
Tectonophysics 859 (2023) 229898

Available online 13 May 2023
0040-1951/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Assessing the variability in hydraulic fracturing-induced seismicity 
occurrence between North American shale plays 

James P. Verdon *, Germán Rodríguez-Pradilla 
School of Earth Sciences, University of Bristol, Wills Memorial Building, Queen's Road, Bristol BS8 1RJ, UK   

A R T I C L E  I N F O   

Keywords: 
Induced seismicity 
Hydraulic fracturing 
Permeability 
Shale gas 
Tight gas 

A B S T R A C T   

We examine differences in the occurrence rates of hydraulic fracturing-induced seismicity (HF-IS) between 
different shale plays in North America. While previous studies have investigated variations in HF-IS prevalence 
within individual plays, no studies have compared HF-IS occurrence between different plays. Our study examines 
associations between hydraulic fracturing and induced seismicity across 12 shale plays: the Barnett, Bakken, 
Duvernay, Eagle Ford, Fayetteville, Haynesville, Horn River, Marcellus, Montney, Niobrara, Utica, and Wood
ford. We compile earthquake catalogues for each play using a combination of data from published studies and 
regional and national earthquake databases. For plays in the United States we compile well data from the 
FracFocus database, while for Canadian plays we compile well data provided by provincial regulators. We use a 
rate-change approach to identify potential cases of HF-IS, where increases in earthquake rates above a back
ground level in spatial and temporal proximity to active wells is taken to indicate a likelihood that seismic events 
are induced by hydraulic fracturing. We find very large variations, of several orders of magnitude, in the 
occurrence rates of HF-IS between different plays: for some plays we find an average rate of one M ≥ 2.0 event 
per 3 wells, while some plays do not have any plausible cases of HF-IS despite hydraulic fracturing of many 
thousands of wells, and injection of several hundred million m3 of fluid. We interpret these variations with 
respect to the underlying geological conditions. We find that geomechanical connections into basement rocks 
may promote HF-IS, but there are plays without such connections that have also generated significant levels of 
induced seismicity. We find that HF-IS is more prevalent in plays with high pore pressure gradients and strike-slip 
to compressive stress regimes. A multiple linear regression finds statistically significant fit between these two 
parameters in tandem and the observed rates of HF-IS occurrence.   

1. Introduction 

Hydraulic fracturing in shale plays has been demonstrated to have 
caused induced seismicity (e.g., Schultz et al., 2020; Verdon and Bom
mer, 2021a). However, the prevalence of hydraulic fracturing-induced 
seismicity (HF-IS) varies significantly, both within individual plays, 
and between different plays. The operational parameters for hydraulic 
fracturing in regions that are more and less prone to HF-IS are often very 
similar (with respect to, for example, injection volumes, rates, pressures, 
and injected fluid properties, e.g., McKeon, 2011). The similarities in 
operational parameters imply that the observed variability in HF-IS 
occurrence is driven by variations in geological conditions that pro
mote or preclude induced seismicity. Hence, if we can quantify varia
tions in HF-IS prevalence between different plays, and thereby identify 
the geological factors that influence the occurrence of HF-IS, then this 

information could be used to inform induced seismicity hazard assess
ment for future HF plays for which rates of HF-IS are not yet 
well-established (e.g., Verdon and Bommer, 2021a; Schultz et al., 2021). 

The objective of this study is to quantify the relative prevalence of 
HF-IS in different shale plays. We focus on North America, as this 
continent has seen extensive use of hydraulic fracturing in a wide range 
of shale plays. Moreover, as regulators have recognised the significance 
of this issue, relevant data is becoming increasingly available, including 
data on injection wells via, for example, FracFocus (www.FracFocus. 
org) and earthquake data from dedicated regional monitoring net
works (e.g., Fereidoni and Cui, 2015; Savvaidis et al., 2019; Walter et al., 
2020). Having quantified the relative prevalence of HF-IS between 
different plays, we can then examine the extent to which different 
geological factors can account for the observed variabilities. 
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1.1. Causative mechanisms for HF-IS 

Before doing so, we begin by examining the factors that might be 
expected to account for the variabilities in HF-IS from a theoretical basis, 
and by reviewing previous studies that have sought to explain variations 
in HF-IS within individual shale plays. 

Many studies of HF-IS have sought to understand the causative 
mechanisms that have generated HF-IS at individual sites (e.g., Schultz 
et al., 2015a; Deng et al., 2016; Clarke et al., 2019; Kettlety et al., 2020, 
2021; Igonin et al., 2021, 2022; Cao et al., 2022). The fundamental 
geomechanical basis underpinning most such studies is that hydraulic 
fracturing creates perturbations in stress and pore pressure on pre- 
existing tectonic faults. The in-situ stresses acting on a pre-existing 
fault can be resolved into normal stress, σn, and shear stress, τ, compo
nents. A fault will slip if the stress conditions exceed the failure envelope 
given by: 

τ > μf
(
σn − Pf

)
+Ch, (1)  

where Pf is the pore pressure, μf is the friction coefficient, and Ch is the 
cohesion of the fault. Hence, perturbations in stress and/or pore pressure 
that increase the Coulomb Failure Stress (CFS), given by: 

CFS = τ − μf
(
σn − Pf

)
(2)  

will increase the likelihood of a fault slipping and generating induced 
seismicity. 

Hydraulic fracturing involves the injection of fluids at high pressure. 
As shown by Eq. 2, increases in Pf will increase CFS, leading to fault slip. 
The migration of pressurised fluids into faults is typically invoked as the 
primary mechanism that generates induced seismicity (e.g., Schultz 
et al., 2015a; Igonin et al., 2021; Kettlety et al., 2021; Cao et al., 2022). 
In addition, the tensile opening of fractures during hydraulic fracturing 
creates geomechanical deformation in the surrounding rocks. Depend
ing on their orientation and position relative to the hydraulic fractures, 
this poroelastic deformation can increase CFS on nearby faults. This 
mechanism has also been invoked as a causative mechanism for gener
ating induced seismicity (e.g., Deng et al., 2016; Kettlety et al., 2020; 
Igonin et al., 2022). 

From this understanding of the mechanisms that generate HF-IS, the 
necessary conditions are that:  

1. Pre-existing faults are present.  
2. The faults must be within sufficient proximity to the stimulated well 

such that either they are reached by the pressurised injected fluid, or 
they are perturbed by the poroelastic deformation generated by 
opening fractures.  

3. The stress conditions on the faults (or a subset thereof) must be such 
that the CFS change required to reach failure (Eq. 1) is smaller than 
the perturbation generated by the hydraulic fracturing. 

Hence, from a theoretical standpoint, the prevalence of HF-IS will be 
governed by three factors:  

1. Abundance of faulting: a higher abundance of faulting will increase 
the likelihood that a given set of hydraulic fractures will intersect a 
pre-existing fault of sufficient size to generate felt seismicity.  

2. Stress conditions: the stress conditions must be such that faults are 
near to the CFS threshold. Faults that are already in a condition close 
to the failure envelope given by Eq. 1 require only a small pertur
bation to induce slip. Such faults are referred to as being “critically 
stressed” (Zoback and Healy, 1992). Critically stressed faults are 
particularly prone to generating HF-IS (e.g., Kettlety et al., 2021). 
This condition will generally be favoured by high stress anisotropy 
(the difference between maximum and minimum principal stresses), 
and high pore pressure (which reduces the effective normal stress, σn 

– Pf). If faults have a preferred orientation, then induced seismicity 
will be favoured if the faults are well-oriented for slip in the in situ 
stress field.  

3. Extent and magnitude of the hydraulic fracturing perturbation: the 
larger a volume of rock perturbed by a given stimulation, and the 
larger the magnitude of the perturbation, the greater the likelihood 
of intersecting a fault and exceeding its slip threshold. The size of the 
perturbation may be affected by operational factors (injection rate, 
cumulative volume, pressure and fluid properties) and the hydraulic 
properties of the formation (e.g., porosity, permeability, the presence 
of permeable fracture pathways). However, while the design of 
fracture stimulations does vary between different plays, there is 
typically considerable overlap with respect to operational factors 
such as injection volumes and rates, well lengths and stage spacings 
(e.g., McKeon, 2011). 

1.2. Seismogenic index 

The seismogenic index, SI (Shapiro et al., 2010) relates the number of 
induced earthquakes, NE, to the injected volume V, for a given minimum 
magnitude, M: 

SI = log
(

NE

V

)

+ bM, (3)  

where b is the Gutenberg and Richter (1944) b value. SI is commonly 
used to quantify the rate of occurrence of induced seismicity during 
operations (e.g., Kwiatek et al., 2019; Kettlety et al., 2021), and can be 
used to forecast the largest magnitude event expected during operations, 
MMAX: 

MMAX =

(

SI − log
[
− lnχ
VT

])/

b, (4)  

where VT is the total planned injection volume, and χ is the probability 
that this magnitude is not exceeded. 

