
Maximum Magnitude Forecast in Hydraulic Stimulation Based
on Clustering and Size Distribution of Early Microseismicity
Mohammad Javad Afshari Moein1 , Thessa Tormann2, Benoît Valley3 , and Stefan Wiemer2

1Department of Earth Sciences, Geological Institute, ETH Zürich, Zurich, Switzerland, 2Department of Earth Sciences, Swiss
Seismological Service (SED), ETH Zürich, Zurich, Switzerland, 3Center for Hydrogeology and Geothermics, University of
Neuchâtel, Neuchâtel, Switzerland

Abstract We interpreted the spatial clustering and size distribution of induced microseismicity observed
during the stimulation of an enhanced geothermal system beneath Basel by comparison with
scale-invariant synthetic data derived from discrete fracture network models. We evaluated microseimic
specific influential factors including the effect of hypocentral location uncertainties, existence of a fractured
zone and repeating events on the observed spatial organization. Using a dual power-law model originally
developed in the context of discrete fracture network modeling, we developed theoretically the relationships
among spatial clustering and magnitude distributions. We applied this model to the Basel data set and
showed that the spatial clustering characteristics presented stationary properties during the hydraulic
stimulation. Based on this observation, we proposed a statistical seismicity model calibrated on the scaling of
early stimulation spatial patterns that is capable of forecasting the maximum magnitude of induced
events with increasing injection time and stimulated volume.

Plain Language Summary Developing enhanced geothermal systems requires permeability
enhancement by hydraulic stimulation, in which pressurized fluid is circulated between injection and
production wells. This operation induces microseismicity that may be large enough to be felt by public and
result in destructive events. Here we studied the possibility to forecast the maximum magnitude of
induced events using the early seismicity patterns during hydraulic stimulation operations. Therefore, we
analyzed the spatial clustering and size distribution of induced microseismicity observed during the
stimulation of an enhanced geothermal system beneath Basel by comparison with synthetic data derived
from fracture network models. We proposed a statistical model, originally developed in the context of
discrete fracture network modeling, to represent the clustering and magnitude distribution of induced
events. We calibrated the model using the scaling of early stimulation spatial patterns on Basel data set and
successfully reproduced the rupture radius distribution, which was also capable of forecasting the
maximum magnitude of induced events with increasing injection time and stimulated volume.

1. Introduction

Developing enhanced geothermal systems (EGS) requires massive fluid injections (hydraulic stimulation) to
enhance the permeability in order to achieve higher flow rates and exploit the stored heat from elevated
temperatures in the Earth’s crust. Since the stress conditions of corresponding depths can be critical
(Townend & Zoback, 2000), the pressurized fluid injections induce microseismic activity. The associated
microseismicity can be large enough to be felt by public and may lead to suspension of geothermal develop-
ments such as Saint-Gallen and Basel geothermal projects in Switzerland (Edwards et al., 2015; Häring et al.,
2008). The underlying mechanisms of permeability creation during a hydraulic stimulation experiment are
not fully understood and still debated. Nevertheless, shearing on rough surfaces due to the increase of pore
pressure is expected to enhance the hydraulic conductivity (Evans, Genter, & Sausse, 2005). Induced micro-
seismicity is a result of the interaction between preexisting fracture network and fluid pressure-induced
changes (Evans, Moriya, et al., 2005). To reliably assess the rock mass response to fluid injection, the
permeability creation potential and the seismic hazard risk of any development scenarios, the 3-D structure
of the underlying fracture network should be characterized. Borehole image logs provide the location and
orientation of fractures on borehole wall, which are not sufficient to create a 3-D structural model of a
reservoir in a depth of 2–5 km (Valley & Evans, 2015). The major unknown parameter of the existing network
is fracture length distribution, which has a large impact on the fracture network connectivity and hydraulic
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characteristics of rock mass. Inducedmicroseismicity provides valuable information about the possible failure
planes within the reservoir volume and this information can be possibly used to guide the stochastic
realizations known as discrete fracture networks (DFNs).

