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Abstract A key element in the assessment of seis-
mic hazard is estimation of the maximum possible 
earthquake magnitude, Mmax. A great deal of effort 
has been invested in developing approaches to esti-
mate Mmax for natural (tectonic) earthquakes, espe-
cially in regions of relatively low seismicity where 
it is difficult to associate observed seismicity with 
known geological faults. In probabilistic seismic haz-
ard analysis, there has been a tendency to assign a 
narrow range of large values to Mmax. This results 
in the impression that hazard results are insensitive to 
this parameter, which is not the case when the Mmax 
distribution captures the full range of possible values. 
For induced seismicity, Mmax estimates can have 
far-reaching implications both in terms of quantita-
tive assessments of the resulting seismic hazard and 
risk, and in terms of the public and regulatory per-
ception of this risk. Estimates of Mmax for induced 
seismicity need to distinguish between driven earth-
quakes, for which magnitudes are largely controlled 

by operational parameters, and triggered tectonic 
earthquakes, together with estimates of the likelihood 
of such triggering. Distributions of triggered Mmax 
may be limited to smaller magnitudes than distribu-
tions for natural seismicity due to the shallow depth 
of most injection/extraction wells. For the manage-
ment of induced seismic risk, the expected largest 
event magnitude (which may be influenced by a Traf-
fic Light Scheme in operation) may be more relevant 
than any physical upper bound truncating the recur-
rence relationship.

Article Highlights 

• Maximum magnitude estimates for natural earth-
quakes are often very conservative, underestimat-
ing the influence on seismic hazard.

• For induced seismicity, need to distinguish driven 
from triggered earthquakes, and between expected 
and absolute maximum magnitudes.

• Maximum magnitudes of triggered earthquakes 
may be smaller than those for natural seismicity 
due to shallow depths of injections.
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1 Introduction

The largest possible earthquake magnitude associ-
ated with a given seismic source is a key element of 
epistemic uncertainty in any seismic hazard or risk 
assessment. Considerable effort has been invested in 
the estimation of the maximum magnitude for natural 
(i.e., tectonic) earthquakes, even though the impact of 
this parameter in probabilistic seismic hazard analy-
ses (PSHA) is usually modest. For induced seismic-
ity, on other hand, the estimation of the maximum 
magnitude can be a critical choice, not only for the 
outcomes of hazard and risk analyses but also from 
the perspective of perceived risk and the attendant 
societal and regulatory concern. Some researchers 
have proposed that the maximum magnitudes adopted 
for induced seismicity should be the same as those 
used for natural seismicity to account for the possibil-
ity of triggered tectonic earthquakes, but there may be 
reasons why such an approach could be unnecessarily 
and unhelpfully overconservative.

In this paper, we begin with a brief discussion of 
the role of maximum magnitude, or Mmax, in seis-
mic hazard and risk assessments and summarize the 
approaches that have been used to estimate Mmax for 
natural earthquakes. We then discuss the estimation 
of Mmax for induced seismicity, including the cru-
cial consideration of whether the definition of Mmax 
should be the same for natural and induced seismic-
ity. We also discuss the importance of distinguishing 
between industrially driven versus triggered earth-
quakes. We provide an overview of the methods that 
have been proposed to estimate the maximum mag-
nitudes of induced earthquakes, and also note how 
operational factors can be invoked to limit Mmax. 
We conclude with a discussion of how Mmax estima-
tion should be approached for anthropogenic seismic-
ity to balance the need to provide adequate levels of 
protection against the potential impacts of such earth-
quakes and the obstacles that can be placed on energy 
technologies if Mmax values are assigned with exces-
sive precaution.

2  Mmax in seismic hazard and risk assessment

Before discussing how Mmax is estimated, we 
briefly discuss the purpose and definition of this 
parameter in the assessment of earthquake hazard 

and risk. Seismic hazard corresponds to the poten-
tially damaging effects of earthquakes, such as 
surface fault rupture and strong ground shaking, 
whereas risk relates to the potential impact of these 
effects on the built environment and its occupants, 
which depends on the fragility (or degree of earth-
quake resistance) of the exposed buildings and 
infrastructure.

2.1  Deterministic seismic hazard analysis

In the historical development of seismic hazard analy-
ses for tectonic earthquakes, a great deal of attention 
has been focused on estimating the magnitude of the 
largest possible earthquake associated with any given 
seismic source. In deterministic seismic hazard analy-
sis (DSHA), in which the ground motions at the tar-
get site are calculated for one or more scenario earth-
quakes, the objective was to define the maximum 
credible earthquake, or MCE, on the premise that this 
would provide a safe basis for earthquake-resistant 
design through specification, in effect, of a worst-case 
scenario. However, since the distance of the earth-
quake from the site and the variability in the ground-
motion prediction equation (GMPE) also exert influ-
ences on the amplitude of ground motion that are at 
least as strong as that of the magnitude, the resulting 
ground motions are generally not a worst-case sce-
nario (e.g., Bommer 2003).

An important shortcoming with DSHA is that 
it does not provide any insight into the likelihood 
that  the calculated motions at the site could be 
reached or exceeded. Consequently, it does not offer 
any rational basis for seismic design or risk mitiga-
tion decisions, as a result of which the use of DSHA 
has declined enormously since it has been replaced 
by probabilistic seismic hazard analysis, or PSHA, 
which is now widely viewed as best practice. This is 
not to say, however, that scenario-based hazard analy-
sis has no place in seismic risk assessment, since such 
approaches can be very useful in many applications 
including impact assessments and emergency plan-
ning (e.g., McGuire 2001). However, the magnitudes 
of such scenario earthquakes are generally selected 
to reflect the size of events that are likely to happen 
within the foreseeable future rather than to represent 
extreme events of very low probability (e.g., EERI 
2020).
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2.2  Probabilistic seismic hazard analysis

Whereas DSHA considers unique combinations of 
magnitude (M), distance (R), and the number of 
standard deviations (ε) above the median prediction 
from the chosen GMPE, PSHA considers all possible 
combinations of these three variables. By including 
the average recurrence rates of earthquakes of dif-
ferent magnitude and the probability associated with 
each ε level (from the standard normal distribution), 
PSHA calculates the annual frequency of exceedance 
of different levels of ground shaking at the target site 
by integrating across all possible contributing events 
(Fig. 1).

Integration limits are necessarily set on all three 
variables (e.g., Bommer and Crowley 2017). The 
maximum magnitude, Mmax, is the upper limit on 
magnitude, and is generally defined as the largest 
earthquake that could occur within a given seismic 
source during the current tectonic regime.

For most of the PSHA inputs depicted in Fig.  1, 
it is usually not possible to unambiguously define 
the optimal model or parameter value, due to epis-
temic uncertainty (reflecting our lack of knowledge). 
Therefore, standard practice in PSHA is to determine 
a range of values or models, each with associated 
weights or probabilities reflecting the degree-of-belief 
in being the best estimate, and these are organized as 
branches in a logic-tree with a node for each model 
element or parameter. (e.g., Kulkarni et  al. 1984; 
Bommer 2012). The objective of each node of the 
logic-tree, and indeed the logic-tree as a whole, is 
to capture both the best estimate and the associated 
epistemic uncertainty, which has been summarized as 
the center, body, and range of technically defensible 
interpretations, or CBR of TDI (USNRC 2018).

The maximum magnitude is a clear example of an 
epistemic uncertainty, for which there should there-
fore be a node in the logic-tree defining the inputs 
to PSHA. The nodes for Mmax in PSHA logic-trees 
frequently carry branches with alternative large val-
ues that are separated by less than a unit of magni-
tude, whence the hazard results tend to be insensi-
tive to large values of Mmax. The purpose of the 
Mmax node in a logic-tree should be to capture the 

uncertainty associated with size of the largest earth-
quake that might occur and the related uncertainty 
regarding how much greater is this maximum than 
the largest earthquake that has been observed,  Mobs. 
The largest historical earthquake clearly represents 
a lower bound on the Mmax distribution (since any 

Fig. 1  Illustration of the three random variables in PSHA inte-
grations and their limits: a seismic source zones that define the 
distribution of distances, R, at which future earthquake may 
occur; b recurrence relationships that define the average annual 
rates of earthquakes ≥ M; c GMPEs predicting distributions 
of ground-motion amplitudes for specified combinations of M 
and R (Bommer and Crowley 2017)
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event that has occurred could be expected to recur at 
some point), possibly with a small upwards adjust-
ment to account for uncertainty in the magnitude of 
that event, especially if it has been determined from 
macroseismic or geological data rather than modern 
instrumental measurements.

If the earthquake catalogue for a seismically 
active region covers several centuries and is long 
compared to the average recurrence interval of the 
largest earthquakes, then repeated large magnitudes 
may be indicative of Mmax and the increment (or 
rather the range of possible increments) between 
 Mobs and Mmax may be small. Conversely, if the 
 Mobs is relatively small, then there is likely to be a 
justification for a broader range of Mmax estimates. 
If, in such a situation, the logic-tree branches only 
carry large values of Mmax, the model in effect is 
stating that in all future scenarios, earthquakes will 
occur that are significantly larger (but still below 
Mmax) than the largest event that is known to have 
occurred.

The implications of this are clearest when using 
a Monte Carlo approach to PSHA (e.g., Musson 
2000; Bourne et al. 2015), in which possible future 
earthquake catalogues are generated based on the 
recurrence parameters and seismic source geom-
etry. Imagine a region in which the largest known 
earthquake had a magnitude of 5.0 and the Mmax 
values assigned in the logic-tree are 6.8, 7.0 and 
7.2. In such a situation, every single future earth-
quake catalogue will include events with magni-
tudes above 5 and up to 6.8. If the catalogue is of 
short duration and considered to be temporally and/
or spatially incomplete, this may seem reasonable, 
but it could in fact be extremely conservative if, in 
reality, events could not occur that are more than a 
small fraction larger than  Mobs. A more appropri-
ate distribution of Mmax would span a range that 
extends from slightly above  Mobs to the largest event 
considered physically possible, with the shape of 
the distribution—and specifically whether it is 
skewed towards lower or higher values—reflect-
ing the length and completeness of the earthquake 
catalogue and the number of events it contains with 
magnitudes close to  Mobs. As explained in Sect. 3.2, 
these considerations are captured in the Bayesian 

updating approach that is widely used to estimate 
Mmax for PSHA in stable continental regions.

The question of how much larger than  Mobs 
should Mmax be is particularly important for 
induced seismicity, especially if the estimates of 
maximum magnitude are based on the premise of 
triggered tectonic earthquakes whereas observations 
relate to seismic events that are driven by injection 
or extraction operations (see Sect. 4).

