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Key Points:

« We report a positive correlation between the Gutenberg-Richter b-value and the
rate of Coulomb stress change of induced earthquakes in Groningen.

« This trend is statistically significant and robust to changes in the mechanical model
used to calculate the stress changes.

« We interpret earthquake growth inhibition through a decrease of nucleation lengths
at high stress change rates.
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Abstract

Gas extraction from the Groningen gas field resulted in significant induced seismicity.

We analyze the magnitude-frequency distribution of these earthquakes in space, time and
in view of stress changes calculated based on gas production and reservoir properties.
Previous studies suggested variations related to reservoir geometry and stress. While we
confirm the spatial variations, we do not detect a clear sensitivity of b-value to Coulomb
stress changes. However, we find that b-value correlates positively with the rate of Coulomb
stress changes. This correlation is statistically significant and robust to uncertainties re-
lated to stress calculation. This study thus points to a possible influence of stress change
rate on the magnitude probability of induced earthquakes.

Plain Language Summary

Gas extraction from an underground reservoir in the Netherlands has induced sig-
nificant seismicity. We analyse how stress changes and the rate of stress changes influ-
ence the magnitude of these earthquakes. We find that more smaller earthquakes tend
to occur at higher stress change rates. Earthquakes triggered at a lower stress change
rate may thus grow to larger magnitudes than those triggered at high stress change rate.

This observation is statistically significant and independent of the method used to cal-
culate stress change.

1 Introduction

The factors influencing earthquake magnitude is a subject of active research. While
fault geometry (Stirling et al., 1996; T. H. Goebel et al., 2017) plays a role, it is com-
monly admitted that higher stresses promote larger magnitudes (Scholz, 1968, 2015; Schor-
lemmer et al., 2005; Riviere et al., 2018). The effect seems visible in examples of injection-
induced seismicity (Mukuhira et al., 2021, 2024) and seismicity induced by gas extrac-
tion at Groningen (Bourne & Oates, 2020; Kraaijpoel et al., 2022; Muntendam-Bos &
Grobbe, 2022). Here, we reanalyze the case of Groningen (Fig. la, b). The motivation
for this reanalysis is that previous studies have only considered annually averaged stress
changes, while in reality gas production is highly seasonal (Fig. S1). We use a geome-
chanical model calibrated with measurements of surface deformation to calculate stress
changes within and outside the reservoir with subannual resolution (Meyer et al., 2023;
Acosta et al., 2023) (Fig. S1). Hereafter, we present the setting and review previous stud-
ies of induced seismicity at Groningen. We then present our data and methodology and
discuss our results.

2 Overview of previous studies of induced seismicity at Groningen

The Groningen gas reservoir (Fig. 1) consists of a Permian porous (~20%) sand-
stone at a depth of 3 km (de Jager & Visser, 2017; Bourne et al., 2014). Reservoir thick-
ness increases from ~90 m to the southeast to ~300 m in the northwest (de Jager & Visser,
2017). Earthquakes were first detected in 1991. Seismicity rate increased until 2013, and
then decreased as extraction slowed (Muntendam-Bos & Grobbe, 2022) (Fig. 1d). Seis-
micity rate in space and time is related to reservoir compaction and can be reasonably
well forecasted (Bourne & Oates, 2017; Bourne et al., 2018; Candela et al., 2019; Richter
et al., 2020; Smith et al., 2022; Dempsey & Suckale, 2023; Kaveh et al., 2023). Several
studies have also examined the magnitude-frequency distributions (MFD) of these earth-
quakes (Kaveh et al., 2023; Zoller & Hainzl, 2022; Zoller & Holschneider, 2016; Bourne
et al., 2018). Estimating magnitudes is of foremost importance (Zoller & Holschneider,
2016; Bommer & van Elk, 2017), as they feed directly into risk analysis.



60 The MFD of earthquakes is commonly quantified using the b-value (Gutenberg &

61 Richter, 1944). The b-value gauges the number of smaller earthquakes relative to larger
62 ones, with high b-values indicating higher relative frequency of smaller earthquakes (Fig.
63 1c). In seismic hazard assessment, it is common to assume a stationary magnitude prob-
64 ability in time but with spatial variations. Variations in space have been identified at

65 Groningen (Kraaijpoel et al., 2022; Gulia, 2023; Boitz et al., 2024; Muntendam-Bos &

66 Grobbe, 2022), but other studies reveal possible variations in time. Bourne and Oates

o (2020) and Kraaijpoel et al. (2022) also report lower b-values at higher stresses. Their

68 findings are consistent with observations of b-value in the laboratory (T. Goebel et al.,
69 2013; Riviere et al., 2018) and the negative correlation between b-value and differential
70 stress observed for natural earthquakes (Scholz, 2015).

