced event will occur if the value of the slip tendency exceeds
the value of the imposed static friction coefficient (considered equal to 0.6 in this study).

Model validation was done by a history matching against the bottom-hole pressure (BHP) measured during
the treatment (Fig. 5, upper panel). We then used the results from the best-fitting model to compute the spatio-
temporal evolution of the micro-seismic events and expected variations in computed magnitudes (Fig. 5; Fig-
ure S3). In Figure S3 we present the results of the best fitting model, in terms of the hydro-mechanical state of the
reservoir after the fourth stimulation stage. We computed a maximum fluid-pressure increase of approximately
Ap = 8.1 MPa along the seismic plane, higher than the level required to drive instability based on in-situ stress
conditions (Ap = 6.2 MPa). We also observed no appreciable temperature changes during the entire stimula-
tion and therefore concluded that for this stimulation, a pore pressure increase that was enhanced by poroelastic
stress transfer triggered the reactivation of the fault, thereby triggering the observed micro-seismicity. Indeed,
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Figure 3. Thermo-poroelastic stress transfer and induced variations in FCS during long-term geothermal
operations. Upper panels: computed variations in FCS for a thermo-poroelastic simulation of a 30-year
continuous injection and production. Left: model results at the time when pore pressure equilibrated in the
system (maximum extent of the pore pressure front). Right: model results at the final stage of the operations.
Background colours indicate computed values of §FCS, and isocountours of computed pore pressures (left
panel) and thermal stresses (right panel). Lower panels: variations in computed M[§FCS] extracted from the

3D model along a line passing through the injection- source and production-sink. During the early stages of

the system evolution, variations in FCS are bounded by the pore pressure front and show an abrupt decay away
from the injection boreole that is driven by pore pressure diffusion only. Once pressure equilibrium is reached in
the reservoir, variations in FCS are driven by changes in thermo-poroelastic stresses, thereby resulting in a larger
seismic footprint and a more-gradual spatial decay away from the injection source.

computed values of slip-tendency at the locations of the recorded hypocentres are in line with the fault instability
in these locations and also match the monitored temporal pattern, with events that show an upward propagation
along the seismic plane (Figure S3; Movie S1).

The model is also able to reproduce the upper bound of observed magnitudes of the induced events (Fig. 5
lower panel). Relying on a classical log-linear scaling between the total injected volume and maximum expected
magnitudes”'?, we systematically overestimate the magnitude limits of the induced microseismicity, which
occurred during the last two injection stages in Grof$ Schonebeck (dashed curves in Fig. 5). On the contrary, our
model can capture the observed breakdown of the log-linear scaling between the injected volume and thereby to
match the limits of induced event magnitudes. We interpret this result as a stress-memory effect of the reservoir
caused by the operational control on the maximum wellhead pressure (Figure S2), which is similar to the Kaiser
effect often discussed in global geothermal systems?**.

Discussion and conclusions

We introduced a new model that generalises the classical SI formalism?*?* to arbitrary physics, and provides a
novel framework for forecasting induced seismicity. Our model enables reservoir physics to be integrated into
a probabilistic hazard-assessment framework thereby offering improved predictability of induced and triggered
earthquakes. Whether in this study we examined mainly applications for geothermal reservoirs, the flexibility of
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Figure 5. Modelling the 2007 reservoir treatment at Grof} Schénebeck?. Upper Panel: imposed injection rates
(blue curve) as well as measured (black curve) and computed (grey curve) bottom-hole overpressure (ABHP)
for the 2007 stimulation experiment carried out in Grofd Schonebeck. Lower panel: predicted (continuous
curves) maximum magnitudes and seismic moment as a function of the total injected volume. Dashed curves
are predictions derived from Eq. (14) in'® for different values of the tectonic seismogenic index (o) that are
considered reasonable for the Grof8 Schénebeck site*®. The dashed rectangle encloses the recorded micro-
seismicity.
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our model allows for broader applications of subsurface operations. In addition to applications in induced seis-
micity, our theory can also be extended for use in natural earthquakes, in which faults are loaded by a transient
stress source that can be described in terms of FCS variations**-*2,

The model provides probabilistic estimates for induced earthquake magnitudes that are in line with field
observations and reconciles several injection-induced seismicity observations. In the case of pore pressure trig-
gering only, the model reduces to the classical and widely accepted SI model for induced *seismicity”'**3-263243
and portrays a log-linear relation between expected maximum induced magnitudes and net injected volume
(Fig. 1). We further demonstrated that seismicity rates are sensitive to the injection protocol in terms of both
pressurisation rates and wellhead-pressure magnitudes. The peak in the seismicity rates scales with the highest-
magnitude pressurisation rates and can therefore be effectively limited via rate stepping or cyclic tests. The
injection protocol also affects the post-injection seismic behaviour, with cyclic-stimulation treatments showing
faster relaxation at shut-in and therefore a lower post-injection seismic hazard than monotonic stimulations.

