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There is an ongoing discussion about how to forecast
the maximum magnitudes of induced earthquakes
based on operational parameters, subsurface
conditions and physical process understanding.
Although the occurrence of damage caused by
induced earthquakes is rare, some cases have
caused significant economic loss, injuries and even
loss of life. We analysed a global compilation
of earthquakes induced by hydraulic fracturing,
geothermal reservoir stimulation, water disposal, gas
storage and reservoir impoundment. Our analysis
showed that maximum magnitudes scale with
the characteristic length of pressure diffusion in
the brittle Earth’s crust. We observed an increase
in the nucleation potential of larger-magnitude
earthquakes with time and explained it by diffusion-
controlled growth of the pressure-perturbed part
of faults. Numerical and analytical fault size
modelling supported our findings. Finally, we
derived magnitude scaling laws to manage induced
seismic hazard of upcoming energy projects prior to
operation.
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1. Introduction
Fluid flow in the brittle Earth’s crust is largely maintained by pre-existing faults that are
well-oriented for being reactivated in the current tectonic stress field [1,2]. Most induced
earthquakes, in particular, the larger ones, occur on these critically stressed faults [3,4].
Injection, production, circulation and storage of fluids change the subsurface pressure and
stress conditions and reduce the frictional resistance to sliding. If sufficiently perturbed, faults
can slip, and the tectonically accumulated strain energy is released in induced earthquakes [5].

The occurrence of damaging induced earthquakes is rare. However, events like the 1967
Koyna, India, magnitude 6.3, the 2017 Pohang, South Korea, magnitude 5.5, the 2016 Pawnee,
USA, magnitude 5.8 and the 2018 Sichuan Basin, China, magnitude 5.2 earthquakes have shown
that induced seismicity can cause millions of USD in economic damage, injuries and even loss
of life [6–11]. Understanding the nucleation potential of larger-magnitude-induced earthquakes
is essential for the sustainable and safe application of energy technologies.

The maximum possible earthquake magnitudes that can be induced by the Enhanced
Geothermal System (EGS) stimulation, water disposal, hydraulic fracturing, gas storage and
reservoir impoundment are still under discussion [12–18]. Most frequently applied models
for injection-induced seismicity relate the maximum magnitude to the net-injected fluid
volume [12]. However, events like the M5.4 Pohang earthquake violate the hypothesis that
the maximum earthquake magnitude is governed by the volume of injected fluids [19].
Several anomalous hydraulic-fracturing-induced events suggest that the maximum magnitude
is ultimately limited by geology rather than operational factors [20,21]. Recently, it has been
shown that magnitude scaling with time after the start of fluid injection describes the maximum
magnitude data for injection-induced seismicity [22].

In general, pressure diffusion in the pore space and fracture network of rocks has been
identified as the dominant physical process triggering injection-induced earthquakes [23–29]. If
larger-scale and permeable faults [1,2] exist at a location, pressure will predominantly increase
along these faults. We adopt the working hypothesis that induced fault slip occurs along the
part of a fault that is destabilized by pressure diffusion. Moreover, if the pressure-perturbed
part of a fault is large enough, we assume that a runaway rupture can occur in agreement
with Galis et al., [14]. However, in this case, we also assume that the rupture length will be in
the order of the pressure-perturbed part of a fault. With elapsed time, after the start of energy
technology application, the pressure-perturbed part of the fault will grow. If no larger-scale
permeable fault exists at a location, we assume that ruptures are limited to the pressure-pertur-
bed rock volume [18]. The maximum possible length scale of fault rupture will be in the order
of the pressure perturbation.

Here, we developed a novel physics-based expression for the maximum magnitude of
induced earthquakes based on the two conditions outlined above: (i) if pre-existing, critically
stressed faults exist at a location, pressure diffusion occurs predominantly along the fault and
(ii) the maximum rupture of induced earthquakes is in the order of the pressure-perturbed part
of the fault (rock volume) at the occurrence time of an earthquake. According to these assump-
tions, the nucleation potential of larger-magnitude-induced earthquakes will increase with
elapsed time after the start of energy technology application. The later an induced earthquake
occurs, the larger it can grow.

