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Abstract Recently, a significant increase in North American, midcontinent earthquakes has been associated
with contemporaneous development of petroleum resources. Despite the proliferation of drilling throughout
sedimentary basins worldwide, earthquakes are only induced at a small fraction of wells. In this study, we focus
on cases of induced seismicity where high-resolution data are available in the central Western Canada
Sedimentary Basin. Our regional comparison of induced earthquake depths suggests basement-controlled
tectonics. Complementary to these findings, hypocenters of induced seismicity clusters coincide with the
margins of Devonian carbonate reefs. We interpret this spatial correspondence as the result of geographically
biased activation potential, possibly as a consequence of reef nucleation preference to paleobathymetric highs
associated with Precambrian basement tectonics. This finding demonstrates the importance of geologic/tectonic
factors to earthquake induction, in addition to industrial operational parameters. In fact, the observation of
induced seismicity silhouetting deep fossil reef systems may be a useful tool to identify future regions with
increased seismogenic potential.

1. Introduction

In the past several years North America has seen a marked increase in seismicity in stable, intraplate
regions. This recent increase in seismicity has been shown to be largely associated with the development
of unconventional resources, including wastewater disposal [Weingarten et al., 2015] and hydraulic
fracturing [Atkinson et al., 2016]. In general, the process of anthropogenic alteration of crustal stresses
resulting in the triggering of earthquakes is a well-documented phenomenon [Healy et al., 1968; Raleigh
et al., 1976]. For example, during hydraulic fracturing operations small “microseismic” events (<0 Mw)
are monitored to evaluate the efficacy of treatment programs intended to increase the permeability of
the target reservoir rock [Maxwell and Cipolla, 2011]. However, operators have also noted cases where
injection of fracturing fluid into larger faults that are favorably oriented for reactivation have induced
earthquakes [Maxwell et al., 2010; Wessels et al., 2011], with some large enough to be felt or recorded on
regional seismic networks [Clarke et al., 2014; Friberg et al., 2014; Skoumal et al., 2015; Schultz et al.,
2015a, 2015b].

Problematic to the understanding of anthropogenic earthquake triggering is their apparent sporadic spatial
distribution: often, regions undergoing comparable industrial activity will exhibit vast discrepancies in
respondent earthquake rates [Göbel, 2015]. Local to the Western Canada Sedimentary Basin (WCSB), there
have been well-documented cases of hydraulic fracturing-related [BC Oil and Gas Commission, 2012, 2014;
Schultz et al., 2015a, 2015b], production-related [Wetmiller, 1986; Baranova et al., 1999], and injection-related
[Horner et al., 1994; Schultz et al., 2014] seismicity (Figure 1a). Despite these case studies, it is still poorly
understood why only a small fraction of well operations induce earthquakes, considering the proliferation
of industry throughout the WCSB (Figure 1b). Furthermore, contrary to findings in the United States
[Weingarten et al., 2015], disposal-related seismicity in the WCSB does not appear to be obviously related
to high volume or rate. For example, one of the larger volume disposal wells [Atkinson et al., 2016] strongly
associated with induced seismicity in Alberta [Schultz et al., 2014] averages 135m3/d with more than
106m3 of fluid disposed; both of these reported values are below the mean averages andmore than an order
of magnitude below maximum values for disposal wells in Alberta. To begin addressing these issues, we
show that induced seismicity observed in the central WCSB occurs at depths that suggest reactivation of
faults within the shallow basement and overlying basal sedimentary strata. Furthermore, our Monte Carlo
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simulations suggest that the spatial association between induced earthquakes and fossil reefs in the central
WCSB is both statistically significant and most likely noncoincidental. We elaborate on the implications of
earthquake-reef association by discussing geologically plausible interpretations to our results, such as the
influence of basement faults on reef nucleation and diagenetic overprinting that may allow increased
hydraulic communication with surrounding strata or structure. Overall, these results have potential implica-
tions for operators, regulators, and research institutions interested in the reduction of hazard related to
induced seismicity as they provide first-order geologic considerations explaining why and where induced
seismicity occurs at a regional scale.

