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induced seismicity setting, where near constant differential stress conditions are expected. Furthermore, we observe that b-value
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Key Points:

e We investigate the b-value dependency on geomechanical parameters using in-situ stress
information from borehole logging analysis

e The b-value systematically correlates with the shear stress rather than other
geomechanical parameters

e We discovered a novel interpretation behind the b-value reduction in the injection-
induced seismicity setting



24

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

45
46

47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

63
64

manuscript submitted to JGR

Abstract

Variability in the b-value, which describes the frequency distribution of earthquake
magnitudes, is usually attributed to variations in differential stress in the setting of natural and
laboratory earthquakes. However, differential stress is unlikely to explain b-value variations on
the reservoir scale of injection-induced seismicity cases where significant differential stress
variability can hardly be expected. We investigate the responsible geomechanical parameters for
the b-value reduction observed in injection-induced seismicity at the Basel EGS field in
Switzerland, for which a measured in-situ stress model and fault orientations of numerous
microseismic events are available. We estimate the shear and normal stresses along faults,
differential stress, pore pressure increase at failure, and the Coulomb failure stress, for each
event. Event magnitude and shear stress display the most systematic and clear correlation
between each other, while other parameters do not show a clear correlation with event
magnitude. We further examine the relationship between the b-value and these geomechanical
parameters. We discover that the b-value systematically decreases with increasing shear stress.
Again, other geomechanical parameters do not show a clear correlation with the b-value. We
conclude that b-value variability is explained by variations in shear stress in the injection-
induced seismicity setting, where near constant differential stress conditions are expected.
Furthermore, we observe that b-value reduction with time also correlates with an increasing
number of events along faults having high shear stress, which strongly supports our conclusions.
Thus, we discovered a profound physical mechanism behind b-value variation in injection-
induced seismicity beyond general understandings of b-value variation.

Plain Language Summary

For natural earthquakes and laboratory earthquakes, observed slope variability in the r
frequency magnitude distribution (b-value) is commonly explained by variability in the applied
stress. However, for injection-induced earthquakes that occur associated with fluid injection into
the earth’s subsurface, observed changes in the b-value cannot be well explained by variations in
the earth’s stress level. This is because the stress state is relatively constant over the narrow
depth range targeted for subsurface development, and the physical processes that give rise to
injection-induced seismicity are different to those of natural and laboratory earthquakes. We
comprehensively investigate the relationship between the b-value and geomechanical parameters.
We utilize directly measured stress information and combine it with seismological analysis
results of the injection-induced seismicity observed in our study field. We found that variability
in the b-value is better explained by shear stress, which quantifies the stress acting along the
plane of a fracture that slips. The results indicate that, for injection-induced seismicity, shear
stress explains the prevalence of different b-value better than any other geomechanical parameter,
including earth’s stress level and pore pressure. This observation may contribute in shaping
operation protocols aimed at reducing the risk of large induced seismicity.
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1 Introduction

One of the well known empirical laws in seismology is the Gutenberg-Richter (GR) law
which states that earthquake magnitude size distribution follows a power law (Gutenberg &
Richter, 1944). From the power law, the log of the expected number of earthquakes larger than
magnitude M is given as logN=a-bM, where a-value designates the total number of earthquakes
of M0 and the b-value defines the slope of the magnitude frequency distribution. Since the b-
value indicates the relative ratio of the number of large and small earthquakes, the b-value is of
interest for earthquake prediction and hazard analysis (e.g., Nanjo et al., 2012; Nanjo & Yoshida,
2018). In general, the b-value universally converges to 1 when considering large enough
volumes (Kagan, 1999); however, b-value variation in time and space has been observed in
several seismogenic regions (e.g., Wiemer & Wyss, 1997). The b-value reduction is often
attributed to an increase in differential stress which was proposed based on several laboratory
experiments (Scholz, 1968; Amitrano, 2003; Goebel et al., 2013). A number of subsequent
studies have investigated physical mechanisms to explain b-value variability, namely variability
in differential stress (e.g., Ide et al., 2016; Mori & Abercrombie, 1997; Nishikawa & Ide, 2014;
Scholz, 2015; Schorlemmer et al., 2005). Additionally, b-value dependency on rake angles, and
depth has been observed (Petruccelli, Gasperini, et al., 2019; Petruccelli, Schorlemmer, et al.,
2019). Another study reconfirmed a dependency of b-value and the differential stress, which
increases with depth using a representative stress gradient (Scholz, 2015). As in early work,
where the b-value was considered to correlate with fracture strength (Scholz, 1968), the b-value
also correlates with Coulomb Failure Stress (CFS) change, which is a relative form of strength
(Gulia et al., 2018). Thus, b-value variation is attributed to the differential stress or a proxy of
differential stress. However, comprehensive correlation has not yet been established between the
in-situ stress in an earthquake region to the b-value; this is due to the technical difficulty of
measuring in-situ stress at great depth.

Meanwhile, induced seismicity has been an important topic in seismology for the last
decade as a result of the rapid increase of unconventional resource projects, which apply fluid
injection to facilitate the extraction of resources from the subsurface. In that new topic in
seismology, b-values are relevant when it comes to assessing the seismic hazard caused by
injection (van der Elst et al., 2016; McGarr, 2014; Shapiro et al., 2010). Our study considers
induced seismicity sequences observed at the Basel EGS (enhanced geothermal system) site,
Switzerland, for which we can study induced seismicity in combination with reliably measured
in-situ stress data. Many studies, some of which have considered b-value analysis, have
contributed to the understanding of the seismicity at Basel (Bachmann et al., 2011a, 2012; Catalli
et al., 2013; Goertz-Allmann et al., 2011; Mukuhira et al., 2013). Goertz-Allmann et al. (2011)
estimated stress drop of seismic events at Basel and found that events near the injection well
showed small stress drop and that events far from the injection well show large stress drop. They
concluded that the lower stress drop near the injection well was due to a decrease in differential
stress caused by pore pressure. Spatial and time dependent behavior of the b-value was observed
for the same data-set where the b-value was high near the injection well and decreased away
from the well (Bachmann et al., 2012). They linked the b-value reduction and differential stress
assuming heterogeneous differential stress distribution.