Multiple physical mechanisms, including poro-thermo-elastic coupling, and stress changes
caused by seismic and aseismic fault slips, have been discussed to contribute to the occurrence
of induced seismicity [29–32]. Modelling studies at well-characterized injection locations show
that the relative significance of these mechanisms varies from site to site, depending on the
physical rock properties, reservoir structure, fault geometry, seismotectonic conditions and
distance from injection among others; but, pore pressure diffusion is considered to be the
primary mechanism for induced seismicity [28–30,32].
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The increase over time of the nucleation potential of larger magnitude events in our model
does not give information about the probability of induced earthquake occurrence. It describes
the maximum possible magnitude of an earthquake if it occurs. Our model can, for instance, be
applied for a physics-based tapering of the Gutenberg–Richter relation and for identifying the
maximum magnitudes to be used in seismic hazard and risk modelling prior to operation. The
probability rate of event occurrence is largely controlled by the volume of injected fluid as well
as the local seismotectonic conditions, and this will decline after the termination of operation
[10,27,33].

2. Data and methods
The characteristic length scale (Rc) of pressure diffusion in rocks is well understood [25] and is
controlled by hydraulic diffusivity (D) and elapsed time (T) according to

(2.1)Rc = 4πDT .

No significant increase in pressure, that is, no fault destabilization, is expected for distances
larger than Rc . If a larger-scale and permeable fault exists at a location, Rc can be considered as
the pressure-perturbed part of the fault. If no fault exists, Rc describes the size of the pressure-
perturbed rock volume. In both cases, we assume that the maximum possible rupture is in the
order of the characteristic size Rc of pressure diffusion. Note that this assumption includes the
case where only a significant part of a fault must be pressure perturbed to result in rupture of
the complete fault (runaway rupture). We applied diffusivities of D = 10−1 m2/s to D = 10−4 , the
value range reported for the upper brittle Earth’s crust [2], and we present the corresponding
growth of Rc with time T in figure 1a.

To understand diffusion-based moment magnitude MW  growth with time, we considered
well-accepted scaling relations between the radius R  of a circular rupture, seismic momentM0 , moment magnitude and stress drop (Δσ) [34–37],

(2.2)MW = 2
3 log10M0 − 9.1 ,   M0 = 16

7  R3Δσ .

If the rupture radius R is of the order of the pressure-perturbed radius Rc , the scaling of the
maximum magnitude with time is given by

(2.3)MWmax =  log10T + ΘDσ, ΘDσ = log10D + 2
3log10Δσ − 4.7281.

Here, we introduced the seismic nucleation constant ΘDσ . It is defined by hydraulic diffusiv-
ity and earthquake stress drop. Note that all units in our formulations are expressed in the
International System of Units. The seismic nucleation constant corresponds to the magnitude
having a nucleation time of 1 s (T = 1 s in equation (2.3)). The ΘDσ is a site-specific quantity
and controls the characteristic time needed to reach a subsurface state that allows an earthquake
of a given magnitude to occur. The nucleation constant ΘDσ effectively considers site-specific
tectonic stress conditions as well as the number, orientation and size of pre-existing faults.
The ΘDσ will increase with the number and size of critically stressed and pre-existing faults,
because the fault and fracture network control the bulk diffusivity considered in equation (2.3).
If no larger-scale and permeable fault is present at a location, the diffusivity will correspond
to the diffusion process in the pore space of rocks. It suggests that, in addition to operational
parameters, subsurface conditions must be considered to understand induced seismic hazards.

Considering a well-accepted average earthquake stress drop of 1 MPa [38] and the Earth’s
crust diffusivity range [2], we found that a fault size of 8 m, producing a magnitude M0
event, is pressure perturbed within 1 min – 15 h. It takes 1.5 h – 2 months to perturb a fault
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size of 80 m, resulting in a potential M2 earthquake. The characteristic size 800 m, an M4
earthquake, is pressure perturbed within 6 days – 16 years. Finally, a fault of 8 km radius,
capable of producing an M6 earthquake, is reached within 2 – 1700 years (see figure 1a). The
ΘDσ controls the site-specific nucleation time within the range given above. The larger ΘDσ, the
shorter is the nucleation time of an earthquake of a given magnitude. Note that equation (2.3)MWmax =  log10T + ΘDσ  does not explicitly work with the pore-pressure triggering assumption,
and it can be understood in a more general way. However, the nucleation constant ΘDσ may be
process specific.

3. Global compilation of maximum magnitudes of induced earthquakes
To support the derived scaling of the maximum magnitude (equation (2.3)) with time, we
gathered a global compilation of induced earthquakes caused by hydraulic fracturing, EGS
stimulation, water disposal, gas storage and reservoir impoundment (figure 1b). We found that
the maximum observed magnitudes of all analysed case studies fall within the diffusion-con-
trolled range (blue shaded area in figure 1b).