2. Induced Seismicity in the Central WCSB

Historically, the WCSB has been seismically quiescent with rates in seismicity largely influenced by induced
earthquakes [eg., Atkinson et al., 2016]. Our study focuses on the regions of induced seismicity where high-
quality data were available. The earliest and most prolific case is the Rocky Mountain House Seismogenic
Zone (RMHSZ); this long-standing cluster was previously studied with a local, dense seismic array [Wetmiller,
1986] and was shown to be related to poroelastic changes in stress due to gas production in the Strachan
D-3A Field [Baranova et al., 1999]. The next long-lasting region of seismic activity is the Brazeau Cluster (BrC),
which has been strongly connected with a nearby wastewater disposal well in the Cordel Field [Schultz et al.,
2014]. In addition, a transient swarm of earthquakes near the town of Cardston (CS), which were caused by
hydraulic fracturing [Schultz et al., 2015b], have been incorporated in our study. One of the most recent series
of earthquakes in the central WCSB has been related to a series of hydraulic fracturing operations near Crooked
Lake (CLS1-5) [Schultz et al., 2015a]. To date, the CLS continues to be seismically active, with some of the largest
magnitude earthquakes associated with hydraulic fracturing (CLS6-17). Lastly, we included the results of the
most recent earthquake (9 August 2014 15:28:52 UTC) from the RMHSZ and its aftershock sequence, which is
likely the continuation of the declining production-related seismicity in the region.

2.1. Depth Constraints

Within the current body of literature, the most prominent cases of induced seismicity are typically related to
preexisting faults in the crystalline basement [Kim, 2013; Friberg et al., 2014; Keranen et al., 2014]. In studies

Figure 1. Locations of earthquakes in theWCSB versus locations of industrial activity. (a) The spatial distribution of conventionally
located seismicity, both natural and induced (grey circles), in Alberta and British Columbia. Some regions previously associated
with induced earthquakes have been labeled; see text for definition of induced earthquake cluster abbreviations. The dashed
lines denote study area shown in Figure 1b. (b) The spatial clustering of earthquakes (grey circles) in contrast to nearly
ubiquitous 30,000+ hydraulic fracturing wells (red dots), 5000+ disposal/injection wells (blue dots), and 20,000+ conventional
production wells (orange dots) in the central WCSB.
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with hypocenters resolved on scales smaller than their faults, planar fault features have been observed trend-
ing from basal sedimentary formations where industrial activity takes place into the basement [Hornbach
et al., 2015]. In cases of injection-related seismicity, this is understood as the propagation of a high-pressure
front, along the permeable damage zone of a mechanically active fault, to a nucleation zone at a point of fault
weakness [Zhang et al., 2013; Segall and Lu, 2015]. In this study, the locations of these relatively high magni-
tude earthquakes are constrained using both robust double-difference relocations [Waldhauser and Ellsworth,
2000] and waveform modeling [Dreger, 2003; Wang et al., 2015b]. Double-difference relocations were deter-
mined robustly via a bootstrap process that randomly removes a fraction (10–20%) of the input catalogue
before trial inversion [Efron and Tibshirani, 1986]. This process is iterated 1000 times so that the hypocenters
may be observed as a statistical distribution. In previous studies with limited resolution [Wetmiller, 1986;
Schultz et al., 2015a], the entire cluster is reduced to a single centroid location, with error estimated from
the standard deviation. Figure 2 shows the compilation of these depth constraints in the context of their local
stratigraphy, where depths to the Precambrian basement were determined via formation top picks from
adjacent wells and then modeled using convergent interpolation. Overall, there is a remarkable consistency
among all methodologies, results, and studies throughout the central WCSB [e.g., Zhang et al., 2016]. For
example, the comparisons of depth determinations between the waveform-modeled events and the equiva-
lent double-difference relocation agree within error in all cases (Figure 2). Furthermore, we also find that our
results from the recent earthquake sequence at the RMHSZ (9 August 2014) agrees with the study of
Wetmiller [1986], which utilized a dense array to constrain earthquake focal depths. These observations place
confidence on the assertion that hypocenters are constrained in the Paleozoic sedimentary units and the
shallow crystalline basement.

