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We examine the temporal evolution of sequences
of induced seismicity caused by long-term fluid
injection using a compilation of over 20 case studies
where moderate magnitude (M > 3.0) induced
events have been recorded. We compare rates of
seismicity with injection rates via the seismogenic
index and seismic efficiency parameters, computing
both cumulative and time-windowed values. We find
that cumulative values tend to accelerate steeply as
each seismicity sequence initiates—most cases reach
a value that is within 0.5 units of their maximum
value within 1–3 years. Time-windowed values tend
to increase to maximum values within 25%–35% of
the overall sequence, before decreasing as levels of
seismicity stabilize. We interpret these observations
with respect to the pore pressure changes that will
be generated in highly porous, high permeability
reservoirs. In such situations, the rate of pore
pressure change is highest during the early phases
of injection and decreases with time. If induced
seismicity scales with the rate of deformation, which
in turn is controlled by the rate of pore pressure
change, then it is to be expected that induced
seismicity is highest during the early phases of
injection, and then decreases with time.

This article is part of the theme issue ‘Induced
seismicity in coupled subsurface systems’.

© 2024 The Authors. Published by the Royal Society under the terms of the
Creative Commons Attribution License http://creativecommons.org/licenses/
by/4.0/, which permits unrestricted use, provided the original author and
source are credited.

royalsocietypublishing.org/journal/rsta

Research

Cite this article: Verdon JP, Pullen B,
Rodríguez-Pradilla G. 2024 Growth and
stabilization of induced seismicity rates during
long-term, low-pressure fluid injection. Phil.
Trans. R. Soc. A 382: 20230183.
https://doi.org/10.1098/rsta.2023.0183

Received: 11 August 2023
Accepted: 27 November 2023

One contribution of 11 to a theme issue
'Induced seismicity in coupled subsurface
systems'.

Subject Areas:
geophysics

Keywords:
induced seismicity, statistical seismology,
earthquake forecasting

Author for correspondence:
James P. Verdon
e-mail: gljpv@bristol.ac.uk

Electronic supplementary material is available
online at https://doi.org/10.6084/
m9.figshare.c.7249278.

http://orcid.org/
http://orcid.org/0000-0002-8410-2703
http://orcid.org/0000-0001-8917-9243
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1098/rsta.2023.0183&domain=pdf&date_stamp=2024-06-27
https://doi.org/10.1098/rsta.2023.0183
https://doi.org/10.6084/m9.figshare.c.7249278
https://doi.org/10.6084/m9.figshare.c.7249278


1. Introduction
Induced seismicity has proved to be a major issue associated with industrial activities that
involve subsurface fluid injection, such as wastewater disposal (WWD), hydraulic fracturing
(HF), enhanced geothermal systems, natural gas hydrogen storage (NGS) and carbon capture
and storage (CCS). The increasing scale and utilization of these industries have led to grow-
ing concern regarding induced seismicity hazards as more cases of fluid injection-induced
seismicity have occurred. Larger induced seismic events, such as the M 5.6 Prague and M 5.8
Pawnee sequences in Oklahoma [1,2], the Pohang sequence in South Korea (M 5.5 [3]) and
sequences in the Sichuan Basin, China (M 5.7 [4]), have proved capable of causing damage to
nearby buildings and infrastructure. Smaller induced events, even if of insufficient magnitude
to cause damage, nevertheless often provoke significant public concern [5].

As such, there is a need to better understand the physical processes that take place as
subsurface injection impinges on tectonic faults, triggering induced seismicity. By doing so, we
may be able to improve our estimations of induced seismicity hazard during the lifetime of
injection operations. Improved estimates of hazard can in turn be used to develop appropriate
regulations and mitigation strategies to control and mitigate induced seismicity.

(a) Seismic efficiency and seismogenic index
The rate of earthquake occurrence, λ, is given by [6]:

(1.1)λ = rτ̇τ̇r ,

where τ̇ is the shear stressing rate and r is the earthquake rate at a reference stressing rate τ̇r.
If we assume that during the operation of a given injection facility, the stressing rate caused
by the injection is much larger than the background tectonic stressing rate (which can be taken
as the reference condition for our purposes here), then the rate of induced seismicity will
scale linearly with the stressing rate produced by the injection. In turn, we might expect the
stressing rate to scale linearly with the injection rate (we examine this assumption further in
our discussion). If the above assumptions are true, it is to be expected that the rate of induced
seismicity occurrence will scale to the injection rate.

This expectation is manifest in two parameters that are commonly used to quantify the
relationship between injection rates and the resulting induced seismicity: seismogenic index [7]
and seismic efficiency [8].

The seismogenic index, SI [7], relates the number of induced earthquakes, NE, larger than a
magnitude M, to the injected volume ΔV:

(1.2)SI = log NE
ΔV + bM,

where b is the Gutenberg and Richter [9] b value. Typically, the minimum magnitude of
completeness, MMIN, is used as the reference magnitude M.

The seismic efficiency, SEFF [8], relates the cumulative release of seismic moment, ΣMO, to
the injected volume:

(1.3)SEFF =  ΣM0μΔV ,

where μ is the shear modulus of the rock in which the seismicity is taking place. Again,
typically the cumulative moment is summed only for events larger than MMIN. To facilitate
comparisons between SEFF and SI, since SI is defined as the logarithm of seismicity rate versus
volume (equation (1.2)), we also define a similar logarithm for the moment-based term SEFF:
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(1.4)SE = log10 SEFF .