We recently proposed another way to interpret the b-value reduction observed in the
Basel data, where we reported a b-value dependency on shear stress for the injection induced
seismicity case (Mukubhira et al., 2021a). We divided the seismic catalog based on different shear
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stress threshold and estimated b-values for groups with values higher and lower than the
threshold. We had following three key observations: 1) the b-value from the group having
normalized shear stress (NSS) higher than the threshold, and 2) the b-value from the group
having NSS lower than the threshold both show a dependency on the NSS thresholds, and 3) the
b-value from the higher NNS group was always lower than that from the lower NNS group.
These observations led to the conclusion of b-value dependency on NSS. In this study, fully
utilizing in-situ stress measurements from borehole logging analysis, we comprehensively study
the relationship between b-value variation and important geomechanical parameters, including
shear stress, normal stresses on faults, differential stress, pore pressure increase, and CFS. To
follow up on our previous study (Mukuhira et al., 2021a), we further investigate the b-value
dependency on geomechanical parameters. Then we discuss the mechanism behind the b-value
reduction observed in injection-induced seismicity beyond the simple b-value variation
observation in time and space.

We start by reviewing the geomechanical theory for the injection-induced seismicity
settings, natural earthquakes, and the laboratory experimental setting. We discuss the physical
role of relevant geomechanical parameters and links to b-value variation. We present the field
study area, Basel, including the microseismic and in-situ stress data. First, our analysis shows
simple comparisons between event magnitude and geomechanical parameters. Then, the b-value
dependency analysis results are presented. We discuss the b-value variation based on our
analysis. We further discuss the consistency of our findings by comparing the conventional
understanding or interpretation of b-value dependency and relevant studies.

2 Geomechanical Theory
2.1 Injection-Induced Seismicity Case

Shear slip on a fault initiates when the frictional strength of the fault yields to the shear
stress on the fault. This process is widely described by the following Coulomb failure criterion:

T = u(on —p) )

where 7 is the shear stress on the fault, x is the friction coefficient, oy, is the normal stress on the
fault, and p is the pore pressure. In the situation of induced seismicity, p can be decomposed into
a hydrostatic part pryq and a pore pressure increase part Ap such that p = pnya + Ap. An increase in
pore pressure decreases the effective normal stress o, - p and reduces the fault’s frictional
resistance, described by the right-hand side of equation (1), resulting in shear slip along the fault
(Pine & Batchelor, 1984). If we consider a situation where we know the shear stress and normal
stress, we can estimate the pore pressure increase required for shear failure using equation (1).
Accordingly, the necessary pore pressure increase for shear slip is

Ap =0y, — Phyd _i 2

In the following discussions, Ap denotes the pore pressure increase required to trigger shear slip,
as defined in equation (2). Thus, we can use seismic events to estimate pore pressure changes Ap
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assuming an appropriate friction coefficient, the availability of stress information (stress
magnitude and orientation) and fault orientation, since

1
T = {a,%a,%(S; — $2)% + ax2as*(S; — S3)% + az?a;, 2 (S5 — $1)%Jz, (3)
O-Tl - a1251 + a2252 + a3253, (4)

where a, (n=1, 2 ,3) are directional cosines for the principal stresses (S; > S, > S3) relative to the
vector normal to the fault plane. Conceptually, when it comes to injection-induced seismicity, Ap
functions as the relative stress index to the failure since only the pore pressure increase controls
the initiation of shear failure. Figure 1a depicts this situation.

Using Mohr’s stress circle and a friction coefficient 1 = 0.6, point 1 in Figure 1a shows
the stress state of a well-oriented fault (a fault which slips with the minimum pore pressure
increase). The horizontal coordinate of point 1 is the normal stress on a well-oriented fault on;
and the vertical coordinate of point 1 is the shear stress along the fault z;. For the initial
hydrostatic state, the Coulomb failure criterion line of gradient 0.6 is outside the subcritical Mohr
stress circle. With the increase of pore pressure due to injection, the failure line shifts to the right
until it intersects point 1. Note that moving the failure line to the right is in principle the same as
the explanation of a Mohr stress circle moving to the left (Zoback, 2007), because failure is
discussed in terms of a relative distance between the failure line and the Mohr stress circle. In
this case, the normal stress is specified along the horizontal axis as in (Kanamori & Brodsky,
2004). Point 2 shows a stress state of an arbitrary fault which has an orientation different than a
well-oriented fault, so point 2 is within the Mohr circle. The shear stress (z2), normal stress (on2),
and pore pressure increase (Apy) for that fault have different values to those of the well-oriented
fault. In particular, Ap; is larger than Ap;. We further introduce point 3 showing the stress state
of the fault having maximum shear stress. The strike of this fault has a 45 degree angle to the
maximum stress direction. Point 3 is at the top of the Mohr circle. Note that Ap, and Aps are
equivalent though their shear and normal stresses are different.

In a natural earthquake setting, the relative stress index to the failure is often expressed as
Coulomb failure stress (CFS), defined as (Harris, 1995; Beeler et al., 2000)

CFS =7 —u(o, —p) (5).

When CFS is positive, the failure criterion is satisfied, and the fault is critical. Conversely, a
negative CFS indicates a fault below a critical condition.

In the injection-induced seismicity setting discussed above, when the shear stress and
normal stress are constant, the pressure p is the only value that varies in equation (5). At the
moment when pore pressure increase causes shear slip along a fault, equations (5) should be zero.
When p= pnyq in equation (5), the change in Coulomb failure stress needed to induce shear
failure is

CFS = ux (—Ap) (6)
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The pore pressure change, Ap acts against the normal stress. Therefore, Ap is shown along the
horizontal axis in the Mohr diagram (Figure 1a). Differently, CFS relates to shear stress and is,
therefore, shown along the vertical axis in the Figure 1a, where CFS corresponds to the vertical
distance from the point of the stress state to the failure line of the initial condition as CFS; (i=1, 2,
3) shows in Figure 1b.

