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Abstract 20 

We hindcasted the seismicity rates and the next largest earthquake magnitude using seismic and 21 

hydraulic data from two hydraulic stimulation campaigns carried out in adjacent (500 m apart) 22 

ultra-deep wells in Finland. The two campaigns performed in 2018 and 2020 took place in the 23 

frame of St1 Helsinki project produced stable, pressure-controlled induced seismic activity with 24 

maximum magnitudes of MW 1.3 and 1.7, respectively. The seismicity rates were modeled using 25 

simplified physics-based approaches tailored to varying injection rates. This is the first time that 26 

this framework was applied to a cyclical injection protocol.  The next largest earthquake 27 

magnitude was estimated using several existing models from the literature. Despite the close 28 

proximity of the two hydraulic stimulations and associated seismicity, we obtained strongly 29 

different parameterization of the critical model components, questioning the use of a-priori 30 

seismic hazard analysis tools in the planning of a neighboring stimulation. The differences in 31 

parameterization were attributed to the contrasting hydraulic energy rates observed in each 32 

stimulation, small differences in the structural inventory of the reservoir and resulting seismic 33 

injection efficiency, and potentially to variations in the injection protocol itself. As far as the 34 

seismicity rate model is concerned, despite a good performance during the 2018 campaign, the 35 

fit during the 2020 stimulation was suboptimal. Forecasting the next largest magnitude using 36 

different models led to a very wide range of outcomes. Moreover, their relative ranking across 37 

stimulations was inconsistent, including the situation whether the best performing model in 2018 38 

stimulation was the worst performing one in the 2020 stimulation. 39 
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Plain language summary 40 

We modeled the seismicity rate and the next largest earthquake magnitude using seismic and 41 

hydraulic data from two stimulation campaigns with high-pressure injection, carried out in 42 

adjacent deep wells in Finland. The two campaigns took place in 2018 and 2020 in the frame of 43 

St1 Deep Heat (Enhanced Geothermal) project and led to prominent seismic activity with the 44 

largest earthquakes reaching magnitudes of MW 1.3 and 1.7, respectively. The seismicity rates 45 

were modeled using simplified physics-based approaches tailored to the cyclical injection rates, 46 

whereas the next largest earthquake was sequentially hindcasted using several existing models 47 

from the literature. Despite the close proximity of the two stimulation campaigns (500 m apart), 48 

they led to fundamentally different parametrization of most of the model-parameters. As a 49 

result, the models derived from the first stimulation could not be reliably applied to the second 50 

stimulation campaign, negating the use of a-priori seismic hazard analysis tools in the planning 51 

of a neighboring stimulation. In terms of real-time forecasting of the next largest magnitude, the 52 

applied models produced a wide range of magnitude estimates. Moreover, the latter estimates 53 

were sometimes inconsistent between the two stimulations, with the best performing model in 54 

2018 being the worst performing one in 2020. The observed modeling discrepancies were 55 

attributed primarily to differences in hydraulic energy, to geological and tectonic variations 56 

within the reservoir, and potentially to the variations in the injection protocol. 57 
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Introduction 62 

Enhanced Geothermal Systems (EGS) inject cold water into hot underground reservoirs, with the 63 

resulting hot water being then pumped up to the surface and used to power a turbine or a binary 64 

power plant system to generate electricity and/or heating. They are called “enhanced” because 65 

low-permeability reservoirs require man-made fracture networks to be established beforehand 66 

to enable the stable circulation of fluids between the injecting and producing well. The popularity 67 

of EGS have been increasing worldwide in recent decades, since they are considered a source of 68 

clean renewable base-load power and in principle they are deployable in a wide range of 69 

geological settings. The formation of EGS reservoirs, via permeability enhancement, can be 70 

accomplished through either chemical, thermal or hydraulic stimulation. The latter are the most 71 

common and considered the most seismogenic. During hydraulic stimulation, high-pressure 72 

fluids are pumped into the rock mass creating new fractures and thus fluid pathways, leading to 73 

the permeability enhancement and occurrence of associated microseismicity. Evolving pore fluid 74 

pressure interacts as well with existing nearby faults or fracture networks leading to earthquakes 75 

of potentially significant size. Large seismic events associated with development of EGSs display 76 

a negative socio-economic impact, posing a risk to the local infrastructure as well as safety of 77 

people, undermining the public acceptance of pending and future EGS projects (Giardini, 2009; 78 

Trutnevyte and Wiemer, 2017). In particular, seismicity from reservoir stimulations has 79 

contributed to the early termination of at least four EGS projects, e.g. in Basel (Häring et al., 2008; 80 

Bachmann et al., 2011), Pohang (Ellsworth et al., 2019), and in rare cases to building damages, 81 

https://www.zotero.org/google-docs/?uh7pqI
https://www.zotero.org/google-docs/?uh7pqI
https://www.zotero.org/google-docs/?RX3sEV
https://www.zotero.org/google-docs/?RX3sEV
https://www.zotero.org/google-docs/?nmu7m2
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injuries and even one death (Pohang MW 5.6). Therefore, the estimation of both the rate and 82 

amplitude of the generated seismicity is crucial for risk mitigation. 83 

 Assessment of the maximum possible magnitude or the next sequentially larger 84 

magnitude during fluid injection operations can be done in a probabilistic or deterministic way, 85 

typically using physics-based concepts. For example, the next record-breaking technique is 86 

deterministic, but based solely on seismic catalogs (Cooke, 1979), without any physics-based 87 

input. Probabilistic technique of (van der Elst et al., 2016) uses the seismogenic index concept 88 

(Shapiro et al., 2010). The method relies on the Gutenberg-Richter (G-R) Magnitude-Frequency 89 

Distribution (MFD) and the Poisson assumption. Deterministic methods uses physics-based 90 

concepts and combine information from the seismic catalog (e.g. spatio-temporal evolution of 91 

seismicity), industrial parameters (such as fluid volume, injection rate or injection pressure), and 92 

reservoir geomechanical properties, to name a few, into the assessment of the upper limit to the 93 

maximum magnitude (e.g. Shapiro et al., 2013; Hallo et al., 2014; McGarr, 2014; Galis et al., 2017; 94 

Li et al., 2022, see Supplementary Text S1). However, existing physical limits to specific model 95 

applicability, arbitrary choices regarding selection of the model parameters (Kwiatek et al., 2015), 96 

as well as uncertainties related to estimation of model parameters may substantially bias 97 

maximum magnitude estimates. Structural inhomogeneities frequently observed within one 98 

reservoir (distinct faults, fracture networks, varying lithologies, limits to formation thickness) may 99 

lead to spatio-temporal variations in the partitioning of input hydraulic energy into the seismic 100 

and out-of-the seismic band processes (Goodfellow et al., 2015; Bentz et al., 2020). This can 101 

invalidate modeling assumptions, such as  time-invariance of the MFD parameterization (cf. 102 

discussion in Igonin et al., 2018; Kozłowska et al., 2018), or space-invariance of the energy 103 

https://www.zotero.org/google-docs/?ZEarxr
https://www.zotero.org/google-docs/?DP5O72
https://www.zotero.org/google-docs/?gKuOoq
https://www.zotero.org/google-docs/?swZYej
https://www.zotero.org/google-docs/?swZYej
https://www.zotero.org/google-docs/?L2VSW0
https://www.zotero.org/google-docs/?5PSBhc
https://www.zotero.org/google-docs/?eaLzKG
https://www.zotero.org/google-docs/?eaLzKG
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partitioning, that is typically represented with time-dependent quantities such as the 104 

seismogenic index (Shapiro et al., 2010) or seismic efficiency factor (Hallo et al., 2014). In an 105 

applied real-time forecasting scenario, understanding the relations between the structural 106 

complexity of the reservoir and its effects on the modeling parameters is then of crucial 107 

importance.   108 

Exploitation of an EGS often involves drilling multiple wells beforehand that will serve as 109 

heat exchangers. As the earthquakes are proxy for the damage in the crust (e.g. Main, 1991), 110 

detected clusters of microseismicity associated with fluid injection are frequently guiding the 111 

drilling of the second well, which then will be also stimulated enabling hydraulic communication 112 

between the (doublet) wells. In some geothermal sites, hydraulic stimulations have been 113 

performed in adjacent  wells, e.g. Soultz-sous-Forets, France (Charléty et al., 2007), Cooper Basin, 114 