7 However, three lines of evidence potentially undermine the correlation between b-
7 value and stress at Groningen. First, the earthquakes appear to follow a spatial depen-
73 dence, as opposed to a stress change dependence. For earthquakes recorded within the

7 reservoir outline between 1991 and 2023, those associated with higher Coulomb stress

7 changes (CSC) occupy the center of the reservoir, where there is greater compaction, while

7 those with lower CSC occur towards the edges (Fig. 1b). While CSC follows this radial
7 pattern, the b-values do not. Muntendam-Bos and Grobbe (2022), Gulia (2023), and Kraaijpoel

78 et al. (2022) observe b-value increasing from the northwest to southeast, following the

7 pattern of reservoir thickness. The second line of evidence relates to temporal resolution.
8 Bourne and Oates (2020) and Kraaijpoel et al. (2022) use the Elastic Thin Sheet model
81 of Bourne and Oates (2017), calculating CSC on an annual resolution. However, gas ex-
8 traction and CSC follow a seasonal cycle (Acosta et al., 2023) that is not accounted in

83 either study. Third, b-value may instead be controlled by the rate of CSC. Gulia (2023)
84 observed a negative correlation between b-value and compaction rate, a quantity that

85 scales with stress change rate. We are thus motivated to revisit the relationships between
86 b-value and stress in the Groningen reservoir. To benchmark our findings with the ex-

87 isting literature, we also compute variations with time and space.

88 3 Data and methods

89 3.1 Data

90 We use the earthquake catalog of the Royal Netherlands Meteorological Institute

o1 (KNMI, 2023) and select earthquakes recorded between December 1991 and July 2023

P within the reservoir outline. This catalog contains 1487 events with local magnitudes be-

0 tween -0.18 and 3.60. The magnitude of completeness (M¢) decreased from ~1.50 to ~0.50
0 between 1991 and 2014 as seismic monitoring improved (Dost et al., 2017; Smith et al.,
% 2022).

96 3.2 Calculation of Coulomb stress change

o7 Stress changes throughout the reservoir are calculated based on monthly pressure

98 changes, the maximum temporal resolution of the available information on extraction

99 data (Oates et al., 2022; Acosta et al., 2023). We first use a vertical flow equilibrium model,
100 benchmarked with fluid pressure measurements at wells (Meyer et al., 2023), to calcu-

101 late pore pressure changes in the reservoir. From pressure changes, compaction and stress
102 changes are calculated using the geomechanical model of Smith et al. (2022) (see Text

103 S1). The reservoir is modeled as poroelastically deforming cuboids. Each cuboid is ~500

104 m in the horizontal directions and has a thickness equal to the local thickness of the reser-
105 voir. Probabilistic assessment of earthquake location by Smith et al. (2020) show that

106 the earthquakes’ depth distribution peaks just above the reservoir. We therefore sam-

107 ple the stress field at a depth of 5 m above the reservoir and at the center of each cuboid
108 in the horizontal plane. We hereafter refer to this sampling scheme as the reference model.
100 The reference model provides a good basis to predict the spatial and temporal varia-



110 tion of seismicity rate (Kaveh et al., 2023). To verify our results are robust to different

1 sampling locations in our model, we test additional sampling schemes (see Table S1).

12 For each earthquake, we estimate the Coulomb stress change (CSC) using the nor-
113 mal and shear stress change calculated at the nearest time-step and sampling location.

114 We assume a friction coefficient of 0.6 and a fault orientation optimally oriented for CSC.
115 We also estimate the time derivative of CSC using backward differencing with the pre-
116 vious month. This derivative is hereafter referred to as the CSC rate. CSC rate follows
17 a seasonal cycle, with the winters characterized by a higher rate due to greater extrac-

118 tion. However, CSC rate experiences a long-term decline from September 2015 (Fig. S1)
119 due to a year-round decrease (Smith et al., 2022) and an important reduction of the sea-
120 sonal swings in extraction activity (Muntendam-Bos & Grobbe, 2022). We therefore only
121 use earthquakes occurring before September 2015, when seasonal variations are strong

122 and probably well resolved.

123 3.3 Calculation of b-value

124 We use three methods to calculate b-value:

125 1. Maximum likelihood method (Aki, 1965), assuming a M¢ of 1.20.