The damaging M5.5 Pohang earthquake is the most prominent case of violating the
maximum magnitude scaling with injection volume [12]. While the injected volume was less
than 1/500th of the amount expected to produce an M5.5 event [19], the earthquake fits well
into the pressure diffusion–derived time scaling (figure 1b). The Pohang earthquake is the
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Figure 1. Pressure-diffusion controlled rupture growth and observed maximum magnitudes induced by hydraulic fracturing,
EGS, water disposal, gas storage and reservoir impoundment. (a) Time T  of pressure diffusion to reach a distance (Rc)
according to equation (2.1). The blue shaded area shows the growth of the pressure-perturbed part of a fault Rc  with time
according to the diffusivity range of the brittle Earth’s crust (D =  0.1 m2/s to D =  0.0001). A fault size (8 m), a potential
magnitude M = 0 event, is perturbed within 1 min–15 h. A fault of radius 8 km, capable of producing a magnitude M = 6
earthquake, is perturbed in 2–1700 years. (b) Maximum observed induced earthquake magnitudes Mmax  for case studies
of hydraulic fracturing, EGS stimulation, water disposal, gas storage and reservoir impoundment. Each marker corresponds
to the maximum magnitude observed for one individual case study. The nucleation time T  corresponds to the time from
start of fluid injection or reservoir impoundment to occurrence of the maximum magnitude. All maximum magnitudes fall
within the pressure-diffusion-controlled range (blue shaded area). The dotted line shows the mean scaling of Mmax with
time (ΘDσ =   − 3.36, see figure 2). The data shown in B are included in the electronic supplementary material.
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largest event related to EGS stimulation, and it had the longest nucleation time (about 2 years)
of all EGS stimulation–induced earthquakes to date. It occurred about 2 months after the
injection had already been terminated. Pressure diffusion along faults continues even after
the injection had been stopped completely [10,26]. Larger-magnitude-induced events, like the
Pohang earthquake, occurred on pre-existing faults that were well oriented for being reactivated
by fluid injection [19].

The largest earthquake caused by hydraulic fracturing (Mw 5.2) occurred in December
2018 in the Changning shale gas field in the southwest Sichuan Basin, China [11]. Systematic
hydraulic fracturing in horizontal wells in the gas field began in 2014, resulting in a dramatic
increase in earthquake activity [39]. A nucleation time of 4–5 years fits well into the derived
magnitude scaling (figure 1b). We used the beginning of systematic hydraulic fracturing as
the start time, because detailed information about the injection operations in the field is not
available. Local stimulated reservoir volumes for specific boreholes or even stages are also
not available. In 2016, the largest earthquake (M5.8) caused by water disposal occurred in
Pawnee, Oklahoma [40]. Water injection in the region began about 18 years prior to the Pawnee
earthquake, which is in agreement with our diffusion-controlled maximum magnitude model
(figure 1b).

We also analysed the largest magnitude earthquakes caused by gas injection. Two M4.1
earthquakes occurred about 30 days after the start of gas injection into a depleted oil field at the
Castor injection platform offshore Spain in 2013 [41]. Within this time, a fault size of about 1.8
km was pressure perturbed according to equation (2.1) and D ≈  0.1 m2/s , which is in agreement
with the observed maximum magnitudes (figure 1b) and the order of reported diffusivity [41].

In addition to injection-induced seismicity, we analysed the maximum magnitudes of
earthquakes likely related to reservoir impoundment [6,7]. To our best knowledge, there is
no existing model explaining the maximum magnitudes triggered by reservoir impoundment.
Pressure diffusion has also been considered as the physical mechanism triggering these events.
The largest reported magnitudes at the Koyna reservoir (India) [6,7], the Polyphyto reservoir
(Greece) [42,43] and Lake Hebgen, Montana (USA) [44] are M6.3, M6.6 and M7.1, respectively.
Nucleation times of 5, 21 and 44 years after initial filling of the reservoirs fit well into the
diffusion-controlled model (figure 1b).
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4. Forecasting maximum induced earthquake magnitudes prior to operation
To develop and calibrate a first-order maximum magnitude model for induced seismic hazard
management of upcoming projects, we calculated the seismic nucleation constants (equation
(2.3)) of all analysed case studies shown in figure 1b. No assumptions about diffusivity or stress
drop are needed to calculate ΘDσ . The seismic nucleation constants show a value range between

ΘDσ = − 4.88 and ΘDσ = − 1.80 and a mean value of ΘDσ = − 3.36 (figure 2). As discussed, the
seismic nucleation constants correspond to the magnitudes having a nucleation time of 1 s.