Australia (Baisch et al., 2006; Hogarth and Heinz-Gerd, 2017), and Helsinki, Finland (Rintamäki et 115 

al., 2021; Kwiatek et al., 2022b). Accordingly, there is an intrinsic tendency to extrapolate the 116 

developed hazard assessment procedures and traffic light systems from one stimulation to the 117 

other assuming that the key seismo-mechanical modeling parameters are very similar. However, 118 

it is important to understand under which conditions this assumption and extrapolations are 119 

valid. 120 

In this study, we analyze the seismic data (Leonhardt et al., 2021a; Kwiatek et al., 2022a) 121 

collected from two stimulation campaigns performed in 2018 and 2020 in Helsinki, Finland, in 122 

the frame of St1 Deep Heat project (Ader et al., 2019; Kwiatek et al., 2019, 2022b; Hillers et al., 123 

2020; Leonhardt et al., 2021b; Rintamäki et al., 2021; Holmgren et al., 2023). For both campaigns, 124 

we use simple physics-based semi-empirical models to hindcast the evolution of the seismicity 125 

https://www.zotero.org/google-docs/?rsJ5QK
https://www.zotero.org/google-docs/?VN8qOK
https://www.zotero.org/google-docs/?dGYkRG
https://www.zotero.org/google-docs/?BSYp0X
https://www.zotero.org/google-docs/?n6rb00
https://www.zotero.org/google-docs/?aqp4ld
https://www.zotero.org/google-docs/?aqp4ld
https://www.zotero.org/google-docs/?iQT55U
https://www.zotero.org/google-docs/?d7473F
https://www.zotero.org/google-docs/?d7473F
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rate, the magnitude frequency distribution, and the next largest earthquake. We find how fine-126 

grain changes in the reservoir structural inventory, common (yet crude) modeling assumptions 127 

and changes in the hydraulic input may lead to misleading interpretations even in the apparently 128 

simple case of pressure-control induced seismicity associated with two adjacent hydraulic 129 

stimulations. 130 

Data and methods 131 

Overview of site and stimulations campaigns 132 

The St1 Helsinki site consists of two wells OTN-3 and OTN-2 (Figure 1). The deeper OTN-3 well 133 

reached 6,100 m b.s.l. Last 1,000 m of the well was an open-hole dipping 45° towards the NE. 134 

Well OTN-2 located ca. 500 m NW from OTN-3 was drilled parallel to the OTN-3 reaching the 135 

depth of 5,765 m b.s.l. The bottom hole section of OTN-2 well started at 4.9 km depth. 136 

The seismic monitoring network in both stimulations constituted of 12 3-component 137 

4.5 Hz geophones located in boreholes of 0.3 - 1.1 km depth, located 0.4 – 11 km away, 138 

surrounding the project site to ensure azimuthal coverage. This network was complemented with 139 

a borehole array of up to 12 3-component 15 Hz geophones installed in vertical portions of OTN-140 

2 (2018 stimulation) or OTN-3 (2020 stimulation) well at approximately 2.7 km depth (see 141 

Kwiatek et al., 2019, 2022b for details).  142 

Between June 2018 and August 2018, a massive stimulation campaign was performed 143 

over 60 days in the inclined portion of the OTN-3 well in 5 stages, separated with inflatable 144 

https://www.zotero.org/google-docs/?TLY1w9
https://www.zotero.org/google-docs/?TLY1w9
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packers (Kwiatek et al., 2019). A total volume of 18,160 m3 of water was injected over 50 days 145 

into the crystalline basement rocks to create the reservoir around the bottom part of OTN-3 well. 146 

The stimulation was flow-rate controlled with varying injection rates 400-1200 l/min and 147 

wellhead pressures reaching 95 MPa. The injection was performed in a quasi-cyclic manner, 148 

where the fluid injection performed at constant rates were alternated with resting periods. 149 

Towards the end of stimulation, the resting periods were progressively elongated responding to 150 

enhanced seismic hazard. Second stimulation campaign was performed in May 2020 over 16 days 151 

in the open-hole section of OTN-2 well (e.g. Rintamäki et al., 2021; Kwiatek et al., 2022b), but the 152 

active fluid injection was maintained only for half of the time. A total of 2,875 m3 of water (16% 153 

of that injected in 2018) was injected to establish communication between the two wells. The 154 

maximum wellhead pressure did not exceed 70 MPa with injection rates kept at a low level of 155 

400 l/min. Later phases of the 2020 injection were characterized by a repetitive pattern of ~1.5 156 

hr intervals of constant rate injection, followed by 1.5 hr of resting period. 157 

The full seismic catalog of the 2018 stimulation contains 55,707 detected and 5,456 158 

located events (with observed maximum moment magnitude MW=1.7) originating from the direct 159 

vicinity of the stimulated volume of rocks (Leonhardt et al., 2021a). The catalog of the 2020 OTN-160 

2 stimulation consists of 6318 detected and 72 located events (maximum observed MW=1.3 161 

(Kwiatek et al., 2022a).  162 

The seismicity of 2018 and 2020 shared common features (see Kwiatek et al., 2022b and 163 

references therein). The radiated seismic energy and seismicity rate evolved following the 164 

hydraulic energy rate with a short time lag. The seismic activity tended to cease within 1 week 165 

following the shut-in phases. The temporal evolution of the maximum observable magnitude was 166 

https://www.zotero.org/google-docs/?J10R9H
https://www.zotero.org/google-docs/?e92z9G
https://www.zotero.org/google-docs/?YAwggS
https://www.zotero.org/google-docs/?FlONaR
https://www.zotero.org/google-docs/?D5R8Oy
https://www.zotero.org/google-docs/?D5R8Oy
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found to qualitatively follow pressure-controlled models (e.g. van der Elst et al., 2016; Galis et 167 

al., 2017; see also discussion in Bentz et al., 2020). No signatures of runaway behavior were 168 

observed. However, the two seismicity datasets display visible differences as well. The seismic 169 

injection efficiency, the ratio of seismic-to-hydraulic energy (Maxwell, 2011; Goodfellow et al., 170 

2015) of 2018 stimulation is approximately 3 times larger than that observed in 2020 stimulation 171 

(see Fig. 3c in Kwiatek et al., 2022b). The staged 2018 OTN-3 stimulation formed four major 172 

clusters along the last 1-km long portion of the injection well that expanded during the 173 

stimulation following the diffusion law (e.g. Shapiro et al., 2002, see also Leonhardt et al., 2021b), 174 

whereas the open-hole section 2020 stimulation of OTN-2 well led to a single dominant cluster 175 

that did not give clear signatures of spatial expansion.  176 

Data analysis 177 

For the purpose of this study, the local “Helsinki” magnitude from input catalogs (Leonhardt et 178 

al., 2021a; Kwiatek et al., 2022a) has been first converted to seismic moment and then to 179 

moment magnitude (see e.g. Kwiatek et al., 2022b for details). The magnitude of completeness 180 

for both seismic catalogs has been selected to limit already identified effects related to day-night 181 

background noise variations and transient noises related to injection operations (Kwiatek et al., 182 

2019, 2022b). As shown in Kwiatek et al. (2022b), ignoring temporal variations in completeness 183 

may lead to a seismicity that significantly deviates from the non-stationary Poissonian process. 184 