2.2. Coincidental Earthquake Locations?

The next spatial variable we consider is the lateral extent of induced earthquakes constrained via double-
difference relocations. We utilize a spatial correlation as a metric to determine which geological formations
are best related to the observed distribution of induced earthquakes. As a result of this analysis, our relocations
of seismic clusters show a systematic association with the margins of the regional reef complexes. In fact, the
best spatial correlation of earthquakes is in tandem with the Devonian Swan Hills Formation (R2 0.850), the
first/deepest stratigraphic interval containing reefs (Figure 3). Furthermore, we find that the robustly relocated
clusters (RMHSZ, BrC, and CLS1-17) are located within a narrow band around these fossil reef margins: no more
than 10 km outside and 20km inside the mapped edges. The extent of the Swan Hills platforms and banks in
west central Alberta was most recently mapped using 1315 wells [Wendte and Uyeno, 2005] and subsequently
updated in this study through the addition of wells along the depicted reef margins.

Figure 2. Compiled focal depths of induced earthquakes for various regions in the central WCSB. Stratigraphic columns indicate depth of target formations in relation to
the crystalline basement (grey area indicates variability in the Precambrian top) for various source regions, associated induction method, and dates (highlighted at the
bottom of individual columns). Earthquake depths are compared for various methods of determination: for double difference (red circles), waveform modeling of
individual/beam-averaged seismic events (blue diamonds), and centroid averages of previous studies (black circles). In cases where both double-difference and
waveformmodeling results are available, the modeled earthquake’s hypocenter is indicated (red circle with blue diamond overlaid). In cases where potential structure is
observed in double-difference relocations, their depth distribution is plotted against apparent strike angle. Cross-hair span indicates error ellipses to one standard error.
Note that horizontal locations of earthquakes and wells do not necessarily reflect their true geometry in relation to each other.
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To ascertain whether the apparent association between earthquake epicenters and the Swan Hills reef
margins is statistically significant or simply a spurious observation, we computed Monte Carlo simulations.
To date, the central WCSB has documented 19 sequences of induced earthquakes (RMHSZ, BrC, and CLS1-17)
associated with the previously mentioned oil and gas operations (Figure 3). Analogous to observation,
our Monte Carlo procedure produces 106 randomly generated catalogues of 19 hypothetical induced
earthquake clusters. During each iteration, the distances of hypothetical clusters were measured to the
nearest Swan Hills Formation reef edge and the range of values was tabulated. The locations of these
hypothetical clusters were based on the naïve assumption of random uniformly distributed earthquakes.
In the parameters of this simulation we found that the odds of coincidentally inducing earthquakes
exclusively in a narrow band around reef edges become vanishingly small (≪ 10�6); i.e., the earthquake-reef
association is statistically significant and highly likely to be the result of a spatially biased activation
potential (Figure 4a).

To further investigate the nature of this biased activation potential, we consider the hypothesis that the spatial
distribution of anthropogenic sources of induced seismicity can account for the apparent earthquake-reef asso-
ciation. Within the central WCSB study area, there have been more than 30,000 hydraulic fracturing operations,
5000 disposal/injection wells, and 20,000 conventional production wells documented (Figure 1b). With this
information, we update our assumption of a uniformly distributed earthquake density to a more realistic prior
distribution according to the kernel density of known conventional production, disposal, and hydraulic fractur-
ing wells. Under these updated assumptions our simulations still recover statistical significance (<10�6).

Figure 3. Spatial association of induced earthquakes with Devonian reefs. Epicenters of robustly located, induced earthquake
clusters (red circles) are preferentially observed near the edges of the near-basement, Swan Hills Formation (pink/purple
contoured area) (modified from Wendte and Uyeno [2005]). Black dashed line indicates the extent of the deformation edge
of the Rocky Mountains and superimposed grey boxes reference local municipalities. Stratigraphic column describes the
geological context of the Swan Hills Formation with respect to the crystalline basement, and the conceptual model relating
the reef-rimmed margins of these carbonate platforms/banks to faults and induced seismicity.