2.3  The importance of Mmax in seismic hazard 
assessments

As noted above, when logic-tree branches for Mmax 
span a narrow range of large magnitude values, the 
impact on PSHA results tends to be small since haz-
ard estimates are generally insensitive to large magni-
tudes. The weak influence of large Mmax values on 
hazard estimates is a result of three factors: (1) the 
very long recurrence intervals of such large-magni-
tude earthquakes; (2) the saturation of ground-motion 
scaling at larger magnitudes; and (3) the sparse sam-
pling from the distribution of ground-motion residu-
als by these infrequent events (Minson et  al. 2021; 
Fig.  2). Understood in simple terms, the recurrence 
rates of large magnitude earthquakes are very low 
hence they do not contribute to the hazard estimates 
(except for low oscillator frequencies and very long 
return periods), and the low rates are not compen-
sated by higher amplitudes of shaking at the site 
because of the nonlinear scaling of ground motion 
with magnitude and the fact that the degree of sam-
pling of the aleatory distribution of residuals (i.e., the 
level of ε) increases with the recurrence rate of the 
earthquakes. An important feature to note in Fig.  2 
is the shape of the recurrence curve in the left-hand 
plot, in which Mmax is not applied as an abrupt trun-
cation of the log-linear Gutenberg-Richter recurrence 
relationship but rather as the upper limit of a taper. 
Such tapers are often supported by observational 
data and are generally applied in recurrence models 
for PSHA (e.g., Kagan and Jackson 2000), although 
there is still debate regarding the physical presence of 
such deviations (e.g., Main 2000) and whether these 
apparent truncations in the recurrence data are sta-
tistically significant (e.g., Utsu 1999). However, the 
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focus in this paper is on the limiting values of mag-
nitude rather than the nature of the upper end of the 
magnitude-frequency recurrence curve, albeit that the 
two topics are closely related.

If the Mmax distribution is broad, with its lower 
limit incrementally larger than Mobs, then the 
impact on the hazard results can be important (see 
Sect.  3.2 and Fig.  6). For induced seismicity, for 
which observed values of magnitude are generally 
small, seismic hazard (and risk) estimates will depend 
strongly on whether the selection of Mmax values is 
a broad distribution – commencing just above Mobs, 
when there have been extensive observations during 
operations, and allowing for the possibility of trig-
gering not occurring (see Sect.  4.1) – or a narrow 
distribution corresponding to Mmax values for tec-
tonic earthquakes. When there is the possibility of 
Mmax being low, the hazard can be greatly reduced. 
Figure  3 shows the Mmax logic-tree developed by 
Atkinson et al. (2015) for a PSHA for induced earth-
quakes related to hydraulic fracturing, which has its 
lower bound at M 4.5, just above the largest observed 
magnitude of M 4.4; although the logic-tree allows 
for a large magnitude (M 6.5) triggered tectonic 
event, 70% of the weight is assigned to the largest 
possible induced earthquake being no more than 0.6 

magnitude units greater than the maximum observed 
event. The hazard sensitivity plot in the right-hand 
frame, which compares the induced seismic haz-
ard with the results of PSHA for natural seismicity,1 
shows the dramatic effect of increasing the Mmax for 
induced seismicity from M 5 to M 7, resulting in an 
order of magnitude increase in the 10,000-year levels 
of ground motion.

Regardless of the impact of Mmax estimates on 
calculated seismic hazard, the proposed maximum 
magnitudes can exert a very significant influence on 
the perception of seismic risk due to induced seismic-
ity. However unlikely the upper estimates assigned to 
this parameter may be – and even if they are there-
fore assigned very small weights in a logic-tree – they 
will often be interpreted as predictions of the largest 
earthquakes that could occur. From the perspective 
of public concern and regulatory control, the upper 
tail of distributions of possible Mmax values can lead 
to unfavorable decisions regarding energy-related 
operations even if the associated probabilities are 
very small: logic-tree weights of Mmax values will 
inevitably, but erroneously, be interpreted as prob-
abilities of events of that magnitude occurring. This 

Fig. 2  Illustration of the reasons that very large magnitude 
earthquakes have minimal impact on the results of PSHA. Left: 
Typical recurrence relationship with very low recurrence rates 

for large-magnitude events; right: median predictions from the 
NGA-West2 GMPEs against magnitude, showing the satura-
tion of magnitude scaling for larger events

1 Inconsistencies in the PSHA input models for natural and 
induced seismicity used by Atkinson et al. (2015) unfavourably 
bias the relative impact of induced earthquakes, but a discus-
sion of these issues is beyond the scope of this article.
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means that the inclusion of such large magnitudes for 
potential induced events requires a strong technical 
justification (unless one adopts the position that such 
values should be included unless there is a technical 
basis for their exclusion, which many would not con-
sider a rational approach to risk management).

The risk perception implications of Mmax for 
induced earthquakes is a serious point because in 
many cases of energy projects being closed down due 
to induced earthquakes, the cited justification has usu-
ally not been based mainly on the size of the earth-
quakes that did occur but rather speculation and con-
cern about the largest earthquakes that might occur 
(Bommer 2022). Induced seismicity at the Groningen 
gas field in the Netherlands and seismicity caused by 
hydraulic fracturing for shale gas in the UK represent 
two demonstrative cases.

At Groningen the largest earthquake that has 
occurred was of magnitude  ML 3.6. A great deal of 
effort has been invested to estimate the size of the 
largest event that could have occurred if production 
had continued (Bommer et al. 2024): instead, the field 
has been shut-in by the Dutch government. A key fac-
tor in the justification for this decision was that the 
possibility of an earthquake of magnitude M 5 or 
larger could not be excluded. In contrast, the seismic 
source zone in the current European seismic hazard 
model that includes the Groningen region, assigns 
tectonic Mmax values of 6.3, 6.6 and 6.9 with weights 
of 0.5, 0.4 and 0.1 (Danciu et  al. 2021); we are not 
aware of these values having caused any consterna-
tion in the Netherlands, where building regulations do 

not stipulate any seismic design requirements (other 
than for induced earthquakes in Groningen).

Following the occurrence of induced seismicity 
associated with hydraulic fracturing at the Preston 
New Road PNR-2 well in Lancashire, England, which 
reached a magnitude of  ML 2.9 in 2019 (Kettlety et al. 
2021), the UK government imposed a moratorium on 
further shale gas development. The stated reason for 
this moratorium was the perception that “it is not cur-
rently possible to accurately predict the probability or 
magnitude of earthquakes linked to fracking opera-
tions” (BEIS 2019). The regulator had commissioned 
the British Geological Survey (BGS) to “provide a 
site-specific estimate of the maximum magnitude of 
induced seismicity possible” (OGA 2019), and the 
BGS chose to adopt a single value for Mmax of M 
6.5 (Mancini et al. 2019). This value was adopted as 
it represents the most likely Mmax value for tectonic 
earthquakes in areas of low seismicity for the 2013 
European Seismic Hazard Model (Woessner et  al. 
2015). The regulator inevitably interpreted this choice 
as implying that an M 6.5 event was possible (even 
if unlikely), and therefore that the potential hazard 
posed by allowing hydraulic fracturing to continue 
was unacceptable.

3  Mmax for tectonic seismicity

Although the primary motivation for this article is the 
estimation of Mmax for induced earthquakes, it is val-
uable to first review the estimation of maximum mag-
nitudes for tectonic seismicity for three key reasons. 

Fig. 3  a Logic-tree 
for Mmax proposed by 
Atkinson et al. (2015) 
for a PSHA for hydraulic 
fracturing-induced seismic-
ity in Fox Creek, Alberta, 
in Canada; b uniform 
hazard response spectra for 
a 10,000-year return period 
for natural (thick black 
line) and induced seismic-
ity, showing the sensitivity 
of the induced PSHA to 
alternative values of Mmax 
and the b-value, which is 
the slope of the recurrence 
curve (Atkinson et al. 2015)
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Firstly, a great deal of effort has been invested in 
developing methods for the estimation of Mmax for 
natural earthquakes and this body of experience is 
clearly of relevance. Secondly, triggered earthquakes 
(see Sect.  4.1) are essentially tectonic earthquakes 
and therefore it follows that methods used to estimate 
Mmax for natural earthquakes should be applicable, 
or at least adaptable, to induced seismicity. Finally, 
given the potential impact and consequences of 
Mmax estimates for the management of induced seis-
micity, it is worthwhile considering whether standard 
practice tends towards conservative estimates.

As noted earlier, it is very common for the Mmax 
node in logic-trees constructed in PSHA for tec-
tonic earthquakes to cover a small range of large to 
very large magnitude values. Whereas the logic-tree 
is intended to capture the full range of values that 
could be taken by each parameter in the hazard cal-
culations, it would often appear that the Mmax dis-
tribution is only responding to the question of how 
large the biggest earthquake could be without also 
addressing how small it might be (possibly a conse-
quence of the adjective ‘maximum’ in the name of 
the parameter). When only a range of large values is 
assigned in the logic-tree, the hazard results are usu-
ally found to be very insensitive to Mmax, which in 
turn encourages the adoption of conservatively high 

maximum magnitudes because of the belief that it is 
not an important parameter in terms of controlling the 
hazard estimates. As we demonstrate below, the infer-
ence that PSHA estimates are insensitive to Mmax 
does not hold when broad distributions of this param-
eter are adopted to capture the full range of uncer-
tainty, which suggests that more attention should be 
paid to constructing the Mmax node of a logic-tree. 
The common practice of assigning only large values 
is perpetuated on the basis of what appears to be a 
misconception, but one that is also a self-fulfilling 
prophecy.

3.1  Mmax for fault sources

When the sources of potential future earthquakes 
are represented by mapped geological faults, there 
is a clear technical basis for estimating the maxi-
mum magnitude. Where there are paleoseismological 
investigations (i.e., trenching and dating of fault off-
sets), the characteristic earthquake model (Schwartz 
and Coppersmith 1984; Youngs and Coppersmith 
1985), which predicts repeated quasi-periodic events 
of comparable magnitude on the fault, will usually 
be adopted. In such cases, there will generally be a 
distribution of characteristic magnitudes, estimated 

Fig. 4  Empirical scaling relationships of Wells and Coppersmith (1994) for a the maximum and average fault displacement as a 
function of magnitude, and b the magnitude as a function of fault rupture length and exceedance level
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from empirical relationships between fault slip and 
magnitude, for example. The application of such rela-
tionships needs to consider variation of slip along 
the fault rupture and whether the observations corre-
spond to maximum or average displacement (Fig. 4a), 
as well as the aleatory variability in the empirical 
relationships.

Estimates of Mmax for a fault source can also be 
obtained from empirical relationships between fault 
rupture dimensions and magnitude (e.g., Wells and 
Coppersmith 1994). There are many such empirical 
relationships available and the selection of the most 
appropriate one for any given application may be 
another source of epistemic uncertainty. Abrahamson 
(2000) proposed that Mmax should be based not on 
the mean magnitude obtained from these relation-
ships but rather the upper bound prediction, which 
would correspond to about two standard deviations 
above the mean (Fig.  4b). This is a legitimate pro-
posal for the upper limit on a Mmax distribution, but 
it is an extreme case (the probability of exceeding the 
two-sigma level is just 2.3%), and the Mmax distribu-
tion should capture the full range of possible limiting 
magnitudes.

Similarly, consideration needs to be given to the 
proportion of the measured fault length that could 
rupture in a single event, with some branches pos-
sibly reflecting the perfectly feasible scenario of the 
largest ruptures only mobilizing a certain proportion 
of the total length. Similar consideration needs to be 
given to the likelihood of multiple fault segments rup-
turing together in a single event and to the alternative 
of ruptures being limited to one or more segments. 
Some readers may counter that Mmax should be the 
largest earthquake that could ever happen and hence 
assuming that the entire fault length ruptures and that 
the corresponding magnitude should be estimated at 
the 97.7-percentile level from empirical scaling rela-
tionships, but we would argue that such an extreme 
estimate should only be the upper bound of a broader 
distribution that reflects physically reasonable sce-
narios where the largest possible earthquakes is lim-
ited to smaller values. The objective in constructing 
a logic-tree for PSHA should always be to capture the 
CBR of possible parameter values.