Considering the additional effects of thermo-poroelastic stress variations during long-term re-injection of
geothermal fluid results in a larger spatial seismic footprint and increased seismic risk. The timing of these
dynamics depends on the diffusive time scale for pore pressure equilibration. While seismicity is initially bounded
by the pressurised front, upon pressure equilibrium, it propagates at a greater distance ahead of the pressure
front due to thermo-poroelastic effects. Long-term (i.e. decades) cold-water injection—which is commonly
performed in geothermal re-injection wells—is thus likely to have much greater seismic-hazard potential than
is commonly assumed due to induced thermo-poroelastic stress transfer. This finding is of particular relevance
for geothermal fields, which observe frequent seismicity of considerable magnitudes during regular operations®.
Our results agree with the main conclusions derived from a recent compilation of spatial seismicity decay away
from the injection well of induced seismicity worldwide*, which also distinguished two main populations in
their dataset: pressure dominated (low poroelastic coupling) induced earthquakes characterized by near-well
seismicity and abrupt decay; and, a second population exhibiting a larger spatial seismic footprint and induced
magnitudes and a more gradual decay caused by poroelastic stress transfer.

The larger spatial seismic footprint associated with poroelastic and thermoelastic stress transfer in geothermal
systems entails that the presence of sub- or close to critical earthquake magnitudes during the early phases (few
years) of operations should be taken as an indication of an increased likelihood to trigger a potentially critical
(e.g. damaging) earthquake with ongoing operations, also after shut-in. These findings have important impli-
cations on currently adopted methods—in which seismicity forecasts are derived from a projection in time of
recorded seismicity and planned injected volumes—and which are thus likely to provide lower-bound estimates
of the seismogenic response of the reservoir** and could fail to reconcile the spatial extent of the seismic cloud,
as observed, for example, in Pohang!**.

In a reservoir, induced earthquakes are the direct result of nonlinear reservoir physics in combination with
complex geology and large-scale tectonics. Our approach assumes a Mohr-Coulomb-type rupture model for
induced earthquakes and a constant friction coefficient and does not account for the dynamics of fault healing as
a function of time and slip as considered by for example a classical rate and state formalism. These effects could
be considered in the underlying reservoir model, where the frictional response of a fault would affect the stress
state in the reservoir domain, e.g. imposing additional variations in the computed FCS field. However, to add
these dynamics would require a detailed knowledge of the geometry and frictional properties of active faults,
which are hardly constrained by direct measurements in the field.

In the field, the tectonic background of seismic hazard exerts an additional influence on the resulting magni-
tudes that cannot be entirely mitigated by changes in injection protocols. Any risk assessment should therefore
be evaluated on an individual basis and on a critical evaluation of local conditions via extensive exploration-
and monitoring campaigns. In this regard, our approach allows to estimate this critical tectonic characteristic,
the seismogenic index (Xy) in our formulation, for a particular reservoir based on history matching of data
derived from a stimulation treatment, which can later be used to estimate the induced seismicity by any type
of stimulations, whether injection or production scenarios. Therefore, once validated against field observations
and on-site monitoring, the predictions of our model can then be used to inform ATLSs as underlying model
for seismicity estimation. Additionally, our model can be used to identify optimal injection strategies to mitigate
potential seismic hazards from planned operations and to test the applicability of novel concepts for forecasting
and controlling induced earthquake hazards.

Data availability
All data and codes supporting the findings of this manuscript are available from the corresponding author upon
reasonable request.
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Supplementary Information to the manuscript “Projecting seismicity

induced by complex alterations of underground stresses with

applications to geothermal systems” by M. Cacace, H. Hofmann, and

S.A. Shapiro

This supplementary-materials file contains a detailed derivation of the modified

GR statistics for induced seismicity (Supplementary Information 1); a derivation

of the conservation equations for thermo-hydro-mechanical reservoir numerical

analysis together with a description of the synthetic-reservoir-model setup

discussed in the main text (Supplementary Information 2); a detailed

description of the model setup for the 2007 stimulation performed in Grofs

Schonebeck (Supplementary Information 3); and, a derivation of the modified

Omori’s law for post-injection seismicity (Supplementary Information 4).

