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ABSTRACT 24 

We examine the temporal evolution of sequences of induced seismicity caused by long-25 

term fluid injection using a compilation of over 20 case studies where moderate 26 

magnitude (M > 3.0) induced events have been recorded. We compare rates of 27 

seismicity with injection rates via the seismogenic index and seismic efficiency 28 

parameters, computing both cumulative and time-windowed values. We find that 29 

cumulative values tend to accelerate steeply as each seismicity sequence initiates – 30 

most cases reach a value that is within 0.5 units of their maximum value within 1 to 3 31 

years. Time-windowed values tend to increase to maximum values within 25 % to 35 % 32 

of the overall sequence, before decreasing as levels of seismicity stabilise. We interpret 33 

these observations with respect to the pore pressure changes that will be generated in 34 

highly porous, high permeability reservoirs. In such situations, the rate of pore 35 

pressure change is highest during the early phases of injection and decreases with time. 36 

If induced seismicity scales with the rate of deformation, which in turn is controlled by 37 

the rate of pore pressure change, then it is to be expected that induced seismicity is 38 

highest during the early phases of injection, and then decreasing with time.  39 

 40 

41 
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1. INTRODUCTION 42 

Induced seismicity has proved to be a major issue associated with industrial activities that 43 
involve subsurface fluid injection, such as wastewater disposal (WWD), hydraulic fracturing 44 
(HF), enhanced geothermal systems (EGS), natural gas hydrogen storage (NGS), and carbon 45 
capture and storage (CCS). The increasing scale and utilization of these industries has led to 46 
growing concern regarding induced seismicity hazard as more cases of fluid injection-induced 47 
seismicity have occurred. Larger induced seismic events, such as the M 5.6 Prague and M 5.8 48 
Pawnee sequences in Oklahoma (Keranen et al., 2013; Yeck et al., 2017), the Pohang sequence 49 
in South Korea (M 5.5, Ellsworth et al., 2019), and sequences in the Sichuan Basin, China 50 
(M 5.7, Lei et al., 2019) have proved capable of causing damage to nearby buildings and 51 
infrastructure. Smaller induced events, even if of insufficient magnitude to cause damage, 52 
nevertheless often provoke significant public concern (e.g., Evensen et al., 2022).  53 

As such, there is a need to better understand the physical processes that take place as subsurface 54 
injection impinges on tectonic faults, triggering induced seismicity. By doing so, we may be 55 
able to improve our estimations of induced seismicity hazard during the lifetime of injection 56 
operations. Improved estimates of hazard can in turn be used to develop appropriate regulations 57 
and mitigation strategies to control and mitigate induced seismicity.   58 

 59 

1.1. Seismic Efficiency and Seismogenic Index 60 

From Dieterich (1994), the rate of earthquake occurrence, λ, is given by:  61 

 𝜆 = !"̇
"̇!

,          (1) 62 

where �̇� is the shear stressing rate, and r is the earthquake rate at a reference stressing rate �̇�r. If 63 
we assume that during the operation of a given injection facility the stressing rate caused by the 64 
injection is much larger than the background tectonic stressing rate (which can be taken as the 65 
reference condition for our purposes here), then the rate of induced seismicity will scale linearly 66 
with the stressing rate produced by the injection. In turn, we might expect the stressing rate to 67 
scale linearly with the injection rate (we examine this assumption further in our discussion). If 68 
the above assumptions are true, it is to be expected that the rate of induced seismicity 69 
occurrence will scale to the injection rate.  70 

This expectation is manifest in two parameters that are commonly used to quantify the 71 
relationship between injection rates and the resulting induced seismicity: seismogenic index 72 
(Shapiro et al., 2010) and seismic efficiency (Hallo et al., 2014).  73 

The seismogenic index, SI (Shapiro et al., 2010) relates the number of induced earthquakes, NE, 74 
larger than a magnitude M, to the injected volume ΔV:  75 

 𝑆$ = log )%"
∆'
* + 𝑏𝑀,        (2) 76 

where b is the Gutenberg and Richter (1944) b value. Typically, the minimum magnitude of 77 
completeness, MMIN, is used as the reference magnitude M.  78 
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The seismic efficiency, SEFF (Hallo et al., 2014) relates the cumulative release of seismic 79 
moment, ΣMO, to the injected volume: 80 

 𝑆()) =	
*+#
,-'

,         (3) 81 

where μ is the shear modulus of the rock in which the seismicity is taking place. Again, typically 82 
the cumulative moment is summed only for events larger than MMIN. To facilitate comparisons 83 
between SEFF and SI, since SI is defined as the logarithm of seismicity rate versus volume 84 
(Equation 2), we also define a similar logarithm for the moment-based term SEFF: 85 

 𝑆( = log./ 𝑆()).        (4) 86 

Since the logarithm of the seismic moment scales with 1.5 × MW, the formulation for SI 87 
(Equation 2) implicitly posits a scaling between seismic moment and injected volume of 88 
ΣMO ∝ ΔV3/2, whereas for SEFF the scaling is linear, ΣMO ∝ ΔV1. There remains debate over 89 

what scaling between induced seismicity moment and injection volume might be more 90 
appropriate (e.g., McGarr, 2014; Galis et al., 2017; De Barros et al., 2019), and it can be difficult 91 
to constrain empirically because in practice the measured constant of proportionality between 92 
these terms may evolve during the course of injection (e.g., Clarke et al., 2019).  93 

We note that the formulations for SI and SEFF above do not impose any sort of volume-based 94 
cap on maximum magnitudes (as per McGarr, 2014). McGarr’s (2014) volume-based cap 95 
assumes that the strain released by the induced seismicity is solely or predominantly that 96 
imposed by the subsurface operations; as such SEFF cannot exceed a value of 1, since the total 97 
seismic moment release cannot exceed the total amount of deformation imparted by the 98 
injection. Some researchers make a distinction between ‘induced’ and ‘triggered’ seismicity 99 
where for induced seismicity the bulk of the strain released by the seismicity is imparted by the 100 
subsurface operations, whereas for triggered seismicity the subsurface operations serve to 101 
nucleate the seismicity but the bulk of the strain that is released is tectonic strain accumulated 102 
over geological timeframes (e.g., Cesca et al., 2013).  103 