3.2  Mmax for distributed seismicity

Since all earthquakes are caused by rupture of geo-
logical faults, ideally all seismic sources for future 
seismicity would be represented by fault sources, but 
this is rarely, if ever, achieved in practice because 
of location errors in earthquake hypocenters (which 
hinders association with faults), lack of seismic char-
acterization of known faults, and the fact that many 
faults remain undetected, especially those that do 
not reach the surface. Consequently, seismic source 
models in PSHA invariably include distributed seis-
micity, whether modeled as area sources or smoothed 
earthquake catalogues. Estimation of Mmax for such 
seismic sources is more challenging than for explicit 
fault sources. For areal source zones, Mmax is some-
times inferred from the dimensions of the largest 
seismogenic structures within the source although 
this is poor practice since it highly conservative to 
then assume that events of this size could occur any-
where within the source zone; indeed, when faults 
are explicitly modeled as sources, the maximum 
magnitude in the surrounding source zone should 
be reduced to reflect the role of the fault sources as 
localizing structures for the largest earthquakes.

In the absence of any identified seismogenic struc-
tures, one approach is to constrain Mmax using inde-
pendently determined geodetic strain rates (e.g., Main 
et  al. 1999). A recurrence relationship is first deter-
mined from the earthquake catalogue and then the 
upper limit, Mmax, is estimated such that the implied 
moment release rate does not exceed that obtained 
from geodetic measurements. Another approach used 
to estimate Mmax for areal source zones is adding an 
increment, ΔM, to the largest historical earthquake 
observed within the zone. In early practice ΔM was 
often an arbitrary value such as 0.5 but subsequently 
the increment was selected to reflect the length of 
the earthquake catalogue and the numbers of large 
events. In modern practice, the increase above the 
largest observed magnitude is calculated statistically 
using extreme value theory (e.g., Kijko 2004; Zentner 
et al. 2020); such approaches are generally viewed as 
requiring an extensive earthquake catalogue to work 
well, hence their application in site-specific PSHA 
studies has been rather limited.

Another approach, which has not been very widely 
applied in practice to date, can be adopted when there 
is independent geodetic constraint on the moment 
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release rate: the earthquake catalogue is used to deter-
mine the parameters of the Gutenberg-Richter recur-
rence relationship and Mmax is then calculated such 
that the implied moment rate matches that inferred 
from geodetic observations. For stable continental 
regions, common practice is based on the ergodic 
assumption whereby global observations in such 
regions are adopted as a substitute for long-term 
observations in the region of interest. A prior global 
distribution is constructed from the largest observed 
earthquakes in stable continental regions worldwide 
(Johnston et al. 1996a; b), to which a Bayesian update 

is applied using a likelihood function reflecting the 
largest observed earthquake in the target region and 
the number of events within a small interval of val-
ues below this magnitude (USNRC 2012). The like-
lihood function is set to zero for magnitudes below 
Mobs in the target region and peaks at  Mobs; the rate 
at which it decays with increasing magnitude depends 
on the number of events in the earthquake catalogue 
between a defined lower threshold and  Mobs. The pos-
terior distribution is then renormalized and usually 
discretized to provide combinations of Mmax values 
and associated logic-tree branch weights (Fig.  5). 

Fig. 5  Implementation of the Bayesian updating approach for 
Mmax using global analogues and local earthquake catalogues. 
Top row: prior global distribution for extended stable crust; 
second row: likelihood functions for local catalogue with Mobs 
equal to 5.3; third row: posterior distributions after applica-

tion of likelihood function; bottom row: discretized versions of 
posterior distributions. Left-hand column for a case with two 
earthquakes between 4.5 and 5.3, right-hand column for the 
case of 10 earthquakes in this interval (modified from USNRC 
2012)
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Needless to say, if there had been a larger historical 
earthquake than the known Mobs in the catalogue, 
then the lower limit of the distribution may be under-
estimated, but this uncertainty is accommodated by 
the breadth of the resulting distribution.

An important and notable feature of the outcome 
of this approach is a broad Mmax distribution, the 
lower bound of which is effectively equal to the larg-
est earthquake observed to date (or usually a value 
that is slightly larger as a result of the discretization). 
Contrary to the widely held view that seismic hazard 
estimates are insensitive to Mmax, when the distri-
bution of possible values is broad—as will often be 
the case when the Bayesian approach is applied—the 
hazard results are found to vary significantly with the 
maximum earthquake magnitude (Fig.  6). The final 
output from a PSHA used in seismic risk assessment 
or earthquake-resistant design is generally the mean 
hazard curve, which is calculated as the weighted 
mean of annual frequencies of exceedance at each 
spectral acceleration level.

The upper bounds of the distributions are worthy 
of consideration. Updates of the global database of 
stable continental region earthquakes (e.g., Schulte 
and Mooney 2005; Wheeler 2009) have led to some 
reductions in the largest values but very large values 
are still included. Although seismic source zones are 
defined in absence of known faults, modern GMPEs 
use distances measured from extended fault ruptures, 
hence it is common practice to generate virtual fault 
ruptures for each earthquake scenario within area 
source zones in order to correctly calculate these dis-
tances (e.g., Bommer and Akkar 2012; Monelli et al. 
2014). These distance calculations are usually per-
formed by subroutines within PSHA codes but Bom-
mer et al. (2023) urge practitioners to generate visual-
izations of the virtual fault ruptures in order to assess 
their consistency with the assumptions underpinning 
the definition of the seismic source zones (for exam-
ple, for the larger magnitudes, the virtual ruptures will 
often exceed the dimensions of the sources). Consid-
eration should be given, in particular, to addressing 
whether it is really possible that geological structures 
capable of generating the enormous ruptures that 
would be required for the largest magnitudes could 
be present without detection. If not, as will often be 
the case, the upper bounds of Mmax distributions will 
correspond to physically unrealizable events.

3.3  Mmax and focal depth

Seismic source models for PSHA usually include 
distributions of focal depths for future earthquake 
scenarios. These distributions are often magnitude-
independent but in some cases the distributions are 
defined to exclude the possibility of large-magnitude 
earthquake scenarios initiating at very shallow hypo-
central depths. In general, the sedimentary cover 
has lower stiffness and frictional strength, which in 
turn results in smaller stresses and stress drops (e.g., 
Vilarrasa and Carrera 2015). Also, the sedimentary 
cover will be younger in age, and so may contain 
fewer faults, which may be of shorter length. These 
factors combine to mean that it is far less likely, or 
indeed impossible, for large magnitude events to 
nucleate within shallow sedimentary cover. Moreo-
ver, large-magnitude events associated with shallow 
hypocenters would require a large rupture to initiate 
close to the surface and propagate mainly downwards 
into the crust over several kilometers, against increas-
ing frictional strength and confining stress. While 
such ruptures can and do occur, they are exceptional 
(e.g., Mai et  al. 2005) since there are physical rea-
sons why large earthquakes generally do not initiate 
at shallow depths (Das and Scholz 1983). There are 
some notable exceptions of shallow-focus, large-mag-
nitude earthquakes, but they correspond to either very 

Fig. 6  Seismic hazard curves in terms of response spectral 
acceleration at an oscillator frequency of 1  Hz obtained with 
different Mmax values from a broad distribution of maximum 
magnitudes constructed using the Bayesian updating approach 
illustrated in Fig. 5  (Modified from USNRC 2012). The values 
in parentheses in the legend are the logic-tree branch weights
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specific geographical regions or to triggering by large 
foreshocks. For example, some large earthquakes in 
the ancient crust of western Australia have very shal-
low foci (Leonard 2008), examples being the 1968 M 
6.5 Meckering earthquake that was associated with 
a downward propagating fault rupture (Vogfjörd 
and Langston 1987) and the M 6.0 2016 Petermann 
Ranges earthquake was associated with a rupture 
20 km in length confined to the top 3 km of the crust 
(Wang et  al. 2019). An example of a  naturally trig-
gered shallow event, the 2019  M 7.1 Ridgecrest 
earthquake in California had a focal depth of just 
4 km, “implying nucleation in a zone not conducive 
to spontaneous, large earthquake rupture nucleation 
and growth” (Lomax 2020). However, Lomax (2020) 
notes that this shallow hypocenter was due to stress 
transfer from an M 6.4 foreshock at 12  km depth, 
without which it is unlikely that the main shock rup-
ture would have initiated at such a shallow depth.

Since most fluid injection and extraction opera-
tions leading to induced seismicity occur at shallow 
depths, these considerations have implications for the 
maximum magnitude events that could be triggered 
by industrial activities (see Sect. 4.3.1).

4  Mmax for induced seismicity

As noted in Sect.  2.3, the consequences of Mmax 
values adopted in the assessment of induced seismic 
hazard and risk will generally be more far-reaching 
than the impact of this parameter when dealing with 
natural (tectonic) earthquakes. We begin by discuss-
ing whether the definition of Mmax should be modi-
fied when dealing with induced seismicity, before 
moving on to different approaches that have been 
used for its estimation.

At a workshop convened by the US Geologi-
cal Survey (USGS) to discuss the incorporation of 
induced seismicity into the US national hazard maps, 
“Participants at the workshop felt that the USGS 
induced seismicity models should consider the pos-
sibility of triggering large regional earthquakes and 
should consider the same maximum magnitude dis-
tribution as was used for the tectonic earthquakes” 
(Petersen et al. 2015). While the possibility of anthro-
pogenic activities triggering tectonic earthquakes 
should clearly be considered, adopting the same 

Mmax distribution as considered in PSHA for natural 
seismicity may be very conservative.

The meaning of Mmax for induced seismicity may 
be slightly different since it could be defined as the 
largest earthquake that could occur during the opera-
tions plus an appropriate period for equalization of 
pressures and/or stresses after their completion; this 
distinction may be particularly important for short-
lived operations that affect relatively small areas, 
such as hydraulic fracturing for hydrocarbon recovery 
and high-pressure fluid injections for enhanced geo-
thermal systems. Some researchers have proposed 
that the response to the question regarding the larg-
est earthquake to be considered when dealing with 
induced seismicity might be better provided by the 
maximum expected earthquake rather than the maxi-
mum possible earthquake (Holschneider et  al. 2011; 
Zöller et  al. 2013). We believe that there is great 
merit in making this distinction and we adopt the fol-
lowing symbology to separate the two different esti-
mates of Mmax:  MmaxE for the expected maximum 
magnitude and  MmaxT for the physical upper limit 
that truncates the recurrence relationship. In many 
situations, the hazard and risk will be controlled by 
 MmaxE, particularly for operations involving short-
term fluid injections such as hydraulic fracturing and 
enhanced geothermal systems. In such operations, 
and especially when a Traffic Light Scheme is imple-
mented (see Sect. 4.5),  MmaxE will often be appreci-
ably lower than  MmaxT (although when modelled as 
distributions within a logic-tree framework, they are 
likely to overlap). Moreover, it will often be possible 
to estimate  MmaxE with greater confidence and lower 
uncertainty than  MmaxT. At the same time, there 
will be situations in which  MmaxT may still be the 
appropriate limit for seismic hazard and risk analysis, 
a case in point being long-term, large-scale conven-
tional hydrocarbon production, such as the Groningen 
field in the Netherlands (Bommer et al. 2024). Even 
in such situations, however, the lower end of the max-
imum magnitude distribution may be controlled by 
 MmaxE if seismicity rates—and hence the expected 
maximum magnitude (van der Elst et al. 2016)—vary 
with production rates.