To suppress undesirable effects related to varying completeness, we selected very conservative 185 

bounds of MW,C=-0.5 and MW,C=-0.8 for the entire seismicity catalog of 2018 and 2020 stimulation 186 

campaigns, respectively, leading to selection of  N=24,296 and N=2772 earthquakes for the 187 

https://www.zotero.org/google-docs/?7WtikH
https://www.zotero.org/google-docs/?7WtikH
https://www.zotero.org/google-docs/?R2n61d
https://www.zotero.org/google-docs/?R2n61d
https://www.zotero.org/google-docs/?SAzqf8
https://www.zotero.org/google-docs/?BEED0y
https://www.zotero.org/google-docs/?Gyg6vr
https://www.zotero.org/google-docs/?Gyg6vr
https://www.zotero.org/google-docs/?0Rnnca
https://www.zotero.org/google-docs/?EYxuDS
https://www.zotero.org/google-docs/?EYxuDS
https://www.zotero.org/google-docs/?Mkrcbs
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analysis. The lower magnitude of completeness reached in the 2020 stimulation was due to the 188 

lower overall noise level of the pumping system visibly reducing the detection threshold, as well 189 

as improved AI-aided processing techniques (see Kwiatek et al., 2022b for details).  190 

The b-value was estimated based on maximum likelihood statistics (assuming a Poisson 191 

process), and by bootstrapping 1000 catalog-samples to account for measurement/conversion 192 

uncertainties behind the cataloged magnitudes (assumed to have a normally distributed 193 

standard deviation of 0.2). The magnitude binning interval was 0.1. The b-value was computed 194 

following two different assumptions for the maximum size of an arrested rupture. First, we 195 

assumed an unbounded maximum magnitude, in line with the classic formulation of the 196 

Gutenberg–Richter (G-R) relation, and we employed the regression by Weichert (1980). Then, 197 

following the finite-volume (FV) formulation of Shapiro et al. (2013), we assumed that a rupture 198 

can nucleate only within the stimulated rock-volume and cannot propagate outside of it. This 199 

applies a geometrical constraint on the size of any rupture. As a proxy for the stimulated rock-200 

volume we use a fitted ellipsoid around the evolving seismicity cloud (e.g. Kwiatek et al., 2015) 201 

to represent the expanding triggering front during pore-pressure diffusion (Supplementary Text 202 

S1).  203 

The seismicity rate was modeled using semi-empirical models from the literature. During 204 

increasing or stable injection rates, we used the Seismogenic Index (SI) model (Shapiro et al., 205 

2010, p.20; Mignan et al., 2021), while during decreasing injection rates we used the modified 206 

Omori decay function (Langenbruch and Shapiro, 2010). The SI model was originally developed 207 

for hydraulic fracturing stimulations (Shapiro, 2015), but has been generalized to any type of fluid 208 

injection operation (Grigoratos et al., 2020, 2022). The original SI model is a modified version of 209 

https://www.zotero.org/google-docs/?aMKjCp
https://www.zotero.org/google-docs/?5iDNGV
https://www.zotero.org/google-docs/?DDSwvj
https://www.zotero.org/google-docs/?ju0YrL
https://www.zotero.org/google-docs/?QzOVWu
https://www.zotero.org/google-docs/?QzOVWu
https://www.zotero.org/google-docs/?b2y2aB
https://www.zotero.org/google-docs/?TrQfZ0
https://www.zotero.org/google-docs/?z3NLXs
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the G-R relation. The simplified physics-based formula predicts that the total number of induced 210 

events (above the magnitude of completeness, MC) is proportional to the injected fluid volume, 211 

which is considered a proxy for pore-pressure perturbation. The ratio of proportionality is then 212 

governed by the parameter Σ, the Seismogenic Index. The SI model is a 1D point-source model 213 

applicable to non-decreasing pore-pressure conditions, and it does not consider poroelastic 214 

stress transmission (Segall and Lu, 2015) or earthquake interactions. When the injection rate 215 

drops significantly, during cyclical injection or after shut-in, the decay rate of seismicity can be 216 

approximated by the Omori law (Langenbruch and Shapiro, 2010), which originally describes the 217 

decay rate of aftershock activity after tectonically driven earthquakes (Omori, 1894). The law 218 

states that the number of aftershocks (𝑁) in a given time period (𝑡) after the main shock is 219 

proportional to 𝑡−𝑝, with common values for p ranging around 1. For induced seismicity, this 220 

decay function depends on the fracture strength, with p normally being larger than 2 221 

(Langenbruch and Shapiro, 2010).  222 

The calibration for the parameters Σ and p was performed using maximum likelihood 223 

statistics while assuming a Poisson process using the earthquake catalog and the injection rate 224 

as input data. For Σ in particular, the regression can be done either in the time-domain (assuming 225 

a pre-fitted b-value) or in the magnitude-domain (jointly maximizing the likelihood for b and Σ). 226 

In the former case, the rate of earthquakes above MC was binned based on 2-hour intervals and 227 

the b-value was obtained from the Weichert (1980) regression (bW). In the latter case, the 228 

regression assumed a bounded G-R curve, following the FV formulation (Shapiro et al., 2013), 229 

and simultaneously solved for the b-value (bFV), the Seismogenic Index (ΣFV), and the stress drop. 230 

The Omori p-value was always fitted in the time-domain.  231 

https://www.zotero.org/google-docs/?zRfoYd
https://www.zotero.org/google-docs/?Z84AHw
https://www.zotero.org/google-docs/?xbQVBS
https://www.zotero.org/google-docs/?1asPRI
https://www.zotero.org/google-docs/?KhVXOC
https://www.zotero.org/google-docs/?UGFJd3
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Finally, we tested how various models from the literature perform at directly estimating 232 

or simply constraining the size of the next largest earthquake. Some of these models use as key 233 

input the total injected volume (Hallo et al., 2014; McGarr, 2014; Galis et al., 2017; Li et al., 2022), 234 

while the others also require calibration of the SI (Shapiro et al., 2013; van der Elst et al., 2016). 235 

Notably, the Next Record-Breaking Event (NRBE) only uses the cataloged magnitudes as input 236 

(Mendecki, 2016; Cao et al., 2020; Verdon and Bommer, 2021). Further descriptions of all these 237 

methods, as well as their governing formulations, can be found in the Supplementary Text S1. 238 

We note that all the methods except for van der Elst et al. (2016) and NRBE assume self-arrested 239 

ruptures that are more or less contained within the volume of rocks affected by pore-pressure 240 

changes and do not exhibit characteristics of overextended runaway ruptures that release 241 

predominantly energy accumulated via tectonic strain.  Furthermore, all the methods except for 242 

Li et al. (2022) and NRBE assume that the MFD follows either a bounded or an unbounded G-R 243 

distribution. All the methods that employ the fitted b-value used the corresponding value of bW 244 

for that time-step, with the exception of Shapiro et al. (2013) which employs bFV. 245 

Results 246 

Quasi-stationary character of seismicity 247 

The regression for bW, Σ and p assumes that the seismicity data follow a nonhomogeneous 248 

Poisson process, which is often the case for hydraulic stimulations (Langenbruch et al., 2011). 249 

The seismicity associated with 2020 stimulation was found to follow a nonhomogeneous (quasi-250 

https://www.zotero.org/google-docs/?AjCu8o
https://www.zotero.org/google-docs/?vGXIFL
https://www.zotero.org/google-docs/?u73H6Z
https://www.zotero.org/google-docs/?oJMnA3
https://www.zotero.org/google-docs/?Fiq9d9
https://www.zotero.org/google-docs/?Bf1ZZy
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stationary) Poissonian process modulated by injection rates, with limited temporal clustering or 251 

anti-clustering, lack of magnitude correlations, and presence of exponential distribution of 252 

interevent times (cf. Kwiatek et al., 2022b). Kwiatek et al. (2019) reported that the 2018 253 

seismicity associated with OTN-3 stimulation displayed limited clustering with ~88% of 254 

background seismicity following the Poissonian processes. To complete this analysis we followed 255 

Kwiatek et al., (2022b) and selected a subset of the 2018 seismic catalog and analyzed whether 256 

it follows a quasi-stationary Poissonian process using magnitude correlation and interevent time 257 

ratio statistics (Supplementary Text S2). We conclude that both catalogs display properties of 258 

nonhomogeneous Poissonian processes (see Figures S1-S2 and Supplementary Text S2).  259 