However, various observations pertaining to injection-induced seismicity suggest that most 104 
cases should be regarded as ‘triggered’ under the above definition (though robust 105 
discrimination between the two types is often challenging, and many cases the reality may lie 106 
somewhere between the two endmembers). Injection-induced seismicity occurs on pre-existing 107 
tectonic faults (e.g., Park et al., 2022), and focal mechanisms are usually consistent with the in 108 
situ tectonic stress regime (e.g., McNamara et al., 2015), implying that tectonic strain is likely 109 
being released. Moreover, there are numerous examples where the maximum magnitudes have 110 
exceeded the limits imposed by the McGarr cap (e.g., Eaton and Igonin, 2018; Ellsworth et al., 111 
2019). Therefore, we use Equations 2 – 4 to posit a linear scaling between earthquake rates and 112 
injected volumes, based on the reasonable assumption that the stressing rate imposed by 113 
injection will scale linearly with injection volume. However, we do not impose any volume-114 
based limits to this scaling as per McGarr (2014), meaning that SEFF values can exceed SEFF > 1 115 
where necessary.  116 

 117 

1.2. Induced Seismicity Hazard Forecasting 118 
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Both SI and SE can be used to forecast induced seismicity hazard. If it is assumed that the scaling 119 
between volume and induced seismicity rate stays constant then we can use these parameters 120 
to calculate the number of earthquakes or the cumulative seismic moment that will be generated 121 
by the injection of some future volume of fluid (for example, the total planned injection volume 122 
for a well). From Equation 2, the total number of earthquakes that will be generated by a total 123 
injection volume VT is given by: 124 

 𝑁( = 𝑉0101$23+,        (5)   125 

from which the expected largest magnitude event, MMAX, can be computed, assuming the 126 
seismicity follows a Gutenberg-Richter (G-R hereafter) distribution:  127 

 𝑀+45 = )𝑆$ − log 4
2 678
'%

5* /𝑏,       (6) 128 

where χ is the probability that this magnitude is not exceeded.  129 

From Equations 3 and 4, the total seismic moment released is given by: 130 

 Σ𝑀/ = 	𝜇𝑉0101".        (7)   131 

The size of the expected largest event can then be estimated from the cumulative seismic 132 
moment release (McGarr, 2014):  133 

 𝑀+45 =
&
'3

.2&'3
	Σ𝑀9.        (8) 134 

This approach to induced seismicity forecasting has been used to make real-time forecasts at 135 
some sites, such as during enhanced geothermal stimulation at the Helsinki St1 Deep Heat 136 
project (Kwiatek et al., 2019), at the Weyburn Carbon Capture and Storage Project (Verdon, 137 
2016), during hydraulic fracturing in the Preston New Road shale gas wells in Lancashire, UK 138 
(Clarke et al., 2019; Kettlety et al., 2021), and forecasting the impacts of injection rate changes 139 
on induced seismicity in Oklahoma (Langenbruch and Zoback, 2016).    140 

 141 

1.3. Geomechanical implications of time-varying induced seismicity rates 142 

The performance of these forecasting models hinges upon the assumption that SE and/or SI 143 
remain constant during fluid injection. Dinske and Shapiro (2013) presented SI data for a 144 
selection of case studies, primarily comprising short-term hydraulic fracturing and geothermal 145 
stimulation operations, which showed relatively constant values during injection for each site 146 
(with values varying significantly, by as much as 10 orders of magnitude, between different 147 
sites). However, there are reasonable geomechanical arguments that could be invoked to 148 
explain why one might expect SE and SI to vary during injection at a given site:  149 

• As a perturbation spreads laterally from an injection well, it may encounter faults that are 150 
more seismogenic (i.e., closer to their critical stress point), or a volume of rock that 151 
contains more faults. This will result in more reactivation and an increase in induced 152 
seismicity relative to a constant injection rate (e.g., Kettlety et al., 2021).  153 

• It is widely accepted that larger magnitude induced seismicity predominantly releases 154 
tectonic strain that has built up over geological time (e.g., Kao et al., 2018). Given the 155 
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relative timescales involved, there is no opportunity for tectonic stresses to be reloaded 156 
during injection. Therefore, if faults have a limited budget of tectonic strain, the rates of 157 
induced seismicity would reduce once a significant portion of that budget is depleted (e.g., 158 
Rodríguez-Pradilla et al., 2022).  159 

• As described in Equation 1, the linear scaling between injection volumes and seismicity is 160 
an outcome of the assumption of a linear scaling between stressing rate and the rate of 161 
seismicity. While this would seem to be a reasonable assumption, there is no physical 162 
reason why this must be true in all scenarios, and changes in the scaling between stressing 163 
rate and seismicity would likely result in changes in the observed relationship between 164 
injection and seismicity.   165 

• Moreover, in addition to a fixed scaling between stressing rate and seismicity, a further 166 
assumption is that there is a linear scaling between the injection volume and the resulting 167 
stressing rate. However, this assumption may not always be appropriate. For example, with 168 
injection into a laterally unbounded, high porosity/permeability formation the pore 169 
pressure will initially increase but will then evolve towards a steady state condition. At 170 
this point, continued injection will produce perturbations that are smaller and smaller, and 171 
so the rate of induced seismicity might be expected to decrease.   172 

 173 

1.4. Study Objectives 174 

Watkins et al. (2023) examined sequences of WWD-induced seismicity (WWD-IS) and found 175 
that the largest events in each sequence tended to occur during roughly the first one-third of the 176 
overall seismicity sequence. This observation was in stark contrast to the observations made by 177 
Verdon and Bommer (2021) for hydraulic fracturing-induced seismicity, where the largest 178 
events were found to be systematically towards the ends of the observed sequences. Watkins et 179 
al. (2023) did not compile any injection data, and so they were not able to rule out the possibility 180 
that the changes in the levels of seismicity that they observed were driven solely by changes in 181 
injection rates.  182 