We see from equation (6) that Ap and CFS are almost identical in terms of relative stress
index to the failure in theory. In the context of the injection-induced seismicity case, Ap is
important since pore pressure increase is the main driver causing failure. For the natural
earthquake setting, previous studies found that b-value is correlated with frictional strength
(Scholz, 1968)and CFS (Gulia et al., 2018). Therefore, we also examine the correlation of Ap or
CFS to b-value variation.

2.2 Natural Earthquakes and Laboratory Experiments Case

Here we briefly contrast the injection-induced seismicity setting described above with the
geomechanical settings of natural earthquakes and laboratory experiments (see Figure 1b). In a
natural earthquake case, we implicitly consider a fault that is well-oriented with a given stress
condition, and for laboratory experiments case we also assumes a well-oriented-fault (a single
preexisting fault or nucleated single fracture) (e.g., Goebel et al., 2012, 2013). In such situations,
we don’t need to consider the effect of intermediate principal stresses. On the smaller Mohr
stress circle defined with S; and Sz in Figure 1b, the stress state of the well-oriented fault is
indicated by point 1. The small Mohr stress circle does not intersect the failure line. We consider
the cases where the tectonic loading for a natural earthquake and the axial loading for laboratory
seismicity change the stress state. In those cases, the failure line does not shift since the pore
pressure is constant. We assume that the maximum principal stress (S;) increases and that the
minimum principal stress (S3) is constant, resulting in a bigger Mohr stress circle. We also
assume constant orientations for the principal stresses. The bigger Mohr stress circle intersects
the failure line, where Point 2 in Figure 1b shows the new stress state of the same well-oriented
fault. Shear and normal stresses on the well-oriented fault change from z; and oy, to 72 and oy,
respectively. This means that the frictional strength changes according to the change in
differential stress. The brown arrow (from point 1 to point 2) shows the simplest CFS process
(stress path). Note that we assume a simple example of loading conditions with a constant
minimum principal stress. The process leading to an earthquake (stress path) is more complicated.

In summary, the process of overcoming a frictional strength differs between injection-
induced seismicity and natural earthquakes. In the injection-induced seismicity case, the stress
state (differential stress) is constant, but the pore pressure controls the initiation of failure. On the
other hand, in the natural earthquake and laboratory experiment case, stress is the driving force.
Thus, the physical meaning of CFS depends on the context. For injection-induced seismicity,
CFS is just a different form of Ap. But for a natural earthquake, CFS correlates with differential
stress (so, shear and normal stress). Therefore, CFS is a valuable parameter to correlate with the
b-value in the natural earthquake setting (Gulia et al., 2018; Scholz, 1968). However, in the
injection-induced seismicity setting differential stress is constant, we can expect no correlation
between Ap (CFS) and b-value, because Ap (CFS) cannot influence differential stress.
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3 Field Overview and Data
3.1 The Basel EGS Project

To investigate the b-value dependency on geomechanical parameters, we took the unique
opportunity to study high-quality microseismic data and in-situ stress information from the Basel
Enhanced Geothermal System (EGS) project. In 2006, hydraulic stimulation was performed for
the injection well: Basel-1, to create an artificial geothermal reservoir. Geothermal Explores Ltd.
(GEL) operated the entire project, including hydraulic stimulation and microseismic monitoring.
Hydraulic stimulation lasted about six days beginning 2™ of December 2006, and 11,500 m® of
water were injected into basement granite. The open-hole section of the injection well (4629—
5000 m) was subject to stimulation, which resulted in fluid penetrating the surrounding granite
formation through several permeable zones. A maximum wellhead pressure of 30 MPa was
measured at a flow rate of 3300 L/min (Héring et al., 2008). Microseismic activity started when
the wellhead pressure reached around 10 MPa. Then, roughly a 1 km? artificial reservoir had
been created. On the 6™ day of the stimulation, the largest induced seismic event, M., 3.51,
occurred despite a reduction in flow rate (Haring et al., 2008). This event was widely felt by the
locals in Basel and invoked further risk analysis of the EGS project, which finally lead to a
shutdown of the project.

Results from the Basel project have materially contributed to the understanding of
induced seismicity. This EGS project was carried out in an urban area. Accordinglly, a
sophisticated microseismic monitoring system was set up to observe the effects of the
stimulation. Seismic velocity calibration, detailed borehole logging, and a dense surface network
for monitoring were employed based on the experience of another European EGS experiment at
Soultz (e.g., Baujard et al., 2014; Dorbath et al., 2009; Evans et al., 2005). The resulting data that
were collected from the Basel project led to many studies on broad range of topics (Bachmann et
al., 2011a; Catalli et al., 2013; Dyer et al., 2008; Folesky et al., 2016; Herrmann et al., 2019;
Kraft et al., 2009; Mukuhira et al., 2013; Terakawa et al., 2012; Ziegler & Evans, 2020).

3.2 Microseismicity

The GEL microseismic monitoring network consisted of six downhole stations and one
temporal station in the injection well. Three-component seismometers were installed in the six
downhole stations. One of the downhole stations was placed in the granite section starting from
2265 m from the surface, which contributed to constraining the depth of hypocenters. One
temporal station located in the injection well only operated for a few hours. Nevertheless, the
recovered signal from that sensor was utilized for velocity model calibration (Dyer et al., 2008;
Héring et al., 2008).

The GEL network captured around 13,000 events during and after stimulation, and
hypocenters were determined for around 3,000 microseismic events with robust picks in near
real-time (Dyer et al., 2008). Asanuma et al. (2007) also determined the absolute hypocenter
locations of the microseismic events and got results consistent with those of Dyer et al. (2008).
Then, Asanuma et al. (2008) applied a multiplet cluster analysis (Moriya et al., 2003), where
relative hypocenter locations were determined using the double-difference method (Waldhauser
& Ellsworth, 2000). The spatial error in the absolute hypocenter location was typically 40 m, and



267
268
269
270

271
272
273
274
275

276
277
278
279
280
281
282

283
284
285
286
287
288
289
290
291
292
293
294
295

296
297
298
299
300
301
302
303
304
305
306
307
308
309

manuscript submitted to JGR

the error in the relative location was less than 20 m. Like our previous studies (e.g., Mukuhira et
al., 2021a), the current study is also based on the seismic catalog originally provided by GEL.
That catalog contains the microseismicity that occurred from the start of the stimulation to June
2007.