Calibration of model-parameters 260 

Fig. 1cd shows the G-R magnitude-frequency distributions and b-value estimations using the two 261 

formulations (unbounded and bounded). For the entire 2018 dataset, the classical G-R curve 262 

results in bW = 1.43 and Shapiro’s FV formulation results in bFV=1.33 (Fig. 1c). The bounded FV 263 

approximation seems to provide a much better fit at larger magnitudes, which matter the most 264 

for seismic hazard. The entire catalog from 2020 stimulation is characterized by bW=1.51 and 265 

bFV=1.41. This time, the FV approach did not visibly improve the fit mainly because the G-R 266 

distribution displays a self-similar behavior. Fracturing of the entire extent of the stimulated rock 267 

volume would result in a maximum magnitude 𝑀𝑌 = 2.1, a value almost identical to the one 268 

obtained for 2018 (𝑀𝑌 = 2.0). This is despite the fact that the 2020 stimulation had a slightly 269 

higher bFV, much lower Σ values and much lower observed maximum magnitude. The stability of 270 

MY, i.e. of the projected maximum magnitude from the FV approach, is noteworthy. 271 

https://www.zotero.org/google-docs/?VjICDL
https://www.zotero.org/google-docs/?o7jBmz
https://www.zotero.org/google-docs/?RsbEYq
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Figure 2 shows temporal evolution of the b-value and SI (the p-value temporal evolutions 272 

are shown in the Supplementary Figure S3) for the two stimulation campaigns. The 2018 273 

stimulation resulted in steadily increasing b-value during the first two weeks from bW=1.2 to 274 

bW=1.4 (Fig. 2a). This is followed by a stationary period until the end of the stimulation and 275 

regardless of the employed regression method. For the 2020 stimulation, the b-value started 276 

from high values (bW=1.8, Fig. 2b) and rapidly decreased in the second phase of injection starting 277 

around May 13th. Like in the first stimulation, the b-value stabilized in the second half of the 278 

2020 injection campaign. When looking at the finite-volume regression of the b-value, bFV yields 279 

0.1 to 0.4 lower values in both years, with the largest deviations coming at the start of the 280 

stimulation campaigns. Notably, in 2020, bFV needed a lot less data to converge to the eventually 281 

stable b-value of around 1.4. 282 

The Σ values obtained from the FV constraints of Shapiro et al. (2013) and the classical 283 

time-series regression were not identical, neither for 2018 (ΣFV=-0.7; Σt=-0.4), nor for 2020 (ΣFV=-284 

1.4; Σt=-1.1) stimulations (Fig. 2cd). This highlights that the obtained estimates of the SI are 285 

sensitive to the paired b-value, which is in turn sensitive to the upper bound constraints of the 286 

MFD.  Overall, the fitted values of ΣFV were a little more stable in time, compared to those for Σt, 287 

as expected. Remarkably, the 2020 Σ values were overall much smaller than those observed in 288 

2018. This is in agreement with the observable discrepancy in seismic injection efficiency 289 

between the two stimulations (Kwiatek et al., 2022b), suggesting that the seismic process was 290 

somewhat less efficient (Maxwell, 2011; Goodfellow et al., 2015; Kwiatek et al., 2018)  in the case 291 

of 2020 stimulation. 292 

https://www.zotero.org/google-docs/?Gfko9V
https://www.zotero.org/google-docs/?tL2MzU
https://www.zotero.org/google-docs/?45S1vl
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The Omori’s law p-value ranged between p=1 and p=2.5 during the first three weeks of 293 

the 2018 stimulation (Fig. S3). Fluid-injection driven sequences usually have 2<p<10 294 

(Langenbruch and Shapiro, 2010). The higher this p-value is, the faster the decay of the seismicity 295 

rate. In the end, both stimulations eventually converged to a p=1, a typical value for tectonic 296 

sequences (Utsu et al., 1995; Schmid and Grasso, 2012), which is notable and somewhat 297 

unexpected. It implies that (given enough time) the entire perturbed volume reached a steady-298 

state of increased yet somewhat consistent stress levels.  299 

Hindcasting seismicity rates and maximum magnitude  300 

Having the key seismic catalog-derived parameters established for both stimulation campaigns, 301 

we start with the calibration of our seismicity rate model at 2-hour increments using the available 302 

data from the beginning of the stimulation on June 4th, 2018 and until about half of the 303 

stimulation period (Figure 3a, gray area). In the following, we hindcasted the remaining period 304 

with the injection rate acting as a known input variable. To the best of our knowledge, this is the 305 

first time that the Seismogenic Index model and the modified Omori-decay law have been applied 306 

to cyclical injection rates. Qualitatively, we find the model performance for 2018 stimulation very 307 

good, as it replicates well the amplitudes of the seismicity rate, both during increasing and 308 

decreasing injection rates. 309 

For the 2020 stimulation, we followed the exact same procedure and first calibrated our 310 

seismicity rate model through May 13th, 2020 (Fig. 3b) and then hindcasted the remaining days 311 

in a forward looking way. This time, the qualitative performance of the simulation visibly 312 

degraded with respect to that from the 2018 stimulation. First, the simulated time-series tends 313 

https://www.zotero.org/google-docs/?CTAUPQ
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to underestimate the observed seismicity rates. Second, the simulated rates do not seem to align 314 

well with the peaks of the observed seismicity rates, because the latter do not coincide with the 315 

local peaks in the injection rate. This results in a highly time-dependent Σt value for 2020, and 316 

thus in a poor forecasting performance. For this reason, we would favor the use of ΣFV and bFV 317 

(instead of Σt and bW) parameterization for this hindcasting exercise (cf. Figure S4).  318 

Figure 4 shows the evolution of the maximum observed magnitude and sequentially 319 

updated estimates of the next largest earthquake from different models from the literature. For 320 

the 2018 stimulation (Fig. 4a), the best performing models (minimal yet positive deviation) were 321 

the ones by Hallo et al. (2014), the NRBE and by van der Elst et al. (2016), the latter using default 322 

formulation. Both McGarr (2014) and Galis et al. (2017), the latter with γ derived from Σ (see 323 

Supplementary Text S1) largely overestimated the size of the largest event. Shapiro et al. (2013) 324 

performed well overall, but underestimated the most crucial record magnitude by about 0.4 325 

units. Finally, the approach of Li et al., (2022) did not yield realistic results, indicating that the 326 

assumptions made by the authors were not fully applicable to this stimulation. For the 2020 327 

stimulation, the best performing models were the NRBE, the version of van der Elst et al. (2016) 328 

with the lowered probability of exceedance and McGarr (2014). Shapiro et al. (2013) and the 329 

default formulation of van der Elst et al. (2016) performed generally well, but they 330 

underestimated the most crucial record magnitude jump around May 12th by about 0.6 units. In 331 

contrast to 2018, Hallo et al. (2014) delivered persistent and large underestimation of the 332 

maximum magnitude. Finally, Li et al. (2022), after an initial reasonable assessment of the 333 

maximum magnitudes for the first part of the stimulation campaign broke down in the second 334 

part of the stimulation. 335 

https://www.zotero.org/google-docs/?3fa7YC
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Discussion 336 

As part of the St1 Deep Heat project, two hydraulic stimulation campaigns were carried out in 337 

two neighboring wells in the Helsinki suburban area in 2018 and 2020. They resulted in transient 338 

permeability enhancement and no established communication between the wells due to 339 

heterogeneous conductivity of the formations (Kukkonen et al., 2023). Each stimulation led to a 340 

stable (pressure-controlled) seismic activity that could be managed by changing the injection 341 

procedures (see discussion in Kwiatek et al., 2019, 2022b). The seismicity responded to injection 342 

operations with the hydraulic energy being proportional to the seismicity rates. It displayed the 343 

prevailing properties of the background seismicity that are well described by a non-stationary 344 

Poisson process. In absence of significant b-value trends (cf. Fig. 2ab), limited earthquake-to-345 

earthquake interactions, and with injection into a distributed network of pre-existing fractures 346 

(Leonhardt et al., 2021b), the seismic hazard was controlled by the induced seismicity rates 347 

without the signatures of runaway behavior. This stable behavior of the St1 reservoir is different 348 

from other cases that display unstable (runaway) behavior associated with a combination of 349 

different factors, e.g. existing or emerging structural features (e.g. pre-existing major faults, see 350 