While SI is now most commonly used to quantify rates of induced 
seismicity and forecast MMAX, its original formulation was based on a 
consideration of the geomechanical conditions within a given reservoir 
(e.g., Dinske and Shapiro, 2013), where the seismogenic index is given 
by: 

SI = log
(

10aF
C.S

)

, (5)  

where a is the Gutenberg-Richter a value, F is the density of faults 
around the injection point, C is the critical pore pressure increase 
required to reactivate the faults, and S is the storativity of the formation, 
which determines the magnitude and extent of the pressure increase 
created by the injection of a given volume. Hence, this formulation of SI 
mirrors our understanding of the key factors that control the abundance 
of induced seismicity, as described in the previous section. Moreover, 
Eq. 5 describes how differences in stress conditions and/or faulting 
abundance between localities could be translated into different levels of 
induced seismicity hazard. 

1.3. Variations of HF-IS within shale plays 

Significant variations in HF-IS prevalence can occur within a shale 
play over a relatively short distance. As an example, in the Duvernay 
Formation in the Western Canada Sedimentary Basin (WCSB), HF-IS has 
predominantly occurred within two areas, Fox Creek (Schultz et al., 
2015a) and Willisden Green (Schultz and Wang, 2020). Outside of these 
areas, the occurrence of HF-IS in the Duvernay has been limited or non- 
existent (Rodríguez-Pradilla et al., 2022). As shown in Fig. 1, within the 
Fox Creek area as the use of hydraulic fracturing has moved eastward by 
a few 10s of km, levels of HF-IS have decreased substantially (Reyes- 
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Canales et al., 2022). 
Several studies have sought to examine the underlying causes of the 

observed variability in HF-IS occurrence within individual shale plays, 
including cases within the WCSB, Oklahoma, and Texas. Schultz et al. 
(2016) analysed the spatial distribution of HF-IS in the Duvernay For
mation relative to the edges of the Swan Hills reefs. The Swan Hills 
Formation underlies the Duvernay, and the nucleation of reef formation 
in the WCSB Devonian section is thought to have been controlled by 
active tectonics at the time of deposition. As such, the edges of the Swan 
Hills reef formations are thought to denote the presence of dip-slip 
faulting in the underlying basement rocks. Schultz et al. (2016) found 
strong correlation between HF-IS and the edges of the Swan Hills reefs, 
with most cases being found within 20 km of reef edges. Hence, Schultz 
et al. (2016) describe a correlation between HF-IS and a proxy indicator 
of fault abundance. 

Eaton and Schultz (2018) compared the occurrence of HF-IS in both 
the Duvernay and Montney Formations to the presence of overpressure 
in these shales. Pore pressure gradients (ΔPf) in both formations are 
highly variable, ranging from near hydrostatic (10 kPa/m) to nearly 20 
kPa/m. In both formations they found clear, statistically significant 
correlation between the occurrence of HF-IS and ΔPf values higher than 
15 kPa/m. 

Pawley et al. (2018) used a logistic regression machine learning al
gorithm (LR-MLA) to examine how a range of geological factors con
tributes to induced seismicity in the Duvernay Formation. They studied 
a selection of model features including: depth to basement; ΔPf; the 
minimum horizontal stress, SHmin; the natural seismicity rate; the 
thickness of the Duvernay Formation; the presence of dolomite within 
the Duvernay; the concentrations of lithium within pore fluids; the 
distance to mapped fault lineaments; and the distance to Devonian reef 
formations. Lithium concentration and the presence of dolomite were 
chosen as they might serve as proxies for hydraulic connectivity to the 
basement, since fluids circulating within the basement are Li-enriched 
and have been proposed as a driver for dolomitisation. 

They found that the strongest control on HF-IS occurrence, as 
measured by their Information Gain Score, was proximity to basement, 
with ΔPf, SHmin, distance to reef edges, and Li concentration also 
showing statistically significant information gain for HF-IS occurrence. 
Factors that did not appear to control HF-IS occurrence included the 
distance to mapped lineaments, the Duvernay Formation thickness, and 
the presence of dolomite. 

Wozniakowska and Eaton (2020) used the same LR-MLA approach to 
investigate HF-IS in the Montney Formation. Their model inputs 
included distance from mapped faults, ΔPf; proximity to basement; 
proximity to the Debolt Formation; injection depth; distance to the 
Cordilleran deformation front; depth level within the Montney Forma
tion; and the difference between the local and the regional-average 
SHMAX orientation. The Debolt Formation is a massive carbonate for
mation of Carboniferous age, which underlines the Montney. The Debolt 
has been shown to have significant mechanical strength which could 
enable it to host larger seismic events. The Cordilleran deformation front 
delineates the zone of extensive fold-and-thrust deformation generated 
by the growth of the Rocky Mountains during the Laramide Orogeny. 
The difference between local and regional SHMAX orientation was used as 
a potential proxy for the presence of critically stressed faults, as active 
faults can produce local rotation of the stress field. 

They found that the most significant control on HF-IS occurrence was 
the distance to the Cordilleran deformation front. Other significant 
factors included the injection depth, the distance to basement, ΔPf, and 
the local SHMAX variance. Factors that were not significant were the 
distance to the Debolt Formation, the depth level within the Montney, 
and the distance to mapped faults. 

Fox et al. (2020) used multivariate statistical analysis to examine 
Montney HF-IS. Their model inputs comprised over 50 parameters, 
including both geological and operational factors. Geological factors 
included distances from mapped faults, ΔPf and ΔSHMAX, target depth, 
and the curvature of selected subsurface horizons (which can be used as 
a proxy for faulting). Operational factors included fluid volumes, 
breakdown pressures, evidence for screen-outs, well length, and break
down and shut-in pressures. They computed two models, firstly classi
fying for the occurrence or absence of HF-IS, and then a regression to 
induced seismicity magnitudes. Given the number of model parameters, 
the results of Fox et al. (2020) can't be easily summarised. However, they 
consistently found that geological factors were more important than 
operational factors in explaining the variations in induced seismicity 
across the play. Geological factors of particular note included injection 
depth, distance from mapped faults, pore pressure and minimum hori
zontal stress parameters, and the curvature of relevant geological 
horizons. 

Fasola et al. (2019) studied HF-IS in the Eagle Ford Shale of southern 
Texas, searching for qualitative correlations between the percentages of 
wells experiencing HF-IS and the local geological conditions. They found 
an increase in HF-IS prevalence in proximity to the Karnes Trough 
southern bounding fault, and an increase in HF-IS where the Austin 
Chalk Formation was present. They also examined the prevalence of HF- 
IS with respect to operational factors, finding an increased likelihood of 
seismicity when multiple wells were stimulated simultaneously from the 
same pad, which was attributed to an overall larger injection volume 
within a comparable area. 

The majority of the induced seismicity observed in Oklahoma has 
been driven by WWD into the Arbuckle Formation (e.g., Keranen et al., 
2013). However, Skoumal et al. (2018) identified a significant number 
of cases where seismicity has been generated by hydraulic fracturing, 
primarily within the Woodford Shale. Ries et al. (2020) examined these 
HF-IS cases with respect to both operational and geological factors, 
using a logistic regression method. Operational factors examined 
included the use of multi-well pads, injection volumes, and the use of 
slickwater versus gel. Geological factors included the well depth, the 
proximity to the crystalline basement, and the geological age of the 
formation being targeted (evidently there will be significant co- 
dependence between these parameters). 

They found that there was no correlation between injection volumes 
and HF-IS prevalence, but they did find a significant correlation between 
HF-IS and the use of slickwater versus gelled frac fluids. However, the 
choice of fluid is likely to be formation-dependent, with gelled fluids 
more likely to be used in shallower tight gas sandstone formations, and 
slickwater more commonly used in deeper shale formations. They found 

Fig. 1. Map of the Fox Creek region in the WCSB, showing hydraulic fracturing 
wells targeting the Duvernay Formation (red-outlined triangles) and earth
quakes (black-outlined circles, sized by magnitude) since 2010. The blue line 
shows the area regulated by a Traffic Light Scheme as per the Alberta Energy 
Regulator Subsurface Order 2. Wells and earthquakes are coloured by year. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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the wells targeting deeper and older formations were more likely to 
generate HF-IS, but once this trend is accounted for, they did not observe 
any trend between proximity to basement and HF-IS. Ries et al. (2020) 
interpreted the increased HF-IS prevalence with depth as being driven 
by increased overpressure with depth within the basin. 

McKeighan et al. (2022) compared the occurrence of HF-IS in the 
Eagle Ford play with detailed fault maps in the region. They found that 
70% of “seismogenic faults” identified from lineations of earthquake 
hypocentres were located within 1 km of a known, mapped fault. They 
examined the stress conditions on these faults, finding that induced 
seismicity occurred on faults with a range of stability conditions, 
including those which would have required significant perturbation (>
8 MPa) to reactivate. However, we note that the areas with the highest 
levels of HF-IS (the KTFZ-SW, KTFZ-central, and KTFZ-NE areas, as 
defined by McKeighan et al., 2022) had large numbers of faults with low 
stability conditions (perturbations required for failure of <2 MPa). 

We summarise our theoretical considerations and the observations of 
HF-IS variability within shale plays as follows. Our theoretical consid
erations suggest that the key geological controls on HF-IS prevalence 
will be fault abundance and effective stress conditions. Observational 
studies of HF-IS variability within plays have generally reached similar 
conclusions, finding that HF-IS occurs preferentially in areas with higher 
pore pressure gradients and lower SHmin (and hence higher shear 
stresses). These studies have also found HF-IS to be correlated with 
various different factors that are assumed as proxies for the abundance 
of faulting (e.g., formation depth, distance to basement, lithium con
centrations, distance to Cordilleran fronts, etc.). 