The application of tectonic Mmax values to 
induced seismicity may be highly conservative 
because this approach ignores that possibility that 
only industrially driven earthquakes may occur (see 
Sect.  4.1 for discussion of terminology). Even if 
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triggered earthquakes do occur there are reasons why 
they may not attain the same magnitudes as earth-
quakes of tectonic origin. For example, tectonic esti-
mates for Mmax assume that ruptures can nucleate at 
any point on any fault within the seismogenic crust, 
whereas induced seismicity can only occur on faults 
that are within sufficient proximity of the anthropo-
genic perturbations. For operations affecting rela-
tively small subsurface volumes, this distinction can 
significantly limit the potential population of faults 
that could host an induced earthquake. Another fac-
tor that needs to be considered is that such operations 
often operate with Traffic Light Systems (TLSs), and 
these should serve to limit the maximum earthquake 
magnitude even taking account of the increases in 
size of trailing events that can occur following shut-in 
of injections (Verdon and Bommer 2021a).

Mmax estimates are often made prior to the onset 
of industrial operations at a site. Such a priori esti-
mates can be based on the geomechanical characteri-
zation of a given site and the nature of the proposed 
operations, and may also be informed by analogous 
past operations of a similar nature. Induced seismicity 
hazard assessments from a priori characterization are 
often rather poorly constrained. Once a sequence of 
induced seismicity begins, direct characterization of 
the observed events often allows a much more robust 
hazard assessment. After defining industrially driven 
versus triggered tectonic earthquakes in Sect. 4.1, in 
Sects. 4.2 and 4.3 we examine how Mmax can be esti-
mated during site characterization, prior to the onset 
of any activities. In Sect.  4.4 we go on to examine 
operational forecasting – how the observed induced 
seismicity can be used to estimate the magnitudes 
that might be reached during a given sequence. In 
Sect. 4.5 we then examine how the use of TLSs might 
influence Mmax estimates.

4.1  Industrially driven versus triggered earthquakes

In evaluating Mmax, it is important to make a dis-
tinction between “driven” and “triggered” seismicity. 
Several authors have proposed definitions of these 
two types of earthquake (e.g., McGarr et  al. 2002; 
Dahm et al. 2013; Ellsworth et al. 2019). In essence, 
the term “triggered” earthquakes refer to the situa-
tion where the subsurface operations serve to nucle-
ate the seismicity, but the bulk of the energy released 
is tectonic energy that has accumulated on faults over 

geological timeframes (e.g., Cesca et al. 2013). This 
scenario is sometimes also referred to as “runaway 
rupture” (e.g., Galis et  al. 2017; Rodríguez-Pradilla 
et  al. 2022), as seismogenic ruptures initiate close 
to the subsurface perturbation, but then “run away” 
along critically stressed faults away from the locus 
of the industrial activity. In contrast, we use the term 
“driven” to refer to a situation where the bulk of the 
energy released by the induced seismicity is directly 
driven by the subsurface operation itself.

Previous papers have used the terms “induced” 
and “triggered” to differentiate these scenarios, but 
this terminology creates confusion since “induced” is 
also used to refer collectively to all induced and trig-
gered seismicity. We therefore adopt “driven” here-
after, leaving “induced” to refer to all earthquakes 
caused by human activities, regardless of their nature. 
While it is common to use the term induced seismic-
ity to refer to both driven and triggered earthquakes, 
implying that the distinction is not important, for the 
estimation of maximum magnitudes it can be very 
important to separate the two types of induced seis-
mic event. However, while many schemes have been 
proposed to discriminate induced events from natural 
seismicity (e.g., Verdon et  al. 2019, and references 
therein), less attention has been given to differentiat-
ing between triggered and driven events.

One distinguishing criterion might be that trig-
gered earthquakes will only occur on faults that are 
favourably orientated for slip in the in  situ stress 
field, with a sense of motion that is consistent with 
the regional stress field (e.g., McNamara et al. 2015). 
In contrast, driven events will occur on faults that are 
favourably aligned with, and a sense of motion that 
is consistent with the deformation generated by the 
industrial activity in question – for example, normal 
faulting along the flanks of a compacting reservoir 
(e.g., Segall 1989), or dip-slip motions on verti-
cal faults above a collapsing coal mine (e.g., Verdon 
et al. 2018).

In some studies, exceedance of the McGarr 
(2014) volume-based moment cap (see Sect.  4.3) 
has been taken as evidence of runaway rupture 
(e.g., Li et al. 2021; Rodríguez-Pradilla et al. 2022; 
McGarr and Majer, 2023), since this cap defines the 
maximum amount of strain that could be generated 
by a given subsurface volume change. Hence, if 
the total seismic moment released exceeds the total 
amount of deformation imparted by the subsurface 
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activity, then the implication is that the release 
of tectonic strain must have taken place. Indeed, 
McGarr and Majer (2023) explicitly state that the 
McGarr (2014) cap should only apply to examples 
of driven seismicity. However, McGarr (2014) vali-
dated his model, which is supposed to apply only 
to driven seismicity, with a compilation of cases 
that primarily consist of triggered seismicity. This, 
along with the confusing nature of current termi-
nology (where “induced” is used both to refer to all 
anthropogenic seismicity and also specifically to 
driven seismicity) has seen the McGarr (2014) cap 
be applied to many cases where the seismicity is 
likely to be triggered rather than driven seismicity 
(e.g., Atkinson et al. 2016; Eaton and Igonin 2018).

While exceedance of the McGarr (2014) cap 
could be used to identify triggered rather than 
driven seismicity, the inverse of this situation is 
not true: the non-exceedance of the McGarr (2014) 
cap does not necessary imply that the seismicity 
is purely driven (i.e., is not triggered). A case of 
induced seismicity could be entirely releasing tec-
tonic strain, just at a low rate such that it does not 
exceed the McGarr cap. In reality, some situations 
may be more complex, with a sequence of induced 
seismicity releasing both tectonic strain and strain 
imparted by the industrial activity in somewhat 
equal measure, or indeed the relative portions of 
tectonic and industrially driven strain release could 
change through time during operations (e.g., Rod-
ríguez-Pradilla et al. 2022).

Nevertheless, from the above definitions, it is 
clear that Mmax estimates for driven versus trig-
gered seismicity will require different considera-
tions: for industrially driven earthquake sequences, 
Mmax will be controlled by operational factors of 
the causative industrial process, whereas for trig-
gered earthquake sequences, Mmax will be con-
trolled by tectonic factors, namely local stress 
conditions and the size and frictional properties of 
nearby faults. For practical applications, logic-trees 
for Mmax of induced seismicity sequences should 
include two nodes, the first distinguishing between 
the options of there being only driven earthquakes 
and the combination of both driven and triggered 
seismicity. The second logic-tree node would then 
develop separate branches for the range of Mmax 
values for both scenarios; an example of such a 

logic-tree is shown in Fig.  6 of Bommer et  al. 
(2024) for the Groningen gas field.

4.2  Mmax for driven earthquakes

For industrially driven earthquakes, the maximum mag-
nitude will be controlled by the amount of deformation 
created in the subsurface, which can be related in turn 
to the volume of material extracted from or added to the 
subsurface. McGarr (2014) showed that the cumulative 
seismic moment released, ΣMO (in Nm), will be related 
to the volume change, ΔV (in  m3), by:

where μ is the rock shear modulus. It could be 
assumed that Mmax corresponds to the release of 
the entire seismic moment as a single event, in which 
case:

However, it is more reasonable to assume that the 
seismic moment will be released as a sequence of 
events that follows the Gutenberg-Ricther relation-
ship with a given b-value, in which case the moment 
released by the largest event, MOmax, will be (McGarr 
2014):

(1)ΣM
O
= 2�ΔV ,

(2)Mmax =
2

3

(

log10ΣMO
− 9.1

)

.

Fig. 7  Mmax as a function of volume change (ΔV) and 
b-value, based on the McGarr (2014) volume-cap (Eqs. 1–3)
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The relationship between ΔV, b, and Mmax given 
by Eqs. 1 – 3 is plotted in Fig. 7. Note that Eq. 3 can 
only be applied in cases where b < 1.5, though most 
cases of induced seismicity that we have examined 
have b-values close to 1 (Watkins et al. 2023).

It should be noted that, where the distinction 
between driven and triggered seismicity is made 
based on the exceedance of the McGarr (2014) cap 
(e.g., Li et al. 2021; Rodríguez-Pradilla et al. 2022), 
the above argument for Mmax is a circular one, 
since exceedance of this cap is taken to show that 
the seismicity is triggered and not driven.

The McGarr (2014) cap can produce very large 
estimates for Mmax for large-scale industrial activi-
ties: the cumulative injection of more than  107  m3 
is not uncommon for wastewater disposal wells, and 
the expected sequestration volumes (at reservoir 
temperatures and pressures) for many planned car-
bon capture and storage (CCS) projects exceeds this 
level (e.g., Verdon 2014). The McGarr (2014) cap 
produces Mmax values for these volumes that are 
larger than M 5.0.

In practice, much of the subsurface deforma-
tion created by industrial activities will be released 
aseismically, meaning that the McGarr (2014) cap 
usually represents a very conservative bound for 
Mmax for driven seismicity. As mentioned above, 
most of the cases that McGarr (2014) used to vali-
date his model are widely thought to represent 
examples of triggered, not driven seismicity. In con-
trast, models of compaction for Groningen (a case 
where the seismicity seems to be driven) suggest 
that by 2023 the total subsurface volume change 
caused by gas extraction is 3.4 ×  108  m3. From 
Eqs.  1–3, the Mmax associated with this volume 
change is M 6.5. However, the largest event to have 
occurred at Groningen had a magnitude of M 3.5 
 (ML 3.6).

To account for the aseismic component of defor-
mation, Hallo et al. (2014) introduced a seismic effi-
ciency factor, SEFF, which moderates the relation-
ship between ΣMO and ΔV:

(3)M
O
max =

2

3
b

1 −
2

3
b

ΣM
O
.

(4)ΣM
O
= S

EFF
�ΔV ,

where SEFF typically takes values that are signifi-
cantly lower than 1 (e.g., Hallo et  al. 2014; Verdon 
and Budge 2018; Verdon et al. 2024). For driven seis-
micity, SEFF cannot exceed 1. Where a sequence of 
earthquakes is wholly industrially-driven (i.e., with-
out any triggered seismicity), the magnitude defined 
by Eq. 4 represents the maximum possible magnitude 
that could be generated by the deformation in ques-
tion, and therefore represents an upper-limit trunca-
tion to the Gutenberg-Richter distribution. This can 
be contrasted with the situation for triggered seismic-
ity as described in Sect. 4.4.2, where the same equa-
tions can be used to estimate the maximum expected 
magnitude, does not necessarily imply that this value 
represents a truncation to the magnitude-frequency 
distribution.