The objective of this study is to examine how the scaling between seismicity and injection 183 
volume, as characterised by the SI and SE parameters, evolves during subsurface injection 184 
operations. Any systematic variability that we observe may prove to be informative with respect 185 
to the underlying geomechanical and tectonic processes that take place as induced seismicity is 186 
generated.  187 

Furthermore, as described in Equations 6 and 8, the SI and SE parameters can be used to forecast 188 
induced seismicity hazard under the assumption that these parameters are constant. We 189 
therefore investigate the impacts of temporal variations in SI and SE on the performance of these 190 
methods.   191 

 192 

2. CASE STUDIES 193 

In this study we analyse the temporal evolution of SI and SE for cases of WWD-induced 194 
seismicity. We focus on WWD for several reasons:  195 
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• WWD has caused some of the most prominent cases of induced seismicity to date (e.g., 196 
Watkins et al., 2023).  197 

• WWD sequences often evolve over years-long or even decadal timescales, providing long 198 
time series over which temporal variations can be observed.  199 

• The necessary injection datasets for WWD are often publicly available, in contrast to 200 
hydraulic fracturing, where total well injection volumes may be available (e.g., Verdon 201 
and Rodríguez-Pradilla, 2023), but detailed injection time series are not. 202 

• For hydraulic fracturing, the location of injection changes with each frac stage along a 203 
horizontal well. Changes in SI and SE that are in fact generated by a spatial change in 204 
injection position could be misinterpreted as a temporal change within the same perturbed 205 
volume (e.g., Clarke et al., 2019; Kettlety et al., 2021).   206 

• The long-term, low rate, but ultimately high volume, nature of WWD provides a useful 207 
analogue to anticipated future activities, such as CCS, NGS and hydrogen storage, that are 208 
thought necessary to meet energy sustainability and energy security objectives (Zoback 209 
and Gorelick, 2012; Verdon et al., 2013; Verdon, 2014; Watkins et al., 2023).     210 

Watkins et al. (2023) compiled a database of WWD-induced seismicity case studies. Our cases, 211 
listed in Table 1, are drawn from this database, with the additional criterion that injection rate 212 
time series must also be available for analysis. Sources for injection well data for each site are 213 
described in the Supplementary Materials. Figure 1 shows an overview map of our case study 214 
sites. Maps for each site, including earthquakes and injection wells, are provided in the 215 
Supplementary Materials, along with timelines showing the combined injection volumes and 216 
the seismicity.  217 

In some cases, induced seismicity can be clearly linked to WWD into a single well, in which 218 
case the injection volume time series, ΔV(t), is easily established. In other areas, especially 219 
those with a high density of disposal wells, it can be challenging to determine which wells may 220 
be contributing to the seismicity, and therefore which should be included to create a compiled 221 
ΔV(t) time series. Based on observations of lateral distances for triggering of seismicity 222 
(Verdon, 2014), for sequences with a large number of potentially associated wells, we adopt a 223 
relatively broad criterion of including any disposal well within 20 km of the induced seismicity 224 
sequence. We assess the sensitivity of our results to this distance in the Supplementary 225 
Materials.   226 

 227 

3. METHOD 228 

For each case, we generate time series for the numbers of events (larger than MMIN), the seismic 229 
moment released, and the total injected volume. These time series form the basis of our 230 
subsequent analysis. We take MMIN and G-R b values for each earthquake catalogue from 231 
Watkins et al. (2023).  232 

We perform measurements of SI and SE at 3-monthly intervals, starting at the first time window 233 
in which seismicity was recorded at a given site. Heretofore, measurements of SI and SE have 234 
typically been made on a cumulative basis: at a given time t, the value of SI or SE is computed 235 
from the total cumulative seismicity and the total cumulative injected volume at that time. 236 
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Hereafter, we refer to values computed cumulatively as SIT and SET. Since in some cases, 237 
injection has taken place for many years prior to the onset of seismicity, for the cumulative 238 
volumes we use volumes injected from a time 90 days prior to the first observed seismicity.  239 

 240 
Table 1: List of case sites used in our study. See Supplementary Materials and Watkins et al. 241 

(2023) for further details for each site. 242 

 Site Year of 
onset MMAX MMIN No. of events Reference 

1 Azle-Reno 2013 3.6 0.8 634 Hennings et al. (2021) 
2 Dallas Fort Worth 2008  3.2 1.5 64 Hennings et al. (2021) 
3 Venus 2009 4.0 0.0 917 Hennings et al. (2021) 
4 Irving 2014  3.9 2.2 818 Hennings et al. (2021) 
5 Timpson 2008  4.8 2.1 49 Frohlich et al. (2014) 
6 Reeves 2018  4.9 1.3 208 Skoumal et al. (2020b) 
7 Cogdell 2006  4.3 2.5 285 Gan and Frohlich (2013) 
8 Cushing 2013  5.0 2.5 501 McGarr and Barbour (2017) 
9 Fairview 2014  5.1 2.3 2711 Goebel et al. (2017) 

10 Guthrie 2011  4.2 2.5 1993 Schoenball et al. (2018) 
11 Pawnee 2013  5.8 2.2 1525 Walter et al. (2017) 
12 Prague 2009 5.7 2.2 1014 Keranen et al. (2013) 
13 Harper 2014 4.3 2.0 466 Verdecchia et al. (2021) 
14 Milan 2014 4.9 1.6 277 Verdecchia et al. (2021) 
15 Guy-Greenbrier 2009  4.7 2.1 1312 Horton (2012) 
16 Greeley 2014  3.3 0.5 1241 Yeck et al. (2016) 
17 Paradox 1991  4.4 1.5 6120 Block et al. (2014) 
18 Raton 1995  5.3 2.6 642 Nakai et al. (2017) 
19 Youngstown 2011  4.1 1.3 282 Kim et al. (2013) 
20 Cordel 1992 4.0 2.2 124 Schultz et al. (2014) 
21 Eagle West 1984  4.3 2.5 91 Horner et al. (1994) 
22 Graham 2003  4.0 2.3 246 Hosseini and Eaton (2018) 
23 Musreau 2018  3.9 1.7 44 Li et al. (2022) 

 243 

 

(a) 

 

(b) 