Geophysical Research Letters 10.1002/2015GL067514

SCHULTZ ET AL. FOSSIL REEFS AND INDUCED EARTHQUAKES 2537



Often, cases of induced seismicity are associated with deeper, near-basement operations. Supporting this,
hypocenters of induced seismicity in the central WCSB have been observed as restricted to the Paleozoic
strata and the shallow basement (Figure 2). However, our previous Monte Carlo simulations implicitly
assume that all wells, shallow or deep, have an equal chance of inducing seismicity. In this sense, the
observed reef-earthquake association could simply be an artifact of deep wells being preferentially located
along the reef margins. To test for potential spatial biases related to depth of operation, our Monte Carlo
procedures are again repeated with perturbed kernel densities based on the distribution of wells meeting
certain depth criteria. The first depth criterion is based on wells which are deeper than the sub-Cretaceous
unconformity [Peterson and MacCormack, 2014], which on average occurs at 55% of the depth to base-
ment in the study area. In keeping only wells deeper than this marker formation, we find that all Monte
Carlo simulations still expect noncoincidental (<10�5) distribution of events near the Swan Hills reef
margins (Figure 4b). We continue this line of inquiry with subsequently deeper depth criteria (binned at
5% to basement intervals) to observe the effect on the likelihood of earthquake-reef association (Figure
S1 in the supporting information). In these depth-perturbed tests, we find a general trend that coinciden-
tally producing the observed earthquake-reef association becomes more likely with increasingly stringent
depth criteria (Figure S2). Specifically, our most skeptical estimates place a confidence greater than 90%
that the distribution of disposal or production wells will not result in the clustering of observed seismicity
when considering only wells which are greater than 90% depth to basement. Potentially, these higher
observational likelihoods from production and disposal are the result of these operations directly acces-
sing the Swan Hills Formation or overlying Leduc Formation as a target reservoir at these deepest
stratigraphic intervals. On the other hand, we note that the likelihood of inducing earthquakes exclusively
around the margins of the Swan Hills reefs using the hydraulic fracturing kernel density is statistically
significant for all depth criteria. Thus, we find that the earthquake-reef association is an unlikely observa-
tion even after accounting for the possibility of deeper wells being preferentially located nearby the
subsurface reef.

3. Geological Considerations

Within the central WCSB we have shown that production-, disposal-, and hydraulic fracturing-related seismi-
city in the past four decades have shared two key features. First, the focal depths of robustly located induced
earthquake clusters are consistent with the reactivation of preexisting possibly basement-controlled faults.
Second, the lateral locations of earthquakes appear to show a statistically significant spatial association with
the margins of the lowest stratigraphic interval of large fossil reef structures in the Swan Hills Formation.
Furthermore, we have found that it is unlikely that this spatial association is entirely due to the distribution
of anthropogenic activities such as hydraulic fracturing, disposal, and conventional production wells.
Instead, within this section, we argue that these features may be interpreted as the result of a geologically

Figure 4. Monte Carlo simulation of earthquake-reef association. (a) Locations of trial earthquake clusters are selected randomly
from a uniform distribution and prior distributions based on densities of hydraulic fracturing, disposal, and conventional
production wells. In each trial (106 iterations) the range of distances from the edges of reefs was determined and compiled
into a statistical distribution (labeled, colored area). The narrow band of observed earthquake-reef radial distances (grey area)
occurs well into the noncoincidental tail ends of these distributions. (b) Monte Carlo simulations have been repeated, except
only wells which are deeper than the sub-Cretaceous unconformity have been utilized in the prior distributions.
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biased activation potential. To support this argument, we discuss previous evidence that may influence the
seismogenic potential including tectonic control on reef nucleation and fault-related diagenetic alteration of
Devonian strata.