4.3  Mmax for triggered earthquakes

As McGarr and Majer (2023) make clear, the McGarr 
(2014) volume-based cap should only be applied to 
cases of driven seismicity. For triggered seismicity, 
the temptation could be to simply adopt the Mmax 
values used in seismic hazard assessments for tec-
tonic earthquakes in the same region, since triggered 
seismicity occurs on pre-existing tectonic faults, 
and releases tectonically accumulated strain energy. 
However, adopting this practice could lead to very 
conservative Mmax values for induced seismicity, 
especially if the Mmax values assigned to natural 
earthquakes have been generated using the wide-
spread practice of selecting relatively large values, as 
discussed in Sect. 3.

Moreover, such an approach does not address the 
actual process of triggering by the anthropogenic 
processes under consideration. Triggered earth-
quakes will only occur on favourably oriented faults 
that are situated in sufficient proximity to the indus-
trial operations, rather than on any potentially seis-
mogenic structure in the broader region. Even when 
such structures are identified, estimating Mmax using 
empirical relationships between rupture dimensions 
and earthquake magnitude, such as Wells and Cop-
persmith (1994), implicitly assumes that rupture of 
the complete fault – both in terms of its length and its 
full width – could result from the pressure and stress 
changes caused by the industrial operations.
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4.3.1  Mmax and depths of induced seismicity 
nucleation

The overwhelming majority of subsurface industrial 
activities take place at shallow depths relative to the 
overall thickness of the seismogenic crust. Oilfield 
activities (and related industries such as CCS) take 
place in the sedimentary cover that overlies the crys-
talline basement. Hence, the pore pressure or geome-
chanical perturbations caused by these industrial 
activities will be limited to the sedimentary cover 
and perhaps the upper portion of the crystalline base-
ment. Tectonic Mmax estimates assume that rupture 
can nucleate deep within the crystalline crust: this 
assumption will not be appropriate for most industrial 
activities, except in the situation where significant 
hydraulic or geomechanical connections (e.g., large, 
permeable fault structures) provide a route for pertur-
bations to reach deep into the crust.

The issue of nucleation depths for induced seis-
micity versus tectonic earthquakes can be further 
investigated via observed cases of induced seismicity. 
Watkins et  al. (2023) compiled a global database of 
case studies of wastewater disposal (WWD) induced 
seismicity. These cases represent most of the largest, 
robustly confirmed2 examples of induced seismicity 

to have been monitored with networks of sufficient 
quality to constrain event depths. Further details for 
each case, including details of monitoring networks 
and the earthquake catalogues from which depth 
ranges have been computed, are provided in the Sup-
plementary Materials.

In Fig.  8 we plot earthquake depths for induced 
seismicity cases in which the largest events were 
close to or exceeded M 4.5 and for which reliable 
earthquake depths are publicly available. The yel-
low bars represent the depths of the mainshocks (and 
either their location uncertainties or the range of 
mainshock depths reported by different studies). The 
red bars show the full range of depths for all events 
within the swarms of seismicity in each case. In most 
cases, these foreshocks and aftershocks delineate the 
fault structures that have been activated by the injec-
tion and associated perturbations.

We find a range of mainshock depths, typically 
from c. 4  km to nearly 10  km. However, our focus 
here is on the deepest depths of all earthquakes within 
a sequence, since these generally delineate the extent 
of structures activated by the anthropogenic perturba-
tions. We find that, for all of the cases where main-
shocks have exceeded M 5.0, the seismicity within 

Fig. 8  Depths of main-
shocks (yellow bars) and 
ranges of fore- and after-
shock depths (red bars) 
for notable sequences of 
WWD-induced seismic-
ity. The position of each 
case along the x-axis 
represents the magnitude 
of the largest event within 
the sequence. The yellow 
bars show either the range 
in catalogued mainshock 
depths or estimates of their 
uncertainty, and the red bars 
show the depth ranges for 
all earthquakes within each 
sequence. Data provided in 
Supplementary Material

2 We note that the HiQuake database of induced earthquakes 
(Wilson et al. 2017) lists more cases of potential induced seis-
micity with large magnitudes (M > 5). However, the assigna-
tion for many of the HiQuake cases as being induced is ambig-
uous at best, and highly dubious at worst (e.g., Bommer 2022). 

We also note, however, recent work to add qualifications on 
these classifications based on the strength of the available evi-
dence (Foulger et al. 2023).

Footnote 2 (continued)
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the sequence extends to depths of at least 6 km, and 
in most cases to depths of 8–10 km. We are not aware 
of any cases of seismicity caused by oilfield-related 
activities with magnitudes M > 5.0 where perturba-
tions have been limited solely to the sedimentary 
cover and have not penetrated a significant distance 
into the crystalline basement.

Clearly, structures capable of transferring shal-
lower perturbations into the deeper crust can exist, 
as evidenced by the examples shown in Fig. 8. These 
structures might consist of permeable pathways 
through which elevated pore pressures are transferred 
to basement rocks (e.g., Hearn et  al. 2018; Gallo-
way et al. 2018; Chang and Hoon 2020), or faults on 
which aseismic slip creates a geomechanical stress 
perturbation at depth (e.g., Im and Avouac 2021). 
However, such structures are far from ubiquitous. For 
example, Verdon et al. (2016) argued that the absence 
of hydraulic or geomechanical connections into base-
ment strata may account for the relative absence of 
induced seismicity in the Williston Basin of Sas-
katchewan/North Dakota, despite extensive hydraulic 
fracturing and wastewater disposal operations in the 
region. Skoumal et al. (2018a) showed that the pres-
ence of the Salina Group evaporites underlying the 
Marcellus Shale Formation in the Appalachian Basin 
provides a geomechanical and hydraulic barrier that 
has prevented the occurrence of induced seismic-
ity during extensive hydraulic fracturing operations, 
whereas hydraulic fracturing in the co-located but 
deeper Utica Formation, which sits below the Salina 
Group, has caused significant levels of induced seis-
micity, with ruptures nucleating in the uppermost 
hundreds of metres of the basement (Friberg et  al. 
2014; Skoumal et  al. 2015). Verdon and Rodríguez-
Pradilla (2023) have shown more generally that the 
proximity to basement plays an important role in 
controlling the relative levels of induced seismicity 
between different shale gas plays in North America.

Where perturbations induced by oilfield activities 
do not penetrate any significant distance into the crys-
talline basement, it is clear that adopting an Mmax 
value from tectonic earthquakes, where it is assumed 
that ruptures could initiate at any depth within the 
seismogenic crust, will be inappropriately conserva-
tive. A more appropriate method might be to estimate 
an Mmax for induced events based solely on the mag-
nitudes of tectonic events that have nucleated solely 
within the sedimentary cover and the uppermost 

basement. However, many regional earthquake cata-
logues do not have sufficient depth resolution to make 
a robust differentiation of this nature.

Green et al. (2012) based their estimate for Mmax 
for hydraulic fracturing of the Carboniferous Bow-
land Shale in northern England on previous obser-
vations of mining-induced seismicity in deep coal 
mines (which also target Carboniferous-age strata). 
Coal mining in the UK was an extensive and long-
standing industry, and the deepest mines reached 
close to 1 km depth. Despite this, induced seismicity 
associated with coal mining in the UK did not exceed 
magnitude 3. However, Green et al.’s Mmax estimate 
of M 3.0 was reached during hydraulic fracturing in 
the Preston New Road PNR-2 well (Kettlety et  al. 
2021), suggesting that the Green et  al. (2012) limit 
may not be appropriate. Importantly, most previous 
seismicity associated with UK coal mining seems to 
have been consistent with an industrially driven pro-
cess (with dip-slip motions above collapsing longwall 
panels, e.g., Verdon et  al. 2018), whereas the seis-
micity caused by hydraulic fracturing appears to be 
consistent with triggered behaviour (with strike-slip 
focal mechanisms that are consistent with regional 
stress patterns, e.g., Clarke et al. 2019; Kettlety et al. 
2021). The difference between driven versus trig-
gered behaviour may account for why coal mining in 
the UK never exceeded M 3.0 despite a very exten-
sive and longstanding mining industry, whereas this 
magnitude was reached after hydraulic fracturing of 
only three wells in the Bowland Shale.

A related phenomenon to the depth of earthquake 
rupture is the presence of physical barriers to rup-
ture that can limit the possible size of any induced 
earthquakes. Sedimentary strata often display sig-
nificant vertical variability in physical and mechani-
cal properties caused by the deposition of different 
lithologies. Some types of sedimentary strata, such 
as evaporites or clay-rich mudstones, deform in a 
highly ductile manner such that they form a barrier 
to brittle, seismogenic rupture. The presence of such 
layers above or below the formations being targeted 
by industrial activities could serve to limit the dimen-
sions of fault ruptures, thereby limiting the size of 
the largest possible event. For example, induced seis-
micity at Groningen is observed to be constrained to 
within the reservoir layer (e.g., Smith et al. 2020), a 
fact which Boitz et al. (2024) used to estimate maxi-
mum possible rupture dimensions and thereby Mmax 
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values based on the thickness of the reservoir layer. 
Likewise, Verdon et  al. (2018) identified that the 
maximum magnitudes of events at the Thoresby Col-
liery sequence were limited by the thicknesses of rock 
between previously mined seams below and above the 
working seam. These previously mined seams would 
since have collapsed, leaving void spaces filled with 
rubble that would serve to arrest any ruptures through 
the intact rock. We note that both the Groningen and 
Thoresby Colliery sequences likely represent cases of 
driven seismicity, but the same concept could easily 
be applied to observations of either driven or trig-
gered seismicity. In practice, it may be challenging 
to robustly identify barriers to seismogenic rupture 
during site characterisation phase from which to base 
a priori Mmax estimates: these effects are generally 
identified from observations of the hypocenters of 
ongoing seismicity, and the observed roll-off from the 
anticipated Gutenberg-Richter distribution at larger 
magnitudes (see Sect. 4.4.1).

4.3.2  Mmax from fault stability analysis

It is common practice to identify and map the pres-
ence of faults within the subsurface at the site of a 
given industrial activity using geophysical methods. 
The orientations of faults, combined with in  situ 
stress field measurements, can be used to evaluate 
fault stability or slip tendency (Morris et  al. 1996), 
from which the sub-population of faults that are near 
to the Mohr–Coulomb failure criteria can be identi-
fied (e.g., Walsh and Zoback 2016; Rodríguez-Pra-
dilla and Verdon 2024). The largest possible earth-
quake can then be estimated from the dimensions of 
the largest fault that is near to failure within the rock 
volume that is expected to be perturbed by the indus-
trial activity. We note that this approach can also be 
used to estimate Mmax for cases of driven seismicity.

This volume analysed should be defined gener-
ously, since it may need to include not just the vol-
ume in which pore pressure change occurs, but also 
the volume affected by poroelastic stress changes that 
extend to larger distances (e.g., Deng et al. 2016; Ket-
tlety et  al. 2020; Igonin et  al. 2022). Likewise, the 
presence of unmapped permeable pathways, such as 
fracture networks, can significantly increase the dis-
tance that pore pressure changes reach from a well 
(e.g., Igonin et al. 2021). However, only faults that are 

favourably orientated with respect to the in situ stress 
conditions – or, for cases of driven seismicity, with 
the nature of the induced deformation – need to be 
considered.