Induced microearthquakes reveal scale-invariant spatial patterns (Sahimi et al., 1993; Tafti et al., 2013), and the
magnitude frequency relation exhibits power-law distributions (Bachmann et al., 2012; Gutenberg & Richter,
1954). We adopt the working hypothesis that the scaling of induced events is reflecting some aspects of the
geometry of underlying fracture network. On the other hand, the fracture networks in geological formations
also reveal scale invariant characteristics (Bour & Davy, 1999; Bour et al., 2002; Davy et al., 1990; de Dreuzy
et al., 2001, 2002; Lei et al., 2015; Odling et al., 1999). Self-similar fracture patterns may originate from complex
self-organized critical dynamics, which relate the large-scale statistics to smaller ones (Allegre et al., 1982; Bak
et al., 1988; Sornette, 2006; Sornette et al., 1990). Furthermore, the stress interactions in fractures growth
process may also result in power-law length distributions (Davy et al., 2010; Spyropoulos et al., 2002).

The interaction between fluid pressure, in situ stress conditions and fracture network results in
microseismicity, which is not completely understood. Potential similarities between the scaling properties
of fracture networks and induced microseismicity may improve the statistical seismicity models. Current
statistical models typically neglect the scaling properties of microseismic patterns and potential correlations
between location and magnitude of induced events. Moreover, these statistical models are mostly unable to
explain the effect of geological features such as damage zones and geophysical features such as location
uncertainties and repeating events on the scaling properties of induced patterns. Proper understanding of
the scaling characteristics of microseismicity patterns may introduce new features into the statistical models
and improve the maximum magnitude forecast during hydraulic stimulation operations.

We implement fractal geometry to characterize the spatial distribution of microseismicity in the Basel
geothermal site and analyze the scaling properties by simulating the previously mentioned microseismic
specific features. Such analyses lead to propose a statistical model that presents the spatial clustering and
rupture size distribution of induced events. The parameters of this model are calibrated by early time patterns
(learning phase) and forecast the seismic risk during the continued injection and shut-in phase. We test this
model in the Basel geothermal site and conclude with an outlook for future applications.

2. Microseismicity in Basel Geothermal Site

Injecting water at high pressure into the open hole section below 4,629 m of Basel geothermal system
induced 14,578 recorded seismic events between 2 December 2006 and 31 March 2007; 3,460 of which were
located (Dyer et al., 2010; Häring et al., 2008). Kraft and Deichmann (2014) performed a waveform similarity
analysis and relocated the initial catalogue to 1980 events and reduced the uncertainty of hypocentral
locations. We use this catalogue in this study. Figure 1a displays the spatial scattering of microearthquake
hypocenters from top and side view, and Figure 1b shows the corresponding cumulative frequency size
distribution with the estimate of b value using the maximum likelihood fit (Aki, 1965).

2.1. Spatial Distribution

Two-point correlation function has been widely used to characterize the spatial clustering of fractures and
earthquake hypocenters (Bour et al., 2002; Hirata et al., 1987). Among different techniques reported in
literature, this function delivers the most reliable and stationary exponents of spatial distributions and is less
affected by finite size effects. Bour et al. (2002) has verified this statement on characterizing the spatial
distribution of fractures in Hornelen Basin. A fractal dimension (D2) is computed by fitting a power law to
correlation function according to equation (1),

C rð Þ ¼ 2
N N� 1ð ÞNp rð Þ∼rD2 (1)

where N is the total number of events and Np is the number of pairs of events whose hypocentral distance is
less than r (Hentschel & Procaccia, 1983). Figure 1c represents the correlation function of induced events in
the Basel EGS site. The corresponding local slope is close to two between 50 and 100 m distance then
decreases between 2 and 50 m and larger than 100 m. Therefore, such a deviation from pure scaling law
should be explained.
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2.2. Rupture Radius Distribution