Since the logarithm of the seismic moment scales with 1.5 × MW, the formulation for SI
(equation (1.2)) implicitly posits a scaling between seismic moment and injected volume
of ΣMO∝ ΔV3/2, whereas for SEFF the scaling is linear, ΣMO∝ ΔV1. There remains debate
over what scaling between induced seismicity moment and injection volume might be more
appropriate [10–12], and it can be difficult to constrain empirically because in practice the
measured constant of proportionality between these terms may evolve during the course of
injection [13].

We note that the formulations for SI and SEFF above do not impose any sort of volume-based
cap on maximum magnitudes, as per McGarr [12]. The volume-based cap assumes that the
strain released by the induced seismicity is solely or predominantly that imposed by the
subsurface operations [12]; as such SEFF cannot exceed a value of 1, since the total seismic
moment release cannot exceed the total amount of deformation imparted by the injection.
Some researchers make a distinction between ‘induced’ and ‘triggered’ seismicity where for
induced seismicity the bulk of the strain released by the seismicity is imparted by the subsur-
face operations, whereas for triggered seismicity the subsurface operations serve to nucleate
the seismicity but the bulk of the strain that is released is tectonic strain accumulated over
geological timeframes [14].

However, various observations pertaining to injection-induced seismicity suggest that most
cases should be regarded as ‘triggered’ under the above definition (though robust discrimi-
nation between the two types is often challenging, and in many cases, the reality may lie
somewhere between the two endmembers). Injection-induced seismicity occurs on pre-existing
tectonic faults [15], and focal mechanisms are usually consistent with the in situ tectonic stress
regime [16], implying that tectonic strain is likely being released. Moreover, there are numerous
examples where the maximum magnitudes have exceeded the limits imposed by the McGarr
cap [3,17]. Therefore, we use equations (1.2)–(1.4) to posit a linear scaling between earthquake
rates and injected volumes, based on the reasonable assumption that the stressing rate imposed
by injection will scale linearly with injection volume. However, we do not impose any volume-
based limits to this scaling as per McGarr [12], meaning that SEFF values can exceed SEFF > 1
where necessary.

(b) Induced seismicity hazard forecasting
Both SI and SE can be used to forecast induced seismicity hazards. If it is assumed that the
scaling between volume and induced seismicity rate stays constant then we can use these
parameters to calculate the number of earthquakes or the cumulative seismic moment that will
be generated by the injection of some future volume of fluid (e.g. the total planned injection
volume for a well). From equation (1.2), the total number of earthquakes that will be generated
by a total injection volume VT is given by:

(1.5)NE = VT10SI − bM,

from which the expected largest magnitude event, MMAX, can be computed, assuming the
seismicity follows a Gutenberg–Richter (G–R hereafter) distribution:

(1.6)MMAX =
SI − log −lnχVTb ,

where χ is the probability that this magnitude is not exceeded.
From equations (1.3) and (1.4), the total seismic moment released is given by:

(1.7)ΣM0 =  μVT10SE .
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The size of the expected largest event can then be estimated from the cumulative seismic
moment release [12]:

(1.8)MMAX =
2
3b

1 − 2
3b  ΣMO .

This approach to induced seismicity forecasting has been used to make operational real-time
forecasts at some sites, such as during enhanced geothermal stimulation at the Helsinki St1
Deep Heat project [18], at the Weyburn Carbon Capture and Storage Project [19], during HF in
the Preston New Road shale gas wells in Lancashire, UK [13,20] and forecasting the impacts of
injection rate changes on induced seismicity in Oklahoma [21].

(c) Geomechanical implications of time-varying induced seismicity rates
The performance of these forecasting models hinges upon the assumption that SE and/or SI
remain constant during fluid injection. Dinske and Shapiro [22] presented SI data for a selection
of case studies, primarily comprising short-term HF and geothermal stimulation operations,
which showed relatively constant values during injection for each site (with values varying
significantly, by as much as 10 orders of magnitude, between different sites). However, there are
reasonable geomechanical arguments that could be invoked to explain why one might expect SE
and SI to vary during injection at a given site:

— As a perturbation spreads laterally from an injection well, it may encounter faults that
are more seismogenic (i.e. closer to their critical stress point), or a volume of rock that
contains more faults. This will result in more reactivation and an increase in induced
seismicity relative to a constant injection rate [20].

— It is widely accepted that larger magnitude-induced seismicity predominantly releases
tectonic strain that has built up over geological time [23]. Given the relative timescales
involved, there is no opportunity for tectonic stresses to be reloaded during injection.
Therefore, if faults have a limited budget of tectonic strain, the rates of induced seismicity
would reduce once a significant portion of that budget is depleted [24].

— As described in equation (1.1), the linear scaling between injection volumes and seismic-
ity is an outcome of the assumption of a linear scaling between stressing rate and the
rate of seismicity. While this would seem to be a reasonable assumption, there is no
physical reason why this must be true in all scenarios, and changes in the scaling between
stressing rate and seismicity would likely result in changes in the observed relationship
between injection and seismicity.