3.1. Fault-Reef Coupling

Although favorable conditions for reef growth have changed throughout time as the ocean underwent
chemical and biological evolution, the nucleation point of many modern and ancient reefs is commonly
thought to occur on preexisting bathymetric highs [James and Wood, 2010; James and Jones, 2016]. For
example, modern coral reefs of significant size in the Red Sea and Belize margin coincide almost entirely with
fault block edges [Purdy and Gischler, 2003; Purkis et al., 2012]. Although the physiological requirements for
the growth of ancient reefs are not clearly understood, fault-reef coupling analogous to modern coral reefs
has been observed in the Devonian of the Canning Basin in Australia, where the Lennard Shelf reef complex
initiated on tilted basement blocks [George et al., 2009].

Consistent with this reasoning, we have inferred the presence of several near-basement faults in the central
WCSB via induced seismicity (Figure 2). Furthermore, these inferred faults are spatially associated with the
margins of the Devonian Swan Hills reef complexes (Figure 3) and our Monte Carlo simulations have deter-
mined that this spatial association is unlikely to be merely coincidental (Figure 4). Supporting our observa-
tions, fault-reef coupling during the Devonian in the WCSB has previously been suggested [Andrichuk,
1961; Klovan, 1974;Mountjoy, 1980;Moore, 1989; Edwards and Brown, 1999]. At a regional scale, the proximity
and alignment of reefs with well-established structurally complex features such as the Peace River Arch
supports their association with preexisting structure that may have the propensity for reactivation [Ross
and Eaton, 1999]. For example, seismic reflection studies and gravity anomaly maps in the central WCSB
have inferred cases of basement control on reef nucleation over deep-seated structures [Eaton et al., 1995;
Eaton et al., 1999; Edwards and Brown, 1999]. Specific to the Swan Hills Formation, at least two NW-SE trending
faults have been previously identified on reflection seismic in the Kaybob and Fox Creek fields adjacent to
the deep marine NW-SE trending Kaybob Channel (Figure 3) [Mountjoy et al., 1999]. While to date no
reef-nucleating basement faults have been published in the areas of the observed seismicity, the above
observations support a geologically plausible explanation for the statistically significant association between
the Swan Hills Formation and induced earthquakes via basement-controlled faults which may be reactivated
by anthropogenic activity.

However, in addition to observations of systematic spatial association, we bring to the reader’s attention
regions along the Swan Hills reef margins which have remained seismically quiescent to date (Figure 3).
While our results have suggested an apparent earthquake preference for these regions, we do not mean
to suggest that the entirety of the Swan Hills platform margin has been controlled or is underlain by faults
that have the propensity for reactivation. Likely, paleobathymetric highs suitable for reef nucleation were
influenced by erosion, depositional architecture, differential compaction, prior reef buildups, or favorable
environmental conditions in addition to tectonic controls. In fact, studies have suggested some of these addi-
tional controls from the detection of broad antiforms in underlying strata [Eaton et al., 1999] or prereef deltaic
deposition [Jansa and Fischbuch, 1974; Ferry, 1989], where the influence of tectonics on these earlier sedimen-
tation patterns is unclear. In addition to these geological complexities, geomechanical and hydrological con-
ditions are also thought to play a role in determining if induced seismicity is expressed. For example, there are
likely cases in the study region where the margins of the Swan Hills reefs may be associated with faults that
are either poorly oriented for reactivation in today’s stress field, or simply lack a viable means to transmit
stress perturbations to a zone of fault weakness. We note that higher resolution geophysical surveys would
be required to more adequately address this issue.