2. Assessment of HF-IS variability 

Fig. 2 shows major shale plays in North America in which hydraulic 
fracturing has been used extensively. Fig. 3 shows the total number of 
hydraulically fractured wells per year and the total fluid volumes 
injected for hydraulic fracturing in each of the labelled plays. The 
decrease in well numbers and fluid volumes in 2015–16 was driven by 
the collapse in hydrocarbon prices at this time (Stocker et al., 2018), 
while the decrease in activity in 2020 was driven by the drop in prices 
during the COVID-19 pandemic. 

The injection data for WCSB plays is taken from hydraulic fracturing 
databases published by the Alberta Energy Regulator and by the British 
Colombia Oil and Gas Commission. These combined datasets include 
over 36,000 hydraulically fractured wells. Given the regulatory envi
ronment in these provinces, we believe that this database is relatively 
complete for the periods under consideration in our study. 

The injection data for plays in the USA is taken from the FracFocus 
database (Dundon et al., 2015), which was launched in 2011. The 
FracFocus database contains records from over 195,000 hydraulically 
fractured wells in the USA. However, regulations pertaining submission 
of data to FracFocus have varied by jurisdiction. Hence, it is difficult to 
assess the completeness of the database. However, this remains the only 
nationwide database of hydraulic fracturing wells that is conveniently 
available for the USA. For all injection datasets, we have well locations, 
start and end dates for operations, and total injected volumes. The 
earthquake catalogues we use for each shale play are described in the 
Appendix. 

Fig. 2. Map showing major North American unconventional plays.  
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The major challenge in assessing HF-IS prevalence is in identifying 
which earthquakes within a basin have been caused by hydraulic frac
turing. In addition to HF-IS events, seismicity may occur naturally, and 
earthquakes may also be induced by other co-located activities such as 
conventional hydrocarbon production (e.g., Segall, 1989), fluid injec
tion for enhanced oil recovery (EOR, e.g., Gan and Frohlich, 2012), or 
wastewater disposal (WWD, e.g., Healy et al., 1968). Discriminating 
between induced earthquakes and natural events, and indeed discrimi
nating between HF-IS and seismicity caused by other industrial activities 
such as WWD, is challenging, and detailed examination of the spatial 
and temporal evolution of seismicity relative to various industrial ac
tivities may be required to definitively establish causation (e.g., Verdon 
et al., 2019). 

Some studies (e.g., Ghofrani and Atkinson, 2020) have used simple 
spatio-temporal filters to assign causation (any event within a given time 
and distance of a hydraulic fracturing operation is assumed to be a po
tential case of HF-IS). However, it has been shown that this approach 
frequently mischaracterises the causes of seismicity, especially when 
multiple industrial activities such as WWD and hydraulic fracturing are 
co-located (Verdon and Bommer, 2021b). Grigoratos et al. (2020) 
developed a method to assess causative factors for induced seismicity 
based on statistical correlations between industrial activities and 
earthquake rates within discretised area blocks. Skoumal et al. (2018) 
assessed causation using a seismicity rate-change method, whereby HF- 
IS was identified for cases where the rate of seismicity during a hydraulic 
fracturing operation (within a given distance) was significantly higher 
than the rate of seismicity within a period before and after the operation. 
Skoumal et al. (2018) used a distance of 10 km from an operation, time 
periods either side of an operation of 5 to 30 days, and required the 
earthquake rate during operations to be at least 10 times larger than the 
baseline rate. 

We adopt a similar approach to Skoumal et al. (2018) in our analysis, 
recognising its ease of application in comparison to the Grigoratos et al. 
(2020) method, yet with an ability to discriminate HF-IS with WWD-IS 
since we might expect WWD to produce seismicity rates that are 
elevated within a particular area over an extended period of time. 

We use 10 km as our distance criterion. Where detailed microseismic 
observations have been made (e.g., Igonin et al., 2021; Kettlety et al., 
2021), induced seismicity is generally observed to occur within 1, or at 
most 2 km from the causative well. However, incorporating larger dis
tances into our analysis allows for the presence of horizontal wells, 
which will increase the potential distance from the wellhead to the 
induced seismicity, and allows for uncertain event locations produced 
by regional monitoring networks, which can often be of several km (e.g., 
Schultz et al., 2015b). 

For each well, we compute the number of M ≥ 2.0 events within 10 
km of the well that occur during the “well active” period, defined as 
running from the start of operations until 10 days after the end of op
erations. We extend the active period after the end of injection to 
incorporate the possibility of trailing events, which typically occur 
within this timeframe (e.g., Verdon and Bommer, 2021a). 

We compare the rate of seismicity during the active period to the 
background rate of seismicity within the same area within a period 
extending 6 months (182 days) before the start of operations, and 6 
months after the end of the active period. We choose a longer period 
over which to compute the baseline in comparison to Skoumal et al. 
(2018) in recognition of the fact that WWD typically produces sequences 
of seismicity that extend over multi-year timescales (e.g., Watkins et al., 
2023), and so a longer baseline period may be more appropriate. Our 
change in earthquake rate is then given by: 

ΔR =
Ractive

Rbaseline
, (6)  

where Ractive and Rbaseline are the rates (average number of events per 
day) during the active and baseline periods, respectively. Where no 
events are observed during the baseline period, we adopt a value for 
Rbaseline of 1/365: i.e., allowing for the possibility of 1 earthquake 
occurring within the baseline period. We use ΔR ≥ 5 as our threshold to 
indicate a potential case of HF-IS. This is slightly more lenient than the 
threshold used by Skoumal et al. (2018), which reflects our objective to 
capture more potential cases of HF-IS, while accepting that more cases 
identified as HF-IS might represent false positives. 

In adopting this approach, we accept that some cases of HF-IS may be 
missed by our analysis, and that some cases identified as HF-IS may be 
spurious, either being caused by other industrial activities, or being 
natural earthquakes. Hence, any individual case identified here should 
not be considered as definitively demonstrated to be (or not to be) a case 
of HF-IS. However, our primary objective in this study is to produce a 
relative comparison of HF-IS abundance between shale plays across 
North America. Hence, since we apply the same method to each play, 
any misidentifications of causation should be evened out at relatively 
similar rates across each play. Moreover, as shown in our Results, the 
observed prevalence of HF-IS varies by many orders of magnitude be
tween different plays, so the occasional reassessment of causation to 
remove some false positives, or to include some false negatives, would 
not have a major impact in our overall ranking of plays with respect to 
the prevalence of HF-IS. 

(a) (b)
Fig. 3. Activity rates in major North American shale plays. In (a) we show the numbers of wells completed per year, and in (b) we show the total annual fluid 
volumes used for HF in each play. 
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3. Results 

Table 1 lists the numbers of HF-IS events identified for each play. 
More detailed descriptions of events identified within each play are 
provided within the Appendix. To normalise the observed numbers of 
events we compare the numbers of events versus the total number of 
wells NE/NW. This parameter does not represent the number of wells 
with associated events, since some wells may have more than one 
associated event, and in some cases an event may have a potential as
sociation with more than one well. Hence, we also present the number of 
wells that have potential associated events, and with NWA/NW we ex
press this as a fraction of the total number of wells. 

Since the average volumes injected by each well in different plays 
may vary, we also compute SI as defined in Eq. 3, and the seismic effi
ciency, SEFF (Hallo et al., 2014), which is given by: 

SEFF =
ΣMo

GΔV
, (7)  

where ΣMO is the cumulative moment released by HF-IS events, G is the 
shear modulus (assumed to be 20 GPa as a generic value throughout this 
study), and ΔV is the total volume of injected fluid. In computing SI, we 
use a default value of b = 1.0. 

We observe very significant variations in HF-IS prevalence, with NE/ 
NW, SEFF and SI ranging over at least 3.5 orders of magnitude. Some 
plays, such as the Barnett, Bakken and Niobrara, have experienced no 
cases of HF-IS (the handful of cases identified in Table 1 for these plays 
are likely to be false positives, see Appendix), whereas the Duvernay 
Formation, which has the highest prevalence of HF-IS, has experienced 
an average rate of 1 M ≥ 2.0 event per 3 wells, with roughly 1 in 10 wells 
being potentially associated with M ≥ 2.0 seismicity. 

4. Discussion 

4.1. Geological factors affecting HF-IS variation 

Having classified the relative prevalence of HF-IS in different shale 
plays, we can begin to examine different geological factors that may 
have promoted (or inhibited) the occurrence of induced seismicity. We 
note that this is not a trivial exercise. Much of the relevant data is not 
publicly available. Where possible, we have sought to compile relevant 
information from the available literature. Many of the factors we aim to 
study will vary within each play, such that assigning a “typical” value is 
difficult. Likewise, as shown in Fig. 1 the prevalence of HF-IS is seldom 
uniform across a play, but tends to cluster in specific areas. As such, it 
can be challenging firstly to establish whether sparse data drawn from 

limited publicly available literature is representative of a play as a 
whole, and secondly whether the data is representative of the areas of a 
play that have experienced HF-IS. The geological factors that we have 
examined are summarised in Table 2 and discussed below and in the 
Appendix. 