We also include additional figures where we compute the cumulative hydraulic

energy input for the different injection protocols discussed in the main text

(Figure S1), and additional informative materials on the GroR Schénebeck

simulation (Figures S2 and S3).

Supplementary Table 1 lists all material properties considered in the study, and

we also include a movie that illustrate the spatio-temporal evolution of the

computed micro-seicmic events for the GroB Schénebeck simulation (Movie

S1).



Supplementary Information 1. Derivation of modified GR statistics for

induced earthquakes

In order to render classical GR statistics applicable to induced seismicity, we

considered frictional Coulomb stress changes (6FCS) when mapping

instability within a Mohr-Coulomb (MC) failure criterion as:

(S1.1) 8FCS =061t —n(bo — 6p)

In equation (S1.1), 61, 60, and &p are variations in shear stress, normal stress,

and pore pressure, respectively, and p is the friction coefficient.

Equation (S1.1) provides a description of instabilities that can be integrated into

any reservoir-modelling study. The main benefit of this model is its ability to

consider the role of (thermo-poro)elastic stress transfer - that is, the dynamics

responsible for communicating a developed stress perturbation (origin) to a

particular fault (receiver). Upon a closer inspection of equation (S1.1), three

distinctive - albeit mutually interacting - stress components can be

distinguished in the model: variations in (i) shear stress, (ii) (effective) normal

stress, and (iii) the friction coefficient. If we assume a constant tectonic

stressing rate and friction coefficient, the main stress parameter that affects



the evolution of Coulomb stress is provided by pore pressure variations - that is,
variations in Coulomb stress scale with pore pressure variations. Therefore, the
predictions from the 6FCS model closely match those obtained from
seismicity-rate approaches based on a (non-)linear diffusion front

concept[1,2,3].

We follow previous work in integrating equation (S1.1) into a statistical
framework[3,4] and therefore consider injection inside a porous domain that
consists of a set of randomly oriented, non-interacting point-like defects
(fractures). The volume concentration of the defects (C) is statistically
homogeneously distributed. Each fracture is characterised by a critical-failure
state, as exemplified by a critical value of 6FCS for a slip event to occur, which
is consistent with MC failure theory. The formulation is therefore consistent with
Biot’'s theory of poroelasticity and disregards the stricter assumption that pore
pressure increase/relaxation causes induced seismicity. The critical value of
O6FCS is characterized by its probability density function, w(C). Then, the
probability that an event will occur within the time interval from the start of the

stimulation untill the given moment (t) reads as:

M[6FCS(x,t)]/sin($)

(S1.2) W, (6FCS,t) = [

w(C) dC

Equation (51.2) uses the concept of the minimum positive monotonic majorant,

3



defined as the least majorant limited to the positive half-axis in the space of the
function values for a non positive defined function, of Coulomb stress variations

M[6FCS(x,t)] as a variable of interest.

The above-mentioned probability-density function, w(C), can be approximated
by a box-car function with local support, with an upper (Cmax) and lower (Cmin)
bound. The lower bound of the distribution is taken to coincide with tidal loads
(Cmin ~ 103 MPa), while the upper bound is usually considered to be greater

than tens of MPa[5]. We can therefore approximate the probability function as

1
Cmax’

w(C) ~ The cumulative number of induced earthquakes at a given time is
given by the product of the probability that an event will occur times the

volume concentration of defects in the stimulated volume:

(S1.3) Ney(t) =T [, W, (6FCS,t)dV = C f, MIGFCS (] g1,

Cmax sin(¢)

Equation (S1.3) can be easily extended to describe the cumulative number of

induced earthquakes with a magnitude greater than a given one as

(S1.4) Naon(t) = Wan Noy(t) = Wan e f,, MIGFCS(x, 0]V,

where W.,, is the cumulative probability that a particular event will exceed a

4



given magnitude M. The latter probability is drawn according to a GR

frequency-magnitude statistics[3]:

(S1.5) logi1o(Wxy) =a, —bM

Combining equations (S1.4) and (S1.5) yields the final expression of the
modified GR statistics for induced seismicity. In order to be consistent with the
formulation adopted in the main text, the final equation is formed using the

tectonic seismogenic index (X = 10910(5 CZMX) +ay,)[3,4]:

(51.6) log1o(N>m () =[20+62(1)] -DM

The final expression for 6 2 (t) is provided in equation (4) in the main text.