Using the mean value of ΘDσ = − 3.36, we computed the expected maximum magnitude
scaling with time (table 1). For instance, based on the analysed case studies, maximum
earthquake magnitudes characterized by a nucleation time of 2 years show expected values
of M = 4.1. After 10 years, the expected maximum magnitude increases to M = 5.1. We also
define an upper-bound scaling of maximum magnitude of induced earthquakes based on the
90% level of calculated seismic nucleation constants ΘDσ = − 2.23  (see figure 2). Using the
upper bound we found maximum magnitudes about 1.1 units higher than the expected ones
(see table 1). Expected and upper-bound maximum magnitude scaling with time can be applied
for a physics-based tapering of the Gutenberg–Richter relation and for identifying maximum
magnitudes to be used in seismic hazard and risk modelling prior to operation. While our
model is calibrated using the collected maximum magnitude data, it considers the driving
physical process of pressure diffusion to forecast maximum magnitudes.

Forecasting single events (Mmax) is inherently associated with a large uncertainty. We find
that, for a given nucleation time, magnitudes can vary by ±1.5 based on the analysed data (see
figure 2). Also, note that our model does not include induced seismicity caused by hydrocarbon
extraction [45] and CO2 storage [46], because the physical processes triggering seismicity are
different in these cases and potentially require process-specific nucleation constants.
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Figure 3. Two-dimensional slices of injection-induced pressure increase caused by fluid injection into the three-dimensional
numerical-model scenarios. The figure shows the pressure perturbation at the time corresponding to a perturbed radius of
1000 m (M4.1 earthquake). (a) Case 1, a medium with a homogeneous diffusivity and no large-scale pre-existing fault zone.
An existing fault and fracture network is effectively included in the model by considering the bulk diffusivity of the medium.
(b) Case 2, a medium with a pre-existing and permeable fault zone at 50 m distance to the injection point. (c) Case 3, a
medium with a pre-existing and permeable fault zone that is located directly around the injection point. Depending on the
diffusivity structure of the numerical model, the nucleation time of the M4.1 event varies between 5 days and 25 years. The
three numerical models (cases 1–3) are characterized by seismic nucleation constants of ΘDσ = − 4.8, ΘDσ = − 3.2 and
ΘDσ = − 1.6 , respectively (see the electronic supplementary material, figure S2 and the electronic supplementary material
for details).
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5. Numerical pressure diffusion modelling
To understand how the diffusivity structure and pre-existing faults are related to the nuclea-
tion time of an earthquake of a given magnitude, we performed three-dimensional numerical
pressure diffusion modelling for three end-member cases: (i) fluid injection into a hydraulically
homogeneous three-dimensional rock volume without a larger-scale fault, (ii) injection close
to a larger-scale and permeable fault, and (iii) injection directly into a permeable fault (figure
3). Implementation of faults is realized by thin layers of increased diffusivity in the numerical
model (see the electronic supplementary material for details).

Based on the observation that induced earthquakes can be triggered by pressure increase
just above stress perturbations caused by the Earth’s tides (1–10 kPa), (e.g. [28,47,48]), we
defined the pressure-perturbed part of the fault, considering a pressure increase of ≥1000 Pa
(figure 3). In all three numerical modelling cases, we present the pressure perturbation at the
time the perturbed part of the fault reaches 1000 m (figure 3). A perturbed radius of 1000 m
corresponds to about a magnitude 4.1 earthquake (considering ∆σ = 1 MPa). Note that in the
numerical model case 1, pressure diffusion occurs only through the pore- and fracture-space
of the medium because no larger-scale and permeable fault exists. In this case, our model
considers that maximum ruptures are of the order of the pressure-perturbed rock volume (refer
also to [18]).

In case 1, injection into a low diffusivity medium without a fault, the nucleation time of a
magnitude 4.1 earthquake is about 25 years. If fluid injection is taking place close to a fault,
the nucleation time reduces to about 250 days. Finally, if fluid injection is taking place directly
into a permeable fault, the nucleation time corresponds to only 5 days. In terms of the seis-
mic nucleation constants, the three numerical models correspond to lower-bound (ΘDσ = − 4.8,
case 1), intermediate (ΘDσ = − 3.2, case 2) and upper-bound (ΘDσ = − 1.6, case 3) situations,
respectively. The diffusivity controlling the seismic nucleation constant (equation (2.3)) is the
bulk diffusivity of the medium that is pressure perturbed by the fluid injection. In agreement,
the bulk diffusivity controlling the seismic nucleation in numerical model case 2 is between
background and fault diffusivity (see also the electronic supplementary material, figure S2).