— Moreover, in addition to a fixed scaling between stressing rate and seismicity, a further
assumption is that there is a linear scaling between the injection volume and the resulting
stressing rate. However, this assumption may not always be appropriate. For example,
with injection into a laterally unbounded, high porosity/permeability formation the pore
pressure will initially increase but will then evolve towards a steady-state condition. At
this point, continued injection will produce perturbations that are smaller and smaller,
and so the rate of induced seismicity might be expected to decrease.

(d) Study objectives
Watkins et al. [25] examined sequences of WWD-induced seismicity (WWD-IS) and found that
the largest events in each sequence tended to occur during roughly the first one-third of the
overall seismicity sequence. This observation was in stark contrast to the observations made by
Verdon and Bommer [26] for HF-induced seismicity, where the largest events were found to be
systematically towards the ends of the observed sequences. Watkins et al. [25] did not compile
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any injection data, and so they were not able to rule out the possibility that the changes in the
levels of seismicity they observed were driven solely by changes in injection rates.

The objective of this study is to examine how the scaling between seismicity and injection
volume, as characterized by the SI and SE parameters, evolves during subsurface injection
operations. Any systematic variability that we observe may prove to be informative with
respect to the underlying geomechanical and tectonic processes that take place as induced
seismicity is generated.

Furthermore, as described in equations (1.6) and (1.8), the SI and SE parameters can be used
to forecast induced seismicity hazards under the assumption that these parameters are constant.
We therefore investigate the impacts of temporal variations in SI and SE on the performance of
these methods.

2. Case studies
In this study, we analyse the temporal evolution of SI and SE for cases of WWD-induced
seismicity. We focus on WWD for several reasons:

— WWD has caused some of the most prominent cases of induced seismicity to date [25].
— WWD sequences often evolve over years-long or even decadal timescales, providing long

time series over which temporal variations can be observed.
— The necessary injection datasets for WWD are often publicly available, in contrast to HF,

where total well injection volumes may be available [27], but detailed injection time series
are not.

— For HF, the location of injection changes with each frac stage along a horizontal well.
Changes in SI and SE that are in fact generated by a spatial change in injection position
could be misinterpreted as a temporal change within the same perturbed volume [13,20].

— The long-term, low rate, but ultimately high volume, nature of WWD provides a useful
analogue to anticipated future activities, such as CCS, NGS and hydrogen storage, that
are thought necessary to meet energy sustainability and energy security objectives [25,28–
30].

Watkins et al. [25] compiled a database of WWD-induced seismicity case studies. Our cases,
listed in table 1, are drawn from this database, with the additional criterion that injection rate
time series must also be available for analysis. Sources for injection well data for each site are
described in the electronic supplementary material. Figure 1 shows an overview map of our
case study sites. Maps for each site, including earthquakes and injection wells, are provided
in the electronic supplementary material, along with timelines showing the combined injection
volumes and the seismicity.

In some cases, induced seismicity can be clearly linked to WWD into a single well, in which
case the injection volume time series, ΔV(t), is easily established. In other areas, especially those
with a high density of disposal wells, it can be challenging to determine which wells may be
contributing to the seismicity, and therefore which should be included to create a compiled
ΔV(t) time series. Based on observations of lateral distances for triggering of seismicity [28],
for sequences with a large number of potentially associated wells, we adopt a relatively broad
criterion of including any disposal well within 20 km of the induced seismicity sequence. We
assess the sensitivity of our results to this distance in the electronic supplementary materials.

3. Method
For each case, we generate a time series for the number of events (larger than MMIN), the
seismic moment released and the total injected volume. These time series form the basis of
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our subsequent analysis. We take MMIN and G–R b values for each earthquake catalogue from
Watkins et al. [25].

We perform measurements of SI and SE at 3-month intervals, starting at the first time
window in which seismicity was recorded at a given site. Heretofore, measurements of SI and
SE have typically been made on a cumulative basis: at a given time t, the value of SI or SE is
computed from the total cumulative seismicity and the total cumulative injected volume at that
time. Hereafter, we refer to values computed cumulatively as SIT and SET. Since in some cases,
injection has taken place for many years prior to the onset of seismicity, for the cumulative
volumes, we use volumes injected from a time 90 days prior to the first observed seismicity.

Measurements of SIT and SET using cumulative time series may not perform well in
capturing temporal changes in these parameters. Hence, we also perform time-windowed
analysis, where the values of SI and SE at a given time t are computed using seismicity and
injection volumes within a time window from (t – dt) to t. Hereafter, we refer to time-windowed
values as SIW and SEW. Determining an appropriate time window length, dt, in each case is
challenging and dependent on the resolution of the dataset: too short a window will have low
statistical power due to having a small number of events within any given window, while too
long a window will smooth out the trends we hope to identify. The choice of dt used in our
analysis is listed in the electronic supplementary materials and is varied depending on the
duration of and the number of events within each earthquake catalogue.

One of our objectives in this study is to assess whether there are patterns of behaviour that
are common across a wide range of injection cases. Different cases have experienced widely
varying levels of induced seismicity, and as a result, produce values of SI and SE that vary
across multiple orders of magnitude [22]. To make comparisons between such cases, we define
normalized values, SITn, SIWn, SETn and SEWn, where each time series is defined relative to the
maximum value of that time series, such that:

(3.1)S I, E T, W n = S I, E T, W − max S I, E T, W .