126 2. Modified maximum likelihood method by Kijko and Smit (2012), accounting for

127 time-varying catalog completeness. We estimate the time-evolution of M from

128 Smith et al. (2022) (see Fig. S2).

129 3. A method proposed by van der Elst (2021) that uses the absolute values of mag-
130 nitude differences between sequential earthquakes, hereafter referred to as the “b-
131 absolute” method. Because method is insensitive to the Mo of the catalog, the

132 entire catalog can be used to better resolve b-value variations. We opt to use b-

133 absolute rather than b-positive, which uses only the positive magnitude differences
134 and therefore only half of the data. The b-positive method alleviates the fact that,
135 during an aftershock sequence, smaller events are obscured by the temporary in-
136 crease in seismic noise due to coda waves (van der Elst, 2021). In our case, the

137 proportion of aftershocks is small, making the possible bias negligible. We verify
138 this claim by checking that the b-positive and b-absolute methods yield values that
130 are generally consistent (Fig. S3).

140 These methods differ by how they address catalog incompleteness at low magnitudes.

141 This effect must be taken into account, as variation in the M with time could be a source
142 of bias.

143 For an ideal earthquake catalogue following a non-truncated Gutenberg-Richter dis-
144 tribution, all methods should yield the same b-value within uncertainties. In practice,

145 this might not be the case due to departures from the ideal log-linear MFD.

146 3.4 Variation of b-value with time, space, stress change, and stress change
147 rate

148 We compute variations in b-value with time, space, CSC, and CSC rate. We group
149 the earthquakes in overlapping bins with respect to each variable, in ascending order,

150 and calculate the b-value of each bin. For each bin, we randomly sample, without replace-
151 ment, a subset of earthquakes and calculate the b-value of each subset. We remove any

152 earthquakes below the M or the magnitude differences between sequential earthquakes
153 that are smaller than the catalog resolution. Even after sample removal, most bins and

154 subsets end up at sizes of ~150 and ~100, respectively. We conduct 50 iterations of sam-
155 pling, after which we calculate the median, 16th percentile, and 84th percentile of b-value
156 across all samples. We designate the median as the b-value of that bin.



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

When using the modified maximum likelihood method of Kijko and Smit (2012),
we divide each subset into groups of differing M. We calculate the b-value of each group
if it contains at least 10 earthquakes. We then use the average of these b-values, weighted
by the number of earthquakes per group, as the b-value of that subset.

4 Results

All three methods feature a gradient of b-value increasing from northwest to south-
east (Fig. S5). These observations are consistent with Muntendam-Bos and Grobbe (2022),
Gulia (2023) and Kraaijpoel et al. (2022). This gradient may be attributed to the de-
crease in reservoir thickness from northwest to southeast (Kraaijpoel et al., 2022), and
indeed, we also uncover a negative correlation between b-value and reservoir thickness
(Fig. S5d). This correlation between b-value and reservoir thickness is physically intu-
itive. Assuming seismogenic faults “cut through” the height of the reservoir, larger faults
would exist where the reservoir is thicker, allowing for larger events and hence a lower
b-value. However, the explanation for the higher b-values to the east and west is less clear.

We also find, as observed by Kaveh et al. (2023) and Gulia (2023), b-value increas-
ing and decreasing with time (Fig. 2). This pattern roughly matches that of seismicity
rate, which peaked in 2012-2015 (Fig. 1d). This faint agreement suggests that b-value
might depend on the stress rate, rather than stress, as seismicity rate correlates with stress
rate to the first order.

We do not see a clear variation of b-value with CSC (Fig. 2). However, when we
calculate CSC using the Elastic Thin Sheet model (Bourne & Oates, 2017), updated with
a monthly resolution, we recover the negative correlation between b-value and CSC ob-
served by Bourne and Oates (2020) (Fig. 2c). This negative correlation might originate
from the difference in spatial distribution between earthquakes at low and high CSC.

We do observe b-value increasing with CSC rate (Fig. 3a). From 10 Pa/day to 25
Pa/day, b-value increases from 0.6-0.8 to 0.9-1.1. Above 25 Pa/day, the b-value from the
maximum likelihood methods plateaus around those values, whereas the b-value from
the b-absolute method steadily declines to ~0.8 (Fig. 3a).