The magnitudes of the microseismic events in our catalog are also based on the estimates
by GEL. GEL estimated moment magnitudes (M,,) from the amplitude of P-waves in the time
domain (Dyer et al., 2008), which were consistent with M,, estimates in the frequency domain
(Dyer et al., 2010). A detailed explanation can be found in Mukuhira et al. (2017), and relation
between M, to local magnitude was discussed in Bethmann et al. (2011).

Some of the larger induced seismic events were additionally captured by the surface
seismic network for monitoring natural earthquakes in Switzerland, operated by the Swiss
Seismological Service (SED). Deichmann & Giardini (2009) reported the first results of fault
plane solutions (FPSs) for several large events, and Terakawa et al. (2012) added more results of
FPS estimation using SED data. Many FPSs showed a strike slip type focal mechanism, and
some showed a normal fault type focal mechanism. In total, the FPSs of 118 large events are
available for geomechanical analysis.

We further employed the results of multiplet cluster analysis to make more fault
orientation information available. We applied multiplet cluster analysis to events grouped based
on their waveform similarity by using the coherence function. We sorted the events based on
similarities in their source functions (focal mechanism) and their Green functions (ray path and
source region). Typically, the relocated hypocenters of multiplet cluster events indicate a very
localized source region, and they delineated the shape of existing fractures. Many of the
multiplet clusters exhibited planar and streak shapes. Then, we applied principal component
analysis (PCA) to extract the normal vectors of the existing faults delineated by the multiplet
clusters (Asanuma et al., 2007; Mukuhira et al., 2013; Mukuhira et a., 2021a). The robustness of
the fault orientations obtained from cluster analysis is not as high as from the SED FPS, but they
are consistent with the stress state and natural fracture distributions from borehole logging
(Ziegler & Evans, 2020). Detail of the fault orientation information can be found in
supplementary information.

Figure 2 shows the basic characteristics of microseismic activity at Basel. In all panels in
Figure 2, the events that SED estimated FPSs for are shown with red circles. In the magnitude-
time correlation (Figure 2a), we can observe that larger events specifically occurred on the 5"
and 6" days. In Figure 2b, the depth migration of hypocenters is shown as a function of time.
The microseismic activity started around the 4600 m depth and migrated both up and down. The
larger events shown with red circles are located both shallower and deeper than the injection
zone before the 6.5 day. After shut-in on the 6" day, the largest event occurred in the deeper
part of the reservoir. The series of significant occurrences of large events was explained with the
redistribution of pore pressure during the shut-in phase and seismic activity during the shut-in
phase was peculiar to this field (Mukuhira et al., 2017). Figure 2c shows the hypocenter
distribution along the North-South cross-sectional view of the reservoir. We do not see a
significant local concentration in the hypocenters of the larger events. After the 11" day from the
start of stimulation, microseismic activity continued. The microseismic events occurred mainly
in the shallower part of the reservoir, and the microseismic cloud still expanded upward.
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For more details about fault orientations used in this study, please refer to our previous
studies (Mukuhira et al., 2017, 2018, 2021a), where the same fault orientation information was
utilized.

3.3 In-situ Stress Information

Basel is located at the southern end of the Rhine Graben and the fault system in the
region consists of NNE, ENE, and NW striking faults (Haring et al., 2008). The regional
earthquakes’ focal mechanisms suggest a strike-slip stress state with a NW-SE orientation of the
maximum horizontal stress (Sumax). Borehole breakout analysis was performed on the logging
images from the granite section of the deepest monitoring well (OT-2) and the injection well
(Basel-1). The results suggest that the estimates of the orientation of Symax from two boreholes
are consistent with an estimated orientation of N144E+14° (Héring et al., 2008; Valley & Evans,
2009).

Our previous studies (e.g., Mukuhira et al., 2021a) used the in-situ stress model proposed
by Valley & Evans, (2015). In this study, we use the updated in-situ stress model by Valley &
Evans (2019). We evaluated the effect of updated in-situ stress model on geomechanical
parameters (Supplementary information). Stress magnitudes were inferred from borehole
breakout analysis (Valley & Evans, 2019). The analysis resulted in an in-situ stress model as a
function of depth z in m where

Symax = 0.005z + 90 (@)
Shmin = 0.007z + 42

(9)

S, = 0.0249z

(10),

Here Shmin IS minimum horizontal stress. The unit for stress is MPa. The vertical stress S, was
estimated as lithostatic based on a density log (Valley & Evans, 2015). Symin and Symax Were
determined from borehole break out analysis considered with drilling induced tension fractures
and several failure criteria (Valley & Evans, 2019). This stress model is shown as a function of
depth in Figure 3a. As Sumax has a small gradient, a stress transition occurs at around 4550 m. So,
in the shallower part of the reservoir, the stress state is a strike-slip type, but in deeper parts of
the reservoir, the stress state is a normal-fault type. We calculate the differential stress at each
depth, as shown in Figure 3a. The differential stress decreases slightly with depth until the stress
state transition point, and then increases slightly again having larger value at deeper depth. The
variation in differential stress (39~49 MPa) is also caused by the small gradient of Symax.

We investigate the b-value dependency on the aforementioned geomechanical parameters
based on this stress model. We assume that this stress model is valid in the study area of the
reservoir, meaning that the stress state is laterally uniform, since our previous study showed
several types of evidence supporting laterally homogeneous stress state in the study area
(Mukuhira et al., 2017). We compute Ap and CFS under the assumption that all seismicity was
triggered by the increase in pore pressure. Here, we don’t consider other possible triggering
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mechanisms such as thermal stresses, static stress changes, and poroelastic stress effects. Our
study area is a 1 km? fractured reservoir, which was stimulated for one week by hydraulic
stimulation, so that considering the pore pressure increase by fluid flow as the main triggering
mechanism is a reasonable assumption (Mukuhira et al., 2017). We investigated the uncertainty
in the stress model based on statistics and its influence on Ap, we found that the possible
uncertainty in Ap with a friction coefficient of 0.6 was not negligilble, but comparison with other
physical constraints of the wellhead pressure proved that Ap values were reasonably estimated
and the uncertainty in Ap was not so significant (Mukuhira et al., 2017).