Note that this normalization does not perform any rescaling of the SI and SE time series, simply
a shift in values such that each time series has a maximum value of 0. We also normalize the
time axis along which these normalized values are computed, such that t′ ranges from 0 to 1,
representing the beginning and end of the time series.

(a) (b)

Figure 1. Map of case study locations across North America. (b) The area within the red dashed box in (a), with cases in
northern Texas, Oklahoma and southern Kansas. Case numbers correspond to table 1, and the colours used to mark each case
correspond to the colours in the subsequent figures.
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4. Results
Figure 2 shows the time evolution of windowed and cumulative SI and SE values for each
of our case study sites. Figure 3 shows the values of SI and SE when normalized to their
respective maxima. Curves for SI and SE for each individual case are provided in the electronic
supplementary materials.

(a) Evolution of cumulative values
We begin by examining the behaviour of the cumulative time series (SIT and SET) as these
can be more easily identified from visual inspection of figures 2 and 3. In all cases, the values
of SIT and SET rise steeply as each sequence of induced seismicity initiates. This acceleration
usually occurs within 1000 days of the onset of the seismicity sequence (note that this is the
time from the first observed seismicity at a site, not the start of injection, which in some cases
may have been ongoing for many years before the onset of any observed seismicity). After this

Table 1. List of case sites used in our study.

site year of onset MMAX MMIN no. of events references

1 Azle-Reno 2013 3.6 0.8 634 Hennings et al. [31]

2 Dallas Fort Worth 2008 3.2 1.5 64 Hennings et al. [31]

3 Venus 2009 4.0 0.0 917 Hennings et al. [31]

4 Irving 2014 3.9 2.2 818 Hennings et al. [31]

5 Timpson 2008 4.8 2.1 49 Frohlich et al. [32]

6 Reeves 2018 4.9 1.3 208 Skoumal et al. [33]

7 Cogdell 2006 4.3 2.5 285 Gan and Frohlich [34]

8 Cushing 2013 5.0 2.5 501
McGarr and Barbour
[35]

9 Fairview 2014 5.1 2.3 2711 Goebel et al. [36]

10 Guthrie 2011 4.2 2.5 1993 Schoenball et al. [37]

11 Pawnee 2013 5.8 2.2 1525 Walter et al. [38]

12 Prague 2009 5.7 2.2 1014 Keranen et al. [1]

13 Harper 2014 4.3 2.0 466 Verdecchia et al. [39]

14 Milan 2014 4.9 1.6 277 Verdecchia et al. [39]

15 Guy-Greenbrier 2009 4.7 2.1 1312 Horton [40]

16 Greeley 2014 3.3 0.5 1241 Yeck et al. [41]

17 Paradox 1991 4.4 1.5 6120 Block et al. [42]

18 Raton 1995 5.3 2.6 642 Nakai et al. [43]

19 Youngstown 2011 4.1 1.3 282 Kim et al. [44]

20 Cordel 1992 4.0 2.2 124 Schultz et al. [45]

21 Eagle West 1984 4.3 2.5 91 Horner et al. [46]

22 Graham 2003 4.0 2.3 246 Hosseini and Eaton [47]

23 Musreau 2018 3.9 1.7 44 Li et al. [48]

See electronic supplementary materials and Watkins et al. [25] for further details for each site.
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period, the cumulative SIT and SET values stabilize and remain relatively constant throughout
the remainder of each of the sequences. This behaviour is particularly apparent in figure 3a,c,
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Figure 2. (a–d) Time evolution of the cumulative and windowed values of SI and SE for all our case studies. The colours of the
lines correspond to the colours of the stars shown in figure 1.
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which shows the cumulative values normalized to their respective maxima (SITn and SETn). The
SITn and SETn values rapidly reach their maxima, after which they continue forward at values of
roughly SITn and SETn = 0.

We further investigate this behaviour in figure 4. We evaluate the time (in days) for SITn and
SETn to reach a value ≥ −0.5. In other words, the number of days after the onset of seismicity
at which SIT and/or SET reach within 0.5 units of the maximum value it will ever reach during
the entire sequence. Figure 4 shows a cumulative histogram (with frequencies normalized to a
percentage) of the number of cases for which t(S[I,E]Tn ≥ −0.5) is greater than a given time.

We see that SIT shows particularly rapid stabilization: for 70% of cases the cumulative SI
values reach within 0.5 units of the maximum they ever reach within 1 year of the onset of
seismicity. For only two cases has the cumulative SIT value not reached within 0.5 units of
its ultimate maximum within 3 years of the onset of seismicity. The cumulative SET values
take slightly longer to stabilize: 50% of cases have reached within −0.5 units of their respective
maxima within 1 year, with 78% of cases reaching this value within 3 years.

(b) Evolution of time-windowed values
The time-windowed SIW and SEW values are inherently more variable and unstable, which
is expected as each window contains a much smaller portion of seismicity and injection
data when compared to the cumulative calculations. Hence, we see significant increases and
decreases in SIW and SEW between time windows. This makes it harder to identify common
trends and behaviours from a visual inspection of the time series. To address this, in figure
5, we normalize the time axis for each case, and then compute the average normalized SIWn
and SEWn values as a function of normalized time (with the error bars in figure 5 representing
the standard error, s . e . = σ/ n). These averages (dashed black line in figure 5b,d) allow us to
identify common trends. We see that the averaged SIWn and SEWn values reach a maximum
after the lapse of between 25% and 35% of the total sequence duration, after which the average
values steadily decrease for the remainder of the sequence.