Figure 1: Map of case study locations across North America. Panel (b) shows the area within 244 
the red dashed box in (a), with cases in northern Texas, Oklahoma, and southern Kansas. 245 

Case numbers correspond to Table 1, and the colours used to mark each case correspond to 246 
the colours in the subsequent figures.   247 

Measurements of SIT and SET using cumulative time series may not perform well in capturing 248 
temporal changes in these parameters. Hence, we also perform time-windowed analysis, where 249 
the values of SI and SE at a given time t are computed using seismicity and injection volumes 250 
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within a time window from (t – dt) to t. Hereafter, we refer to time-windowed values as SIW and 251 
SEW. Determining an appropriate time window length, dt, in each case is challenging and 252 
dependent on the resolution of the dataset: too short a window will have low statistical power 253 
due to having a small number of events within any given window, while too long a window 254 
will smooth out the trends we hope to identify. The choice of dt used in our analysis is listed in 255 
the Supplementary Materials, and is varied depending on the duration of and the number of 256 
events within each earthquake catalogue. 257 

One of our objectives in this study is to assess whether there are patterns of behaviour that are 258 
common across a wide range of injection cases. Different cases have experienced widely 259 
varying levels of induced seismicity, and as a result produce values of SI and SE that vary across 260 
multiple orders of magnitude (e.g., Dinske and Shapiro, 2013). To make comparisons between 261 
such cases, we define normalised values, SITn, SIWn, SETn, and SEWn, where each time series is 262 
defined relative to the maximum value of that time series, such that: 263 

 𝑆[$,(][0,=]> = 𝑆[$,(][0,=] −max<𝑆[$,(][0,=]=.       (9) 264 

Note that this normalisation does not perform any rescaling of the SI and SE time series, simply 265 
a shift in values such that each time series has a maximum value of 0. We also normalise the 266 
time axis along which these normalised values are computed, such that t’ ranges from 0 – 1, 267 
representing the beginning and end of the time series.   268 

 269 

4. RESULTS 270 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2: Time evolution of the cumulative and windowed values of SI and SE for all our case 271 
studies. The colours of the lines correspond to the colours of the stars shown in Figure 1. 272 
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Figure 2 shows the time evolution of windowed and cumulative SI and SE values for each of 273 
our case study sites. Figure 3 shows the values of SI and SE when normalised to their respective 274 
maxima. Curves for SI and SE for each individual case are provided in the Supplementary 275 
Materials.  276 

 277 

4.1 Evolution of cumulative values 278 

We begin by examining the behaviour of the cumulative time series (SIT and SET) as these can 279 
be more easily identified from visual inspection of Figures 2 and 3. In all cases, the values of 280 
SIT and SET rise steeply as each sequence of induced seismicity initiates. This acceleration 281 
usually occurs within 1,000 days of the onset of the seismicity sequence (note that this is the 282 
time from the first observed seismicity at a site, not the start of injection, which in some cases 283 
may have been ongoing for many years before the onset of any observed seismicity). After this 284 
period, the cumulative SIT and SET values stabilise and remain relatively constant throughout the 285 
remainder of each of the sequences. This behaviour is particularly apparent in Figures 3a and 286 
3c, which show the cumulative values normalised to their respective maxima (SITn and SETn). 287 
The SITn and SETn values rapidly reach their maxima, after which they continue forward at values 288 
of roughly SITn and SETn = 0.  289 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3: Normalised values of SI and SE for all our case studies. The colours of the lines 290 
correspond to the colours of the stars shown in Figure 1. 291 

 292 

We further investigate this behaviour in Figure 4. We evaluate the time (in days) for SITn and 293 
SETn to reach a value ≥ -0.5. In other words, the number of days after the onset of seismicity at 294 
which SIT and/or SET reach within 0.5 units of the maximum value it will ever reach during the 295 
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entire sequence. Figure 4 shows a cumulative histogram (with frequencies normalised to a 296 
percentage) of the number of cases for which t(S[I,E]Tn ≥ -0.5) is greater than a given time.  297 

We see that SIT shows particularly rapid stabilisation: for 70 % of cases the cumulative SI values 298 
reach within 0.5 units of the maximum they ever reach within one year of the onset of 299 
seismicity. For only two cases has the cumulative SIT value not reached within 0.5 units of its 300 
ultimate maximum within three years of the onset of seismicity. The cumulative SET values take 301 
slightly longer to stabilise: 50 % of cases have reached within -0.5 units of their respective 302 
maxima within one year, with 78 % of cases reaching this value within three years.  303 

 304 

Figure 4: Cumulative histograms for the number of days from start of each sequence until SITn 305 
(red) or SETn (green) reaches ≥ -0.5 (i.e., within 0.5 units of their respective maximum values). 306 
Values show the number of cases for which t(S[I,E]Tn ≥ -0.5) ≥ t. Frequencies are normalised to 307 

a percentage of cases. 308 

 309 

4.2 Evolution of time-windowed values 310 

The time windowed SIW and SEW values are inherently more variable and unstable, which is 311 
expected as each window contains a much smaller portion of seismicity and injection data when 312 
compared to the cumulative calculations. Hence, we see significant increases and decreases in 313 
SIW and SEW between time windows. This makes it harder to identify common trends and 314 
behaviours from a visual inspection of the time series. To address this, in Figure 5 we normalise 315 
the time axis for each case, and then compute the average normalised SIWn and SEWn values as a 316 
function of normalised time (with the error bars in Figure 5 representing the standard error, 317 

𝑆𝐸 = 𝜎/√𝑛). These averages (dashed black line in Figures 5b and d) allow us to identify 318 
common trends. We see that the averaged SIWn and SEWn values reach a maximum after the 319 
elapse of between 25 – 35 % of the total sequence duration, after which the average values 320 
steadily decrease for the remainder of the sequence.  321 

Watkins et al. (2023) made a similar observation, finding that the largest earthquakes typically 322 
occurred within the first 20 – 40 % of the overall observed sequence (Figure 5 of Watkins et 323 
al., 2023). However, since Watkins et al. did not examine injection rates, they were not able to 324 
establish whether this apparent peaking of the seismicity was in fact driven by changes in 325 
injection rates. The results presented here show that this behaviour is in fact driven by variations 326 