Most seismic events in hydraulic stimulation represent failures on existing fracture planes and the reported
magnitude depends on the radius of the rupture plane and the stress drop. If we assume every event repre-
sents a rupture plane, a rupture radius can be assigned by equation (2). The radius of a circular failure plane
(R) in space is related to stress drop (Δσ) and seismic moment (M0) through equation (2) (Eshelby, 1957),

R3 ¼ 7M0

16Δσ
(2)

Goertz-Allmann et al. (2011) determined the stress drops from P wave signals of 1,000 microearthquakes in
Basel and a large portion of the events showed a constant stress drop of 2.26 MPa (the average value)

Figure 1. (a) Top and side views of the spatial scattering of microearthquake hypocenters relative to the casing shoe in
Basel geothermal system (Kraft & Deichmann, 2014). (b) Frequency-size distribution of microearthquakes and estimates
of b value using maximum likelihood estimates. (c) Correlation function and its local slope. (d) Complementary cumulative
rupture radius distribution (R) for different stress drops.
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with a variation between 0.1 and 10 MPa. If we simply assume a constant stress drop on every seismic event,
the rupture radius scaling exponent ar may be computed. Figure 1d shows the rupture size distribution of
induced events for three different stress drop assumptions (0.1, 2.26, and 10MPa) follows a power law, whose
slope ar is independent from the average stress drop on each event and is related to b value through equa-
tion (3) (Shapiro et al., 2013).

ar ¼ 2bþ 1 (3)

3. Synthetic Fracture Network Model

The evidence on clustering and power-law size distribution of rupture patterns motivates generating
synthetic rupture patterns with the same statistical characteristics. Thus, we utilized the concepts developed
in the framework of discrete fracture network modeling and adopted the following statistical model to
generate fractal fracture patterns from Davy et al. (1990),

n l; Lð Þdl ¼ αLDl�af dl (4)

where, n(l, L)dl is the number of fractures whose length is in the range [l, l + dl] and whose center belongs to a
volume in three dimensions of size L3 [m]3, α [m]a-D-1 is a normalization constant and affects the fracture
density, D is the correlation dimension of fracture centers, and af is the fracture length exponent. This model,
also known as dual-power law model, has been widely used to study different aspects of fractured media
(Darcel et al., 2003; Harthong et al., 2012; Kim, 2007; Verscheure et al., 2012). Here the size of a fracture plane
is defined as the radius of a circular disk. The motivation to choose such a fracture model is that natural frac-
tures exhibit self-similar spatial patterns in different scales (Chiles, 1988; Davy, 1993). In addition, power-law
distribution is the only scale-invariant statistical distribution and has been used to describe the fracture attri-
butes in different scales. Different fracture attributes such as trace length, spacing, RQD (rock quality desig-
nation, Deere & Deere, 1988), aperture, and surface roughness show also self-similar patterns (Barton &
Zoback, 1992; Boadu & Long, 1994; Bonnet et al., 2001; Power & Tullis, 1991). Dual power-law model enables
to generate fractal spatial organization as well as power-law length distribution of fractures in two and three
dimensions. We developed this model to generate random network realizations in MATLAB and verified the
power-law spatial and size distribution of fractal DFNs, which is presented in the supporting information. In
addition, the relation between position and size distribution of fractures is verified in synthetic fracture net-
works. The details of the generation methodology are available in the above-mentioned references.

The fractal analysis of microseismicity patterns do not present a clear scaling (Figure 1c) and requires further
analysis. Here we analyze the influence of three factors that complicate the extraction of geometrical charac-
teristics of fracture network from seismicity data. The factors that we include in this analysis are as follows: (1)
uncertainty associated with location of microearthquake hypocenters, (2) existence of a fractured zone, and
(3) repeating events on same structures. For this analysis, we generated a 3-D DFN with the following input
parameters D = 2.7, a = 3.5, α = 0.1, lmin = 10 m in a cubic domain with side length of L = 500 m. We need to
mention that no boundary treatment is done, that is, some fractures might extend outside of the
generation domain.