Watkins et al. [25] made a similar observation, finding that the largest earthquakes typically
occurred within the first 20%–40% of the overall observed sequence (fig. 5 of [25]). However,
since Watkins et al. did not examine injection rates, they were not able to establish whether this
apparent peaking of the seismicity was in fact driven by changes in injection rates. The results
presented here show that this behaviour is in fact driven by variations in the scaling with
injection rates over time: we see that the scaling between injection rates and induced seismicity
initially grows but then typically stabilizes within a few hundred days of the onset of seismicity,
after which it begins to decay.

(c) Time lags between injection and seismicity
The injection and seismicity time series that we have collated also allows us to examine
any time lags between injection and the resulting seismicity. Several studies have identified
systematic time delays between injection and the resulting seismicity, which is typically related
to the times needed for pore pressure changes to propagate from the injection point to the
critically stressed fault (or faults) that reactivate [49–51].

We assessed the time lags between injection and seismicity by computing the normalized
correlation coefficients between the injection volumes and numbers of earthquakes (with
magnitudes ≥ MMIN) within each time window, as a function of the lag between the time
series. A positive time lag implies the seismicity lags the injection. Cross-correlation coefficients
as a function of time lag are shown for every case in electronic supplementary material, figure
S2. The time lag at which the cross-correlation coefficient is maximized, λmaxXC, is taken as
indicating the time lag between injection and seismicity for each case.
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We found negative λmaxXC values (i.e. where the injection appears to lag the seismicity) for
seven cases. Clearly, these values have no physical basis since there is no mechanism by which
the injection can lag the seismicity. Figure 6 shows a histogram for the remaining 16 cases with
positive λmaxXC values. The modal value is a time lag of less than 100 days, implying that rates
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of seismicity are closely following changes in injection. However, λmaxXC values of between 300
and 600 days are also common. These results are consistent with the observations shown in
figure 4, which show that the timescales in which the cumulative SIT and SET values approach
their peak are typically within 1–3 years of the onset of seismicity. This would be expected if
these are the typical timescales required for the pressures at nearby faults to increase to the
levels required to begin triggering seismicity. This distribution of time lags is also consistent
with that simulated by Schultz et al. [52] to produce Båth’s law trailing seismicity.

5. Induced seismicity forecasting
Equations (1.5)–(1.8) describe how observations of SI and SE can be used to forecast the
expected maximum magnitudes during induced seismicity sequences. In this section, we
apply these methods in order to evaluate their respective performances. Previously, forecasting
using SI or SE has been done using cumulative values as injection and seismicity progresses
[13,20,53,54]. Here, we also use the time-windowed SIW and SEW values to perform forecasting.

We perform the forecasting using the same 3-month intervals over which we computed SI
and SE values. To compute the modelled largest event magnitude, MM

MAX, for a given interval
ti, we need to estimate the total number of events or the total seismic moment that will have
been generated by the end of this interval. We do this by adding the modelled incremental
number of events (or seismic moment) to the observed total number of events (or cumulative
seismic moment) that has occurred prior to this time interval. For SI,

(5.1)NE 0 → ti = NE 0 → ti − 1 + ΔV ti 10
SI T, W ti − 1 − bM,

where NE 0 ti  is the modelled total number of events that will occur by the end of time interval
ti, NE 0 ti − 1  is the total number of events that have been observed prior to time interval ti,
∆V ti  is the planned injection volume for time interval ti, and SI T, W ti − 1  is the cumulative or
time-windowed SI value measured during the previous time interval. The most likely largest
magnitude event to have occurred up to the end of time interval ti is then given by [55]:

(5.2)MMAX
M = M + 1b log10NE 0 → ti .

As described in equation (1.2), we adopt the MMIN value for each sequence as the reference
magnitude M.

The equivalent steps for SE are that we model the incremental seismic moment for time
interval ti to estimate the total seismic moment that will be released by the end of this time
interval:

(5.3)ΣM0 0 → ti = ΣM0 0 → ti − 1 + μΔV ti 10
SE T, W ti − 1 ,

where ΣM0 0 ti − 1  is the total seismic moment release observed prior to time interval ti andSE T, W ti − 1  is the cumulative or time-windowed SE value measured during the previous time
interval. The modelled total seismic moment release ΣM0 0 ti  at the end of this time interval is
then used as the input to equation (1.8) to compute MM

MAX.
We assess the performance of our modelled MM

MAX values by comparison with the observed
magnitudes. Previous assessments of forecasting models have tended to focus on the largest
overall event within the sequence [13,20]. However, it is of relevance to assess the performance
of these methods as each sequence develops. Hence, whenever a given time window contains
a new largest event (or events), then we compare the modelled MM

MAX values for that time
window with the largest observed event magnitude, MO

MAX, during that time window. An
example of this process is depicted in figure 7 for the Fairview case study. Timelines of MO

MAX
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forecasts relative to the observed seismicity are provided individually for each site in the
electronic supplementary material.