McGarr, 2014; Martínez-Garzón et al., 2018; Ellsworth et al., 2019), or earthquake-to-earthquake 351 

interactions (e.g. Schoenball et al., 2012; Brown and Ge, 2018; Shen et al., 2021; Verdecchia et 352 

al., 2021). It would be therefore expected that the seismicity associated with the two stimulations 353 

at the St1 Deep Heat makes a presumably ideal case to train, calibrate, test and optimize models 354 

of (adaptive) traffic light systems, as well as probabilistic and deterministic seismic hazard 355 

assessment tools. However, this study highlights distinct differences and difficulties in 356 

https://www.zotero.org/google-docs/?iAEYod
https://www.zotero.org/google-docs/?K5drdY
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constraining the model parameters, and in forecasting the seismicity rates and the next 357 

sequentially largest magnitude. 358 

Despite the fact that the two stimulation campaigns have been performed only 359 

approximately 500 m apart, key modeling parameters such as the Seismogenic Index (Σ) and at 360 

times the b-value (bW) were very different. Consequently, the relative performance of the models 361 

trying to capture the next largest magnitude was also very unstable (Fig. 4). For example, the best 362 

performing model in 2018, was the worst performing one in 2020. Only the NRBE and Shapiro et 363 

al. (2013) performed consistently across both stimulations. This means that using the first 364 

stimulation to fix relative model-weights (on a logic tree basis) to aid forecasting of the 365 

subsequent stimulations is not sustainable. 366 

The discrepancy in fitted Σ values between the two stimulation campaigns (cf. Fig. 2cd), 367 

could be attributed to the different stimulation protocol applied. The staged stimulation 368 

performed in 2018 should result in higher stress concentration near isolated portions of the well 369 

in comparison to the 2020 injection, where the stress would be distributed more uniformly along 370 

the open-hole section of the well. However, in the 2018 stimulation the isolation of stages was 371 

in fact not fully successful, as shown by a near-simultaneous activation of multiple clusters 372 

trending SSW-NNE after the injection began. In addition, the 2020 seismicity was in fact confined 373 

to a limited portion of the open-hole section of the well. Moreover, lack of significant interevent 374 

triggering in both seismicity catalogs, as well as ambiguous directivity of larger events (cf. 375 

Holmgren et al., 2023) suggest overall limited stress perturbation in the reservoir linked to its 376 

volumetric character and injection into the distributed network of parallel fractures (Leonhardt 377 

et al., 2021b; Kwiatek et al., 2022b). Therefore, it is more likely that the observable differences 378 

https://www.zotero.org/google-docs/?n4sVXz
https://www.zotero.org/google-docs/?n4sVXz
https://www.zotero.org/google-docs/?lF9zT6
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in Σ between the two stimulations could be related to the fine-grain differences in the structural 379 

settings, e.g. locally increased permeability and/or existence of preferably oriented/localized 380 

structures rather than the different injection protocol used. Indeed, apart from apparent spatial 381 

clusters of seismicity, larger events during 2018 stimulation tended to occur in a narrow SE-NW 382 

trending zone (see Fig. S4 in Leonhardt et al., 2021b). Kukkonen et al. (2023) concluded 383 

heterogeneous hydraulic conductivity was strongly affected by fracturing and local lithological 384 

variations of the rock mass with only a small fraction of the natural fractures open and 385 

conductive. This as well supports that within broader damage zones activated in the 2018 386 

stimulation there might be more localized structures enhancing Σ and hosting larger events.  387 

The arbitrary selection of the G-R relation may have severe consequences in the 388 

probabilistic seismic hazard assessment. While comparing the two different formulations for the 389 

G-R relation, it becomes immediately clear that seismicity from both stimulations display 390 

predominantly self-similar behavior at lower magnitudes (MW<0.8) and eventually quite similar 391 

b-values (Fig. 1cd). However, the 2018 catalog presents a roll-off of the G-R relation at higher 392 

magnitudes that is not visible in the 2020 data, likely because the 2020 magnitudes did not grow 393 

large enough for this to be observable due to the lower seismicity rates. Notably, the finite-394 

volume formulation of Shapiro et al. (2013) performs very well even when the 2020 data indicate 395 

a linear trend (Fig. 1d), and is remarkably able to identify the same potential roll-off magnitude 396 

(MY) as in 2018. Bootstrapping for magnitude uncertainty provides benefits to this analysis, 397 

distinguishing linear from non-linear trends via noise-reduction (Fig. 1d, Figure S5). We 398 

encourage wider adoption of this bootstrapping process. The use of bounded G-R model for the 399 

analyzed seismicity is also explainable in the context of limited extends to the fluid-perturbed 400 

https://www.zotero.org/google-docs/?mDnrXW
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zone originating from spatially varying fracturing and lithology (cf. Kukkonen et al., 2023), i.e. 401 

earthquakes cannot exceed the size of discrete damage zone, or with respect to the limited faults 402 

strength and lack of significant tectonic stresses (faults cannot slip beyond certain magnitude as 403 

they run out of the energy (cf. Kwiatek et al., 2019).  404 

The high b-value observed at the beginning of the 2020 stimulation may be of physical 405 

origin, suggesting low level of stress at the reservoir (b-value as stress-meter, e.g. Scholz, 1990; 406 

Schorlemmer et al., 2005). This could originate from a significant ML 1.2 earthquake that occurred 407 

two weeks before the 2020 stimulation during engineering operations in the well (see 408 

observations in Kwiatek et al., 2022b). Following this argument, low b-values observable during 409 

the initial days of the 2018 OTN-3 stimulation may be a signature of pre-existing (tectonic) 410 

stresses in the previously un-stimulated reservoir. Regardless, both stimulations resulted in fairly 411 

comparable b-values towards the end of stimulation campaigns. However, fundamental 412 

differences in Σ values between the two stimulations did not allow using training data from 2018 413 

stimulation to forecast the seismicity rate 500m away for the 2020 stimulation. This is despite a 414 

very good performance of the seismicity rate model during the 2018 campaign (Fig. 3a). The 2020 415 

stimulation was characterized by unexpected lags between the local peaks in the injection and 416 

seismicity rates and very unstable Σ values regardless of the fitting domain (Σt or ΣFV). 417 

Modeling of the next largest sequential earthquake magnitude led to an extreme range 418 

of forecasted values (Fig. 4).  That said, accounting for the data-driven and time varying b-value 419 

led to improved performance for the McGarr (2014) model, as expected. Using a fixed b-value of 420 

1 should be avoided, since it leads to overly conservative estimates. The modifications that Hallo 421 

et al. (2014) applied to McGarr (2014) worked very well in 2018, but failed completely in 2020. 422 
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Simplified, yet practical, formulation of Hallo et al. (2014) aimed to address the partitioning 423 

between seismic and aseismic processes by using Seismic Efficiency Factor (SEF) (Supplementary 424 

Text S1) calibrated from seismic data. Despite identical procedures applied in both stimulations, 425 

the 2020 yielded SEF values over 1 order lower than that from 2018. This led to a severe 426 

underestimation of the maximum magnitude, pointing out to the intrinsic difficulties in SEF 427 

assessment from the seismic data. The modifications that Li et al. (2022) applied to Hallo et al. 428 

(2014) were somewhat incompatible with both stimulation campaigns and should be treated 429 

with great caution. Finally, the default probability of exceedance behind the model of van der 430 

Elst et al. (2016) worked well in 2018, but was not conservative enough in 2020.   431 