Supplementary Information 2. Thermo-hydro-mechanical reservoir

modelling - Governing equations and model setup

Here, we describe the balance equations for fluid mass, energy, and

momentum for a porous medium that are relevant in thermo-hydro-mechanical

(THM) reservoir applications. More details on the derivation of the system of

equations, their numerical implementation, and their extensions (which

account for diverse inelastic deformation mechanisms) can be found in[6,7,8].
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The following primary variables are used to derive the basic equations:
temperature (T), pore pressure (p), and the solid displacement vector (u =

{uy, uy, uz}).

The mass balance of the porous rock is expressed as a volumetric average of its

fluid- and solid components:

(52.1) pi;D[pf +%Dfps + Vevi+ Veq =0

In equation (S2.1), @ is the porosity; pf and pg are the fluid- and solid density,
respectively; Vg is the solid deformation velocity; q = @(vy — Vg) = —
ll%(Vp — prg) is the Darcy velocity; and the operators Dit O = %() + Ve
V () are the total (Lagrangian) derivatives with respect to a moving fluid (i = f)
and solid (i = s). It is possible to re-write equation (S2.1) in terms of the primary

variables using the following considerations[6]:

The first term on the left side of equation (S2.1) can be re-written as

1
(52.2) Dips = @ (Dip — BDT),

where T denotes temperature, Kt is the reciprocal of the fluid compressibility,

and Br is the thermal-expansion coefficient of the fluid. Re-writing the second
6



term in equation (52.1) requires defining a proper constitutive mechanical
model, which can be derived from linear-momentum conservation (V « (o0 —
apl) + pp,g = 0) and - under the assumption of linear Biot poroelasticity - it

reads as

(52.3) 05 = Cijki€};,

with Cjjx; as the elastic-stiffness tensor.

By considering equations (S2.2) and (52.3) and disregarding second-order

non-linear advective terms, equation (S2.1) can be rewritten as

L ap

aT . R
(S2.4) Moot T 3b¥ -1 - a)eik+ekk+ Veq =0

In equation (52.4), M, is the Biot modulus, B, is the bulk thermal-expansion
coefficient, and « is the Biot poroelastic constant. The following relation

between solid velocity and total volumetric strainsisused: Vevy =V el = €.

Equation (52.4) expresses the mass balance for a porous medium and neglects
any irreversible deformation mechanism - that is, € = €€. If a small-strain
formulation is assumed, it is then possible to split the total strain tensor (€) into

the sum of an elastic reversible strain component (€¢) and an inelastic



irreversible strain component (€'"), which leads to the generalisation of

equation (52.4):

1 dp _ T : _ Ain o (1 =
(52.5) YT Bbat+aekk+(1 a)e] +Veq=0

Following a similar approach, an evolution equation can be derived for the

system porosity:

99 _@=9)p _ 5 9T _ o _ )¢ — a)ein
(52.6) 3y =%, Boor — (@ = @€+ (1 —a)eg

The internal energy balance of the porous medium under thermal equilibrium
between the solid- and fluid phase and that considers additional thermo-elastic

stress is thus

(52.7) 22T 4+ ToBe¢, + Vo (prepqT — A, VT) — H =0,

where T is the absolute temperature of the porous medium in a stress-free
state and the subscript b stends for bulk properties. For example, ¢, = @cy +

(1 — @)c, is the heat capacity, A, = @A; + (1 — @)A,is the thermal



conductivity, B, = @By + (1 — @)Bs is the thermal-expansion coefficient,
and H is the internal heat-production rate. For simplicity, we disregard
thermal effects resulting from fluid dilation or shear heating in equation

(52.7)[6,71.

In the present study, we numerically solve the system of equations outlined
above via the finite element method (FEM), as implemented in the open-source
software Golem[6]. In what follows, we describe the model setup for the
synthetic experiments as discussed in the main text, and we dedicate
Supplementary Information 3 to an in-depth description of the model setup for

the 2007 GroR Schonebeck stimulation.