We have a total of four forecast methods: using either SI or SE, using either cumulative or
time-windowed values in each case. The comparisons between MM

MAX and MO
MAX for all four

methods are shown in figure 8. In all cases, we see a positive correlation between modelled and
observed magnitudes, indicating that the models do provide useful predictive information. We
quantify the models’ performance with RMS errors, σRMS, and Pearson correlation coefficients,
ρ, between MM

MAX and MO
MAX (table 2). We also compute the gradient of the line of (least

squares) best fit, m, between observed and modelled magnitudes—for a well-performing model,
this line should be close to 1. In many applications, we anticipate these models being used
to guide decision-making during operations to avoid unwanted large events. Hence, we seek
a model that does not produce underpredictions, where the actual magnitude significantly
exceeds the preceding model values. Hence, we also compute NUP, the percentage of cases
where the modelled value was a significant underprediction with MM

MAX < MO
MAX – 0.5.

For both the SI and SE models, we find little difference in model performance between the
cumulative and time-windowed models. However, there is a significant difference in perform-
ance between the SI and SE models, with the RMS errors and correlation coefficients indicating
that the SE approach provides a better match to the observed magnitudes. The SE models
also produced a line of best fit closer to 1, and fewer cases where the modelled values were
significant underpredictions.

For both modelling approaches, where there are differences between modelled and observed
magnitudes, the tendency is for the models to underpredict magnitudes. We note that for
both SI and SE models, we have computed the most likely maximum event magnitude. This
contrasts with previous studies where these methods have been used during active operations
to manage induced seismicity [13,20]. In those papers, the upper 95% uncertainty limit was
used, providing a larger margin between the forecast magnitudes and the observed seismicity.
This was done to help the operators ensure that they did not reach unacceptable levels of
seismicity. Using a higher uncertainty bound would systematically shift the MM

MAX values in
figures 7 and 8 upwards. This could reduce the RMS errors and would reduce the number of
underpredictions, but would not change the scatter (as measured by the correlation coefficient)
or the gradient of the best-fit line between observed and modelled magnitudes.

The underpredicted magnitudes tend to be found where a rapid acceleration in seismicity
takes place. Figure 7 shows an example of this. In early 2016, the levels of seismicity in the
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Figure 6. Histogram of the time lag values at which the normalized cross-correlation between injection volumes and rates of
seismicity is maximized, λmaxXC. A positive time lag implies the seismicity is lagging the injection.
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Fairview sequence accelerated sharply. This is reflected in SI and SE values, which also increase
rapidly at this time. However, for a given time window, the MM

MAX forecasts are based on SI
and SE values from the previous time step. Given the sharp acceleration in seismicity, the earlier
values are substantially lower (by orders of magnitude), which then leads to an underpredicted
MM

MAX forecast.
Kettlety et al. [20] found a similar issue when using SE to forecast induced seismicity during

HF. As the volume of rock affected by the HF grew, more faults began to be reactivated. Some
of the later faults to be reactivated proved to be more seismogenic than the first faults to be
reactivated. As a result, the MM

MAX forecasts based on SE measurements made during earlier
phases of the HF underpredicted the levels of seismicity as the new, more seismogenic faults
began to activate.

We hypothesize that this issue may apply to many of our sequences as well. Various factors
may influence the seismogenic potential of faults, e.g. their orientation within the in situ stress
field [20,56] or their frictional properties [57]. As the pore pressure perturbation spreads from
the injection point (or points), it may encounter and reactivate faults further from the well.
If these faults are more seismogenic then the levels of seismicity will increase, and therefore
forecasts based on SI or SE values measured earlier in the sequence will produce underpredic-
tions.

Verdon and Bommer [26] and Watkins et al. [25] applied the Next Record Breaking
Event (NRBE) forecasting method [58] to sequences of HF and WWD-induced seismicity.
They concluded that the NRBE approach had clear utility as a forecasting method to guide
operational decision-making. However, in some instances the observed seismicity significantly
exceeded the forecast values, meaning that the method cannot be used as an absolute guarantee
that larger events will not occur. We reach similar conclusions here for the volume-based
forecasting methods. For example, at the Reeves sequence, the SE forecast values were at M
2.5 when the M 4.9 event occurred, and at Timpson, the SE forecast values were at M 2.3
when the M 4.8 event occurred. Hence, while these forecasting methods have clear utility,
as demonstrated by the statistically significant correlation between observed and modelled
magnitudes, the occurrence of events that are significantly larger than the forecast values
cannot be precluded entirely.
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Table 2. Performance metrics for the forecasting models based on the cumulative and time-windowed SI and SE values.

model RMS ρ m NUP (%)

SIT 0.89 0.65 0.61 37.5

SIW 0.91 0.65 0.52 36.3

SET 0.61 0.76 0.88 18.8

SEW 0.60 0.77 0.83 18.8
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6. Discussion
(a) Scaling between injection rate and pore pressures
In §1.3, we described the geomechanical assumptions that underpin the expectation that rates
of induced seismicity will scale linearly with the injection rate. A key assumption is that the
injection rate provides a reasonable proxy for the stressing rate in the subsurface since equation
(1.1) defines a linear scaling between the rate of seismicity and the stressing rate. For injection-
induced seismicity, the primary driver for triggering earthquakes is typically the associated
increase in pore pressure, which causes a reduction in effective normal stresses. Hence, the
relevant stressing rate is the change in pore pressure, ΔP. The scaling between the injection rate,
ΔV, and the resulting change in pore pressure, ΔP, will depend on the specific conditions within
the reservoir.