3.1. Uncertainty of Hypocentral Locations

Earthquake locations are estimated by travel time inversion of the recorded P wave and S wave arrivals. The
computed hypocenters are associated with uncertainties because of unknown velocity structure of the earth
and arrival time observation errors. The confidence region of earthquake hypocenters are ellipsoidal and
normally distributed (Husen & Hardebeck, 2010). The variance of the normally distributed earthquake hypo-
centers can be determined by a principal component analysis of the scatter clouds obtained from random
realizations of hypocenters locations considering uncertainties on the seismic data and velocity model. The
68% confidence level of principal axes of ellipsoids in Basel geothermal system have a mean length of 74,
48, and 32 m which, are taken from a principal component analysis of the scatter clouds (Kraft &
Deichmann, 2014).

To study the influence of such an uncertainty, we insert a random noise on fracture center coordinates (XYZ)
from a normal distribution in the 3-D fracture network of Figure 2a. If the principal axes of ellipsoids are
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aligned with XYZ coordinates, the variance of the noise are 74, 48, and 32 m in the direction of each
coordinate (the maximum uncertainty in 3-D is 93 m). Figure 2b shows the correlation function and its
local slope of a random realization with predefined noise on fracture center locations compared to initial
network. The correlation dimension tends to increase (approach to 3), if the hypocentral location
uncertainty is included in the rupture models. A sensitivity analysis on the effect of uncertainty in 3-D is
presented in the supporting information.

3.2. Existence of a Fractured Zone

Borehole observations and induced microseismicity in deep crystalline rocks confirm the existence of frac-
tured zones, which provide the main fluid path into the reservoir (Deichmann et al., 2014; Evans, Genter, &
Sausse, 2005). Fractured zones are intervals of very high density fractures, where the spatial distribution of
fractures can be assumed to be random in a limited width. From the geological perspective, fractured

Figure 2. (a) A 3-D random DFN with D = 2.7, a = 3.5, and α = 0.1. (b) Effect of 93 m uncertainty in fracture center locations
on the resulting spatial distribution of a random realization of the initial network. (c) 3-D view of a 40-m-width fractured
zone. (d) Spatial organization of a fractured zone. (e) Spatial organization of the network merging two networks in
(a) and (c). (f) Effect of 100 f repeaters in a maximum 5mdistance from 10 randomly selected fractures (10 repeaters belong
to each fracture).
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zones are equivalent to damage zones flanking a fault core with a very high permeability and introducing a
preferential fluid flow path (Bense et al., 2013). To simulate a fractured zone, we generate a simple synthetic
horizontal fractured zone by populating uniformly distributed fracture centers with a uniform radius between
0 and 50m in a slice of 40 mwidth (Figure 2c). Since the focus is on the spatial distribution of fracture centers,
the radius distribution does not change the analysis. A fractured zone with 1,000 fracture centers is generated
in the domain similar to network of Figure 2a and the corresponding correlation function of the 3-D spatial
distribution is displayed in Figure 2d. The correlation dimension of such a fractured zone equals 2.

The fractured zones may be embedded in a 3-D network. Therefore, if we add a fractured zone into the net-
work of Figure 2a, the spatial distribution of the network may be altered. Figure 2e shows the correlation
function of the resulting network and its local slope, which is slightly less than 2.7. A sensitivity analysis on
the width of fractured zone and its influence on the resulting spatial organization is presented in the
supporting information.

3.3. Repeating Events

The source of every recorded microseismic event might not be unique and the rupture might occur on
different points of a discontinuity plane. Repeating events are characterized by almost identical waveforms,
which reflect very similar re-ruptures of the same structure but may have different magnitudes. Here we
analyze the influence of repeating events on the spatial organization of a synthetic fracture network.
Therefore, we add random fracture centers representing the repeating events to the network of Figure 2a.
We choose 10 random fractures from the initial network and add 10 fracture centers very close to them
(entirely 100 random fracture centers represent the repeaters). The repeaters are selected randomly from a
sphere with a radius of 4.3 m, perturbed the randomly chosen fractures (i.e., the maximum offset of repeater
coordinates from the chosen fracture center is 2.5 m). The correlation function of the initial network with
repeaters is displayed in Figure 2f and a sensitivity analysis on the number of repeating events is presented
in the supporting information. Introducing the repeaters into the rupture model results in a drop of the
correlation dimension in distances between 2 and 100 m.