4.2. Involvement of basement rocks 

In general, we expect that the stresses within the stiffer underlying 
basement rocks will be higher. As these rocks are also older, we would 
also expect them to have a greater abundance of faulting. These factors 
may make basement rocks more prone to generating more and larger 
induced seismic events. The transfer of pore pressures into basement 
rocks has often been invoked as a key factor for triggering WWD-induced 
seismicity in North America (e.g., Hincks et al., 2018). We therefore 
examine whether hydraulic or geomechanical connections into base
ment rocks have been a factor for HF-IS. Our assessment is summarised 
in Table 2, and further explanations for each play are provided in the 
Appendix. 

We observe that plays which have low prevalence of HF-IS generally 
have clear hydraulic isolation from basement rocks. Many of the plays 
with high levels of HF-IS do show evidence for connections with base
ment rocks (e.g., the Duvernay, Horn River). However, some of the plays 
with high prevalence of HF-IS do not have basement involvement (e.g., 
the Montney and Fayetteville). Hence, we conclude that hydraulic or 
geomechanical connections into basement rocks can increase the like
lihood of HF-IS. However, such connections are clearly not a necessary 
condition, as some plays without connections to basement rocks have 
also generated high levels of HF-IS. 

Table 1 
Rates of HF-IS identified in each major North American shale play.  

Play No. of 
Wells1 

Total HF Volume 
[x106 m3] 

No. of Associated 
EQs2 

Largest event 
magnitude3 

log10(SEFF) SI log10 (NE/ 
NW) 

No. of Associated 
Wells 

log10 (NWA/ 
NW) 

Bakken 15,375 288 1 3.3 − 4.72 − 6.46 − 4.19 3 − 3.71 
Barnett 6427 45 2 2.9 − 4.49 − 5.35 − 3.51 3 − 3.33 
Duvernay 1946 44 569 4.1 − 1.98 − 2.89 − 0.53 145 − 1.13 
Eagle Ford 15,825 407 389 3.7 − 3.45 − 4.19 − 1.61 731 − 1.34 
Fayetteville 2863 28 421 3.9 − 2.02 − 2.82 − 0.83 336 − 0.93 
Haynesville 3650 208 18 3.8 − 5.38 − 5.06 − 2.31 9 − 2.61 
Horn River 344 14 30 3.6 − 2.24 − 3.67 − 1.06 25 − 1.14 
Marcellus 11,530 456 2 2.8 − 5.43 − 6.36 − 3.76 2 − 3.76 
Montney 8281 80 388 4.4 − 2.00 − 3.31 − 1.33 603 − 1.13 
Niobrara 17,314 367 9 2.6 − 5.34 − 5.61 − 3.28 45 − 2.58 
Utica 3146 157 37 3.8 − 3.57 − 4.63 − 1.93 24 − 2.12 
Woodford 4424 198 794 3.6 − 2.70 − 3.40 − 0.75 584 − 0.88  

1 The number of wells and the total injected volume are for those wells included within our study period for each play. It may not be the total number of wells 
stimulated or the total injected volume during the entire life of any given play. 

2 In cases with small numbers of associated events, these associations are likely to represent coincidental association between earthquakes and wells, and should not 
be taken to imply evidence for causation. 

3 As above, where associations are likely spurious, the largest “associated” event may not have been caused by hydraulic fracturing. 

Table 2 
Geological factors for different plays.  

Play Basement involved ΔPf [kPa/m] Aφ 

Bakken No 13.5–17 1.20 (E/SS) 
Barnett No 10–11.5 0.97 (E/SS) 
Duvernay Yes > 15 1.71 (SS) 
Eagle Ford No 11–18 0.75 (E) 
Fayetteville No 19 1.57 (SS) 
Haynesville Uncertain 15–21 0.99 (E/SS) 
Horn River Yes 13–18 1.75 (SS) 
Marcellus No 9–15 1.95 (SS/C) 
Montney No > 15 1.93 (SS/C) 
Niobrara No 12.6 0.90 (E/SS) 
Utica Yes 14–19 1.80 (SS/C) 
Woodford No 11–20 1.54 (SS)  
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4.3. Stress field classification 

Verdon and Bommer (2021a) proposed that the prevalence of HF-IS 
might be affected by the stress field classification within different plays. 
The crust is typically assumed to be near to critical stress conditions 
(Zoback et al., 2002). This assumption is especially true for sites that 
could be prone to HF-IS. As a result, stress conditions will be controlled 
by the frictional properties of faults, as shown in Fig. 4. The vertical 
stress, SV, will always be determined by the overburden weight, which is 
primarily a function of depth. In an extensional stress regime, the hor
izontal stresses, SHMAX and SHmin, must be less than SV. Given the positive 
slope of the Mohr-Coulomb failure envelope, the resulting shear stresses 
must therefore be relatively small. This can be contrasted with a 
compressional stress regime, where both SHMAX and SHmin will be larger 
than SV, and so the shear stresses at criticality will be significantly larger. 
A strike-slip stress regime will be intermediate between these conditions 
in terms of shear stress magnitudes at criticality. 

We might expect HF-IS to be favoured at sites with higher shear 
stresses. Hence, Verdon and Bommer (2021a) argued that HF-IS might 
be more prevalent in compressional faulting regimes, becoming less 
common through strike-slip and then extensional faulting regimes. We 
quantify the stress field classification using the Aφ parameter (Simpson, 
1997), as mapped by across North America by Lund Snee and Zoback 
(2020). The stress field classification Aφ differentiates between exten
sional, strike-slip and compressional faulting regimes, where 0 < Aφ < 1 
implies an extensional regime, 1 < Aφ < 2 implies a strike slip regime, 
and 2 < Aφ < 3 implies a compressional regime. In Table 2 we show the 
average Aφ value within the boundaries of each play, along with a 
qualitative summary as defined below:  

• Aφ < 0.75: extensional (E)  
• 0.75 < Aφ < 1.25: extensional to strike slip (E/SS)  
• 1.25 < Aφ < 1.75: strike slip (SS)  
• 1.75 < Aφ < 2.25: strike slip to compressional (SS/C)  
• Aφ > 2.25: compressional (C). 

We observe that there is some correlation between stress classifica
tion and HF-IS prevalence, albeit with significant outliers as well 
(Fig. 5a,b). Four of the five plays with low HF-IS prevalence are in 
extensional stress regimes (Aφ ≈ 1). The only case that is not is the 
Marcellus, which has a strike-slip to compressional stress regime. Four of 
the five cases with high HF-IS prevalence are in strike-slip to compres
sional faulting regimes (Aφ > 1.5), the only exception being the Eagle 
Ford, which is in an extensional stress regime. 

We surmise that the stress field classification (extensional, strike-slip 
or compressional) does play a role in determining the prevalence of HF- 
IS, but clearly this factor cannot be treated as definitive, as high levels of 
HF-IS have been generated in extensional regimes (e.g., the Eagle Ford), 
and low levels of HF-IS have been generated in compressional regimes 

(e.g., the Marcellus). 

4.4. Pore pressure gradients 

High pore pressures increase CFS by reducing the effective normal 
stresses that act to clamp faults, bringing faults towards failure. Hence, 
we might expect HF-IS to be more common in formations that have high 
in situ pore pressures. We note that high pore pressures are typically 
considered a good indicator of hydrocarbon production potential, so 
there is a potential trade-off between more effective production but 
increased HF-IS prevalence. 

Since pore pressure values are primarily controlled by depth, varia
tions in pore pressure are typically quantified in terms of pore pressure 
gradients, ΔPf. A pore pressure gradient of 10 kPa/m denotes a hydro
static pressure system, while larger values indicate overpressuring pro
duced by the generation of hydrocarbons in the subsurface. Our 
literature sources for pore pressure gradients for each play are described 
in the Appendix. Where a range of pore pressure gradients are reported, 
we adopt values at the upper ends of these ranges, since we surmise that 
induced seismicity will be more prevalent in the areas of a given play 
that have higher pore pressure gradients (e.g., Eaton and Schultz, 2018). 

We find positive correlation between pore pressure gradients and the 
prevalence of induced seismicity (Fig. 5c,d): all the cases with high 
induced seismicity prevalence have pore pressure gradients that exceed 
15 kPa/m. However, we again note that elevated pore pressures do not 
guarantee that induced seismicity will occur – for example the Hay
nesville has extremely high pore pressure gradients and yet minimal 
occurrence of HF-IS. 

4.5. Covariance of parameters 

Given the correlations seen in Fig. 5, it is of interest to examine the 
variations in SEFF and SI as a function of both Aφ and ΔPf. We therefore 
compute a multiple linear regression for SEFF and SI using both param
eters. The resulting surfaces are shown in Fig. 6, and clearly show how 
high SEFF and SI values are expected when both Aφ and ΔPf are high. The 
R2 statistic for the SEFF surface is 0.63 and the R2 for the SI surface is 0.65, 
reflecting the quality of the fitted surface to the observations. These 
values are significant at P < 0.05 (P = 0.039 and P = 0.032 respectively). 