6. Discussion
Recently, the concept of runaway ruptures was introduced by Galis et al. [14]. In their model,
the authors assume that the pressure perturbation caused by a fluid injection is confined to a
reservoir of a characteristic size. Runaway ruptures are defined as ruptures propagating outside
of the confined reservoir. Our model is different, because we assume that if a critically stressed

Table 1. Maximum expected and upper-bound maximum magnitude scaling computed according to the mean and upper
bound (90% level) of ΘDσ (see figure 2) of case studies analysed in figure 1b.

nucleation time Mmax upper bound (90%) Mmax expected

1 h 1.3 0.2

1 day 2.7 1.6

1 week 3.6 2.4

1 month 4.2 3.1

1 year 5.3 4.1

2 years 5.5 4.4

10 years 6.3 5.1

100 years 7.3 6.1
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fault exists, it is likely permeable and the confinement of the pressure perturbation does not
exist. In our model, critically stressed faults are pathways for pressure diffusion and earthquake
sources. Our model does not rule out runaway ruptures, because our model assumes that only
a significant part of a fault (of the order of the rupture length) must be pressure perturbed to
result in the rupture of the complete fault.

However, our assumption of permeable critically stressed faults is supported by observa-
tions along boreholes. For instance, the PX-2 well at Pohang, South Korea, crossed the fault
that slipped 2 years later after the geothermal reservoir stimulation, and this resulted in the
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Mw5.5 earthquake. During drilling, more than 160 m3 of the drilling fluid was lost into the
fault and triggered microseismicity, demonstrating the high permeability and critical stress
state of the fault [19]. However, the permeability of faults strongly depends on the fault-zone
structure. Often, a low-permeability fault core exists and inhibits fluid flow across the fault.
The surrounding damage zone of faults is usually higher [49] and promotes fluid flow along
the fault. Damage zones of faults that are optimally oriented for slip in the current stress field
are often more permeable than damage zones of faults in less critical orientations because
healing and sealing processes have not yet progressed as far. However, we acknowledge that
based on experimental studies [50,51] and decades of hydrocarbon exploration [52–54], it is well
established that faults exhibit a range of different behaviours.

Our model results in monotonically increasing maximum magnitudes with time. Ultimately,
there will be an upper limit of the increase of Mmax. This limit is determined by the size of the
largest pre-existing fault at a location. Once this fault size is reached, the maximum magnitude
will not further increase. In addition, if the pressure and stress perturbations are confined to the
reservoir in the sedimentary cover, long-term injection or production of fluid will not result in
larger magnitudes. However, all case studies that show larger magnitudes (M > 4) correspond
to cases where faults in the crystalline basement have been reactivated. Confinement of the
pressure and stress perturbation to the sedimentary cover usually does not exist for long-term
fluid injections. Interestingly, induced seismicity related to long-term gas production in the
Groningen gas field, The Netherlands, is limited to the sedimentary reservoir and the maximum
magnitude of M3.6 is smaller than expected [45].

Finally, we present how our model can be used to estimate the induced seismic hazard and
risk of upcoming energy technology applications prior to operation. As an example, we discuss
the application to the Pohang and Basel EGS case studies. In both cases, a fluid volume of about
12 000 m3 was injected into the crystalline basement to stimulate the geothermal reservoir. In
the case of the Basel EGS, the injection was planned for a time of about 1 week. The injection
at Pohang took place in cycles over a 2-year period. Using the upper bound (90% level) of
the seismic nucleation constant (ΘDσ = − 2.23), we derive a maximum magnitude of Mmax = 3.5
for Basel and Mmax = 5.6 for Pohang (see equation (2.3) and table 1). Note that the estimated
magnitudes are close to what has been observed.

The calculated maximum magnitudes can be used for scenario risk modelling [55] prior to
operation using Prompt Assessment of Global Earthquakes for Response (PAGER) [56] or other
available modelling tools. In the electronic supplementary material, figure S3 shows the result
of a PAGER scenario model considering a magnitude 5.5 event at the location of the Pohang
EGS site. An M5.5 earthquake at the Pohang EGS site is expected to cause a direct economic
loss of $46M and there is a 34% probability of fatalities. This unacceptable risk level could have
been identified prior to operation. During the project, the registered seismicity can be used to
quantify the evolving risk based on the value at induced risk model as described in [55].