4 Results
4.1 Correlation Between Magnitude and Geomechanical Parameters

First, we investigated the correlation between geomechanical parameters and the event
magnitude. Figure 3b shows the depth distribution of event magnitudes, and we cannot observe
any significant magnitude trend with depth. We observed some events with M,,>2.5 in deeper
(>4900 m) and shallower (<4300 m) parts of the reservoir, but many of them occurred during the
shut-in phase (Figure 2b). Figure 3c shows the depth profile of resolved shear stress on fault.
There are two types of plots showing the shear stress estimated from FPS (orange) and cluster
analysis (blue). The linear streaks of blue markers are due to our assumption that all members of
a cluster have the same fault orientation, so events in the same cluster have similar shear stresses.
Furthermore, most of the clusters display vertical planar or streak shapes that lead to this plot
result.

To remove the effect of depth dependent differential stress, we introduce the measure of
normalized shear stress: NSS (Mukubhira et al., 2020a). Then, we can investigate the
geomechanical characteristics of the existing faults without influence of the slightly varying
differential stress. The NSS is the ratio between the shear stress and the maximum shear stress at
a depth of the event. So, in practice, we divide the shear stress value by half of the differential
stress (radius of Mohr stress circle). NSS indicates the relative height of the point showing the
stress state of the fault on the Mobhr stress circle. Note that 0.87, 0.76, and 0.71 are the NSSs
corresponding to the well-oriented faults for friction coefficients of 0.6, 0.85, and 1.0. Thus, by
using NSS (see Figure 3d) we remove the trend in the maximum shear stress in Figure 3c. The
observed maximum NSS starts deviating from 1 for depths>4550, suggesting that from the
reservoir deeper than 4550 m, the faults oriented to have higher NSS were not triggered for some
reason such as that sufficient pore pressure had not been reached or simply there were no such
existing faults.

Then, we compute Ap with equation (2) and CFS with equation (5). We used a friction
coefficient of 0.6 as in our previous studies (Mukuhira et al., 2017a, b). As with the case of the
depth dependency of shear stress, we observe a systematic decrease in the lower bound for Ap,
especially for depth>4550 m (Figure 4b), and a systematic increase in the upper bound for CFS
as a function of increasing depth (Figure 4c). Since the minimum Ap (green lines) at a depth
corresponds to the Ap of a well-oriented fault, these trends are showing the effect of the
differential stress. Differential stress corresponds to the diameter of the Mohr stress circle. If the
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Mohr stress circle becomes bigger, a well-oriented fault will have a shear slip for a smaller Ap in
general. We find that Ap values for some large events are away from the minimum Ap. However,
in the deeper part of the reservoir, most of the larger events occurred close to the minimum Ap.
Again, we observe slight deviation of the observed Ap from the minimum Ap expected based on
the stress model (green line).

We first directly compare event magnitudes with geomechanical parameters. Figure 5
shows the relationship between magnitude and the shear and normal stresses, and their
normalized forms. We also normalize the normal stress using the differential stress at the depth
of the event as (on-S3)/(S1-S3). The normal stress ranges from the minimum principal stress (Ss) to
the maximum principal stress (S1), so we normalized the absolute normal stress by the
differential stress (S;-Ss).

There is a clear correlation between NSS and magnitude in Figure 5a; e.g., big events
occurred along faults with high NSS. We found the same result in our previous work which used
an previous version of the in-situ stress model (Mukuhira et al., 2020). That observation was the
motivation to investigate the b-value dependency on shear stress. Note that the critical
relationship between geomechanical parameters and magnitude are not essentially influenced by
the difference of in-situ stress models (please refer to the supplementary information). The
correlation between absolute shear stress and magnitude in Figure 5b is clearer than that between
NSS and magnitude.

The relationship between magnitude and normal stress is shown in Figures 5c¢ and 5d. We
cannot confirm any significant correlation between magnitude and normal stress or its
normalized form. When shear slip occurs on a fault, the normal stress (effective normal stress)
has decreased to the frictional strength level. Even though the initial normal stress was high, it is
not relevant at the initiation of shear slip. Also, the normal stress works perpendicular to the slip
direction. Therefore, no correlation between magnitude and normal stress would be expected
from a static geomechanical point of view.

We further investigate the correlation between the magnitude and other geomechanical
parameters. Figure 6a shows the relationship between magnitude and differential stress. The
relationship shown here is similar to the depth magnitude relationship since the differential stress
is a function of depth though it is not a simple monotonically decreasing linear function with
depth. There is no clear correlation or tendency, with some large events occurring at a depth of
small differential stress, and we can see several larger events that occurred at depths where
differential stress > 46 MPa. The observations presented in Figure 6a are similar to Figure 3
since differential stress correlates with depth.

In Figures 6b and 6¢, we compare the magnitude with Ap and CFS. As we explained in
the previous section, Ap and CFS are essentially interchangeable, so we focus on Ap. The
magnitude distributes almost homogeneously with Ap. We may plausibly find a weak correlation
between Ap and magnitude from our visual observation, which is not entirely same with our
expectation from theory discussed in section 2.1. But the correlation is not as clear as the
correlation between shear stress or NSS and magnitude. This observed correlation is not
surprising since the definition of Ap includes shear stress as showed in equation (2), but the
correlation to the shear stress has been masked due to the effect of normal stress. We consider
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that still some part of the data resulted in this weak correlation (please see the supplementary
information for the liner relationship between shear or normal stress and Ap).

4.2 The b-value Dependency on Geomechanical Parameters
4.2.1 Method

In the previous section, we observed some correlation between magnitude and
geomechanical parameters from a simple comparison of the parameters and a visual check. To
further investigate those correlations and find the key parameter responsible for the b-value
dependency in the injection-induced seismicity setting, we checked the correlation between b-
value and geomechanical parameters.