Numerical geomechanical models can also be 
used to directly simulate the amount of displacement 
(e.g., van Wees et  al. 2017; Buijze et  al. 2017) or 
stress change (e.g., Verdon et al. 2015) that will take 
place on predefined faults with known dimensions, 
from which magnitudes can be directly estimated. 
The challenge with this approach is that numerical 
geomechanical simulation tools typically have large 
numbers of free parameters. Model outputs can be 
strongly dependent on the choice of input parameter 
(e.g., Verdon et al. 2011), but many of the necessary 
parameters are poorly constrained. Where possible, 
models should be constrained by field observations 
of deformation such as observations of compaction 
above depleting reservoirs (e.g., Bourne and Oates 
2017) or observations of uplift above a high-volume 
injection well (e.g., Bissell et al. 2011). Convergence 
between model outputs and observed deformation 
patterns is necessary to build confidence in model 
performance, but clearly that precludes the use of 
such models to estimate Mmax values prior to the 
onset of operations.

Moreover, it is often the case that when perform-
ing fault stability analyses on this basis, focus is inev-
itably drawn to the largest faults that are easily map-
pable using geophysical methods. However, induced 
seismicity is then found to occur along smaller faults 
which may not have been identified prior to opera-
tions (e.g., Nantanoi et  al. 2022). Hence, whereas 
Mmax estimates based on fault dimensions around a 
given site may be less conservative than Mmax esti-
mates taken directly from tectonic assessments, they 
may still be conservative relative to the seismicity 
that actually occurs.

4.3.3  Mmax from analogous past activities

Where large numbers of analogous activities have 
taken place, then observations from those opera-
tions can be used to produce a priori Mmax esti-
mates for future operations. The definition of “anal-
ogous” could be contentious since it can be debated 
as to what activities represent a reasonable analogy. 
Verdon et  al. (2016) and Verdon and Rodríguez-
Pradilla (2023) have shown that the same activity 
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(e.g., wastewater disposal, hydraulic fracturing) can 
produce very different induced seismicity responses 
depending on the specific basin in question, and 
induced seismicity rates can be very different 
between different geological formations within the 
same basin (e.g., Skoumal et al. 2018a; Verdon and 
Bommer 2021b).

Hence, analogies should only be taken for similar 
activities such as injection or production of similar 
volumes of fluid, at similar rates/pressures, in the 
same geological strata. Notwithstanding this limita-
tion, some activities now have extensive analogous 
data that can be used to constrain Mmax estimates. 
For example, many shale plays have now had thou-
sands of wells drilled, with tens or even hundreds of 
thousands of individual hydraulic fracturing stages, 
from which rates and maximum magnitudes of 
induced seismicity can be established (e.g., Verdon 
and Rodríguez-Pradilla 2023).

As large numbers of existing analogous opera-
tions are performed (such as thousands of hydrau-
lic fracturing wells within a given play), more 
data becomes available with which Mmax can be 
constrained using statistical methods. In  situa-
tions where continuing industrial activities create 
a growing population of induced earthquakes, then 
these earthquakes can be used to populate statisti-
cal estimates for Mmax (e.g., Kijko 2004; Zöller 
and Holschneider 2016a). Provided that suitable 
analogues can be identified, there may be scope for 
adapting the Bayesian updating approach outlined 
in Sect. 3.2 for application to induced seismicity.

Observations of maximum magnitudes from ana-
logue past operations may not represent a maximum 
possible magnitude (i.e., a truncation to the Guten-
berg Richter distribution,  MmaxT). Consider a hypo-
thetical example where maximum observed magni-
tudes are recorded for a large number of hydraulic 
fracturing wells in a particular formation. It may be 
that the finite injection volume for each given well 
produces low recurrence rates (e.g., via the seis-
mogenic index or seismic efficiency models, see 
Sect.  4.4.2), such that, with small total numbers of 
earthquakes, larger magnitudes are not expected even 
if a non-truncated Gutenberg-Richter distribution is 
assumed. In such cases, the observed maximum mag-
nitudes may not be informative for  MmaxT. Hence, 
when estimating  MmaxT from past observations of 
analogue operations, consideration needs to be given 

to the numbers of events recorded, as well as the 
magnitudes of the largest events (Zöller and Holsch-
neider 2016a).

However, observations from large numbers of 
analogue operations can also inform estimates of the 
largest expected magnitudes,  MmaxE, for example 
by defining a range of values for parameters such as 
the seismogenic index and seismic efficiency in order 
to characterise the expected behaviour at future sites 
(see Sect. 4.4.2). In such cases,  MmaxE may represent 
the more important control on hazard and risk.

Where large numbers of a specific type of opera-
tion have not caused any recorded induced seismicity 
(as is the case for some shale gas plays where exten-
sive hydraulic fracturing has produced no recorded 
induced seismicity, see Verdon and Rodríguez-Pra-
dilla 2023), this nevertheless provides information 
which should contribute to Mmax estimates. In vari-
ous statistical models for Mmax (e.g., Kijko 2004; 
Zöller and Holschneider 2016b), the number of earth-
quakes in the population can be replaced by the rate 
of seismicity multiplied by the number of years of 
monitoring. Similarly, for induced seismicity appli-
cations, the number of earthquakes in the popula-
tion could be replaced by an expected rate of induced 
seismicity occurrence per well (or some other index 
of the rate of industrial activity) multiplied by the 
number of wells (or instances of the aforementioned 
index).

4.4  Operational estimation of Mmax

The previous sections discuss how Mmax might be 
assigned based on a priori evaluation of the geologi-
cal conditions. Once operations begin and induced 
seismicity initiates, then the seismicity response 
can be characterised in detail, from which estimates 
of Mmax (as well as other key parameters such as 
recurrence rate) can be made. This type of approach, 
where observations of seismicity are made during 
operations and projected forwards in order to char-
acterise the upcoming seismic hazard, is commonly 
used to manage induced seismicity in practice, since 
a priori estimates of seismic hazard are often poorly 
constrained except in cases where a large amount of 
relevant data is available. Depending on the type of 
approach used, some of the following methods pro-
vide estimates for  MmaxT, the magnitude at which 
the Gutenberg-Richter relationship is truncated by 
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some maximum physically possible earthquake size, 
while others provide estimates for  MmaxE, the maxi-
mum expected earthquake size given the finite spatial 
and temporal limits of human-induced subsurface 
perturbations, where a Gutenberg-Richter distribution 
is extrapolated forwards to some future finite number 
of events, without applying or assuming any upper 
limit truncation.

4.4.1  From observed truncations of magnitude 
frequency distributions

The effect of  MmaxT can be seen through its impact 
on the frequency-magnitude distribution at magni-
tudes close to  MmaxT, since it produces a truncated 
upper bound, with the number of events close to 
 MmaxT falling below that of an unbounded Guten-
berg-Richter distribution. The unbounded Gutenberg-
Richter distribution is modified to Burroughs and 
Tebbens (2002):

In some cases, the drop-off below an unbounded 
Gutenberg-Richter distribution can be explicitly 
observed within the induced seismicity sequence, 
allowing  MmaxT to be directly identified (e.g., Sha-
piro et al. 2011; Verdon et al. 2018). An example of 
this, from induced seismicity at the Thoresby Colliery 
in Nottinghamshire, England (Verdon et al. 2018), is 
shown in Fig. 9.

Shapiro et  al. (2011) proposed that  MmaxT could 
be estimated from the shorter axis of the ellipsoid 
of induced microearthquake hypocentres, on the 
basis that this defines the volume of influence of the 
injections, which in turn limits the largest circular 
fault rupture that could be stimulated. They argued 
that the  MmaxT estimated from the drop-off below 
an unbounded Gutenberg-Richter distribution for 
induced events at the Soultz-sous-Forêts geother-
mal plant was consistent with the dimensions of the 
microseismic cloud.

However, in many cases where induced seismic-
ity is observed, large events are not limited to the 
cloud of pre-existing microseismic events – instead, 
large events nucleate at the edge of the microseismic 
cloud and propagate outwards from this point (e.g., 
Kettlety et  al. 2021; Igonin et  al. 2022). In effect, 
the induced perturbation reaches a larger favourably 
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. oriented fault which then ruptures with dimensions 
larger than the pre-existing microseismicity. Hence, 
it is not widely accepted that the geometry of previ-
ous microseismic event hypocentres can be used to 
constrain a maximum magnitude.

Most cases of induced seismicity do not show 
clear and unambiguous evidence of a drop-off in 
event numbers at higher magnitudes that would indi-
cate that magnitudes were approaching an upper trun-
cating limit (Watkins et al. 2023; Schultz 2024). Such 
roll-offs only become apparent within about half a 
magnitude unit of  MmaxT (Burroughs and Tebbens 
2002) and can be difficult to robustly identify directly 
from statistical fitting to the observed magnitude dis-
tribution (e.g., Main 2000). Schultz (2024) proposes a 
method based on order statistics of magnitude jumps 
as a more sensitive approach to identifying whether 
observed magnitudes are influenced by a truncating 
maximum magnitude.

4.4.2  Correlations between operational rates 
and seismicity

Regardless of whether induced seismicity is driven 
or triggered, the rate at which seismicity occurs is 
expected to scale to the rate at which the subsurface is 

Fig. 9  Magnitude-frequency distribution for earthquakes 
induced by coal mining at the Thoresby Colliery, Nottingham-
shire, England (black line). There is a clear drop away from the 
straight-line Gutenberg-Richter relationship at higher magni-
tudes. Note that  MMIN is the smallest magnitude considered in 
the calculation of the recurrence parameters, which is distinct 
from  Mmin, the smallest magnitude considered in PSHA hazard 
calculations. Data provided in Supplementary Material
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perturbed. For a given shear stressing rate, τ̇, the rate 
of seismicity, λ, is given by (Dieterich 1994):

where r is the earthquake rate at a reference stressing 
rate τ̇r. This then implies that the rate of induced seis-
micity will scale linearly with the stressing rate pro-
duced by the industrial activity (Verdon et al. 2024), 
which in turn might be expected to scale with the rate 
of fluid injection or removal. As such, it is common 
to observe a constant scaling between seismicity and 
injection or production rates, even in situations where 
the seismicity is clearly triggered rather than driven 
(e.g., Dinske and Shapiro 2013; Hallo et  al. 2014; 
Verdon et al. 2024).

This scaling is often quantified by the seismic effi-
ciency, as defined in Eq. 4, or the seismogenic index, 
SI, which relates the number of induced earthquakes, 
NE, larger than a magnitude M, to the injected volume 
(Shapiro et al. 2010):

These scaling relationships can be measured dur-
ing operations, and extrapolated in tandem with a 
planned injection or production volume to give an 
estimate for the cumulative seismic moment and/or 
the total number of seismic events that will be gen-
erated, from which  MmaxE can be calculated, using 
Eq. 3 for a given cumulative seismic moment, while 
for a given number of events,  MmaxE can be esti-
mated as (van der Elst et al. 2016);

where MMIN is the minimum magnitude at which the 
number of events has been calculated. This type of 
approach has shown reasonable performance in mod-
elling the upcoming seismicity across a broad range 
of induced seismicity cases (e.g., Hajati et  al. 2015; 
Verdon and Budge 2018; Clarke et al. 2019; Kwiatek 
et  al. 2019; Verdon et  al. 2024). However, there are 
some examples where these methods have signifi-
cantly underestimated the magnitudes of induced 
events (e.g., Kettlety et al. 2021; Verdon et al. 2024) 
– this usually happens where a new seismogenic 
structure begins to reactivate, and so previous events 
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do not provide a good characterisation of the upcom-
ing seismicity.