Given the number of different factors that could affect the prevalence 
of HF-IS, and the broad-brush approach that we have adopted, it is 
perhaps surprising that only two parameters can produce such an 
effective fit to the observed data. However, our results clearly show that 
elevated levels of HF-IS should be expected in plays with high pore 
pressure gradients and stress regimes with Aφ > 1.5. 

4.6. Other geological factors 

In addition to the parameters examined above, we would ideally 

Fig. 4. Schematic depiction of the impact of stress regime 
(extensional, light grey; strike-slip, dark grey; compres
sional, black) on the shear stress that might be experienced 
by faults. We show Mohr circles for each stress condition, 
on the condition that the vertical stress, SV, is fixed by 
depth, and that stress conditions are close to the Mohr- 
Coulomb failure criteria (dashed line). As such, the exten
sional regime produces lower shear stresses, while the 
compressional regime produces higher shear stresses. 
Adapted from Verdon and Bommer (2021a).   

J.P. Verdon and G. Rodríguez-Pradilla                                                                                                                                                                                                     



Tectonophysics 859 (2023) 229898

8

have liked to assess the role of stress gradients (in particular maximum 
and minimum stress gradients, and the differences between these gra
dients), and the abundance of faulting. However, we were not able to 
obtain any publicly available data on stress gradients for many of the 
plays. We were able to obtain fault map data for most of the plays. 
However, the resolution of these maps varied substantially. Some fault 
maps were derived from surface geological mapping, in which case the 
fault abundance will primarily be determined by the scale and resolution 
of the mapping and the availability of geological exposure. Others were 
derived from reflection seismic data, in which case the fault abundance 
is significantly higher than values obtained by geological mapping, but 
will primarily be determined by the availability and resolution of 
seismic data, which varies substantially across and between plays. We 
note that studies of HF-IS within individual plays have consistently 
found that proximity to abundant faulting (or various proxies thereof) 
correlates with HF-IS prevalence, as described above. 

We also did not examine the role of permeability in promoting HF-IS. 
All of the plays we studied were shale plays, with permeabilities 

typically falling in the range 1 × 10− 7 to 1 × 10− 4 mD. Hydraulic 
fracturing has also been used for many decades in tight sandstone plays, 
without generating any published cases of HF-IS. For example, in the 
WCSB the focus of the research community with respect to HF-IS has 
been the Duvernay and Montney shales, but more wells have been hy
draulically fractured in the shallower, Cretaceous-age Cardium and 
Mannville formations without generating any HF-IS (Verdon and Bom
mer, 2021b). These formations have permeabilities of the order 0.1 mD, 
and so are characterised as tight sandstone plays. Likewise, in the UK, 
hydraulic fracturing of the lower Carboniferous Bowland Shale has 
generated notable cases of HF-IS (Clarke et al., 2014, 2019; Kettlety 
et al., 2021), but hydraulic fracturing of the overlying Millstone Grits (a 
tight sandstone formation) has not generated any recorded cases 
(Mustanen et al., 2017). In 2013, an extensive study by the US National 
Research Council (NRC, 2013) concluded that hydraulic fracturing 
posed a low risk of induced seismicity. It is likely that they reached these 
conclusions because, at the time of their study, the majority of hydraulic 
fracturing data came from tight gas fields, which have not generated any 
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Fig. 5. Cross-plots of SEFF (a,c) and SI (b,d) as a function of Aφ (a,b) and ΔPf (c,d) for each play described in Table 2. We generally see positive correlation between 
induced seismicity rates (SEFF and SI) and both Aφ and ΔPf. 
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identified cases of HF-IS. 
One control that permeability may have on the generation of HF-IS is 

that in higher permeability formations, elevated pressures may be able 
to quickly disperse into the formation, minimising the magnitude and 
duration of the resulting perturbations. In contrast, in lower perme
ability formations, if fractures intersect a fault then elevated pressures 
may be directly transferred into the fault without any dissipation. This 
effect may be particularly pronounced if a formation contains high 
permeability fracture corridors within an otherwise low permeability 
rock, thereby permitting the fractures to serve as a conduit, delivering 
elevated pressures to faults at greater distances from the well (e.g., 
Galloway et al., 2018; Igonin et al., 2021). This effect would be signif
icantly reduced if the rock matrix had a higher permeability. Clearly, 
further study to understand the differences in HF-IS prevalence between 
tight gas and shale formations is warranted. 

5. Conclusions 

We have examined the variability in occurrence of HF-IS between 
major shale plays in North America. We find very significant differences 
in occurrence rates, which vary by >3 orders of magnitude. The 
Duvernay Formation in the WCSB had the highest occurrence rates, with 
an average rate of occurrence of 1 M ≥ 2.0 event per 3 wells, and 1 in 10 
wells being potentially associated with HF-IS. The Woodford, Fayette
ville, Eagle Ford, Montney, and Horn River plays also had notably 
elevated rates of HF-IS occurrence. In contrast, the Bakken, Barnett and 
Niobrara have likely not experienced any HF-IS (the few potential cases 
identified here are likely to be false positives), while the Marcellus and 
Haynesville have only experienced one and two documented cases, 
respectively. 

We have examined three potential geological factors that might ac
count for this variability: connections to basement rocks, pore pressure 
gradients, and stress field classification. In general, increased induced 
seismicity prevalence was associated with the presence of connections to 
basement rocks, higher pore pressure gradients, and strike-slip to 
compressive stress fields. However, no single factor was found to be 
necessary or definitive: we do see elevated rates of HF-IS in plays 
without basement connections (e.g., the Montney), and in plays in 
extensional settings (e.g., the Eagle Ford). All the plays with elevated 
rates of HF-IS had high pore pressure gradients, but some plays with 
high pore pressure gradients did not have elevated rates of HF-IS (e.g., 
the Haynesville). Multiple linear regression between HF-IS rates and a 
combination of pore pressure gradients and stress field classifications 
produced a statistically significant correlation, with play-wide SEFF and 
SI values being associated with a combination of high pore pressure 
gradients and high Aφ values. 

Other factors such as faulting abundance and stress gradients could 
also influence HF-IS abundance, but we were not able to examine these 
factors because of a lack of available data. Likewise, the apparent lack of 
HF-IS associated with a long history of hydraulic fracturing in tight gas 
plays merits further investigation. 
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Appendix A. Categorisation of HF-IS prevalence in North American unconventional plays 

A.1. Barnett Shale 

The Barnett Shale in the Fort Worth Basin, northeastern Texas, was the first in which massive slickwater hydraulic fracturing was developed to 
produce shale gas. As such, it can be regarded as a prototype for shale gas development, and was the largest gas producer in the early 2000s, although it 
has now been superseded by other plays. >16,000 HF wells have been completed in this formation. Despite the extensive use of hydraulic fracturing, 
there have been no reported or published cases of HF-IS in the Barnett Shale. However, WWD in the underlying Ellenburger Formation has caused 
induced seismicity in this region (Frohlich, 2012). 

A.1.1. Barnett Shale induced seismicity assessment 
We compiled a composite earthquake catalogue for the Barnett play by combining the North Texas Earthquake Study catalogue (NTXES, Quinones 

et al., 2019), which runs from 2008 to 2018, with the Texas Seismological Network catalogue (TexNet, Savvaidis et al., 2019), which runs from 2017 
to the present. Well data in the FracFocus database also runs from 2008 to the present. However, based on cumulative injection volumes within the 
dataset, which are below 1 million m3 per year prior to 2012, we believe the dataset is missing large numbers of wells before this date. As such, our 
analysis is based solely on wells from 2012 onwards. Although this time window misses the main phase of development in the Barnett, which took 
place from the mid-2000s onwards, our dataset still contains over 5000 wells, which injected over 40 million m3 of fluid. 

Our HF-IS assessment results are shown in Fig. A.1. Only two events are potentially linked to HF wells – an M 2.9 event on 17/12/2015, and an M 
2.0 event on 05/12/2020. Both of these events occur in areas where seismicity has previously been linked to WWD wells (Frohlich, 2012), and we 
believe that the links to HF wells identified are spurious, but we include them in our analysis for completeness.

Fig. A.1. HF-IS assessment for the Barnett play. Triangles show HF wells, circles show earthquakes, coloured by date. Red-outlined earthquakes show cases linked to 
HF wells by our method. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

A.1.2. Barnett Shale – Geological conditions 
The Barnett Shale is of Mississippian age. It is underlain by the Ellenburger Formation. The Ellenburger is approximately 1 km thick, and has been a 

target for significant volumes of WWD. As such, any downward transfer of pressures from the Barnett would likely be absorbed within the Ellenburger 
and would not therefore be expected to engage basement structures. No high-resolution data from HF-IS cases has been recorded with which we might 
assess whether basement interactions have occurred. For the Barnett Shale pore pressures, McKeon (2011) specified ΔPf = 0.52 psi/ft., while Wang 
et al. (2013) specified a range from 0.45 to 0.52 psi/ft. 

A.2. Eagle Ford Shale 

The Eagle Ford play is located in southern Texas. This region has a long history of conventional oil and gas production. Unconventional production 
from the Eagle Ford Shale and the overlying Austin Chalk has developed from the late 2000s onwards. This play primarily produces shale oil rather 
than shale gas – while gas production has been moderate, oil production from the Eagle Ford represents the third-largest volume of any play in the US. 
Over 19,000 wells have been stimulated in the Eagle Ford and Austin Chalk. 