The finite volume model of Shapiro et al. (2013) performed better as an alternative G-R 432 

formulation than as a real-time upper limit on the next largest earthquake. Interestingly, 433 

regardless of the stimulation campaign and the total amount of fluid injected, the maximum 434 

magnitude was eventually capped at around MW 2.0 (Fig. 1cd), which coincided with the red alert 435 

setup of the traffic light system during the 2018 (Ader et al., 2019) and the following 2020 436 

stimulation. Although the model failed in constraining the upper limit to the next maximum 437 

magnitude in real-time, it overall provided reasonable constraints on maximum size of event in 438 

the long run. The latter supports the use of relation between the spatial extension of the 439 

activated fracture network to calculate the general constraints on the largest earthquake. It also 440 

suggests that the total volume of fluid injected alone is a suboptimal field parameter for 441 

constraining the upper limit to the maximum magnitude in the St1 Helsinki project, favoring 442 

application of spatial proxy parameters (as in Shapiro et al., 2013) or perturbed volume/pore 443 

pressure increase (see eq. 1 in McGarr, 2014, p.2), as discussed e.g. for The Geysers field (Kwiatek 444 
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et al., 2015). However, an additional downside of Shapiro’s finite-volume approach is that it 445 

considers a single ellipsoid cluster of seismicity, which is clearly not true for the 2018 stimulation 446 

(Fig. 1a). Furthermore, the refined hypocenters we used were the result of heavy post-447 

processing; during real-time applications the extent of the seismicity cloud is poorly constrained 448 

and highly uncertain. 449 

The application of Galis et al. (2017) formulation with the key parameter 𝛾 derived from 450 

Σ (Supplementary Equation S11) led to a significant overestimation of the maximum magnitude 451 

in both stimulations, clearly because it has as prerequisite setting the b-value equal to 1. 452 

However, the temporal evolution of maximum observable magnitude closely followed Galis’ 453 

model when γ is calculated from four overall poorly constrained geomechanical and geometrical 454 

parameters (Kwiatek et al., 2019). We conclude that deriving γ from Σ can lead to overly 455 

conservative results if the real b-value is much larger than 1.  456 

Surprisingly, the best performing model across both stimulation campaigns was the one 457 

that did not utilize any hydraulic data, and only used the jumps between successive record-458 

breaking magnitudes as input. This implies that none of the other approaches has modeled the 459 

injection input in a consistently optimal way. Another advantage of the NRBE is that it does not 460 

assume any underlying statistical distribution (e.g. Poisson process or G-R curve), nor does it 461 

exclude the formation of runaway ruptures. We would encourage further utilization of this 462 

method by the scientific literature. 463 
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Conclusions  464 

This study combined the Seismogenic Index model and the modified Omori-decay law to forecast 465 

the induced seismicity rates of two hydraulic stimulation campaigns performed in the frame of 466 

St1 Deep Heat project in Helsinki, Finland. This is the first time that this framework was applied 467 

to a cyclical injection protocol. Furthermore, we also tested the performance of 8 existing models 468 

in capturing the magnitude of the next largest sequential earthquake. 469 

1. Despite the fact that the two hydraulic stimulations were performed ca. 500 meters apart, 470 

they resulted in different seismic responses attributed primarily to the contrasting 471 

hydraulic energy rates, but also to the fine differences in the structural inventory of the 472 

reservoir, and potentially to variations in the injection protocol. These led to difficulties 473 

in the assessment of key seismic hazard parameters such as the Seismogenic Index, the 474 

b-value and the boundary conditions of the magnitude-frequency distribution. As a result, 475 

simple extrapolation of model parameters and assumptions from one stimulation to the 476 

other was impossible, negating the use of a-priori seismic hazard and risk analysis tools in 477 

the planning of the second stimulation campaign. We conclude that real-time monitoring 478 

and modeling of induced seismicity remains a necessity. 479 

2. As far as the seismicity rate model is concerned, despite a very good performance during 480 

the 2018 campaign, the fit during the 2020 stimulation was suboptimal. The 2020 481 

stimulation was characterized by unexpected lags between the local peaks in the injection 482 

and seismicity rates, rendering the Σ values very unstable, regardless of the fitting 483 

domain. Notably, the finite-volume formulation of Shapiro et al. (2013) for the G-R 484 
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distribution performed consistently well in both stimulations, projecting the same 485 

potential roll-off magnitude (MY) regardless of the magnitude range present in each 486 

dataset. Finally, bootstrapping for magnitude uncertainty provided great benefits to our 487 

b-value analysis, despite the large number of events present in our catalogs. 488 

3. As far as forecasting the next largest magnitude is concerned, the models produced a very 489 

wide range of outcomes. Furthermore, their relative performance across stimulation-490 

campaigns was inconsistent. For example, the best performing model in 2018, was the 491 

worst performing one in 2020. Surprisingly, the best performing model across both 492 

stimulation campaigns was the one that did not utilize any hydraulic data, and only used 493 

the jumps between successive record-breaking magnitudes as input. This implies that the 494 

other approaches are not generalized enough to be able to handle common variations in 495 

the injection protocol. Perhaps, using an ensemble approach would yield more stable 496 

results. That said, the calibration of their relative weights cannot be performed once a-497 

priori, but rather needs to be dynamically updated in near real-time in a data-driven way.  498 

Data and resources 499 

This study used publicly available data (seismicity catalogs) from Leonhardt et al. (2021a) and 500 

Kwiatek et al., (2022a). 501 
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List of Figure Captions 705 

Figure 1. Overview of injection wells and seismicity associated with hydraulic simulations 706 

performed in 2018 (OTN-3) and 2020 (OTN-2). (a): Map view; (b): SW-NE-trending depth section 707 

along 45° (SW-NE) azimuth. The double-difference relocated seismicity from 2018 stimulation 708 

(Leonhardt et al., 2021b) is shown with circles color-coded with injection phases 1-5 into different 709 

sections of the OTN-3 well isolated with inflatable packers (sections are marked with 710 

corresponding color). The 2020 injection was performed in the open-hole section of the OTN-2 711 

well (magenta highlight), and the associated double-difference relocated seismicity (Kwiatek et 712 

al., 2022b) is shown with magenta circles and squares. The size of symbols reflects earthquake 713 

magnitudes. (c-d): Corresponding cumulative (solid black dots) and non-cumulative (open 714 

squares) MFDs and G-R fits following Weichert (1980) (solid black lines) and Shapiro et al. (2013) 715 

(dashed blue line) for 2018 and 2020 stimulation, respectively. 716 

 717 

Figure 2. Temporal evolution of the b-value (a,b) and seismogenic index Σ (c,d) for the two 718 

stimulation campaigns. (a,c): 2018 stimulation; (b,d): 2020 stimulation. (a,b): Grey circles and 719 

dotted lines represent seismic events and magnitude of completeness used, respectively. (c,d): 720 

Black solid line shows the seismicity rate above MC averaged over 2-hour bins. Corresponding 721 

temporal evolution of the p-value is shown in Fig. S3 722 

 723 

Figure 3. Hindcasted seismicity rates using the developed time-domain models, i.e. the 724 

Seismogenic Index (Σt, bW) and Omori’s law. Observed and simulated seismicity rates are shown 725 

with solid black and dashed dark magenta and red lines, respectively. Flow rate and well head 726 
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pressure is shown with dotted blue and brown lines, respectively. Time period used for 727 

calibration of the model is shown with a gray background. (a): 2018 stimulation (staged injection), 728 

(b): 2020 stimulation (open hole injection), cf.  Fig. 1. 729 

 730 

Figure 4.  Evolution of the maximum observed magnitude and sequentially updated estimates 731 

of the next largest earthquake from different models from the literature (see Supplementary 732 

Text S1 for details). (a): 2018 stimulation (staged injection), (b): 2020 stimulation (open hole 733 

injection). 734 
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Figure 4.  Evolution of the maximum observed magnitude and sequentially updated estimates 766 

of the next largest earthquake from different models from the literature (see Supplementary 767 

Text S1 for details). (a): 2018 stimulation (staged injection), (b): 2020 stimulation (open hole 768 

injection). 769 
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Supplementary Text S1: Models forecasting the next largest 
earthquake 

McGarr (1976, 2014) proposed a simple formula to compute an upper bound for the 

cumulative seismic moment that can be released during a fluid-induced earthquake 

sequence. 

∑𝑀0 = 2 ∗ 𝐺 ∗ 𝛥𝑉,  (S1) 

where G is the shear modulus, often assumed equal to 30 GPa, and ΔV is the net total injected 

fluid volume. The approach is based on volumetric changes inducing seismic slip in a linear 

fashion. It assumes that, on average, each fault patch is about half a seismic stress drop below 

the yield stress and so it only takes half as much stress change imposed by the volumetric 

change to induce seismic slip.  