It should be noted that the Mmax values calculated 
via these methods do not represent Mmax as defined 
in Sect. 2, where it represents an upper bound to the 
Gutenberg-Richter recurrence rate (i.e.,  MmaxT). 
Instead, the Mmax values using SI and SEFF as defined 
in Eqs.  (3) represent the point at which the Guten-
berg-Richter recurrence rate reaches 1. Hence, these 
estimates represent the maximum expected event 
magnitude,  MmaxE, not the maximum possible event 
magnitude. The significance of this difference is dis-
cussed further in Sect. 5. Schultz (2024) provides an 
estimator for the maximum expected magnitude that 
will be observed for a sequence where the total num-
ber of events is finite (for example, when seismicity 
rate scales with injection rate and the total injection 
volume is finite) and is also subject to a maximum 
possible magnitude at which the Gutenberg-Richter 
distribution is truncated.

The SI and SEFF methods have also been used to 
characterise the potential seismic hazard in advance 
of project development. In some cases, a reason-
able distribution of SEFF or SI values can be defined, 
typically based on past experiences of similar opera-
tions in similar geological conditions (e.g., Ver-
don and Rodríguez-Pradilla 2023) – see Sect.  4.3.3 
for our discussion of how Mmax can be estimated 
from analogue past operations. The assumed SI and/
or SEFF distributions are used to estimate expected 
magnitude-frequency distributions based on an 
assumed finite injection volume, from which the larg-
est expected magnitude size is estimated, assuming a 
non-truncated Gutenberg-Richter distribution.

However, where a priori estimated distributions 
of SI and/or SEFF are excessively broad due to a lack 
of relevant data to provide empirical constraint, 
the resulting seismic hazard assessments may be so 
poorly constrained as to have little practical utility 
(e.g., Silva et al. 2021; Bommer 2022).

4.4.3  From extreme value estimators

An alternative means of operational forecasting of 
induced earthquake magnitudes is using extreme 
value estimators, of a similar nature to those dis-
cussed in Sect.  3.2. These approaches are based on 
the extreme value estimators developed by Cooke 
(1979), which seek to estimate the likely maximum 
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value within a series of records, regardless of the 
underlying distribution from which the records are 
drawn. Mendecki (2016) proposed applying these 
methods to mining-induced seismicity, and Cao et al. 
(2020) adapted the Mendecki (2016) approach for 
seismicity induced by hydrocarbon extraction and 
subsurface fluid injection.

Within the overall extreme value estimator 
approach, there are several strategies that can be 
adopted for induced seismicity. The upper limit can 
be defined as the largest possible event within a 
sequence, or a jump-limited calculation can be esti-
mated, where the largest possible magnitude jump 
is estimated, which is added to the largest event to 
have occurred to estimate Mmax (Verdon and Eis-
ner 2024). These calculations can be performed 
using event magnitudes, or by using event moment or 
potency (moment divided by rock shear modulus).

Verdon and Eisner (2024) performed a system-
atic appraisal of the various extreme value estimator 
methods in forecasting Mmax, using a large num-
ber of induced seismicity case studies. They found 
that where potency values were used as input to the 
extreme value estimators, they produced Mmax fore-
casts that usually tracked the observed evolution 
of the induced seismicity sequences. Likewise, the 
“jump-limited” method using event magnitudes also 
tracked the observed evolution of the sequences. We 
note that in their study, Verdon and Eisner (2024) 
were using this approach to estimate the expected 
maximum magnitude of upcoming events (i.e., 
 MmaxE), and did not assume any upper-limit trunca-
tions to the Gutenberg-Richter distribution. Much like 
Schultz (2024), they did not identify any strong evi-
dence for upper-limit truncations affecting the data-
sets used in their analysis.

4.5  Traffic light schemes and Mmax

In situations where the prior levels of constraint for 
recurrence rate and Mmax parameters are so broad as 
to be uninformative, then probabilistic approaches are 
not helpful. It may then be preferable to work back-
wards from the estimated risk to determine magni-
tude values that would be tolerable given the vulner-
ability of the exposed buildings and population (e.g., 
Edwards et al. 2021), and to adopt induced seismicity 

mitigation protocols that are designed to prevent the 
occurrence of larger events.

Induced seismicity is commonly regulated using 
Traffic Light Schemes (TLSs, e.g., Bommer et  al. 
2006; Verdon and Bommer 2021a). TLSs typically 
define a yellow-light threshold, at which opera-
tions are adjusted (e.g., reduced injection rates or 
pressures) to mitigate seismicity, and a red-light 
threshold, at which operations are terminated. TLS 
thresholds can be defined with respect to earthquake 
magnitudes or ground motion levels, although for 
several practical reasons, it is generally advantageous 
to define thresholds in terms of magnitudes, even if 
this are inferred from shaking levels (Bommer et al. 
2006; Ader et al. 2020; Verdon and Bommer 2021a; 
Bommer 2022).

There has been much debate as to the efficacy of 
TLSs in preventing the occurrence of larger magni-
tude induced events (e.g., Bommer et al. 2015; Baisch 
et  al. 2019). Van der Elst et  al. (2016) argued that 
when an anthropogenic perturbation triggers a fault, 
the occurrence of seismicity is controlled by the 
regional tectonics. In essence, once a fault starts to 
be triggered, the resulting earthquakes will be sam-
pled at random from an underlying Gutenberg-Rich-
ter distribution. If this is the case, then large events 
could be among the first to occur, meaning that TLSs 
would be ineffective for managing induced seismic-
ity, since large events could occur with relatively lit-
tle prior seismicity that could be used for mitigation. 
Alternatively, Verdon and Bommer (2021a) proposed 
that the perturbation induced by injection will grow 
(both in magnitude and dimension) with time, and 
that larger perturbations will be capable of nucleat-
ing larger events. If this is the case, we would expect 
induced seismicity sequences to grow sequentially 
as injection progresses, with larger events occurring 
towards the ends of the sequences. In this situation, 
TLSs would have the potential to mitigate large-mag-
nitude induced events, since the earlier, lower-level 
seismicity can be used to guide decision-making dur-
ing operations.

Verdon and Bommer (2021a) compiled a col-
lection of hydraulic fracturing-induced seismicity 
cases and found statistically significant trends for 
large events to occur at the ends of sequences. Skou-
mal et  al. (2018b) found similar trends for cases of 
hydraulic fracturing-induced seismicity in Oklahoma. 
Watkins et al. (2023) performed similar analyses for 
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sequences of wastewater disposal-induced seismic-
ity, and again found that the distribution of largest 
events was not random. Unlike hydraulic fracturing-
induced cases, for WWD the largest events tended to 
occur within the middle part of the sequences, with 
seismicity initially accelerating, but then tending to 
stabilise and then decay over longer time periods as 
injection continued (Verdon et al. 2024). In addition 
to the position of the largest events, Watkins et  al. 
(2023) also examined the distribution of magnitude 
jumps within a sequence, finding a statistically sig-
nificant difference in the observed distribution of 
jumps relative to that which would be produced by 
random draws from an underlying Gutenberg-Richter 
sequence. Instead, the observed jumps were system-
atically smaller, indicative of a process where magni-
tudes increase gradually as the sequence progresses, 
rather than jumping quickly from small to high 
magnitudes. These observations suggest that TLSs, 
if applied correctly, do have the ability to mitigate 
induced seismicity. As such, where TLSs are used to 
manage induced seismicity hazard, it is reasonable to 
assume that a requirement to stop operations at a cer-
tain threshold will have an impact on the maximum 
magnitude that occurs.

The role of a TLS to limit the size of the largest 
event will be to limit the size of the volume that is 
injected or produced. If a scaling is assumed between 
the cumulative fluid volume injected or produced and 
the rate of seismicity, then it becomes clear that the 
impact of a TLS will be to place a limit on the total 
number of events, and thereby the expected maximum 
magnitude from an unbounded Gutenberg-Richter 
distribution,  MmaxE. The implementation of a TLS 
will not serve to create a truncation to the magnitude 
distribution.

Moreover, TLSs are retroactive – operational deci-
sions are made in response to the occurrence of large 
events. This means that the efficacy of TLSs in miti-
gating induced seismicity will be controlled by the 
size of typical magnitude jumps within induced seis-
micity sequences (e.g., Verdon and Bommer 2021a; 
Watkins et  al. 2023), and the growth of magnitudes 
that occur during trailing seismicity (e.g., Schultz 
et al. 2022).

Magnitude jumps refer to the increase in magni-
tude for a new largest event over the previous larg-
est event within a sequence. For example, if the 
previous largest event was M 3.0, and this event 

was followed by an M 4.0 event, this would repre-
sent a magnitude jump of 1.0. The occurrence of 
large magnitude jumps poses a challenge for TLSs. 
For example, if a TLS red-light threshold was set 
at M 3.0, then operations would be allowed to con-
tinue after an M 2.9 event, though some mitiga-
tion actions may have been taken if a yellow-light 
threshold were also in place. If this event is fol-
lowed by a magnitude jump of 1.5 units, then the 
next large event would have a magnitude of 4.4, 
producing a magnitude that is significantly larger 
than the red-light threshold.

In some induced seismicity sequences, magnitudes 
have been observed to increase significantly after the 
end of injection (e.g., Majer et  al. 2007; Ruiz-Bara-
jas et  al. 2017; Ellsworth et  al. 2019; Kettlety et  al. 
2021). Trailing event magnitude increases can also 
produce events that are significantly larger than the 
red-light threshold at which operations are stopped.

The occurrence of large magnitude jumps and 
trailing increases means that the red-light limit itself 
does not represent the largest magnitude that induced 
seismicity could reach. Instead, the largest possible 
event that could occur under a particular TLS is given 
by the red-light limit, plus an additional amount that 
accounts for the degree to which magnitude jumps 
and trailing increases are expected to occur. The 
expected distribution of magnitude jumps and trail-
ing increases can be estimated using statistical mod-
els (e.g., Schultz et al. 2022), or estimated empirically 
from observations (e.g., Verdon and Bommer 2021a; 
Watkins et  al. 2023). Bommer and Verdon (2021a) 
compiled observations of magnitude jumps and trail-
ing events from examples of hydraulic fracturing-
induced seismicity around the world, finding that 
most magnitude jumps and trailing events were less 
than one magnitude unit, and the largest magnitude 
jump was 2.7 units. However, an important obser-
vation was that there were no cases that displayed 
both large magnitude jumps during the sequence and 
large magnitude increases for trailing events. Watkins 
et al. (2023) compiled observations from wastewater 
disposal-induced seismicity around the world, and 
found the largest magnitude jumps were less than 2 
magnitude units (Fig.  10). These observations are 
consistent with the statistical models presented by 
Schultz et al. (2020; 2022), who also proposed a gap 
of 2 magnitude units between TLS thresholds and the 
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magnitudes they seek to prevent, in order to account 
for the effects of magnitude jumps and trailing events.