Induced seismicity has been recognised in the Eagle Ford region since the 1970s, primarily associated with conventional production and WWD. 
Fasola et al. (2019) investigated a significant increase in seismicity that has taken place since 2014. They identified 94 M ≥ 2.0 earthquakes that were 
associated with HF. The largest event associated with HF reached M 4.0, making it the largest HF-induced event in the USA. Recent studies have 
provided details assessments of the relationships between HF-IS and mapped faults (McKeighan et al., 2022). 

A.2.1. Eagle Ford induced seismicity assessment 
We create a combined catalogue using the dataset published by Fasola et al. (2019), which runs from 2014 to 2018, to which we appended events 

from the TexNet catalogue from 2019 to the present. Well data in the FracFocus database for the Eagle Ford extends back to 2001, but significant 
numbers of wells are available from 2012 onwards. Given the available event catalogues, our analysis period runs from 2014 to the present. This time 
window contains over 15,000 wells, which cumulatively injected over 600 million m3. 

Over 380 events are linked to HF wells (Fig. A.2), a significant proportion of the overall number of recorded events. This is consistent with prior 
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studies (Fasola et al., 2019; McKeighan et al., 2022) that have concluded that the majority of seismicity in this play is now caused by hydraulic 
fracturing.

Fig. A1.2. HF-IS assessment for the Eagle Ford play.  

A.2.2. Eagle Ford – Geological conditions 
The Eagle Ford Shale is of Cenomanian (late-Cretaceous) age, and is underlain by a thick succession of lower Cretaceous and Jurassic sediments, 

most notably the Trinity Group. Locations of induced events in the Eagle Ford are provided by Li et al. (2021), although as the data are sourced from 
regional monitoring arrays, depth uncertainties are large. Li et al. (2021) located the majority of events below the Eagle Ford but within the underlying 
sedimentary strata (based on a comparison of event depths with crustal structure model of Cram, 1961). Hence, there is no evidence for engagement 
with basement strata for HF-IS in the Eagle Ford. For the Eagle Ford pore pressures, Wang et al. (2013) specified a range of ΔPf from 0.5 to 0.8 psi/ft., 
while McKeon (2011) specified a range from 0.4 to 0.85 psi/ft. 

A.3. Haynesville Shale 

The Haynesville Shale straddles the border between Texas and Louisiana. It was one of the first shale plays to be developed after the Barnett, and it 
continues to be one of the most significant gas-producing plays in the USA. Over 5000 wells have been stimulated in the Haynesville and the overlying 
Bossier Formation. Only one case of HF-IS in the Haynesville has been reported, in Bienville Parish in 2011 (Walter et al., 2016), of which the largest 
event reached magnitude M 1.9. The Timpson earthquake sequence, which is linked to WWD (Frohlich et al., 2014) also occurred within this region. 

A.3.1. Haynesville induced seismicity assessment 
The FracFocus database contains large numbers of Haynesville wells from 2011 onwards. We compile a composite earthquake catalogue for the 

Haynesville by combining the data provided by Walter et al. (2016) with the TexNet catalogue. The Walter et al. (2016) catalogue extends between 
2010 and 2012, while the TexNet catalogue runs from 2017, so our analysis is limited to between these two time windows. These time windows 
contain a total of over 3600 wells, which injected a total of over 200 million m3, representing more than half of the total number of Haynesville wells in 
the FracFocus database. Hence, while our assessment does not cover the entire development period for the play, a significant proportion is examined. 
The Bienville Parish HF-IS (Walter, 2016) falls below our M 2.0 magnitude threshold. However, two additional cases of HF-IS were identified 
(Fig. A.3), including a sequence in late 2018 straddling Nacogdoches and San Augustine Counties in Texas, in which the largest event reached M 3.6, 
and a sequence in Caddo Parish, Louisiana in April 2021 that reached M 3.8. Manual analysis of these two cases suggests that they are plausibly caused 
by HF-IS. 
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Fig. A.3. HF-IS assessment for the Haynesville play.  

A.3.2. Haynesville – Geological conditions 
The Haynesville Shale is of upper Jurassic age, and is found at depths of 3000–4000 m, in relatively close proximity to the basement. However, the 

lower Jurassic in the East Texas Basin includes the Louann Salt, which could present a hydraulic and geomechanical barrier to downward propagation 
of perturbations from the Haynesville. The earthquake depths from the only cases of induced seismicity within the Haynesville have large un
certainties, and so cannot constrain whether basement faults were involved. Pore pressures in the Haynesville are very overpressured. Wang et al. 
(2013) specified a range of ΔPf from 0.7 to 0.95 psi/ft., while McKeon (2011) specified a range from 0.7 to 0.95 psi/ft. 

A.4. Woodford Shale, Anadarko Basin, Oklahoma 

The Woodford Shale is the primary target for unconventional gas development in the Anadarko Basin of Oklahoma. Several other formations, such 
as the underlying Viola Formation and the Mississippi Lime have also been targeted for unconventional development. Across Oklahoma, including the 
Arkoma Basin to the east, over 12,000 wells have been stimulated. 

Oklahoma has seen one of the most significant increases in induced seismicity anywhere in the world, with the largest events exceeding M 5.0. Most 
of this seismicity has been generated by WWD into the deep-lying Arbuckle Formation (Keranen et al., 2013). However, detailed analysis by Skoumal 
et al. (2018) showed that there were a number of cases in the Anadarko Basin where seismicity was clearly associated with HF as well. In total, 
Skoumal et al. (2018) identified over 700 events with M ≥ 2.0 that were associated with 274 HF wells, with the largest event reaching M 3.5. In some 
areas, over 50% of wells were associated with induced seismicity. 

A.4.1. Woodford induced seismicity assessment 
We limit our analysis to the Woodford Shale play within the Anadarko Basin, where Skoumal et al. (2018) identified a significant proportion of HF- 

IS. Extending our analysis to other regions of Oklahoma may risk mischaracterisation of the significant quantities of WWD-induced seismicity. 
The earliest entry in the FracFocus database for this area is from 2008, but entries for significant numbers of wells are found from 2011 onwards. 

We use earthquakes from the Oklahoma Geological Survey catalogue (Walter et al., 2020), which contains events from 1980 onwards, although 
significant numbers of events are catalogued from 2010 onwards. Our analysis runs from 2011 to the present, containing over 4400 wells which have 
injected a combined total of nearly 200 million m3. 

Of >1100 recorded events within the play, we link nearly 800 to HF wells (Fig. A.4), confirming the conclusions of Skoumal et al. (2018) that the 
majority of seismicity within this region of Oklahoma is in fact induced by HF rather than WWD. The largest HF-IS event reached M 3.6. 

A.4.2. Woodford Shale – Geological conditions 
The Woodford Formation in the Anadarko Basin is of upper Devonian age. The distance between the basement and target HF formations varies 

significantly in the Anadarko Basin, but across the basin the basement is overlain by the Arbuckle Formation, which has been the target for extensive 
WWD. We anticipate that downward transfer of pressure from the Woodford would be absorbed within the Arbuckle and so would not be transferred to 
the basement. 

Ries et al. (2020) performed a detailed assessment of geological factors that correlated with HF-IS in the Anadarko Basin. They found that the 
prevalence of HF-IS increased with formation depth, but did not increase with proximity to basement (somewhat paradoxically, as formations move 
deeper into the basin, their distance from basement increases as the overall sediment column increases in thickness as well). This would imply that 
connections to basement are not a significant factor for HF-IS in the Woodford Formation. Nelson and Gianoutsos (2014) presented ΔPf data for the 
Woodford Shale, with ΔPf ranging from 0.5 to 0.9 psi/ft. McKeon et al. (2011) specified ΔPf ranging from 0.45 to 0.68 psi/ft. for the Woodford. 
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Fig. A.4. HF-IS assessment for the Woodford play within the Anadarko Basin of Oklahoma.  

A.5. Fayetteville Shale 

The Fayetteville Shale in Arkansas was one of the first shale gas plays to be developed after the Barnett Shale, though it has decreased in sig
nificance through the 2010s. There have been over 2500 HF wells completed in the Fayetteville. WWD also takes place into the underlying Ozark 
Formation. 

From 2009, a sequence of seismicity was observed along a trend between the cities of Guy and Greenbrier (Horton, 2012), the largest of which 
reached M 4.7 in 2011. This seismicity was initially thought to be solely attributable to WWD in the Ozark Formation. However, re-appraisal of the 
sequence by Yoon et al. (2017) showed that a subset of events that were clearly linked to HF activities in the Fayetteville. Yoon et al. (2017) char
acterised 10 sub-clusters of events as being caused by HF, the largest of which reached M 2.9. 

A.5.1. Fayetteville induced seismicity assessment 
We use the Arkansas earthquake catalogue from the Arkansas Geological Survey for our analysis, which runs until 2021, with a significant increase 

in events occurring from 2010 onwards. The FracFocus database contains significant numbers of well entries from 2010 onwards. Our analysis 
therefore runs from 2010 to the present, which includes with over 2800 wells, injecting a cumulative total of over 27 million m3. 