For these synthetic cases, we built a representative 3D model of a typical
geothermal system. The model geometry is defined by a 5 km x 5 km x 1 km
reservoir, for which we target a depth of approximately 4 km below sea level.
The reservoir is subjected to a tectonic stress field resembling a normal-faulting
regime -thatis, 0,, =01 >0yy =0, > 0,, = 03, as expected at the targeted
depth. The imposed lithostatic loading corresponds to an average overburden
solid density of 2,500 kg/m3, and we consider a stress ratio between the
minimum and maximum horizontal stress of 0.65. We also consider a no-flow
boundary condition along the base of the model and hydrostatic pressure
conditions at the sides and along the top surface (open boundaries). The
thermal boundary conditions are a constant basal heat flow (60 mW/m?) and a

fixed temperature following a geothermal conductive gradient of 33 °C/km



along the top surface. Fluid- and rock properties are listed in Supplementary
Table 1. Please note that we tested a range of values for the main properties
within bounds that are representative of low- to middle-enthalpy hydrothermal
reservoirs, and we found that the main conclusions of our study are robust to
the tested variations. Injection/production is modelled by a point source, for
which we prescribe a given inflow/outflow rate that is either constant or
variable in time according to the specific case considered. We locate the
injection/production source points in the middle of the model in order to avoid
boundary effects during the simulation. We derive proper initial conditions for
the pore-fluid-pressure-, temperature-, and stress distribution by solving for a
steady-state simulation in a prior initialisation phase. For all cases considered,
we initialise the transient stage - which consists of either injection or circulation
- using the pressure-, temperature-, and stress distribution obtained by the

steady-state numerical experiment.

Supplementary Information 3. Water-frac treatment at GroRB8

Schonebeck

The geothermal facility of Gros Schdnebeck (in Northern Germany) is
considered a prototypical low- to medium-enthalpy geothermal reservoir. The
targeted reservoir horizons comprise interbedded layers of siliciclastic rock
(upper Rotliegend formation) that lie atop a volcanic lower-Permian sequence at
a depth of around 3,800-4,350 m below sea level. As a result of a seismic

campaign and available wellbore data, a detailed three-dimensional geological
10



model of the reservoir has been made available[9]. The model covers an area

of approximately 4 km x 4 km in lateral extension and features all reservoir

horizons and major faults mapped in the area. The stress regime - which was

estimated via field measurements - was found to vary with depth in the

reservoir between a preferential normal regime and a strike-slip fault regime.

The geothermal facility consists of a doublet system in which both wells

underwent several hydraulic and gel-proppant stimulation treatments. Of

interest for this study is the latest hydraulic stimulation, which was performed

in the volcanic section of the production well in 2007 (frac interval: 4,350-4,404

m) with the goal of increasing the area of fluid uptake via a stimulated fracture.

The stimulation was carried out over a period of approximately five days and

consisted of five daily cycles with flow rates of up to 9 m3/min. In order to limit

wellhead-pressure build-up in excess of a safety threshold (considered to be

58.6 MPa), a friction-reducing agent was used during the high-flow-rate cycles

(Figure S2). During the entire stimulation treatment, a total of 13,170 m3 of

slickwater and 24.4 tons of meshed-quartz sand were injected in order to

support the fracture opening (Figure 5, upper panel in the main text).

Micro-seismicity mainly occurred after the final two pressure cycles (the fourth

and fifth cycle), with moment magnitudes ranging from between -1.8 and

-1.0[91.

Using all available data, we set up a 3D thermo-hydro-mechanical model of the

stimulation treatment in a similar fashion, as described in[10]. The model

11



integrates details of the geological architecture of the reservoir, including
mapped major fault zones, the open-hole section of the well, as well as the

stimulated fracture.

We imposed open hydraulic and thermal boundary conditions along the sides
and the top surface, whereas a no-flow boundary was applied at the base of the
model, and we imposed a basal heat flow of 65 mW/m?2. Lithostatic loading
conditions were imposed at the top of the model, and we applied roller
boundary conditions for the displacement along the base of the model. We used
the in-situ stress state as measured in the reservoir to calibrate the values of
the imposed kinematic boundary conditions along the model sides, and we
therefore performed a first numerical analysis under steady-state conditions in
which we systematically varied the values of the imposed normal displacement
along the side boundaries of the model in order to match the in-situ stress field
(which transitions from strike-slip to normal faulting). In the following stage, we
carried out a transient analysis of the 5-day stimulation by initialising the model
with the pressure-, temperature-, and displacement values obtained from the
previous steady-state simulation. In the transient simulation, we imposed the
applied flow rate via linear integration over the open-hole section of the
stimulation well (Figure 5 in the main text). In order to consider variations in the
mechanical and fluid properties of the stimulated fracture, we computed the
evolution of its hydraulic and mechanical aperture based on the applied flow