Manuscript accepted in the Philosophical Transactions of the Royal Society A 

in the scaling with injection rates over time: we see that the scaling between injection rates and 327 
induced seismicity initially grows, but then typically stabilises within a few hundred days of 328 
the onset of seismicity, after which it begins to decay.  329 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5: Normalised values of SI and SE for all our case studies. The colours of the lines 330 
correspond to the colours of the stars shown in Figure 1. The black lines show the average 331 

values as a function of time, with the error bars showing the standard error.  332 

   333 

4.3 Time lags between injection and seismicity 334 

The injection and seismicity time series that we have collated also allows us to examine any 335 
time lags between injection and the resulting seismicity. Several studies have identified 336 
systematic time delays between injection and the resulting seismicity, which is typically related 337 
to the times needed for pore pressure changes to propagate from the injection point to the 338 
critically stressed fault (or faults) that reactivate (e.g., Hsieh and Bredehoeft, 1981; Norbeck 339 
and Rubinstein, 2018; Grigoratos et al., 2020).  340 

We assessed the time lags between injection and seismicity by computing the normalised 341 
correlation coefficients between the injection volumes and numbers of earthquakes (with 342 
magnitudes ≥ MMIN) within each time window, as a function of the lag between the time series. 343 
A positive time lag implies the seismicity lags the injection. Cross-correlation coefficients as a 344 
function of time lag are shown for every case in Figure S24 of our Supplementary Materials. 345 
The time lag at which the cross-correlation coefficient is maximised, λmaxXC, is taken as 346 
indicating the time lag between injection and seismicity for each case.  347 

We found negative λmaxXC values (i.e., where the injection appears to lag the seismicity) for 7 348 
cases. Clearly these values have no physical basis, since there is no mechanism by which the 349 
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injection can lag the seismicity. Figure 6 shows a histogram for the remaining 16 cases with 350 
positive λmaxXC values. The modal value is a time lag of less than 100 days, implying that rates 351 
of seismicity are closely following changes in injection. However, λmaxXC values of between 300 352 
to 600 days are also common. These results are consistent with the observations shown in 353 
Figure 4, which show that the timescales in which the cumulative SIT and SET values approach 354 
their peak is typically within 1 – 3 years of the onset of seismicity. This would be expected if 355 
these are the typical timescales required for the pressures at nearby faults to increase to the 356 
levels required to begin triggering seismicity. This distribution of time lags is also consistent 357 
with that simulated by Schultz et al. (2022) to produce Båth’s law trailing seismicity.     358 

 359 

Figure 6: Histogram of the time lag values at which the normalised cross-correlation 360 
between injection volumes and rates of seismicity is maximised, λmaxXC. A positive time lag 361 

implies the seismicity is lagging the injection.     362 

 363 

5. INDUCED SEISMICITY FORECASTING 364 

Equations 5 – 8 describe how observations of SI and SE can be used to forecast the expected 365 
maximum magnitudes during induced seismicity sequences. In this section we apply these 366 
methods in order to evaluate their respective performances. Previously, forecasting using SI or 367 
SE has been done using cumulative values as injection and seismicity progresses (e.g., Hajati et 368 
al., 2015; Verdon and Budge, 2018; Clarke et al., 2019; Kettlety et al., 2021). Here, we also use 369 
the time-windowed SIW and SEW values to perform forecasting.  370 

We perform the forecasting using the same 3-monthly intervals over which we computed SI and 371 
SE values. To compute the modelled largest event magnitude, MM

MAX, for a given interval ti, we 372 
need to estimate the total number of events or the total seismic moment that will have been 373 
generated by the end of this interval. We do this by adding the modelled incremental number 374 
of events (or seismic moment) to the observed total number of events (or cumulative seismic 375 
moment) that has occurred prior to this time interval. For SI, 376 

 𝑁((/→A() = 𝑁((/→A()*) + ∆𝑉(A()10
1$[%,-](0()*)23+,    (10)  377 
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where 𝑁((/→A() is the modelled total number of events that will occur by the end of time interval 378 

ti,  𝑁((/→A()*) is the total number of events that has been observed prior to time interval ti, ∆𝑉(A() 379 

is the planned injection volume for time interval ti, and 𝑆$[0,=](A()*) is the cumulative or time-380 

windowed SI value measured during the previous time interval. The most likely largest 381 
magnitude event to have occurred up to the end of time interval ti is then given by (van der Elst 382 
et al., 2016): 383 

 𝑀+45
+ = 𝑀 + .

3
log./𝑁((/→A().       (11)  384 

As described for Equation 2, we adopt the MMIN value for each sequence as the reference 385 
magnitude M.   386 

The equivalent steps for SE are that we model the incremental seismic moment for time interval 387 
ti to estimate the total seismic moment that will be released by the end of this time interval:  388 

 Σ𝑀/(/→A() = Σ𝑀/(/→A()*) + 𝜇∆𝑉(A()10
1"[%,-](0()*),    (12)  389 

where Σ𝑀/(/→A()*) is the total seismic moment release observed prior to time interval ti and 390 

𝑆([0,=](A()*) is the cumulative or time-windowed SE value measured during the previous time 391 

interval. The modelled total seismic moment release Σ𝑀/(/→A() at the end of this time interval 392 

is then used as the input to Equation 8 to compute MM
MAX.  393 

We assess the performance of our modelled MM
MAX values by comparison with the observed 394 

magnitudes. Previous assessments of forecasting models have tended to focus on the largest 395 
overall event within the sequence (e.g., Clarke et al., 2019; Kettlety et al., 2021). However, it 396 
is of relevance to assess the performance of these methods as each sequence develops. Hence, 397 
whenever a given time window contains a new largest event (or events), then we compare the 398 
modelled MM

MAX values for that time window with the largest observed event magnitude, 399 
MO

MAX, during that time window. An example of this process is depicted in Figure 7 for the 400 
Fairview case study. Timelines of MO

MAX forecasts relative to the observed seismicity are 401 
provided individually for each site in the Supplementary Materials.   402 

We have a total of four forecast methods: using either SI or SE, using either cumulative or time-403 
windowed values in each case. The comparisons between MM