In the following analysis, we estimate b-values with the maximum likelihood method (Aki,
1965; Utsu, 1999), and the binning size for magnitudes is 0.1. The uncertainty (standard
deviation) in the b-value is estimated with the method proposed by Shi & Bolt (1982).
Magnitude completeness (Mc) is also an important parameter for estimating the b-value. We use
a constant Mc for all b-value estimates. Of course, we could estimate Mc for each sub-catalog,
but Mc sometimes varies significantly between sub-catalogs, according to the events included in
it. Instead of estimating an optimal Mc for each sub-catalog, we choose several constant Mc
values (Mc=0.7, 0.8, 0.9, and 1.0). We will estimate the b-value for bins defined by a moving
window along each geomechanical parameter. Bins contain some events tht fall in multiple bins
according to the window size and shift, which suggests that our binning contains a moving
average effect. The bin size is constant and chosen to provide large enough event sample sizes.
We estimate the b-value only when the bin contains more than 100 events larger than Mc. We
show the number of the events used for b-value estimation along with b-value estimates in the
following analysis and we used much more than 100 events for b-value estimation in most of the
cases.

4.2.2 Depth

The b-value dependency on depth is examined in Figure 7. We estimate the b-values for
different depths at 100 m intervals with 200 m wide bins. From Figure 7b, the b-value shows a
higher value near the injection depth of 4600 m. The b-value at the shallow and deep parts of
reservoir have lower estimated values. In the depth of higher b-values, the number of events used
for b-value estimation is also larger. A large number of events occurred at a depth range close to
the depth of the injection point throughout the stimulation period resulting in the large number of
the events.

4.2.3 Normalized Shear Stress and Absolute Shear stress

Compared to our previous study (Mukuhira et al., 2021a), we investigate the b-value
dependency in a different way. We estimate the b-values every 0.05 NSS with a 0.2 bin width.
Figure 8a shows the correlation between the b-value and NSS, showing a clear dependency,
except for the case of Mc=1.0. The b-value increased after the bin center reached 0.9, but overall
dependency is evident as the correlation coefficients show. The number of events increases after
the bin center reaches 0.8 but still there are not so many events available for b-value estimation
in the case of Mc=1.0. This allowed b-value estimation only for NSS>0.75 for the case of
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Mc=1.0. There is a gap around NSS=0.4. This is due to the lack of data around NSS=0.4, as
shown in Figure 5a. These results, which were found using an updated in-situ stress model,

strongly support the conclusion from Mukubhira et al. (2020) that the b-value decreases with
increasing normalized shear stress.

Figure 8c shows the b-value dependency on absolute shear stress, where we estimate b
for every 1 MPa with 5 MPa wide bins. We can confirm a clear dependency here again except
for the case of Mc=1.0, for which there are not enough events to draw conclusions from. The
dependency is clearer than that for NSS as the correlation coefficients show. We considered that
NSS is better than absolute shear stress for characterizing b-value dependency since we can
ignore the minor fluctuation in differential stress, but absolute shear stress shows a clearer
correlation with magnitude from Figure 5a and 5b. Here absolute shear stress seems to show a
clearer correlation with b-value than NSS does.

4.2.4 Differential Stress

Figure 9a shows the estimated relationship between the b-value and differential stress,
where we estimate the b-value every 1 MPa with 4 MPa wide bins. The b-value shows a higher
value for differential stresses around 42—43 MPa. Then the b-value becomes lower for smaller
and larger differential stresses. This bahavior is originated in the correlation between the b-value
and depth as we discussed in 4.2.2. The differential stress is varied with depth (Figure 3a), and
the correlation of b-value to differential stress reflects the correlation of b-value to depth. From
these results, differential stress does not appear to be a good parameter to explain b-value
variability, which is consistent with our expectation and the fact that the observed range of
differential stress values is narrow.

4.2.5 Pore Pressure Increase & CES

Figures 9c and 9e show the b-value dependency on the relative stress index to the failure
in the form of Ap and CFS. Those figures 9c and 9e show the same tendency, although they are
bilaterally symmetrical. Both of them show weak correlations. In the case of Ap, we can observe
that the b-value does not change significantly at 9~19 MPa where a sufficient number of events
are available for b-value estimation. For higher Ap, the b-value increase can be observed only for
the lowest Mc case, where b-value estimation is less stable due to smaller number of events
triggered by higher Ap. We can observe the same behavior for CFS, and correlation is clearer in
the case of CFS probably because we used a wide window. Correlation coefficients between CFS
and the b-value show quite high values, but those between shear stress and b-value are much
higher. From this analysis, unlike our expectation, Ap and CFS appear to correlate with the b-
value. However, observed correlation is not as clear as that between NSS or shear stress and b-
value. It is difficult to interpret the weak correlation between Ap and the b-value since there is no
clearer correlation between Ap and magnitude as shown in Figure 6c.

5 Discussion

5.1 Shear Stress is Responsible for b-value Variation
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We found that NSS and shear stress clearly showed systematic correlation with the
magnitude of induced seismicity, and that the b-value also clearly correlated with NSS and shear
stress. The b-value dependency on NSS or shear stress was much clearer than the relationship
between the b-value and any other geomechanical parameters, including differential stress and
Ap. These observations strongly support and comprehensively follow up on the conclusion from
Mukubhira et al. (2021a) that the b-value is negatively correlated to NSS or shear stress.

The b-value is commonly considered to negatively correlate with differential stress in
natural earthquake and laboratory studies (Amitrano, 2003; Goebel et al., 2013; Scholz, 1968;
Scholz, 2015; Wiemer & Wyss, 1997). In our case, due to the difference in the tectonic loading
setting, the differential stress does not actively change during fluid injection. In fact, the inherent
differential stress variability in our stress model is around 10 MPa (differential stress range of
39-49 MPa), and the absolute value of differential stress in our model is considerably smaller
than the differential stress expected in a natural earthquake region (Scholz, 2015) and in lab
experiments (Amitrano, 2003; Goebel et al., 2013; Scholz, 1968). We did not observe a clear
dependency of the b-value on the differential stress, nor did we notice a simple correlation
between magnitude and differential stress. So, the differential stress is not the main cause of the
b-value reduction for injection-induced seismicity as we expected based on geomechanical
theory. This could be simply because the differential stress is nearly constant even though pore
pressure increases due to hydraulic injection.