Here we analyzed the impact of three main factors that may substantially deviate the scaling of microearth-
quake patterns from a pure power-law. However, other factors may influence the scaling properties of induced
patterns. For instance, the orientation of discontinuities relative to the in situ stress conditions may affect the
spatial organization of slipping patches. Analyzing the impact of this factor requires physical modeling of the
induced seismicity using thermo-hydromechanical simulations, which is beyond the scope of this paper.

4. Geometrical Forecast Approach

In previous sections, we applied synthetic fracture networks to explain the spatial organization of induced
events in Basel and described the impact of influential factors. In general, extracting the statistical properties
of network geometry from induced microseismicity is difficult, because of the previously discussed factors.
Nevertheless, similarities between the induced microseismicity and scale invariant fractal networks
motivated us to propose a statistical model for geometry of rupture patterns. This model represents the
clustering and size distribution of induced seismicity by a dual power-law model, which is initially developed
for fracture networks. This forecast approach is different from other statistical approaches such as the
seismicity models presented by Shapiro et al. (2013) and McGarr (2014). The major progress in this model
stems from the physical nature that originates from the scaling characteristics of fracture networks. These
characteristics enable the model to clarify the effect of features that deviate the microseismicity patterns
from pure scaling laws such as repeating events, hypocentral uncertainty, and fractured zones. In a specific
comparison to the model proposed by Shapiro et al. (2013), which deals with planar preferential path for
the seismicity cloud, dual-power law is a universal model that can include any fractal dimensions between
2 and 3 (2 is a planar structure and 3 is uniformly distributed in space). For instance, the Geyser field (Tafti
et al., 2013), in which the spatial distribution of induced events shows a fractal dimension of 2.57.

4.1. Methodology

This approach sets a dual-power law model for rupture patterns based on very early stimulation phase
(learning period) and performs a predictive real-time seismic hazard analysis, so that future development
of microseismicity can be anticipated. It computes the maximum rupture radius and the corresponding
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seismic magnitude (assuming a constant and conservative stress drop) with an increase in the perturbed
reservoir volume. We define the perturbed reservoir volume as the smallest cubic volume which encompasses
all the microearthquake hypocenters. This methodology is based on scale-invariant spatial distribution of
seismic events and the power-law rupture radius distribution. In general, a simple dual power-law model
can represent the rupture geometry patterns similar to equation (5);

n R; Lð Þdl ¼ αLDrR�ardl (5)

where the seismic patterns are located in a cube of side length L with a correlation dimension of Dr and rup-
ture size exponent of ar. The initial parameters (ar,Dr, α, and L) of this equation are estimated from the learning
phase patterns. We take the maximum offset of seismic events from the casing shoe plus the corresponding
location uncertainty as the initial side length of the perturbed volume (L) and set the approximate minimum
rupture radius (Rmin) in the perturbed volume of the learning phase. Magnitude of completeness (Mc) delivers
Rmin using equation (2). For a detailed analysis on how to compute the magnitude of completeness (Mc), we
refer to Mignan and Woessner (2012). Finally, the parameter α may be estimated from equation (6).

N ¼ ∫∞Rmin
n R; Lð Þdl ¼ α

ar � 1
LDrR� ar�1ð Þ

min (6)

If the injection continues to sweep a larger volume and increase the perturbed volume with a side length of
L0(L’ > L), this model can compute the rupture radius distribution and the corresponding size magnitude
by equation (7).

n R; Lð Þdl ¼ α L0ð ÞDrR�ardl (7)

The estimated rupture radius exponent (ar) is independent from the average stress drop on rupture planes,
whereas the minimum and maximum rupture radius depends on the assumed stress drop (Figure 1d). The
maximum expected (Mw) should be computed based on the most conservative case, where the stress drop
is the largest (e.g., 10 MPa).