MAX and MO
MAX for all four 404 

methods are shown in Figure 8. In all cases we see positive correlation between modelled and 405 
observed magnitudes, indicating that the models do provide useful predictive information. We 406 
quantify the models’ performance with RMS errors, σRMS, and Pearson correlation coefficients, 407 
ρ, between MM

MAX and MO
MAX (Table 2). We also compute the gradient of the line of (least 408 

squares) best-fit, m, between observed and modelled magnitudes – for a well-performing 409 
model, this line should be close to 1. In many applications, we anticipate these models being 410 
used to guide decision-making during operations to avoid unwanted large events. Hence, we 411 
seek a model that does not produce under-predictions, where the actual magnitude significantly 412 
exceeds the preceding model values. Hence, we also compute NUP, the percentage of cases 413 
where the modelled value was a significant underprediction with MM

MAX < MO
MAX – 0.5. 414 

For both the SI and SE models, we find little difference in model performance between the 415 
cumulative and time-windowed models. However, there is a significant difference in 416 
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performance between the SI and SE models, with the RMS errors and correlation coefficients 417 
indicating that the SE approach provides a better match to the observed magnitudes. The SE 418 
models also produced a line of best fit closer to 1, and fewer cases where the modelled values 419 
were significant underpredictions.  420 

 421 

Figure 7: Example of our MM
MAX forecasting approach. The upper panel shows the observed 422 

event magnitudes (grey circles) and the forecast magnitudes for each 3-month time window 423 
using the cumulative SIT (solid green), time-windowed SIW (dashed green), cumulative SET 424 
(solid red), and time-windowed SEW (dashed red). Where a time window contains a new 425 

largest event, the largest event within that window is marked with a blue dot. The lower panel 426 
tracks the cumulative and time-windowed SI and SE values.  427 

 428 

For both modelling approaches, where there are differences between modelled and observed 429 
magnitudes, the tendency is for the models to underpredict magnitudes. We note that for both 430 
SI and SE models we have computed the most likely maximum event magnitude. This contrasts 431 
with previous studies (e.g., Clarke et al., 2019; Kettlety et al., 2021) where these methods have 432 
been used during active operations to manage induced seismicity. In those papers, the upper 433 
95 % uncertainty limit was used, providing a larger margin between the forecast magnitudes 434 
and the observed seismicity. This was done to help the operators ensure that they did not reach 435 
unacceptable levels of seismicity. Using a higher uncertainty bound would systematically shift 436 
the MM

MAX values in Figures 7 and 8 upwards. This could reduce the RMS errors, and would 437 
reduce the number of underpredictions, but would not change the scatter (as measured by the 438 
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correlation coefficient) or the gradient of the best fit line between observed and modelled 439 
magnitudes.  440 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 8: Comparison of observed and modelled maximum magnitudes during each 441 
sequence. The colours of the dots correspond to the colours for each case study used in 442 

Figure 1. We show the results using (a) the cumulative SIT, (b) the time-windowed SIW, (c) the 443 
cumulative SET, and (d) the time-windowed SEW. The dashed lines show a 1:1 relationship, 444 

which is the objective for the modelling.   445 

 446 

The underpredicted magnitudes tend to be found where a rapid acceleration in seismicity takes 447 
place. Figure 7 shows an example of this. In early 2016 the levels of seismicity in the Fairview 448 
sequence accelerated sharply. This is reflected in SI and SE values, which also increase rapidly 449 
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at this time. However, for a given time window, the MM
MAX forecasts are based on SI and SE 450 

values from the previous time step. Given the sharp acceleration in seismicity, the earlier values 451 
are substantially lower (by orders of magnitude), which then leads to an underpredicted MM

MAX 452 
forecast. 453 

Table 2: Performance metrics for the forecasting models based on the cumulative and time-454 
windowed SI and SE values.  455 

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 

 456 

Kettlety et al. (2021) found a similar issue when using SE to forecast induced seismicity during 457 
hydraulic fracturing. As the volume of rock affected by the hydraulic fracturing grew, more 458 
faults began to be reactivated. Some of the later faults to be reactivated proved to be more 459 
seismogenic than the first faults to be reactivated. As a result, the MM

MAX forecasts based on SE 460 
measurements made during earlier phases of the hydraulic fracturing underpredicted the levels 461 
of seismicity as the new, more seismogenic faults began to activate.  462 

We hypothesise that this issue may apply to many of our sequences as well. Various factors 463 
may influence the seismogenic potential of faults, for example their orientation within the in 464 
situ stress field (e.g., Walsh and Zoback, 2016; Kettlety et al., 2021) or their frictional properties 465 
(e.g., Allen et al., 2021). As the pore pressure perturbation spreads from the injection point (or 466 
points), it may encounter and reactivate faults further from the well. If these faults are more 467 
seismogenic then the levels of seismicity will increase, and therefore forecasts based on SI or 468 
SE values measured earlier in the sequence will produce underpredictions.  469 

Verdon and Bommer (2021) and Watkins et al. (2023) applied the Next Record Breaking Event 470 
(NRBE) forecasting method (Cao et al., 2021) to sequences of hydraulic fracturing and WWD-471 
induced seismicity. They concluded that the NRBE approach had clear utility as a forecasting 472 
method to guide operational decision-making. However, in some instances the observed 473 
seismicity significantly exceeded the forecast values, meaning that the method cannot be used 474 
as an absolute guarantee that larger events will not occur. We reach similar conclusions here 475 
for the volume-based forecasting methods. For example, at the Reeves sequence the SE forecast 476 
values were at M 2.5 when the M 4.9 event occurred, and at Timpson the SE forecast values 477 
were at M 2.3 when the M 4.8 event occurred. Hence, while these forecasting methods have 478 
clear utility, as demonstrated by the statistically significant correlation between observed and 479 
modelled magnitudes, the occurrence of events that are significantly larger than the forecast 480 
values cannot be precluded entirely.    481 

 482 

6. DISCUSSION 483 
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6.1 Scaling between injection rates and pore pressures 484 