We test whether the correlation between b-value and CSC rate is robust to the sam-
pling locations within the mechanical model. Following Kaveh et al. (2023), we calcu-
late CSC rate at the edge of each cuboid and at depths of 1, 10, and 50 m above the reser-
voir (see Table S1). We also test whether our correlation holds when using the Elastic
Thin Sheet model of Bourne and Oates (2017) For all cases, we find a positive correla-
tion between b-value and CSC rate (Fig. 3b, S6), underscoring the robustness of our ob-
servation.

5 Discussion
5.1 Statistical significance of b-value correlation with stress change rate

We assess the statistical significance of the positive correlation between b-value and
CSC rate. We divide the catalog into two groups: a “low CSC rate” group below 15.7
Pa/day and a “high CSC rate” group above 15.7 Pa/day. A two-sample, two-tailed Kol-
mogorov—Smirnov test between these groups yields a K-S statistic of 0.078, correspond-
ing to a p-value of 0.154. The probability that the high and low CSC rate groups orig-
inate from the same distribution is thus 15.4 percent. To evaluate the probability of hav-
ing such dissimilar distributions by chance, if they are characterized by the b-value, we
also conduct a jacknife test. We calculate the b-value of each group and compare these
values to those calculated from random samples of half the catalog, taken without re-
placement. A total of 800 samples are taken. Figure 4a plots the distribution of b-values
calculated from each sample, alongside b-values calculated from the high and low CSC



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

rate groups, both of which fall on the edges of that distribution. The probability that

a randomly-selected sample of earthquakes has a b-value as low as that of the low CSC
rate group is 2.9 percent. Likewise, the probability for a b-value as high as that of the
high CSC rate group is 1.0 percent. All b-values are calculated using the maximum like-
lihood method with a M¢c of 1.2.

We also validate that the b-values of each group reflect their respective MFDs. Fig-
ure 4b shows the MFD of the randomly selected samples, as well as the low and high CSC
rate groups. These distributions are consistent with the trend in our estimated b-values.
The distribution of the high CSC rate group is steeper than that of the low CSC rate
group. Furthermore, the distribution of either group falls at the edges of the distribu-
tions of the randomly selected groups. We repeat the same analyses, but for the CSC
rates calculated using the Elastic Thin Sheet model (Bourne & Oates, 2017), and ob-
tain similarly convincing results (Fig. S7).

5.2 Is the b-value an adequate metric?

We acknowledge that the b-value might not be the best quantity to characterize
the MFD. Bourne and Oates (2020) argue that these distributions are better quantified
using a “taper” at higher magnitudes. However, in the case of the groups with high and
low CSC, the b-value is a better metric to characterize the MFD. This is evident upon
visual inspection of the MFD of each group. Earthquakes at low CSC rate taper from
M =~2.65, while those at high CSC rate taper from M =~2.95. These tapers alone,
however, are insufficient to capture the difference in MFD. The high CSC rate group
is characterized by larger b-values, which also reflect the steeper slope of its MFD (Fig. 4c).

We further verify the appropriateness of the b-value using K-S tests. We randomly
generate 1000 synthetic catalogs obeying the Gutenberg-Richter distribution (Li et al.,
2023), with b-values equal to that of the low and high CSC rate groups. We then con-
duct two-sample, two-tailed K-S tests between the synthetic and observed earthquakes,
to assess the probability that they originate from the same distribution. For both high
and low CSC rate groups, the vast majority of resulting p-values exceed 0.10, meaning
we cannot discount the possibility that both groups follow a Gutenberg-Richter distri-
bution (Fig. S8).

In any case, the difference in MFD calculated at high and low CSC rate cannot be
interpreted as a result of a different detection level. The shape of both distributions roll
over similarly at low magnitudes, indicating a similar detection level.

5.3 Possible mechanisms behind b-value variation with Coulomb stress
change rate

We find a positive correlation between b-value and CSC rate, but no significant cor-
relation between b-value and CSC when seasonal variations are accounted. Our obser-
vations therefore seem to contradict the numerous studies which show the influence of
stress on the MFD (T. Goebel et al., 2013; Scholz, 1968, 2015; Riviere et al., 2018; Tan
et al., 2019; Dublanchet, 2022; Ito & Kaneko, 2023; Bourne & Oates, 2020; Gulia, 2023;
Muntendam-Bos & Grobbe, 2022; Kraaijpoel et al., 2022; Mukuhira et al., 2024). The
effect of stress on earthquake magnitude might not be visible in our study because the
influence of CSC rate is dominant.