Assuming a G-R relation, we can employ the b-value to convert this cumulative 

seismic moment into a single maximum magnitude, which is given by: 

𝑀0
𝑚𝑎𝑥 =

1−𝐵

𝐵

2𝜇(3𝜆+2𝐺)

3
𝛥𝑉,  (S2) 

where 𝐵 = 2𝑏/3. Assuming 𝜆 = 𝐺 and μ=0.6 leads to: 

𝑀0
𝑚𝑎𝑥 = 𝐺 ∗ 𝛥𝑉. (S3) 

Then, the corresponding moment magnitude can be derived as: 

𝑀𝑊
𝑚𝑎𝑥 =

2

3
𝑙𝑜𝑔10(𝑀0

𝑚𝑎𝑥) − 6.033. (S4) 

Modifying McGarr (1976), Hallo et al. (2014) introduced the Seismic Efficiency Factor (SEF) 

that accounts for partitioning of the elastic strain energy release associated with fluid 

injection into seismic and aseismic processes. SEF is a free parameter to be calibrated; in the 

case of a self-arrested rupture, it falls into the range 0 < SEFF ≤ 1. During a given sequence, 

we always used the maximum computed value for SEF till that time as the current one. Here, 

we apply Hallo et al. (2014) modification to the formulation of McGarr (2014), and not to the 

original 1976 equation, hence: 

∑𝑀0 = 𝑆𝐸𝐹 ∗ 2𝐺𝛥𝑉. (S5) 
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Li et al. (2022) introduced a further modification to the approach of Hallo et al. (2014). They 

first define as dM0 the difference between the upper limit of the ΣΜο (derived assuming Hallo 

et al. (2014) and the observed ΣMo from the earthquake catalog (at any given time t): 

𝑑𝑀0 = 2𝐺 ∗ 𝑆𝐸𝐹 ∗ 𝛥𝑉(𝑡) − ∑𝑀0 (𝑡). (S6) 

Then, they assume dMo is stored energy that could potentially be released as residual 

seismic moment in a single rupture. This results in: 

𝑀𝑊
𝑚𝑚𝑎𝑥 = (𝑙𝑜𝑔10(𝑑𝑀0) − 9.1)/ 1.5. (S7) 

The main benefit of using dMo is that one does not have to assume a G-R relation or fit a b-

value to derive the maximum magnitude estimate from ΣMo.  

Based on the premise that induced seismicity is Poissonian and follows the G-R 

distribution, van der Elst et al. (2016) showed that the peak of the posterior probability 

density function for the expected maximum magnitude can be expressed as: 

𝑀𝑚𝑎𝑥 =
1

𝑏
(𝛴 + 𝑙𝑜𝑔10𝛥𝑉), (S8) 

where b is the slope of the frequency-magnitude distribution and Σ is the Seismogenic Index 

(Shapiro et al., 2010). According to the Poisson statistics, this implies a 63% probability of 

observing this magnitude value (single occurrence). Of course, we can calculate magnitude 

values for any Probability of Occurrence (POE) using eq. S7. For comparison, we also show 

results for a 5% probability. 

𝑀𝑚𝑎𝑥 =
1

𝑏
(𝛴 − 𝑙𝑜𝑔10(−𝑙𝑛(1 − 𝑝𝑜𝑒) /𝛥𝑉)), (S9) 

Galis et al. (2017) proposed an estimate for the maximum moment 𝑀0
𝑚𝑎𝑥  that can be released 

during an arrested rupture based on the notion that such rupture is controlled by a 

competition between two sources of elastic energy: injection-induced fluid pressure and 

tectonic prestress. The contributions of these two sources are both positive. However, the 

energy contributed by injection-induced fluid pressure decays with increasing rupture size, 

whereas the energy contributed by tectonic prestress increases, thereby creating a trade-off 

between these two strain-energy sources. At the maximum arrest size, both contributions are 

comparable. The value of 𝑀0
𝑚𝑎𝑥  is dependent on the total net injected volume ΔV  with an 

exponent of 3/2, instead of slope equal to 1 that is characteristic of McGarr (2014) model. 
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The rest of the formulation includes various geomechanical parameters related to the target-

reservoir that can be combined in a single parameter 𝛾:  

𝑀0
𝑚𝑎𝑥 = 𝛾 ∗ 𝛥𝑉3/2. (S10) 

Galis et al. (2017), following the rationale of van der Elst et al. (2016), demonstrated that 

while assuming b=1, 𝛴 = 2/3𝑙𝑜𝑔10𝛾 − 6.07. Therefore, in order to estimate the maximum 

magnitude following Galis et al. (2017), at every iteration i, we computed an extra Σ value 

equal to: 

𝛴𝛾(𝑖) = 𝑙𝑜𝑔10 (
𝑁(𝑖)

10(−𝑀𝑐)𝛥𝑉(𝑖)
), (S11) 

that assumes a b-value of 1. N is the total number of events above Mc. 

The so-called “lower-bound” formulation of Shapiro et al. (2013) results in a maximum 

magnitude equal to: 

𝑀𝑚𝑎𝑥,𝐿 = 𝑙𝑜𝑔10𝐿2 + 2/3(𝑙𝑜𝑔10𝛥𝜎 − 𝑙𝑜𝑔10𝐶) − 6.07, (S11) 

where L denotes a characteristic scale of the stimulated volume, 𝛥𝜎 is a static stress drop, 

and C is a geometrical constant close to 1. For volumes perturbed by fluid injection that can 

be surrounded with ellipsoid with principal axes characterized by 𝐿𝑚𝑖𝑛 < 𝐿𝑖𝑛𝑡 < 𝐿𝑚𝑎𝑥, 

Shapiro et al. (2013) found that: 

𝐿 = [
1

3
(1/𝐿𝑚𝑖𝑛

3 + 1/𝐿𝑖𝑛𝑡
3 + 1/𝐿𝑚𝑎𝑥

3)]
−1/3

 (S12) 

often provides a good estimate of the characteristic scale. The values for 𝐿𝑚𝑖𝑛, 𝐿𝑖𝑛𝑡, 𝐿𝑚𝑎𝑥are 

derived from a fitted ellipsoid based on the seismicity cloud, while Δσ, Σ and b are derived 

jointly using grid-search maximum likelihood regression (Poisson assumption). 

The Next Record Breaking Earthquake (NRBE) is a method that estimates the upper 

bound of the next largest event expected to occur based on a given catalog of earthquakes. 

It does not rely on any injection data, nor does it assume any magnitude frequency 

distribution. It only uses the earthquake magnitudes and the magnitude of completeness Mc. 

It does not even need the hypocenters. It is estimated using order statistics on random 

variables (Cooke, 1979). First, we compute the jumps in record-magnitude between time-

ordered events above Mc. For example, if Mc is 1.5 and the observed magnitudes were 1.2, 
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1.5, 2, 1.7, 1.9, 2.2, 2.5, 2.1, 3.1, then the jumps were 0.5 [2 - 1.5], 0.2 [2.2 - 2.0], 0.3 [2.5 - 

2.2], 0.6 [3.1 - 2.5]. Next, we order the jumps from the smallest difference to the largest. The 

maximum expected jump 𝛥𝑀𝑚𝑎𝑥 is estimated to be:  

𝛥𝑀𝑚𝑎𝑥 = 2 ∗ 𝛥𝑀𝑛 − ∑𝑛−1
𝑖=0 [(1 −

𝑖

𝑛
)𝑛 − (1 −

𝑖+1

𝑛
)𝑛] ∗ 𝛥𝑀𝑛−𝑖      (S13) 

where 𝛥𝑀𝑖=1:𝑛 are the ordered magnitude-jumps. Then, the NRBE value is simply the 

observed maximum magnitude 𝑀(𝑚𝑎𝑥,𝑜𝑏𝑠) plus 𝛥𝑀𝑚𝑎𝑥: 

𝑀𝑁𝑅𝐵𝐸 = 𝑀(𝑚𝑎𝑥,𝑜𝑏𝑠) + 𝛥𝑀𝑚𝑎𝑥. (S14) 

  



Supplementary Text S2: Clustering properties of seismicity 
associated with 2018 OTN-3 stimulation. 