We investigate this scaling further using some simple, generic reservoir simulations. These
simulations are not intended to represent any single case study or scenario, but they provide a
reasonable approximation for typical conditions in which deep WWD takes place. We use the
commercial reservoir simulation code Tempest [59] to simulate the injection of water into a deep
reservoir. Table 3 lists the key reservoir parameters in our simulations. Each simulation consists
of water injection via a single well in the centre of a cuboid reservoir with a thickness of 100
m and lateral dimensions of Rx × Rx, where we vary Rx from 10 to 30 km (Models 1–5), with
an additional model where the volumes of the cells at the edges of the reservoir are infinite,
essentially creating a reservoir that is unbounded.

Our motivation for doing so is that the modelled pressure change produced by injection is
strongly dependent on the boundary conditions and in particular, the bounding dimensions
of the reservoir. In some cases, reservoirs may be bounded by faults that create hydraulic
barriers to flow, or by stratigraphic changes in reservoir properties (e.g. a high permeabil-
ity stratum being pinched out by surrounding low permeability formations). Many of the
formations targeted for WWD in North America are very extensive laterally [60]. However, in
such situations, the ‘bounds’ of the reservoir could be taken as representative of the distances
between injection wells (or more specifically, the mid-point therebetween). In each model, water
is injected via the single well at a fixed rate of 1000 m3/day for a period of 3000 days.

The resulting modelled pressures at a distance of 1 km from the well are plotted in figure
9. This position is chosen arbitrarily to demonstrate the response of pore pressures within
the reservoir at a reasonable distance from the near-well environment. Evidently, pressure
changes will be larger, and occur sooner, at shorter distances from the well, and vice versa
for longer distances. Figure 9a shows pressure increases relative to the initial hydrostatic
conditions. Figure 9b shows the rates of pressure change, δΔP/δt. For roughly the first year
of injection, the pressures follow a similar trajectory irrespective of the bounding conditions.
The rates of pressure increase are the largest at this time. For the bounded reservoir cases, the
pressure increase is linear thereafter, with the rate of increase controlled by the dimensions of
the reservoir bounds, where the rate of increase is higher for smaller reservoirs. After approxi-
mately 2 years, the ‘unbounded’ case reaches a steady-state condition with no further pressure
increase, as the flow out of the reservoir edges matches the rate at which fluid is injected.

Our model results provide a useful context within which our observations of seismicity
rate changes can be examined. Our simulations are representative of generic, typical WWD
conditions, they are not intended to be an explicit representation of any particular site—the
generation of detailed reservoir simulations for each case study site is beyond the scope of
this article. Nevertheless, it is reasonable to expect that our various cases will sit qualitatively
somewhere within the range bounded by our model suite. From equation (1.1), we expect the
rate of induced seismicity to scale with the rate of pore pressure change, δΔP/δt, as plotted in
figure 9b. These models suggest we should expect an initial acceleration of seismicity as pore
pressures increase more sharply during the early phases of injection, followed by reducing
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levels of seismicity as δΔP/δt decreases and stabilizes. This behaviour is matched in a qualita-
tive sense by our observed seismicity sequences, where most cases show an initial acceleration
in induced seismicity, followed by a reduction and stabilization. This match suggests that rates
of pressure change are indeed the driving factor in controlling the rates of induced seismicity.
This being the case, it may be possible to produce more accurate forecasts of induced seismicity
hazard if we directly calibrate rates of seismicity to rates of pressure change, rather than using
injection rates as a proxy for the pressure change [21,61].

(b) Influence of actions taken to mitigate induced seismicity
In some of the cases we have studied, actions to mitigate the levels of induced seismicity have
been taken by operators of these sites (or have been mandated by regulators). For example,
since the mid-2010s, the Oklahoma Corporation Commission has mandated reductions of up to
40% in the volumes of wastewater being disposed [62]. For the Paradox Valley case, the injection
programme has included regular pauses in injection to allow pore pressures to dissipate [63].
At Greeley, after the onset of seismicity, the operator cemented the lower part of the injection
well to divert pore pressure increases away from the more seismogenic basement strata [41].
Clearly, these actions may be responsible for some of the reduction and stabilization of induced
seismicity rates that we have observed.

We note that the behaviour we have described appears to be fairly ubiquitous irrespective
of whether or not mitigating actions have been taken. That is not to say that mitigating actions
are unnecessary, as such actions will have caused the levels of seismicity to drop sooner and by
a larger degree than might otherwise have been the case. However, the changes in seismicity
rates we observe are, via the SI and SE parameters, normalized to the injection rates. Hence,
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in cases where injection volumes have been reduced in response to seismicity, the decreases in
seismicity do not simply represent a decrease in injection rate, with the seismicity continuing
to scale at the same rate with respect to injection. Instead, the decreases in SI and SE we
observe represent decreases in seismicity rates that are proportionally larger than the decrease
in injection rate.

Incidentally, we note that if it is the case that the mitigating actions have been successful
in stopping or reducing the seismicity rates, then this is clearly encouraging with respect
to our overall ability to manage and mitigate induced seismicity during large-scale injection
projects. Experiences with mitigating induced seismicity at WWD sites will therefore be of
direct relevance for future large-scale injection industries such as CCS.