4.2. Time Dependency of Clustering and Size Distribution of Seismicity in Basel

Before the application of this methodology to Basel data, we need to study the dependence of clustering and
rupture radius distribution on the number of events (increasing time windows). The exponents of Dr and ar
are computed by a linear fit through the linear section of the resulting C(r) and N, starting from the estimated
minimum radius. Figure 3a shows that ar exhibits very little variation during the injection phase and slightly
decreases in the post-injection phase (ar varies between 3.7 and 4.1 in whole seismic activity). This implies
that the statistics of larger events (that mostly happen in later stages) may differ from smaller events (early
stages). A sensitivity analysis is required to evaluate the applicability of early events to estimate the maximum
magnitude as function of perturbed volume. In addition, Dr is very close to 2 with no clear deviations, reflect-
ing a fractured zone (Figure 3b).

4.3. Application to Basel

If we choose the first 100 events as the learning phase and compute the completeness magnitude ofMc = 0.8,
the corresponding minimum rupture radius for Δσ = 10 MPa equals Rmin = 9.5m. If the events less thanMc are
excluded, remaining events are encompassed by a cube, centred in the casing shoe with a side length of

L = 500 m. To ensure all the ruptures do not extend outside of the seismic volume, we compute L
2 by adding

the maximum rupture radius and maximum location uncertainty to the maximum distance from the casing
shoe. If the average stress drop on every event is 10 MPa, the rupture radius exponent is equal to ar = 3.9. If all
the parameters of the rupture model is inserted in equation (5), the resulting α is 0.47 and the seismicity mod-
el corresponds to equation (8).

n R; Lð Þdl ¼ 0:47 L2R�3:9dl (8)

Figure 3c represents the calibration of rupture model to the learning phase (blue line). If the injection con-
tinues to sweep a larger reservoir volume, the rupture size distribution continues to move upwards

10.1029/2018GL077609Geophysical Research Letters

AFSHARI MOEIN ET AL. 7



(Figure 3c). During the injection phase, the perturbed volume is a cube of side length L0 = 1310 m. If the new
L0 is replaced in the model, the resulting rupture radius distribution corresponds to Figure 3c (red line).
Although the injection has stopped in this step, the fluid is still sweeping a larger reservoir volume, which
is verified by the corresponding microseismicity patterns which are growing, and the corresponding
perturbed volume of L0 = 2,000 m (green line).

For a seismic hazard assessment, the maximum expected magnitude can be estimated based on a
conservative stress drop of 10 MPa. Figure 3d represents maximum Mw as a function of perturbed volume
for three different rupture exponents of 3.7, 3.9, and 4.1. The sensitivity analysis shows that the maximum
magnitude forecast based on the learning phase (green squares) is not significantly different from to
magnitude corresponding to the exponent of 3.7 (blue triangles) for a perturbed volume of approximately
1010 m3. We choose a random realization in which the large events do not extend outside of the seismic
volume. However, this does not affect the maximum magnitude forecast.

5. Discussion and Conclusion

Two-point correlation function of microearthquake hypocenters in the Basel EGS reservoir showed a
complicated behavior, which is not completely linear in a logarithmic scale. Furthermore, the estimated
rupture radius of every seismic event follows a power law, whose slope is independent from the average
stress drop on each event. When assuming a constant stress drop on all fracture planes, the resulting
ruptures most probably exhibit the statistics of the fracture network. One explanation may be the
power-law fracture nature of length distribution in geological formations. Although the scaling exponent
does not vary with a change in the average stress drop, but the power-law range varies (particularly the
minimum rupture radius). Higher stress drops correspond to smaller rupture sizes and vice versa. These
observations supported the hypothesis that scaling properties of fracture networks are similar to the
scaling of microseismicity patterns.