In Section 1.3 we described the geomechanical assumptions that underpin the expectation that 485 
rates of induced seismicity will scale linearly with injection rate. A key assumption is that the 486 
injection rate provides a reasonable proxy for the stressing rate in the subsurface since Equation 487 
1 defines a linear scaling between the rate of seismicity and the stressing rate. For injection-488 
induced seismicity, the primary driver for triggering earthquakes is typically the associated 489 
increase in pore pressure, which causes a reduction in effective normal stresses. Hence, the 490 
relevant stressing rate is the change in pore pressure, ΔP. The scaling between the injection 491 
rate, ΔV, and the resulting change in pore pressure, ΔP, will depend on the specific conditions 492 
within the reservoir.  493 

We investigate this scaling further using some simple, generic reservoir simulations. These 494 
simulations are not intended to represent any single case study or scenario, but they provide a 495 
reasonable approximation for typical conditions in which deep WWD takes place. We use the 496 
commercial reservoir simulation code Tempest (Emerson, 2014) to simulate the injection of 497 
water into a deep reservoir. Table 3 lists the key reservoir parameters in our simulations. Each 498 
simulation consists of water injection via a single well in the centre of a cuboid reservoir with 499 
a thickness of 100 m and lateral dimensions of Rx × Rx, where we vary Rx from 10 km to 30 km 500 
(Models 1 – 5), with an additional model where the volumes of the cells at the edges of the 501 
reservoir are infinite, essentially creating a reservoir that is unbounded.  502 

Our motivation for doing so is that the modelled pressure change produced by injection is 503 
strongly dependent on the boundary conditions, and in particular the bounding dimensions of 504 
the reservoir. In some cases, reservoirs may be bounded by faults that create hydraulic barriers 505 
to flow, or by stratigraphic changes in reservoir properties (e.g., a high permeability stratum 506 
being pinched out by surrounding low permeability formations). Many of the formations 507 
targeted for WWD in North America are very extensive laterally (e.g., Johnson, 1991). 508 
However, in such situations the “bounds” of the reservoir could be taken as representative of 509 
the distances between injection wells (or more specifically, the mid-point therebetween). In 510 
each model water is injected via the single well at a fixed rate of 1,000 m3/day for a period of 511 
3,000 days.  512 

The resulting modelled pressures at a distance of 1 km from the well are plotted in Figure 9. 513 
This position is chosen arbitrarily to demonstrate the response of pore pressures within the 514 
reservoir at reasonable a distance from the near-well environment. Evidently, pressure changes 515 
will be larger, and occur sooner, at shorter distances from the well, and vice versa for longer 516 
distances. Figure 9a shows pressure increases relative to the initial hydrostatic conditions. 517 
Figure 9b shows the rates of pressure change, δΔP/δt. For roughly the first year of injection, 518 
the pressures follow a similar trajectory irrespective of the bounding conditions. The rates of 519 
pressure increase are largest at this time. For the bounded reservoir cases, the pressure increase 520 
is linear thereafter, with the rate of increase controlled by the dimensions of the reservoir 521 
bounds, where the rate of increase is higher for smaller reservoirs. After approximately 2 years, 522 
the “unbounded” case reaches a steady state condition with no further pressure increase, as the 523 
flow out of the reservoir edges matches the rate at which fluid is injected.   524 

 525 
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(a) 

 

(b) 

 

(c) 

Figure 9: Reservoir pore pressures (a) and the rate of pressure change (b) at a distance of 526 
1 km from the injection well for our modelled reservoir scenarios. In (c) we plot pore 527 
pressures (red) and rate of pressure change (green dashed line) for a model where the 528 

injection rate is reduced from 1,000 to 500 m3/day at t = 1,000 days. 529 

 530 

Our model results provide a useful context within which our observations of seismicity rate 531 
changes can be examined. Our simulations are representative of generic, typical WWD 532 
conditions, they are not intended to be an explicit representation of any particular site – the 533 
generation of detailed reservoir simulations for each case study site is beyond the scope of this 534 
paper. Nevertheless, it is reasonable to expect that our various cases will sit qualitatively 535 
somewhere within the range bounded by our model suite. From Equation 1, we expect the rate 536 
of induced seismicity to scale with the rate of pore pressure change, δΔP/δt, as plotted in Figure 537 
9b. These models suggest we should expect an initial acceleration of seismicity as pore 538 
pressures increase more sharply during the early phases of injection, followed by reducing 539 
levels of seismicity as δΔP/δt decreases and stabilises. This behaviour is matched in a 540 
qualitative sense by our observed seismicity sequences, where most cases show an initial 541 
acceleration in induced seismicity, followed by a reduction and stabilisation. This match 542 
suggest that rates of pressure change are indeed the driving factor in controlling the rates of 543 
induced seismicity. This being the case, it may be possible to produce more accurate forecasts 544 
of induced seismicity hazard if we directly calibrate rates of seismicity to rates of pressure 545 
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change, rather than using injection rates as a proxy for the pressure change (e.g., Langenbruch 546 
and Zoback, 2016; Molina et al., 2020).     547 

 548 

Table 3: Parameter values for our reservoir simulations.  549 

Parameter Value Model No. Lateral dimensions (Rx) 

Injected fluid Water 1 10 × 10 km 

Initial reservoir fluid Water 2 12 × 12 km 

Reservoir depth 2,500 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 1,000 m3/day 

 550 

6.2 Influence of actions taken to mitigate induced seismicity 551 

In some of the cases we have studied, actions to mitigate the levels of induced seismicity have 552 
been taken by operators of these sites (or have been mandated by regulators). For example, 553 
since the mid-2010s, the Oklahoma Corporation Commission has mandated reductions of up to 554 
40 % in the volumes of wastewater being disposed (e.g., OCC, 2016). For the Paradox Valley 555 
case, the injection program has included regular pauses in injection to allow pore pressures to 556 
dissipate (Ake et al., 1995). At Greeley, after the onset of seismicity, the operator cemented the 557 
lower part of the injection well to divert pore pressure increases away from the more 558 
seismogenic basement strata (Yeck et al., 2016). Clearly, these actions may be responsible for 559 
some of the reduction and stabilisation of induced seismicity rates that we have observed.  560 