There is experimental evidence that stress rate can influence nucleation size, which
in turn affects magnitude. Guérin-Marthe et al. (2019) showed that the critical nucle-
ation length of laboratory earthquakes decreases approximately with the logarithm of
shear stress rate. Numerical experiments by Dublanchet (2020) show that decreasing nu-
cleation length likely inhibits earthquake growth, resulting in larger b-values. Assum-
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ing that increasing shear stress rate correlates with increasing CSC rate, our results may
indicate a decrease of nucleation length with increasing shear stress rate. We caution,
however, that this is merely speculation and that experiments involving both normal and
shear stress rate are necessary before definitive conclusions can be drawn.

5.4 Implications for seismic hazard and magnitude forecast

We demonstrate that the MED of induced earthquakes at Groningen varies in space,
possibly in relation to the reservoir thickness. Because the b-value seems to increase with
the CSC rate and plateaus, a conservative hypothesis for seismic hazard assessment would
be to assume a b-value at the lower end of the distribution (0.6-0.8). The prospective
forecast for the current plan to shut down production at Groningen by 2025 would, then,
not be very different from the forecast obtained by Bourne and Oates (2020) based on
the hypothesis of a correlation between annually averaged stress and the MFD. Since the
CSC will remain high in the future while the CSC rate will decrease (because of the de-
cision to shut down production), the two hypotheses would yield similar forecasts. They
would, however, diverge if variations in CSC and CSC rates were not anti-correlated. In
any case, the dependence of b-value on the CSC rate could be implemented in a stress-
based seismicity forecast like Kaveh et al. (2023).

We note that the b-absolute and b-positive values are smaller than the values ob-
tained with the other methods. This is probably because, to maximize the amount of
data used, we assumed that magnitude differences as small as (~0.01) can be resolved.
Assuming a resolution of 0.15 - 0.30 bumps up the b-absolute and b-positive values by
0.1, but the correlation between b-value and CSC rate remains the same. We therefore
caution the reader against taking the b-positive and b-absolute values at face value. Us-
ing the b-value determined from the b-positive or b-absolute method would overestimate
the hazard level at magnitudes higher than 2.

6 Conclusion

Earthquakes induced by gas extraction from the Groningen reservoir show system-
atic variations in b-value with space and Coulomb stress change rate. Spatial variations
can be largely attributed to reservoir thickness, while the variation with stress change
rate might be due to the effect of stress change rate on nucleation size. Whether the sen-
sitivity of b-value to stress change rate applies to induced seismicity in general is unclear
and probably worth further investigation.
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doi.org/10.5281/zenodo.11111736.
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Figure 1. (a) Setting of Groningen reservoir. (b) Reservoir outline with earthquakes between
December 1991 and July 2023. High CSC earthquakes are plotted in orange and low CSC earth-
quakes are plotted in blue. For consistency with Bourne and Oates (2020), stresses are annually
averaged. Triangles show well locations. (¢) MFD; red line corresponds to a b-value of 0.896. (d)
Time-series showing monthly rate of gas extraction (grey) and annual number of earthquakes
(red).
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Figure 2. (a) Time series of the number of earthquakes per year. (b) Variation of b-value
with time. Variation of b-value with CSC using the (c) reference model and (d) Elastic Thin
Sheet model. b-values are calculated using maximum likelihood (blue), modified maximum like-
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the b-absolute method yields b-values at extreme values of CSC rate, as the lack of limitation

by catalog incompleteness allows us to use more data. (b) Variation of b-value, calculated us-
ing maximum likelihood method (Aki, 1965). CSC rates are calculated using different sampling

schemes of the mechanical model and the Elastic Thin Sheet model (Bourne & Oates, 2017)

1.0

(Table S1), and normalized to a scale of 0 to 1. Shaded regions represent the 16th through 84th

percentiles of each bin.
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Figure 4. (a) Histogram of b-values for 800 randomly-generated samples (grey), alongside

b-values calculated when splitting the catalog into high (blue line) and low (orange line) CSC

rate. CSC rates are calculated using the reference model. Solid grey line shows mean b-value of

random samples, and dotted grey lines show 1-2 standard deviations from the mean. All b-values

are calculated using the maximum likelihood method. (b) MFD of randomly-selected samples

(grey), low CSC rate group (blue), and high CSC rate group (orange). (¢) MFD of earthquake

catalog, split into high (solid orange line) and low (solid blue line) CSC rate. Dotted dark blue

and red lines plot b-absolute values at low and high CSC rate. Dotted blue and orange lines plot

maximum likelihood b-values at low and high CSC rate.
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