rate and resulting wellhead pressure (Figure S2), and we used these values to

12



compute variations in fracture permeability during the stimulation via a

cubic-law correlation that assumed laminar flow conditions in the fracture. We

performed history matching of the bottom-hole pressure (BHP) measured

during the treatment that considered the bulk permeability of the volcanic

section of the reservoir as the variable of interest (Figure 5). The best-fitting

model was then used to compute variations in seismicity rates and magnitudes,

as presented in the main text (Figure 5).

Supplementary Information 4. Post-injection seismicity and Omori’s

law

One limitation of classical approaches to induced seismicity is their inability to

provide a theoretical description of post-injection seismicity. Increasing

evidence from several hydraulic stimulation treatments from around the world

suggests that the largest-magnitude events can also occur shortly after the

termination of operations and can only be somewhat controlled by current

seismic-risk-mitigation strategies (i.e. traffic light systems). Based on an

extensive catalogue of induced earthquakes and numerical and theoretical

computations of pore-pressure-relaxation dynamics, previous work[11] has

advanced the hypothesis that the decay of post-injection seismicity can be

approximately described analogously to the decay of aftershock activity

following a main event[12,13]. [11] presented a modified Omori’s law in order

to provide a simple empirical formula for computing the number of induced

events of a given magnitude that are applicable to the post-injection stage:
13



t —
1_(t_)(1 p)

(541) N(ZM)(t>t0) = #N(ZM)(t=tO)

In equation (S4.1), N ) (t > t) describes the number of cumulative events
after shut-in, and N ) (t = to) describes the number of cumulative events at
shut-in. The power-law exponent (p) for induced seismicity varies over a
relatively wide range from between p = 2 and p = 10[11]. The modified Omori’s
law has been successful in explaining temporal variations observed in
Oklahoma waste-water-injection wells and at the Fenton Hill (New Mexico) EGS
site[11]. In our formulation, the dynamic triggering of seismic events in space
and time is dictated by the ability of the reservoir to relax induced variations in

FCS, and these variations also control post-injection seismicity rates.
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Supplementary Figures
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Figure S1: Input cumulative hydraulic energy for the different tested injection

protocols (see Figure 2 in the main text).
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Figure S2: Monitored wellhead pressure (red curve) for the water-frac
treatment performed in GroB Schénebeck[9,10]. The blue curve indicates
variations in the computed mean aperture of the stimulated fracture that were
used to calculate the permeability of the stimulated fracture. The dashed grey
curve indicates the value of the wellhead pressure, which was considered an

upper safety bound during the stimulation (~58.6 MPa).
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Figure S3: Left: hydro-mechanical state of the reservoir after the fourth cycle

of the 2007 stimulation in Gro8 Schénebeck. We plot variations in pore pressure

(background colours) together with the computed value of the slip-tendency

ratio (i.e. the ratio between shear- and effective normal stress) for each

monitored seismic event (coloured circles). The failure plane is indicated by

grey shading. Right: enlargement of the seismic plane showing the location of
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the monitored micro-seismic events, which are colour coded based on
computed values of the slip-tendency ratio, together with a plot of the

monitored spatio-temporal evolution of the microseismicity.

Supplementary Table 1: Fluid- and rock properties used for the synthetic
cases presented in the main text. The range of variations in the tested

properties (upper row) and their mean values (lower row) are also presented.

Properties
Solid Fluid
] k Cs A Bs K¢ K v Ct Af Bs K¢
-] [m?] [Wkg—'K] [Wm~'K-1] K] [GPa]  [GPa] - [Wkg™'K™'] [Wm~'K™"] K1) [GPa]
[0.1-0.3] [1071%-10713] [900 - 1000] [2-3] [107%-1074] 70 60 0.25 1000 0.65 1079 2.5
0.2 1014 950 2.5 10-5

Supplementary Movie: Movie S1 is an animation of the modelled seismicity
(time and spatial evolution of computed single events) as computed for the

2007 hydraulic stimulation performed in Gro8B Schénebeck.
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