The b-value dependency was initially discussed in relation to the relative stress index to
the failure (frictional strength) (Scholz, 1968). Following studies discussed b-value dependency
on differential stress. We already argued in section 2 that pore pressure which is the relative
stress index to the failure in the injection-induced seismicity setting does not function in the
same manner as differential stress or frictional strength in a natural earthquake case because pore
pressure cannot change the differential stress. CFS in injection induced seismicity setting purely
behaves as Ap. Pore pressure increase just prompts the failure. So, the pore pressure cannot
affect the b-value. This is also valid even in a natural earthquake settings since pore pressure still
cannot change differential stress. In contrast to our expectation, however, the b-value shows
some correlation to Ap, but the correlation between Ap and the b-value was not as clear as that
between shear stress and the b-value. Required pore pressure for failure is related to shear stress
by equation (2). Therefore, correlation between shear stress and the b-value can still be observed
in the form of Ap but the correlation is weakened by the effect of normal stress.

From the geomechanical theory and the observations, we conclude that, in an EGS or
injection-induced seismicity setting, b-value variation is significantly correlated to shear stress or
NSS rather than differential stress or Ap (or CFS). This is because the shear stress behaves as
differential stress, which correlates with b-value reduction in natural earthquake or laboratory
settings. In addition, Ap affect neither shear stress nor differential stress. So, we conclude that the
events from the faults oriented to have higher shear stress are the cause of the b-value reduction.
We would like to note that we found that NSS and the shear stress are essentially the same in the
in-situ stress setting of this study, although we introduced NSS to completely remove the
influence of depth dependent differential stress and stress state transition.

5.2 Dynamic Behavior of the b-value
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We have investigated b-value dependency using a static catalog and geomechanical data
without considering event times or location, apart from depth. We tested whether our first
conclusion that b-value reduction is caused by the events along high NSS faults is consistent
with the b-value variation in time and space. We can hypothesize that the b-value reduction
happens when more events occur along high NSS faults. The stress states of the faults that have
high NSS are plotted to the right of and higher on the Mohr stress circle than the point of a well-
oriented fault (Figure 1a). So, high NSS faults require a larger Ap than the minimum Ap for a
well-oriented fault, suggesting that the b-value should decrease with the relevant pore pressure
increase.

Figure 10 shows time series of the hydraulic injection parameters, magnitude, NSS, the
fraction of the number of events within different NSS ranges, and b-values. From Figure 10f we
can visually observe that many events occurred along high NSS faults. We don’t observe a
drastic increase with time in the number of events along higher NSS faults (Figure 10f). But the
fraction of events from lower NSS faults decreases with time, and it falls below 0.5 at 4.5 days,
suggesting that the majority of the event occurred from higher NSS faults (NSS>0.71).

We estimate the b-value every 0.5 days with a time window length of 1 day, as shown in
Figure 10c. The b-value appears to be nearly constant from the first until the 4th day of the
stimulation, and then, the b-value starts decreasing after 4.5 days when the wellhead pressure
reached 20 MPa. The b-value is still decreasing after the shut-in phase, and it starts increasing
after 8 days. In Figure 10d, we also estimate the b-value for each event occurrence time using the
previous 100 events. We observe dynamic variations in the estimated b-values. All of the b-value
results for each Mc show a decreasing trend toward the shut-in phase, which starts around 6.5
days. The b-values estimated with smaller Mcs show a very dynamic behavior, but the b-values
estimated with larger Mc =1.0 shows more stable behavior. This is because the inclusion of
larger events in a time window may affect the average of magnitude in maximum likelihood
estimation of the b-value (Aki, 1965).

Focusing on the period before the shut-in, we can observe that the b-value decreases with
the increase in wellhead pressure. This pressure increase can cause shear slip on the faults having
higher NSS values. The b-value reduction with increasing wellhead pressure and the increasing
number of events from higher NSS faults (Figure 10f) are synchronously correlated with respect
to time. So, our working hypothesis is verified by those observations. Note that the b-value
correlation to wellhead pressure should depend on the population distribution of existing
fractures since a larger Ap can cause not only higher NSS faults but also lower NSS faults to slip
as indicated with point 2 and 3 in Figure 1a. In this case, we could observe the correlation
between wellhead pressure and b-value, since there would be many existing faults having higher
NSS that would slip (Héring et al., 2008; Ziegler & Evans, 2020).

Another interesting observation is that the b-values significantly decrease before the
occurrence of the largest event in the shut-in phase on day7 (see Figure 2), even though the
wellhead pressure started decreasing due to the pressure bleed-off (Figure 10a, b). We
investigated the pore pressure migration behavior at the shut-in phase and found that pore
pressure still migrated farther at the edge of the seismic cloud (Mukuhira et al., 2017). The
significant b-value decrease before the largest event also would be correlated with the higher
NSS faults, which were activated by shut-in pore pressure migration. The significant drop of b-
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value around 6.5 days does not follow the same trend as before (Figure 10d). We also consider
that shut-in pore pressure migration enhances the b-value reduction. From our interpretation,
pore pressure redistribution during the the shut-in phase also cannot change the differential
stress, and it only enhances the occurrence of seismicity especially from the faults with higher
shear stress.