Based on these results, the use of TLSs should be 
expected to influence the expected maximum mag-
nitudes during industrial operations. As above, the 
red-light value does not represent  MmaxE. Instead, 
 MmaxE should be taken as the red-light value plus 
an additional threshold. The increment, ΔM, between 
the red-light threshold and the resulting  MmaxE value 
should be inferred from the statistics of the available 
data – whether that be global case studies from analo-
gous activities, as compiled by Verdon and Bommer 
(2021a) and Watkins et al. (2023), or datasets that are 
more specific to the regional geological and tectonic 
conditions. Observed trailing events and magnitude 
jumps can be used to populate a distribution of ΔM 
values, with  MmaxE then being determined based on 
an acceptable probability of (non-)exceedance.

In some cases, further operations have been per-
mitted after the occurrence of red-light events (e.g., 
Ellsworth et  al. 2019; Kettlety et  al. 2021). In these 
cases, the red-light limit is better thought of as a 
pause, rather than a permanent stop. In these cases, 
the levels of induced seismicity have been observed 
to continue from similar levels prior to the red-light 
pause, ultimately leading to events that were signifi-
cantly larger than the red-light thresholds that were 
initially applied. Clearly, if TLS thresholds are to 
be used to define  MmaxE values, then the red-light 

values in question need to represent the point at 
which operations will cease, and not merely a pause 
in operations.

5  Discussion

We close with a brief synthesis and discussion of 
the key issues and ideas that we have put forward 
in this article. We recognize some of the challenges 
for established (for natural seismicity) or emerging 
(for induced seismicity) practices, and hope that our 
proposals will prompt discussion and debate within 
the seismic hazard and risk community, and among 
operators and regulators confronting the challenges of 
induced seismicity in energy technologies.

5.1  Mmax for natural earthquakes

Estimating the upper bound on earthquake size in a 
specific region has always featured prominently as a 
key element of seismic hazard and risk assessment. 
In DSHA, which was claimed to define the worst-
case scenario in terms of seismic hazard, the primary 
focus was usually on the estimation of the largest 
‘credible’ earthquake, assuming that this would then 
lead to an upper bound on the ground shaking lev-
els at the site (even though it is now understood that 
the distance from the site and the selected exceed-
ance level of the inherent variability in the ground-
motion predictions can both exert a greater influence 
on the site motions). Although the use of DSHA in 
earthquake engineering has declined significantly 
over recent decades, the focus on the largest possible 
earthquake may have influenced the perception of the 
maximum magnitude being a parameter of primordial 
importance.

In PSHA, Mmax is the upper bound of integrations 
across earthquake scenarios of a range of magnitudes 
(from the smallest events that could contribute to 
the risk of damage or losses), and its estimation has 
been the focus of a great deal of investigation and 
discussion.

The attention that has been given to Mmax in 
PSHA is, however, often not matched by its impact 
on the hazard estimates. When Mmax is set to a small 
range of high values within a logic tree, it is generally 
found to exert very little influence on the outcome of 
the PSHA calculations. The limited influence of large 

Fig. 10  Observed distributions of magnitude jumps during 
induced seismicity sequences caused by hydraulic fracturing 
(green) and wastewater disposal (red). Symbols show observed 
data (from Verdon and Bommer (2021a) and Watkins et  al. 
(2023), respectively), while lines show best-fit lognormal dis-
tributions (see Watkins et al. 2023)
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Mmax values in PSHA may, consciously or other-
wise, encourage the practice of assigning high esti-
mates of the parameter; doing so allows the hazard 
modeler to rest in the assurance that it is very unlikely 
that the proposed upper limit on magnitude will 
be invalidated by the occurrence of an even larger 
earthquake.

If Mmax as defined as the largest earthquake that 
could possibly occur within a given seismic source 
(under current tectonic conditions), then fixing the 
maximum as the largest event that could occur under 
any circumstances is a reasonable response. If, how-
ever, there are any reasons why in practice the upper 
limit on magnitude may be limited to lower values 
(such as ruptures being limited to only some fraction 
of total fault length or the absence of large seismo-
genic structures within a source zone), then a distri-
bution based only on the highest estimates is not cap-
turing the full range of uncertainty in this parameter. 
The purpose and objective of constructing a logic 
tree is precisely to include the full range of epis-
temic uncertainty, not suites of conservatively biased 
parameter values.

If only high values of Mmax are included, and if 
these values are much greater than the largest earth-
quakes that have been observed, then the model is 
effectively predicting that in all future realizations of 
the regional seismicity there will be events of mag-
nitudes larger than the maximum observed and of all 
magnitudes up to Mmax. Viewed from this perspec-
tive, Mmax estimates should usually encompass a 
broad range of values, the lower limit being similar to 
or incrementally larger than the biggest known earth-
quake in the seismic source, the increment depending 
on the length of the earthquake record and the num-
ber of events of comparable magnitude in this record. 
In effect, this is exactly what is often done for sta-
ble continental regions in the widely used approach 
based on Bayesian updating of global analogues with 
a likelihood function based on local observations. 
When broader Mmax distributions are used in PSHA, 
the influence of this parameter on the results can be 
significant.

In addition to extending the lower end of Mmax 
distributions to values close to the largest observed 
earthquakes, the upper end of the distributions may 
also warrant reevaluation in many cases. The prior 
global distributions used for stable regions, for exam-
ple, have been modified at their upper limits over the 

years as the classification of continental regions as 
‘stable’ has been revisited. More generally, Mmax 
values are often assigned to area source zones that 
would require fault ruptures that exceed the dimen-
sions of the zone and, more importantly, would 
require enormous seismogenic structures to be pre-
sent in the upper crust that have eluded detection by 
geologists.

5.2  Mmax for induced earthquakes

All of the preceding considerations relate to natural, 
or tectonic, earthquakes. We believe that it is worth-
while to revisit common practice in PSHA with 
respect to this parameter, both because of the poten-
tial for inappropriate conservatism, and also because 
these practices have clearly influenced the assessment 
of Mmax for induced seismicity. This is especially the 
case when it is argued that in the extreme, anthropo-
genic processes (such as the injection or extraction 
of fluids) could trigger incipient tectonic earthquakes 
and therefore Mmax values can be simply adopted 
from hazard studies performed for natural seismicity.

If fully probabilistic analyses of seismic hazard 
and risk due to induced earthquakes are to be car-
ried out, then it is essential to develop distributions 
capturing the range of estimates of Mmax. A case in 
point is the Groningen gas field in the Netherlands, 
for which a probabilistic seismic risk model has been 
developed to enable risk levels to be compared with 
Dutch norms, which are expressed in terms of prob-
abilities, and also to explore the efficacy of differ-
ent risk mitigation measures (van Elk et  al. 2019). 
In such applications, it is very important to avoid 
unwarranted conservatism, especially given that it is 
almost inevitable that some parties will interpret the 
Mmax estimates as predictions and the logic-tree 
branch weights as the associated probability of occur-
rence. This is not to say that legitimate estimates of 
larger values should be excluded for this reason, but 
the potential implications of the estimates should be 
borne in mind and values of Mmax included because 
there is a physical basis for postulating such scenarios 
(not simply invoking the precautionary principle by 
including such values because they cannot be defini-
tively precluded).

Whereas for natural seismicity the relevant limit 
on magnitude for hazard and risk analyses will 
always be the physical upper bound that truncates the 
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recurrence relationship  (MmaxT), for many cases of 
induced seismicity, the relevant parameter will be the 
expected maximum magnitude,  MmaxE. The two def-
initions will sometimes be closely related and logic-
tree distributions to capture their ranges of possible 
values will generally overlap, but for many opera-
tions,  MmaxE is a more relevant, and also more trac-
table, quantity.

For cases where operations have been underway 
for some time, the Mmax distribution should begin 
at or just above the largest observed earthquake. This 
is because, once all operations have ceased and equi-
librium restored, the largest event that has occurred—
which will be the de facto  MmaxE (but not  MmaxT)—
must lie within the distribution that was adopted. The 
logic tree should also clearly identify Mmax ranges 
that correspond to industrially driven events and 
those that would represent triggered tectonic events; 
the weight on the latter branch should reflect the like-
lihood of tectonic earthquakes being triggered. Due 
to the relatively shallow depths of most injection/
extraction wells, it will generally not be appropriate 
to adopt Mmax distributions developed for PSHA 
for natural seismicity as the node for triggered earth-
quakes. Bommer et  al. (2024) discuss all these con-
siderations in relation to Mmax for Groningen.

Probabilistic seismic hazard and risk analy-
ses can only be performed when there is a body of 
observational data from relevant industrial opera-
tions and associated seismic monitoring, from which 
parameters such as recurrence rates and Mmax can 
be derived. The uncertainty associated with a priori 
estimates of seismicity rates will generally be too 
large for the resulting hazard and risk estimates to be 
informative, unless a large body of relevant analogue 
data has been compiled. In cases where PSHA is not 
a meaningful option, we propose that attempts to esti-
mate Mmax may be neither feasible nor desirable. 
As our review of available approaches has shown, 
answers to the question regarding the largest possi-
ble magnitude of induced earthquake will carry great 
uncertainty but nonetheless generate levels of con-
cern that could lead to the suspension of important 
energy projects.

Faced with the far-reaching consequences of 
highly unreliable Mmax estimates, it is preferable 
to invert the problem and estimate the risk that 
would be posed by induced earthquake scenarios 
of different magnitudes (e.g., Edwards et al. 2021). 

Locating these scenarios in the vicinity of the pro-
posed operations and incorporating information 
regarding the exposed building stock and the soil 
or rocks on which the buildings are founded, the 
impact of earthquakes of different magnitude can be 
estimated. In this way, rather than trying to estab-
lish estimates of the largest earthquake that might 
occur, the focus can then move to determining the 
magnitude levels that would generate unacceptable 
risk, depending on factors including the density of 
population (e.g., Schultz et al. 2021).

Operational procedures can then be developed 
to mitigate against induced events of this size. For 
example, Traffic Light Schemes can be adopted, 
where expected distributions of magnitude jumps 
and trailing events can be used to set appropriate 
gaps between red-light thresholds and unaccepta-
ble magnitudes such that the likelihood of reach-
ing those magnitudes is below a given level (see 
Sect.  4.5). Alternatively, operational earthquake 
forecasting methods, such as those described in 
Sect. 4.4, can be used to produce ongoing estimates 
for the largest expected event magnitude, or a prob-
ability distribution thereof. Industrial activities 
can then be amended or ceased if the likelihood of 
reaching unacceptable magnitudes exceeds a given 
level. A useful summary of good practice on man-
aging the risk due to induced seismicity, including 
TLS, is provided by Zhou et al. (2024).

Alternatively, rather than focusing on reduction 
of the hazard, risk can be reduced by improving 
resilience. Effective public communication pro-
grams can improve the willingness of the public to 
tolerate felt earthquakes (Evensen et al. 2022), and 
engineering intervention can strengthen the weak-
est exposed structures in order to increase threshold 
magnitudes that might be considered to be unaccep-
table (Bommer et al. 2015).
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