The fact that induced seismicity rates might be more properly scaled with rates of pressure
change, rather than rates of injection, is a salient issue here since the impact of many of
the mitigation actions will be to produce a reduction in reservoir pore pressures relative to
injection rates. To investigate this, we produce an additional reservoir injection model in which
a reduction in injection rates takes place mid-way through the injection period. In this case,
we use the 30 km bounded model (Model 5) and reduce the injection rate from 1000 to 500
m3/day after a period of 1000 days. The resulting pressure changes are shown in figure 9c. We
see that the absolute pressures drop in response to the drop in injection rate, and never again
approach the levels seen during the higher-rate injection. The rates of pore pressure change,
δΔP/δt, become negative, they do not become positive again until almost 1000 days after the
reduction in injection rate, and they remain significantly smaller than those for the constant
injection rate cases.

We stress again that these are generic models, which are not intended to represent any
specific site or actual mitigation action. Nevertheless, the modelled changes in pressure relative
to the change in injection rate—where a 50% reduction in rates actually leads to the rate of
pressure change becoming negative—shows why we might not expect rates of pore pressure
change, and therefore according to equation (1.1), the rates of seismicity, to directly scale with
injection rates. This further demonstrates how more accurate forecasts of induced seismicity
hazard may require models where seismicity rates are scaled to rates of pressure change,
rather than injection rates. Moreover, such models could be used, for sites that are experiencing
unacceptable levels of induced seismicity, to investigate the extent to which different mitigating
actions would reduce the levels of ongoing induced seismicity.

Table 3. Parameter values for our reservoir simulations.

parameter value model no. lateral dimensions (Rx)

injected fluid water 1 10 × 10 km

initial reservoir fluid water 2 12 × 12 km

reservoir depth 2500 m 3 15 × 15 km

reservoir thickness 100 m 4 20 × 20 km

initial pressure hydrostatic 5 30 × 30 km

porosity 0.2 6 unbounded

vertical permeability 0.1 D

lateral permeability 1 D

rock bulk modulus 16 GPa

grid cell size 50 × 50 × 10 m

injection rate 1000 m3/day
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We note that this approach to modelling induced seismicity generation implies that
seismicity will stop immediately when pore pressures drop. In contrast, we know that trailing
seismicity often occurs after the cessation of injection [26]. Few cases of trailing seismicity
have been observed for WWD into large, extensive aquifers, although this could be considered
a semantic issue since there are few examples disposal of operations of this kind where the
injection has been stopped suddenly [25]. No events can be called trailing events if the injection
is never stopped.

Observations of trailing seismicity show that they often follow similar behaviours to tectonic
aftershocks, following Båth’s law [52] and showing Omori-Utsu temporal decay [64]. This
suggests that trailing seismicity is primarily driven by similar processes to tectonic aftershocks,
such as static and dynamic stress transfer between events and transfer of pore pressures
between asperities on fault planes, for example. Hence, a more comprehensive model might
incorporate an underlying rate of seismicity that is scaled to the rate of pressure change, with
additional terms that describe the trailing events in a manner that is similar to aftershock
nucleation in tectonic settings.

7. Conclusions
We have compiled time series of fluid injection and induced seismicity rates for over 20 cases
of WWD-induced seismicity in North America. We use these time series to investigate the
temporal evolution of the scaling between injection rates and seismicity, as quantified by the SI
and SE parameters. We computed these parameters on both a cumulative and time-windowed
basis. We find that the cumulative values typically show an initial increase before reaching
a maximum value—this stabilization typically occurs within 1–3 years of the onset of seismic-
ity. The time-windowed values showed more variability, which is to be expected given that
they are computed from short time series. However, the time-windowed averages showed a
clear pattern of behaviour, with values increasing during the early phases of injection, before
stabilizing and reducing during the latter phases.

We use the observed scaling between injection volumes and seismicity rates to assess the
performance of magnitude forecasting models. We find that models using either SI or SE both
produce statistically significant correlation between observed and modelled event magnitudes,
indicating that these methods do have predictive utility. We found little difference in perform-
ance between time-windowed and cumulative analyses. The SE models produced slightly
higher correlations and lower RMS errors than the SI models.

We interpret the observed variations in seismicity rates with respect to the pressure changes
produced by long-term injection into large, high permeability, relatively unbounded aquifers.
During the initial stages of injection, the pore pressure perturbation will extend outwards
from the well, reaching and reactivating more seismogenic faults and increasing the rates of
seismicity. With time, in relatively unbounded aquifers, the rate of pore pressure increase will
drop, leading to a reduction in the triggering of seismicity. Likewise, mitigating actions that
reduce the rates of pressure increase may further reduce the rates of seismicity. We conclude
that, where possible, changes in seismicity rates could be calibrated against site-specific models
of pore pressure change. Such models could lead to more accurate forecasting of induced
seismicity hazard, as well as allow the ability to simulate the extent to which different interven-
tions might reduce the induced seismicity hazard.

Data accessibility. Earthquake catalogues (and associated parameters such as b values and magnitudes of
completeness) were drawn from the electronic supplementary materials of Watkins et al. [25]. In turn, these
earthquake catalogues were sourced from a variety of public earthquake databases and from the academic
literature [25]. Injection datasets were drawn from a range of publicly available databases. Our sources for
each site are described in the electronic supplementary materials. In addition, we provide (in a zip file)
Matlab data files containing the data for each case, and two Matlab scripts to compute SI and SEFF values,
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