We find over 300 events that could be linked to HF wells within the play. A subset of these events (approximately 100) were found within the Guy- 
Greenbrier lineament and so may represent WWD-induced cases (discriminating between causal factors in this area is challenging, as discussed by 
Yoon et al., 2017). However, outside of the Guy-Greenbrier lineament, over 200 presumed HF-IS events were also identified, including the largest 
magnitude case, an M 3.8 event on 04/06/2014 in eastern Van Buren County. These examples confirm the conclusions reached by Yoon et al. (2017), 
that in addition to WWD induced seismicity along the Guy-Greenbrier trend, significant numbers of events have been caused by hydraulic fracturing 
elsewhere in the play. 

A.5.2. Fayetteville – Geological conditions 
The Fayetteville Shale is of Mississippian age. In the region of the Fayetteville that experienced HF-IS, stimulation depths are typically around 2 km 

(Yoon et al., 2017). The Fayetteville is separated from the Precambrian basement by approximately 2 km of sediments (Ogwari et al., 2016), including 
the Ozark Formation, which was the target for the WWD that has triggered the bulk of the induced seismicity in the area. However, faults do extend 
from the basement upwards into the Carboniferous (Ogwari et al., 2016). Depth locations for the Guy-Greenbrier induced seismicity are not well 
constrained. The WWD seismicity occurs within the Ozark and within the underlying basement. However, the locations from Yoon et al. (2017) appear 
to show that the clusters associated with HF are located above the basement. We were not able to identify any data pertaining to pore pressure in the 
Fayetteville, and so for the purposes of our analysis adopt the same values as the Woodford as the nearest analogue play. 
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Fig. A.5. HF-IS assessment for the Fayetteville Shale.  

A.6. Marcellus Shale 

The Marcellus Shale is found in the Appalachian Basin, running through Virginia, Ohio, New York, and Pennsylvania. The bulk of production from 
the Marcellus occurs in Pennsylvania. Over 10,000 HF wells have been completed in the Marcellus. From 2013 until the present, the Marcellus has 
been the most productive shale play of any in the USA in terms of dry gas. A single case of HF-IS, located in Gilmer County, West Virginia, has been 
reported from stimulation of the Marcellus (Brudzinski and Kozłowska, 2019), with the largest event reaching M 2.7. 

A.6.1. Marcellus induced seismicity assessment 
For this region, the only catalogue available to us is the USGS Comprehensive Catalogue (ComCat). This data is of lower resolution in comparison to 

regional or local datasets analysed for other plays. The FracFocus database contains significant numbers of entries from 2011 onwards, with over 
11,500 wells injecting a cumulative volume of over 450 million m3. 

Our analysis found two events linked to HF wells - this is the same July 2013 Gilmer County, West Virginia case identified by Brudzinski and 
Kozłowska (2019).

Fig. A.6. HF-IS assessment for the Marcellus Shale.  

A.6.2. Marcellus Shale – Geological conditions 
The Marcellus Shale is of Devonian age. Hydraulic fracturing in the Marcellus is usually situated more the 2 km above the basement. Skoumal et al. 

(2018b) identified that the Salinas evaporites, which underly the Marcellus, would provide a hydraulic and geomechanical barrier to any interaction 
with basement rocks. Only one case of induced seismicity has been recorded in the Marcellus, depth locations are not sufficiently precise to establish 
whether basement faults were involved. For the Marcellus, Wang et al. (2013) specified a range of ΔPf from 0.44 to 0.7 psi/ft., while McKeon (2011) 
specified a range from 0.4 to 0.7 psi/ft. 

A.7. Utica Shale 

The Utica Shale is also found in the Appalachian Basin, underlying the Marcellus: the Marcellus is of middle-Devonian age, whereas the Utica is 
upper-Ordovician. Production from the Utica has generally been focussed further eastwards in Ohio. Total gas production from the Utica has been 
approximately 20% of that from the overlying Marcellus, and over 3000 wells have been drilled. In addition to HF in the Utica, WWD in Ohio is 
conducted into the underlying Mt. Simon formation. 

Kozłowska et al. (2018) identified at least 5 sequences of HF-IS in Harrison County, Ohio, that occurred between 2013 and 2015. Brudzinski and 
Kozłowska (2019) identified further HF-IS sequences in Mahoning, Belmont, Noble and Monroe Counties continuing until at least 2017. They esti
mated that approximately 50 HF wells in Ohio had experienced some induced seismicity. The largest event associated with HF reached M 3.7. 

A.7.1. Utica induced seismicity assessment 
For this region, the only catalogue available to us is the USGS ComCat. This data is of lower resolution in comparison to regional or local datasets 

analysed for other plays. The FracFocus database contains significant numbers of entries from 2011 onwards, with over 3000 wells injecting a 
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cumulative volume of over 150 million m3. 
We identified 8 events linked to HF wells in 5 clusters (Fig. A.7). These cases included the June 2017 Noble County case, which contained the 

largest event of M 3.4. In addition to the cases identified by Brudzinski and Kozłowska (2019), we identify a sequence in October/November 2021 in 
Carroll County.

Fig. A.7. HF-IS assessment for the Utica Shale.  

Brudzinski and Kozłowska (2019) developed a higher resolution catalogue for Ohio using local stations and template matching. They identified at 
least 35 M ≥ 2.0 events associated with hydraulic fracturing. While there is overlap between the events identified here and the Brudzinski and 
Kozłowska (2019) study, it is clear that their catalogues have identified a larger number of HF-IS cases. Hence, in our assessment in Table 2, our 
analysis is based on the numbers and magnitudes of events detected by Brudzinski and Kozłowska (2019), with the addition of the 2021 Carroll County 
events. 

A.7.2. Utica Shale – Geological conditions 
The Utica Shale is of Ordovician age and is typically >1 km below the Marcellus, within 1 km of the basement. Kozłowska et al. (2018) provided 

high-resolution earthquake depths that show HF-IS from the Utica Shale extending downwards through underlying sediments, with the largest events 
occurring within the basement. Trotter (2018) provided a map of ΔPf in the Utica. In east-central Ohio, where the induced seismicity has taken place, 
pore pressure gradients were in the range 12–16 ppg (0.62–0.83 psi/ft). WVU (2015) also mapped ΔPf, with values of 0.7–0.9 psi/ft. in east-central 
Ohio. 

A.8. Niobrara Shale 

The Niobrara Formation is situated in the Denver-Julesburg and Powder River Basins, primarily in Colorado and extending into Wyoming and 
Nebraska. It is primarily an oil play, with relatively moderate gas production. Though it is a carbonate formation, hydraulic fracturing is extensively 
used to generate commercial production, both in the Niobrara and in the underlying Pierre Shale. Conventional production from the Niobrara has 
taken place since the 1970s, but decreased through the early 2000s, before experiencing a renaissance with the use of hydraulic fracturing (Han et al., 
2019). 

Induced seismicity in the Denver Basin has been generated by WWD at the Rocky Mountain Arsenal (e.g., Healy et al., 1968) and at Greeley (Yeck 
et al., 2016), and WWD-induced seismicity has also been observed in the Raton Basin to the south. However, no induced seismicity has been reported 
from hydraulic fracturing in the Niobrara Formation. 

A.8.1. Niobrara induced seismicity assessment 
For this region, we append the catalogue developed by Yeck et al. (2016) for the Greeley WWD-induced seismicity to data from the USGS ComCat. 

The Yeck et al. (2016) catalogue runs from 2014 to 2021, but only covers a small area within the Niobrara play. The ComCat catalogue has broad 
spatial and temporal coverage, but at limited resolution. The FracFocus database has significant numbers of entries for Niobrara wells from 2011 
onwards. Our analysis window runs from 2011 to the present and includes over 17,000 wells which injected a total of over 360 million m3. 

Nine events are linked to HF wells by our analysis, however all of these events are within the Greeley cluster identified by Yeck et al. (2016), and so 
the identified links with HF are likely to be spurious, but we include them in our analysis for completeness. 
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A.8.2. Niobrara – Geological conditions 
The Niobrara Formation is of Upper Cretaceous age, at depths of 1.5–2.5 km, approximately 1 km above the basement. The underlying formations 

include a significant thickness of Permian salt deposits which could provide a barrier to downward propagation of pressure or stress perturbations. No 
cases of HF-IS have been reported from the Niobrara with which we might assess whether basement interactions have occurred. Sonnenberg (2015) 
reports ΔPf values for the Niobrara of between 0.5 and 0.65 psi/ft.

Fig. A.8. HF-IS assessment for the Niobrara Shale.  

A.9. Bakken Shale 

The Bakken Shale is found in the Williston Basin, in North Dakota, Montana, and into Saskatchewan, Canada. It is primarily a shale oil play, so 
while gas volumes are small, the play is the second-largest oil producer in the USA (after the Permian Basin). Over 15,000 wells have been drilled in 
North Dakota targeting the Bakken, with over 2000 wells in Saskatchewan. In addition, significant volumes of wastewater are injected into shallower 
Cretaceous aquifers (Verdon et al., 2016). Induced seismicity has been observed in the Williston Basin associated with potash dissolution mining 
(Verdon et al., 2016). However, no induced seismicity has been reported associated with either WWD or HF. 