Figure 3. (a) Dependence of rupture radius exponent on the number of events in Basel geothermal site. (b) Dependence of
rupture clustering on the number events in Basel. (c) Calibration of the seismicity model to the first 100 events
(learning phase) during the injection phase and simulation of rupture radius distribution with increasing the perturbed
volume in Basel geothermal reservoir. (d) Prediction of maximummoment magnitudeMw of Basel geothermal reservoir as
a function of perturbed volume with an assumption of Δσ = 10 MPa.
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To interpret the clustering and size distribution of induced events, we generated synthetic fracture networks
as a representative of rupture planes. We simulated the factors that complicate the potential relations
between the induced microseismicity and fracture network. Hypocentral locations are quantified by a
principal component analysis of the scatter clouds. If the uncertainty of the earthquake hypocenter is
included in a synthetic fractal DFN by imposing the statistical distribution of error estimates (normal
distributed inside the uncertainty ellipsoids), the resulting correlation dimension increases and approaches
to a randomly distributed pattern (D = 3). However, the increase of randomness depends on the variance
of hypocentral coordinates in each direction. In addition, a hydraulic stimulation in a fractured zone might
change the 3-D spatial distribution from the ideal pattern fracture network pattern. In this case, the correla-
tion dimension of the microearthquakes is very close to 2 (similar to the relocated microseismicity patterns in
Basel). Furthermore, adding a fractured zone into a 3-D fractal pattern, results in decreasing the correlation
dimensions. The third factor in our study was repeating events, which change the spatial distribution and cre-
ate a sudden drop in the computed correlation dimension. Since the magnitude of repeating events are not
necessarily the same, the effect of repeating events on the rupture radius distribution is not clear. To summar-
ize, hypocentral uncertainty, presence of a fractured zone and repeating events complicate the interpretation
of spatial patterns of induced seismicity and the correspondence to the underlying fracture network.

Synthetic networks reveal the restrictions associated with extracting the fracture network geometry from
microseismic data. Despite these complexities, the scaling properties of induced seismicity and synthetic
fracture networks are very similar. A dual power-law model representing the rupture clustering and size
distribution can be applied for modeling the induced microseismicity. This model adds physical
representation to the rupture planes as pre-existing fractures, explains the effect of geological and
geophysical factors on the scaling properties of induced patterns. Finally, it introduces a universal model that
is capable to model clusters with fractal dimension between 2 and 3.

The model parameters must be calibrated on the scaling properties of learning phase. We applied this model
to forecast the induced seismicity in Basel geothermal reservoir to assess the seismic hazard of hydraulic
stimulation. A reanalysis of Basel microseismicity patterns confirms the independence of clustering from
the cumulative number of events. Thus, early stimulation events can exhibit the scaling characteristics of
rupture patterns in perturbed reservoir volume. In this case, a learning phase of early first 100 events were
applied to set up the model. The seismic hazard assessment is based on the highest reported stress drop
in Basel (Δσ = 10 MPa). If the injection continues to sweep a larger volume, the seismicity model could fore-
cast the highest rupture radius from the associated rupture size distribution and estimate the corresponding
seismic magnitude (Mw). This model could predict the statistics of seismicity during the co-injection phase as
a function of the perturbed volume. The post-injection phase shows slightly different statistics, which may be
due to the different stress conditions prevailing in the co-injection and post-injection phases (shut-in and
bleed-off phase). Despite the differences, this model was able to reproduce a similar rupture distribution
for the co-injection and post-injection phases. Ultimately, the maximum expected magnitude showed a
power-law relation with the perturbed reservoir volume in the Basel site. A sensitivity analysis on the rupture
exponents revealed the maximummagnitude estimation is not significantly different from the upper bound,
which confirms the applicability of this approach for the typical hydraulic stimulations. This difference
increases if the perturbed volume is increasing. However, the real-time update of rupture exponent during
the hydraulic stimulations and expansion of the learning phase would improve the forecasts.
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