The classical Gutenberg–Richter law (log10 N ≥ M = a − bM) has no upper limit of the
maximum possible magnitude; b-value describs the scaling between small and large magni-
tudes, and a is the earthquake productivity. Some approaches introduce artificial magnitude-
tapering functions or magnitude cut-off values in the GR statistics [21,57,58]. In the resulting
truncated Gutenberg–Richter law, larger magnitudes are underrepresented and an upper
magnitude limit exists. We propose that our derived upper-bound maximum magnitude scaling
with time (ΘDσ = − 2.23) or the mean level of (ΘDσ = − 3.36) can be used for a physics-based
tapering of the Gutenberg–Richter law for induced seismicity. The derived nucleation constants
can be either used as a hard cut-off for the maximum magnitude or as the specific magnitude
for tapering the Gutenberg–Richter law (figure 4). For instance, exponential tapering can be
applied to the Gutenberg–Richter law according to studies [58–60],

(2.4)P M = β e−β M −Mc − γeδ M −Mm , M > Mc ,
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where P M  is the probability density of the Gutenberg–Richter law, β is related to the b-value
by β = log 10 b, Mc is the magnitude of completeness, Mm is a taper parameter that marks the
corner magnitude of the distribution and γ and δ are positive constants [21,58–60]. In the limit
of Mm ∞, the distribution reduces to the untapered Gutenberg–Richter probability density.

In figure 4, we present how the cut-off and tapering (equation (2.4)) approaches can be
applied using our maximum magnitude model. Note that the corner magnitude Mm and
the cut-off magnitude are time-dependent in our model (see equation (2.3)). Depending on
earthquake productivity and the choice of ΘDσ, we find that the tapering sometimes only
occurs for magnitudes above the maximum statistically expected magnitude (compare with
figure 4b,d, ΘDσ = − 2.23). It means that the truncation of the magnitude distribution sometimes
cannot be identified by a purely statistical analysis of magnitudes in a recorded induced
seismicity catalogue. The maximum magnitude of induced earthquake catalogues usually is
as large as statistically expected from the Gutenberg–Richter law [13]. However, the tapering
above the statistically expected maximum magnitude level is crucial to estimate the occurrence
probabilities of larger-magnitude, low-probability earthquakes. Considering low-probability,
high-impact events is essential, because the risk associated with induced seismicity ultimately
depends on whether a large-magnitude earthquake is triggered [55] (see also [45] for a
physically based tapering example).

Figure 4 also shows how our model can be applied at the time of occurrence of the largest
magnitudes at Pohang and Basel. Again, we find that the tapering of the magnitude distribution
occurs below the observable level of the expected maximum magnitude ( N ≥ M = 1). However,
the tapering gives important insights into the probability distribution of larger magnitudes.
At Pohang, the magnitude cut-off occurs at Mw = 5.6 at the occurrence time of the maximum
magnitude, while at Basel, the cut-off is at Mw = 3.5. In future applications, our model of
the maximum magnitude could be combined with the Seismogenic index model [33,61] to
describe time- and space-dependent earthquake productivity (the a-value) based on operational
parameters and the seismotectonic state at an injection location.

7. Conclusion
In summary, our analysis demonstrates that the maximum magnitudes of induced earthquake
can be explained by pressure diffusion in the brittle Earth’s crust. Because the pressure-pertur-
bed part of a fault is growing with time, the nucleation potential of larger-magnitude-induced
earthquakes is increasing. Our model agrees with global observations of hydraulic fracturing,
geothermal reservoir stimulation, water disposal, gas storage and reservoir impoundment.
Maximum magnitudes of induced earthquakes can be larger than expected from scaling
with the injected fluid volume. In some cases, the nucleation time can be more indicative
of the physical process controlling the possible maximum magnitude. Characterization of
the site-specific hydrogeologic and seismo-tectonic conditions can be useful to understand
the nucleation potential of larger induced earthquake magnitudes (M ≥ 4). In particular, the
identification of larger-scale, pre-existing and critically stressed faults can help to understand
and mitigate induced seismic hazards. The upper-bound maximum magnitude scaling, derived
in our study, can be applied for a physics-based tapering of the Gutenberg–Richter relation and
to estimate the induced seismic hazard and risk of upcoming energy technology applications
prior to operation.
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