We note that the behaviour we have described appears to be fairly ubiquitous irrespective of 561 
whether or not mitigating actions have been taken. That is not to say that mitigating actions are 562 
unnecessary, as such actions will have caused the levels of seismicity to drop sooner and by a 563 
larger degree than might otherwise have been the case. However, the changes in seismicity 564 
rates we observe are, via the SI and SE parameters, normalised to the injection rates. Hence, in 565 
cases where injection volumes have been reduced in response to seismicity, the decreases in 566 
seismicity do not simply represent a decrease in injection rate, with the seismicity continuing 567 
to scale at the same rate with respect to injection. Instead, the decreases in SI and SE we observe 568 
represent decreases in seismicity rates that are proportionally larger than the decrease in 569 
injection rate.  570 

Incidentally, we note that if it is the case that the mitigating actions have been successful in 571 
stopping or reducing the seismicity rates, then this is clearly encouraging with respect to our 572 
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overall ability to manage and mitigate induced seismicity during large-scale injection projects. 573 
Experiences with mitigating induced seismicity at WWD sites will therefore be of direct 574 
relevance for future large scale injection industries such as CCS.   575 

The fact that induced seismicity rates might be more properly scaled with rates of pressure 576 
change, rather than rates of injection, is a salient issue here since the impact of many of the 577 
mitigation actions will be to produce a reduction in reservoir pore pressures relative to injection 578 
rates. To investigate this, we produce an additional reservoir injection model in which a 579 
reduction in injection rates takes place mid-way through the injection period. In this case, we 580 
use the 30 km bounded model (Model 5) and reduce the injection rate from 1,000 m3/day to 581 
500 m3/day after a period of 1,000 days. The resulting pressure changes are shown in Figure 582 
9c. We see that the absolute pressures drop in response to the drop in injection rate, and never 583 
again approach the levels seen during the higher-rate injection. The rates of pore pressure 584 
change, δΔP/δt, become negative, they do not become positive again until almost 1,000 days 585 
after the reduction in injection rate, and they remain significantly smaller than those for the 586 
constant injection rate cases.  587 

We stress again that these are generic models, which are not intended to represent any specific 588 
site or actual mitigation action. Nevertheless, the modelled changes in pressure relative to the 589 
change in injection rate – where a 50 % reduction in rates actually leads to the rate of pressure 590 
change becoming negative – shows why we might not expect rates of pore pressure change, 591 
and therefore according to Equation 1, the rates of seismicity, to directly scale with injection 592 
rates. This further demonstrates how more accurate forecasts of induced seismicity hazard may 593 
require models where seismicity rates are scaled to rates of pressure change, rather than 594 
injection rates. Moreover, such models could be used, for sites that are experiencing 595 
unacceptable levels of induced seismicity, to investigate the extent to which different mitigating 596 
actions would reduce the levels of ongoing induced seismicity.   597 

We note that this approach to modelling induced seismicity generation implies that seismicity 598 
will stop immediately when pore pressures drop. In contrast, we know that trailing seismicity 599 
often occurs after the cessation of injection (e.g., Verdon and Bommer, 2021). Few cases of 600 
trailing seismicity have been observed for WWD into large, extensive aquifers, although this 601 
could be considered a semantic issue since there are few examples disposal of operations of 602 
this kind where injection has been stopped suddenly (e.g., Watkins et al., 2023). No events can 603 
be called trailing events if injection is never stopped.  604 

Observations of trailing seismicity show that they often follow similar behaviours to tectonic 605 
aftershocks, following Båth’s Law (e.g., Schultz et al., 2022) and showing Omori-Utsu 606 
temporal decay (e.g., Mancini et al., 2021). This suggests that trailing seismicity is primarily 607 
driven by similar processes to tectonic aftershocks, such as static and dynamic stress transfer 608 
between events and transfer of pore pressures between asperities on fault planes, for example. 609 
Hence, a more comprehensive model might incorporate an underlying rate of seismicity that is 610 
scaled to the rate of pressure change, with additional terms that describe the trailing events in a 611 
manner that is similar to aftershock nucleation in tectonic settings.   612 

 613 
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7. CONCLUSIONS 614 

We have compiled time series of fluid injection and induced seismicity rates for over 20 cases 615 
of WWD-induced seismicity in North America. We use these time series to investigate the 616 
temporal evolution of the scaling between injection rates and seismicity, as quantified by the SI 617 
and SE parameters. We computed these parameters on both a cumulative and time-windowed 618 
basis. We find that the cumulative values typically show an initial increase before reaching a 619 
maximum value – this stabilisation typically occurs within 1 – 3 years of the onset of seismicity. 620 
The time-windowed values showed more variability, which is to be expected given that they 621 
are computed from shorted time series. However, the time windowed averages showed a clear 622 
pattern of behaviour, with values increasing during the early phases on injection, before 623 
stabilising and reducing during the latter phases.  624 

We use the observed scaling between injection volumes and seismicity rates to assess the 625 
performance of magnitude forecasting models. We find that models using either SI or SE both 626 
produce statistically significant correlation between observed and modelled event magnitudes, 627 
indicating that these methods do have predictive utility. We found little difference in 628 
performance between time-windowed and cumulative analyses. The SE models produced 629 
slightly higher correlations and lower RMS errors than the SI models.  630 

We interpret the observed variations in seismicity rates with respect to the pressure changes 631 
produced by long-term injection into large, high permeability, relatively unbounded aquifers. 632 
During the initial stages of injection, the pore pressure perturbation will extend outwards from 633 
the well, reaching and reactivating more seismogenic faults and increasing the rates of 634 
seismicity. With time, in relatively unbounded aquifers, the rate of pore pressure increase will 635 
drop, leading to a reduction in the triggering of seismicity. Likewise, mitigating actions that 636 
reduce the rates of pressure increase may further reduce the rates of seismicity. We conclude 637 
that, where possible, changes in seismicity rates could be calibrated against site-specific models 638 
of pore pressure change. Such models could lead to more accurate forecasting of induced 639 
seismicity hazard, as well as allowing the ability to simulate the extent to which different 640 
interventions might reduce the induced seismicity hazard.     641 
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