To investigate induced earthquakes interactions, we followed Kwiatek et al. (2022b) and 

calculated two additional statistical parameters derived from the representative portion of 

the seismic catalog associated with the 2018 hydraulic stimulation performed in the OTN-3 

well. The statistical measures included interevent time ratio and magnitude correlations and 

has been discussed in detail (Davidsen et al., 2012, 2017, 2021; Davidsen and Kwiatek, 2013; 

Kwiatek et al., 2022b). 

We selected the catalog above the magnitude of completeness (MC=-0.5) as used 

throughout this study, and then removed 12 events with small magnitudes (MW<0.3) that 

indicate duplicated events in the original catalog of Leonhardt et al. (2012). In the following, 

the catalog was constrained between the first event related to the stimulation (04 Jun 2018 

05:27 UTC and shut-in of the well (23 Jul 2018 07:30 UTC), i.e. it did not contain the post-

stimulation seismicity.   

We first tested for potential correlation between the magnitudes of the consecutive 

earthquakes. Statistically significant correlations between magnitudes in the analyzed catalog 

suggest that the population is not behaving as randomly drawn for the G-R distribution as is 

expected from a Poissonian process. The statistics is calculated as: 

𝛥𝑀 = [𝛥𝑀𝑖] = 𝑀𝑖+1 − 𝑀𝑖, (S15) 

where [𝛥𝑀𝑖] is the origin time ordered vector of magnitude differences. Following Davidsen 

et al. (2012), the probability density function (PDF), 𝑝(𝛥𝑀), built upon empirical 𝛥𝑀 vector 

is correlated once it significantly deviates from the distribution of magnitude differences 

which contains uncorrelated magnitudes 𝛥𝑀⋆, 𝑝(𝛥𝑀⋆). The latter PDF can be realized many 

times by reshuffling the order of magnitudes in the input empirical catalog which destroys 

any potential correlations. In the following, one can calculate the difference between the 

cumulative distribution function (CDF) of empirical 𝑝(𝛥𝑀 <  𝛥𝑚) and reshuffled data 

𝑝(𝛥𝑀⋆ < 𝛥𝑚) (cf. Kwiatek et al., 2022b): 

𝛿𝑝(𝛥𝑀) = 𝑝(𝛥𝑀 <  𝛥𝑚) − 𝑝(𝛥𝑀⋆ < 𝛥𝑚).  (S16) 

Magnitudes from empirical catalog will be correlated, if 𝛿𝑝(𝛥𝑀) deviate from zero baseline 

for any considered 𝛥𝑚. Statistically significant deviations from random distribution of 
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magnitudes in time may suggest existence of local-in-time accelerations or decelerations of 

seismic processes that are not expected from the stationary Poissonian process (e.g. 

accelerated seismic release or aftershock sequences).   

In addition, we calculated interevent time ratio statistics (Elst and Brodsky, 2010). This 

statistic uses the time-ordered origin times of earthquakes 𝑇 = [𝑇𝑖] = 𝑇𝑖+1 − 𝑇𝑖: 

𝑅 = [𝑅𝑖] = (𝑇𝑖+1 − 𝑇𝑖)/(𝑇𝑖+1 − 𝑇𝑖−1).  (S17) 

Here, for a (quasi-)stationary Poissonian process, the PDF of interevent time ratios 𝑝(𝑅) is 

expected to follow a uniform distribution. Deviations from the uniform distribution suggest 

earthquake clustering and anti-clustering in time, which is expressed by peaks of the 𝑝(𝑅) 

close to R=0 and R=1. To measure the statistical significance, we compare whether the 

empirical distribution 𝑝(𝑅) fits into the confidence intervals estimated from multiple 

realization of data samples built upon input data (with the same number of events as the 

empirical catalog) that are randomly distributed over time, i.e. following the Poisson process 

(cf. Kwiatek et al., 2022b). Short-time, statistically significant temporal clustering or 

anticlustering of seismicity deviating from that expected from quasi-stationary Poisson 

process may reflect accelerations or decelerations in the seismic process. 

Figures S1 and S2 present outcomes of the analysis for the 2018 catalog above the 

magnitude of completeness. The distribution of observed interevent time ratios (Fig. S2) is 

statistically indistinguishable from that expected from random distribution of events in time 

while considering 95% confidence intervals. In addition, the differences in the probability to 

observe a magnitude difference 𝑀𝑖+1 − 𝑀𝑖 < 𝛥𝑚 between observed catalog and its 

randomized versions are not significantly deviating from zero baseline while assuming 95% 

confidence interval for all 𝛥𝑚. This suggests that the observable magnitudes are behaving as 

randomly sampled from the G-R distribution.  The calculated statistics suggest that the 

seismicity catalog associated with stimulation of OTN-3 well is displaying properties of quasi-

stationary Poissonian processes for time and magnitude space. We note that in Kwiatek et al. 

(2019), the spatio-temporal clustering method following (Zaliapin et al., 2008; Zaliapin and 

Ben-Zion, 2013a) have been applied to the bottom-most cluster of induced seismicity 

revealing that this cluster display very limited clustering in time-distance-magnitude space. 

The separation of seismicity in time-distance-magnitude space following Baiesi and Paczuski 

(2004) metrics resulted in 88% background (explainable by Poissonian process) and 12% 
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clustered seismicity, which is significantly lower than that observed for tectonic seismicity (cf. 

Zaliapin and Ben-Zion, 2013a, 2013b).  
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Supplementary Figures 

Figure S1: Probability density function (pdf) of interevent time ratios for a subset of the 

catalog (MW>MC, MC=-0.5) associated with the 2018 stimulation (see Supplementary Text S2 

for details). Magenta areas correspond to 68% and 95% confidence intervals calculated using 

synthetic catalogs containing the same number of events as the observed catalog, but with 

events randomly distributed in time. The observed catalog (black dots) does not present 

significant clustering or (anti-)clustering for MW>MC. 

 

 



Figure S2: Differences in the probability to observe a magnitude difference 𝑀𝑖+1 − 𝑀𝑖 < 𝛥𝑚 

between a selected subset of the seismic catalog (MW>MC, MC=-0.5) associated with the 2018 

stimulation and multiple realizations of its randomized versions which do not present 

signatures of magnitude correlations (see Supplementary Text S2 for details). The magenta 

areas correspond to 68% and 95% confidence intervals.  

 

  
  



Figure S3. Temporal evolution of the Omori p-value(d,e) for the two stimulation campaigns. 

(a): 2018 stimulation; (b): 2020 stimulation. Black solid line shows the seismicity rate above 

MC averaged over 2-hour bins. For 2018 stimulation, after the third week, the p-value starts 

decreasing and eventually converges down to p=1. However, the temporal evolution of the 

p-value for the 2020 stimulation exhibited the exactly opposite trend. The observable p-value 

is very low (below p=1) at the beginning of the stimulation, but after a week it starts to 

converge to p=1. Estimations of p-values are quite sensitive to the selected size of the binning 

window (e.g. 2 versus 4 hours), and thus the conclusions we can draw are limited. 

 

 
 

 

 
  



Figure S4. Hindcasted seismicity rates using the Seismogenic Index model in the magnitude-
domain (ΣFV, bFV) and Omori’s law (time-domain). Observed and simulated seismicity rates are 
shown with solid black and dashed dark magenta and red lines, respectively. Flow rate and 
well head pressure are shown with dotted blue and orange lines, respectively. Time period 
used for calibration of the model is shown with a gray background. (a): 2018 stimulation 
(staged injection), (b): 2020 stimulation (open hole injection), cf.  Fig. 3. 
 

 
 

  



Figure S5: Example of magnitude-frequency distribution for 2020 without any bootstrapping 

applied to the cataloged magnitudes. Cumulative (solid black dots) and non-cumulative (open 

squares) distributions and G-R fits following  Fitted models by Weichert (1980) and Shapiro et 

al. (2013) are shown with solid black line and dashed blue line, respectively. 
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