Bachmann et al. (2011, 2012) conducted an innovative seismo-statistical analysis of the
Basel microseismic data. They found a systematic decrease of b-value with time and distance
from the injection point, as the first case study of injection-induced seismicity. Bachmann et al.
(2012) employed a simple geomechanical model that included pore pressure migration that led to
a prediction of a variation of differential stress from 20 to 150 MPa by stress heterogeneity along
well-oriented existing faults. They concluded that the b-value variation was caused by variability
in differential stress. We have a different interpretation and we have reasons to support our stress
model (e.g., Mukuhira et al., 2017) rather than strong heterogeneity in in-situ stress. Considering
the fact that pore pressure cannot change the differential stress, the observed b-value variation
needs another explanation other than differential stress or pore pressure (wellhead pressure).
That is shear stress. We have shown that the shear stress correlates with b-value variation better
than any other geomechanical parameters. So, this study successfully extends the understanding
of the mechanism behind the correlation between pore pressure and the b-value, and provides a
profound understanding of the cause of the b-value variation for injection-induced seismicity.

5.3 b-value Behavior in Earthquake Swarms

Recently natural earthquake swarm studies discovered that fluid migration from a deeper
part of the crust played a very important role in swarm activity (e.g., Okada et al., 2015; Shelly et
al., 2016; Yoshida et al., 2016, 2017). The phenomena of natural earthquake swarms and
injection-induced seismicity have a lot of similarities, such as migration of hypocenters and
interaction with pore pressure. Yoshida et al. (2017) analyzed an earthquake swarm near the
Yamagata-Fukushima border after the 2011 Tohoku-OKki earthquake and found a correlation
between temporal changes in the b-value and frictional strength variation. Note that frictional
strength in their study is equivalent to our NSS since they assumed uniform stress conditions in
the study area, so the b-value correlation to frictional strength is caused by the variation of the
focal mechanism (Yoshida et al., 2017). This is exactly the same conclusion that we made for
our injection-induced seismicity observations. Therefore, despite the different data and different
approaches, both this study and Yoshida et al. (2017) found that b-value reduction can be caused
by events from high shear stress faults (frictional strength) instead of variations in differential
stress. Our concluisons apply to cases where we can assume a uniform stress state and a non-
tectonic triggering driving force such as fluid injection or pore pressure migration from
dehydration.

6 Conclusions
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We have investigated the correlation between the b-value and geomechanical parameters
using injection-induced microseismic data from the Basel, Switzerland, EGS project and in-situ
stress data acquired from borehole logging analysis. From the fault orientation and in-situ stress
information, we estimated the shear stress, normal stress, pore pressure increase, and Coulomb
failure stress for each existing fault that caused observed microseismicity. We considered that the
in-situ stress model was valid in the study area of a 1 km® reservoir and that all of the induced
seismicity was triggered only by pore pressure increase. So, we investigated the alternative
explanation for the b-value variation in injection-induced seismicity beyond the well-accepted
correlation between the b-value and differential stress, since the differential stress is nearly
constant for the Basel case.

From the simple comparison between magnitude of microseismic events and the
geomechanical parameters that we evaluated, we found that event magnitude systematically
correlated with the normalized form of shear stress and also shear stress. Other geomechanical
parameters did not show meaningful correlation with event magnitude. Then, we further
investigated this correlation with a b-value analysis. The b-value analysis demonstrated that the
b-value systematically correlated with the shear stress, but the b-value did not show a clear
correlation with other geomechanical parameters. Thus, we concluded that the b-value reduction
for injection-induced seismicity is caused by events from high shear-stress faults. We also
observed that the b-value decreased with an increasing number of events that had high shear
stress, which strongly supports our conclusion.

We have discovered that new relationship between shear stress and b-value variation in
the injection-induced seismicity case where significant variation in differential stress is not
expected. Due to the difficulty of stress measurement at the depths of most natural earthquakes,
the physics behind b-value variation had not been studied with reliable in-situ stress information.
This study fully utilized a unique opportunity to investigate the b-value dependency on
geomechanical parameters comprehensively by combining the seismological data and directly
measured in-situ stress data. The insights from this study fill the gap in the b-value physical
mechanism understanding from the laboratory scale to the field scale. This work may also
contribute to the safe operation of fluid injection in EGS, CCS (carbon capture and storage), and
unconventional reservoir development by avoiding unnecessary high wellhead pressure injection
that can reactivate faults of high shear stress. Using the NSS index would be the better way to
evaluate the b-value change by the occurrence of events from different faults without effects
from stress field change. We also would like to highlight the importance of in-situ stress
measurements, which provide invaluable information for seismic hazard assessment in reservoir
engineering and the scientific understanding of induced seismicity.
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Figure 1. Geomechanical theory described with the Mohr stress circle and the Coulomb failure
criterion for (a) injection-induced seismicity, and (b) natural earthquakes and laboratory
experiments. (a) A fixed Mohr stress circle, and a Coulomb failure criterion line shifting to the
right according to the pore pressure increase. Point 1 plotted on the Mohr stress circle shows the
stress state of a well-oriented fault. The shear stress (z;) and normal stress (on1) along this fault
are indicated with broken lines. Pore pressure increase to reactivate this fault is expressed as A p;
(the horizontal distance between the initial failure line and point 1). The Coulomb failure stress is
expressed as CFS; (the vertical distance between the initial failure line and point 1). Point 2
shows the stress state of a non well-oriented fault. Its geomechanical paremeters (zz, on2, A p2,
and CFS,) are shown in the same way as for point 1. (b) Small Mohr stress circle showing the
stress state before an earthquake (initial stress state) and bigger Mohr stress circle showing the
stress state when an earthquake (critical stress state) due to an increase in the maximum principal
stress (increasing the differential stress). Points 1 and 2 show the stress state of a well-oriented
fault at the initial stress state and the critical stress state.
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Figure 9. The b-value dependency on (a) the differential stress, (c) pore pressure increase, and
(e) ACFS. The size of the window used to estimate the b-value is 4 MPa for differential stress, 8
MPa for Ap, and 10 MPa for CFS, respectively. The lengths of the windows used are depicted
by the horizontal grey bars. (b), (d), and (f) show the number of events used for b-value



68  estimation for each parameter.
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73 Figure 10. Time series of various parameters. (a) Hydraulic record for the injection well. (b)
74 Magnitude. (c) b-value estimated every 0.5 day. (d) b-value estimated for every event using the
75 100 preceding events. (e) NSS of the events. (f) Ratio of the number of events occurring within
76  different NSS ranges.
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