A.9.1. Bakken induced seismicity assessment 
We use the catalogue compiled by Verdon et al. (2016) using USArray stations and local temporary stations deployed at the Weyburn and Aquistore 

CCS sites, to which we append events from the USGS ComCat. The FracFocus database has significant numbers of entries for Bakken wells from 2011 
onwards. Our analysis window runs from 2011 to the present and includes over 15,000 wells which injected a total of over 280 million m3. 

A single M 3.3 event on 28/09/2012 is associated with an HF well. Given the numbers of wells stimulated, and the fact that this is a single isolated 
event, this link is likely to be coincidental. However, we include this in our analysis for completeness. Our analysis only covers the portion of the 
Bakken within the United States. However, Verdon et al. (2016) have previously examined whether HF-IS had occurred in the Canadian portion of the 
Bakken play, and did not find any candidate events. 

A.9.2. Bakken – Geological conditions 
The Bakken Formation is of late-Devonian/early-Carboniferous age, at depths of approximately 2–3 km. The Bakken is underlain by significant 

thicknesses of lower Devonian and Cambrian strata. Hydraulic fracturing is generally at least 1–2 km above the basement, with salts of the Prairie 
Formation acting as a potential geomechanical and hydraulic barrier. McKeon (2011) gives a range of ΔPf for the Bakken of 0.5–0.6 psi/ft. Ganpule 
et al. (2015) provide a map of estimated ΔPf values across the play, with values across the prospective areas of the play ranging from 0.68 to 0.78 psi/ 
ft. 
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Fig. A.9. HF-IS assessment for the Bakken Shale.  

A.10. Duvernay Shale 

The Duvernay Shale is found in the WCSB, covering approximately 20% of the area of Alberta. The WCSB has seen extensive hydrocarbon 
development, including the use of hydraulic fracturing in shallower, tight gas formations such as the Cardium and Mannville. Development of the 
Duvernay Shale with hydraulic fracturing began in the early 2010s, and development has focussed on two areas – Fox Creek in northwest Alberta, and 
Willisden Green in central Alberta. Nearly 2000 wells have been stimulated in the Duvernay Formation. Extensive WWD also takes place across the 
WCSB, targeting formations at a range of depths. 

The Duvernay Shale has been one of the most prolific of any play in terms of HF-IS, and HF-IS in the Duvernay is perhaps the most widely studied. 
There have been over 40 M ≥ 3.0 events associated with HF in the Duvernay, with 3 exceeding M 4.0 and the largest reaching M 4.2. Initially, HF-IS 
was confined to the Fox Creek region (Schultz et al., 2017), but later developments near to the city Red Deer have also produced HF-IS (Schultz and 
Wang, 2020). 

A.10.1. Duvernay Shale induced seismicity assessment 
We use the Composite Alberta Seismicity Catalogue (CASC, Fereidoni and Cui, 2015) for our assessment. We use the well database compiled by the 

Alberta Energy Regulator, using records available from 2000 onwards. A significant increase in hydraulic fracturing is found from 2010 onwards, but 
since we believe the dataset to be relatively complete, we include the period from 2000 onwards in our study. This period includes over 1900 wells, 
which injected a cumulative volume of over 44 million m3. 

We find over 500 events associated with Duvernay wells. The associated events are primarily found in two clusters around Fox Creek to the 
northwest, and Willisden Green to the southeast, as identified respectively by Schultz et al. (2017) and Schultz and Wang (2020). A single case is 
identified within the Rocky Mountain House cluster, which is known to be driven by gas production in the Strachan Field (Wetmiller, 1986) – the 
association made in our study likely to be a false positive. 

A.10.2. Duvernay Shale – Geological conditions 
The Devonian-age Duvernay Shale is perhaps the most extensively studied of any shale play in terms of induced seismicity. High resolution 

microseismic monitoring has revealed in detail the interactions between hydraulic fractures and pre-existing faults that have generated induced 
seismicity (e.g., Igonin et al., 2021, 2022). The Duvernay is found within a few hundred meters of the basement, separated only by the carbonates of 
the Beaverhill Lake Group. Microseismic monitoring has revealed induced seismicity occurring on faults that extend upwards from the basement (e.g., 
Eaton et al., 2018; Eyre et al., 2019), and in some cases, the induced seismicity has been located within the basement (e.g., Bao and Eaton, 2016). 
Eaton and Schultz (2018) mapped pore pressure gradients across the Duvernay. They found a range of ΔPf from 11 to 20 kPa/m, but identified that 
seismicity only occurs where pressures exceed 15 kPa/m, and the bulk of the seismicity is found where ΔPf ≈ 20 kPa/m. 
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Fig. A.10. HF-IS assessment for the Duvernay Shale.  

A.11. Montney Shale 

The Montney Formation in the WCSB runs from northwest Alberta into B.C., in some places overlying the deeper Duvernay Formation. Unlike the 
Duvernay, much of the production from the Montney takes place within the fold-and-thrust belt associated with the Laramide orogeny. Initially, the 
Montney hosted small volumes of conventional production from sandstone layers within the formation. From the mid 2000s onwards, hydraulic 
fracturing has been used to develop the shale. 

Much like the Duvernay, the Montney has been one of the most prolific, and most widely studied play in terms of HF-IS. Over 40 M ≥ 3.0 events 
have been associated with HF in the Montney, with 4 exceeding M 4.0 and largest being M 4.6. The HF-IS in the Montney has occurred in two regions 
(BCOGC, 2014): within the Rocky Mountain fold-and-thrust belt, and within the Peace River arch, a zone around Fort St John with cratonic uplift and 
an increased abundance of Palaeozoic normal faulting (Mossop and Shetsen, 1994). 

A.11.1. Montney induced seismicity assessment 
We use the CASC earthquake catalogue for our assessment, and well data compiled from the AER and the B.C. Oil and Gas Commission, using data 

from 2000 onwards. We limit our analysis to a region north of 55◦ latitude – south of this area there is overlap between the Montney and Duvernay 
plays, and detailed seismological analysis has shown that the seismicity in this region (namely, the Fox Creek region) is caused exclusively by hy
draulic fracturing in the Duvernay (Schultz et al., 2015). This region includes over 8000 Montney wells, which have injected nearly 80 million m3. 

Nearly 400 events are linked to Montney wells. The majority of these are within the Rocky Mountain fold-and-thrust belt and the Peace River arch, 
as identified by previous studies (e.g., BCOGC, 2014).

Fig. A.11. HF-IS assessment for the Montney Shale.  

A.11.2. Montney – Geological conditions 
The Triassic-age Montney Shale has also been extensively studied with detailed microseismic observations of HF-IS (e.g., Riazi and Eaton, 2020). 

The Montney is found at depths of around 2 km, with a thick succession of underlying Carboniferous and Devonian sediments between the formation 
and basement rocks. Detailed microseismic observations from Riazi and Eaton (2020) show induced seismicity within the Montney occurring on thrust 
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faults associated with the Rocky Mountain fold-and-thrust belt. These faults can be mapped in 3D reflection data and are shown to sole out in Devonian 
strata, and do not connect to the basement. Eaton and Schultz (2018) mapped pore pressure gradients across the Duvernay. They found a range of ΔPf 
from 11 to 20 kPa/m, but identified that seismicity only occurs where pressures exceed 15 kPa/m, and the bulk of the seismicity is found where ΔPf ≈

20 kPa/m. 

A.12. Horn River Shale 

The Horn River Shale is situated in northeastern B.C.. The shale is often divided into three members, the Evie, Muskwa and Otter Park, but we 
group these as a single unit here. Over 500 wells have been stimulated in this play, with production increasing significantly from 2008. From the mid- 
2010s, development in this play has diminished significantly because of a lack of commercial viability. HF-IS was first observed in the Horn River play 
in 2008 (BCOGC, 2012), making this the first recorded example of induced seismicity from shale gas development anywhere in the world (Farahbod 
et al., 2015). >20 M ≥ 3.0 induced events have since been identified, with the largest reaching M 3.6. 

A.12.1. Horn River induced seismicity assessment 
We use the CASC earthquake catalogue for our assessment. We use well data from the BCOGC database, the majority of which date from between 

2008 and 2014. This database contains approximately 350 wells, which injected a total of 14 million m3. 
Most of the 42 recorded earthquakes within the play are associated with Horn River wells, with cases running from 2009 to 2012, and a largest 

event magnitude of M 3.6.

Fig. A.12. HF-IS assessment for the Horn River Shale.  

A.12.2. Horn River – Geological conditions 
The Horn River Shale is of Devonian age, and is found at depths of about 2–3 km. We were not able to identify any detailed data regarding the 

depths from the Horn River to the basement, but based on structure contours from Mossop and Shetsen (1994), it is likely to be within a few hundred 
m. The BCOGC (2012) report identified faults extending from the basement into the Devonian section. By analogy with HF-IS in the Devonian-age 
Duvernay Formation, it is reasonable to believe that these basement-seated faults are responsible for the HF-IS in the Horn River Formation. Rey
nolds and Munn (2010) report a pore pressure gradient for the Horn River of 0.75 psi/ft., while Latimer et al. (2017) give a range from 11 to 18 kPa/m. 
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