3.2. Hydraulic Communication via Faults

Given a preexisting, near-failure fault, the geomechanics of seismic event nucleation requires a means of in
situ stress change via pore pressure perturbation or poroelastic transmission of stress [Segall and Lu, 2015]. In
the large majority of cases studied here, injection-related changes in stress due to increased pore pressure
have been suspected as the cause of induced earthquakes (CLS and BrC), assuming a conduit of hydraulic
communication between the target formation and inferred fault [Schultz et al., 2014, 2015a]. Corroborating
this story, Devonian reef complexes in the WCSB have undergone postdepositional diagenetic alteration
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from limestone to dolomite [Kaufman et al., 1991; Machel, 2004; Davies and Smith, 2006], a process that
requires significant volumes of Mg-rich fluids. In fact, dolomitization of several reefs has been previously
observed proximal to the identified seismic events in the study area [Duggan et al., 2001; Green and
Mountjoy, 2005]. In these cases, deep-seated faults have been suggested as transport conduits of the
Mg-enriched fluid necessary for the postdepositional dolomitization. For example, within the Swan Hills
Formation in the Simonette Field, a “plume-like” dolomite geobody with a radiogenic signature indicative
of basement fluid influence was identified adjacent to faults that intersect the Precambrian [Duggan et al.,
2001]. This potential for basement related fluid transport supports the plausibility of hydraulic communica-
tion between faults and overlying sedimentary strata in the past [Machel et al., 2000; Eccles and Berhane,
2011], a necessary condition for injection-related induced earthquakes.

3.3. Influence of Dolomitization on Reef Porosity and Permeability

In addition, dolomitization of Devonian limestone strata in the WCSB has the potential for local permeability
enhancement and has been an important aspect of successful conventional production in these strata.
In Devonian reefs, such as those of the Swan Hills platform, large molds and vugs (centimeter scale) are
commonly observed where large reef-building body fossils have been dissolved [Kaufman et al., 1991].
Dolomitization of the limestone matrix in the reefs helped to preserve the molds during burial as dolomite
is less susceptible to pressure solution [Sun, 1995]. Direct replacement of matrix limestone mud to dolomite
can result in a substantial (13%) increase in interparticle or intercrystalline porosity, effectively enhancing per-
meability in dolomitized strata [Machel, 2004]. Swan Hills reefs at Rosevear and Hanlan fields have undergone
a similar diagenetic history to the CLS study area [Walls and Burrowes, 1990; Saller et al., 2001] and dolomite
reservoirs in these fields are characterized by significantly higher porosities (2–5 times) and permeabilities
(2–63 times) than their limestone counterparts [Saller et al., 2001; Atchley et al., 2008]. Both the Swan Hills
Formation platform and the overlying Leduc Formation reefs have been preferentially dolomitized around
faults (CLS) and in the vicinity of the induced seismic events [Duggan et al., 2001; Green and Mountjoy,
2005]. Permeability-enhanced dolomitized strata could allow for greater diffusivity of pore pressure during
injection-related operations, thus increasing the likelihood of significant pore pressure perturbations inter-
secting a critically stressed fault. We note that well-sampled petrophysical surveys would be required to more
adequately address this issue.

4. Summary

Overall, the novel finding that induced earthquakes are colocated with fossil reef structures is important as it
provides evidence that regional- and local-scale geological factors likely play a role in the nature of induced
seismicity. Second, it strengthens two arguments within the context of the central WCSB: (1) reef growth
during the Devonian period may have nucleated on elevated structures associated with basement tectonics
and (2) Paleozoic and Precambrian strata are likely in hydraulic communication in some of these areas. We
speculate that consideration of this result, coupled with extensive mapping of carbonate reef complexes
[Wendte and Uyeno, 2005], constraints on the ambient regional stress field [Reiter et al., 2014], and high-
resolution geophysical surveys [Hope et al., 1999] could allow for the anticipation of regions with potential
for seismic hazard in the WCSB. Operations in the basal sedimentary succession within the vicinity of fossil
reef systems in analogous basins may wish to more closely scrutinize the local tectonics with respect to
the ambient stress field. And, in cases where nearby critically stressed faults or strata affected by diagenesis
are observed or suspected, greater emphasis can be placed on applicable mitigation/diversion strategies. We
caution against the overinterpretation of our findings: reef systems tend to nucleate on bathymetric highs in
the geologic past, not all of which may be associated with seismogenic faults. We also acknowledge that
suitably oriented, critically stressed faults located outside areas of ancient reef growth likely also exist.
Overall, these considerations highlight the ongoing need to better understand the interplay between
operational parameters such as injection pressure, volume [McGarr, 2014], and rate [Weingarten et al.,
2015] complementary to tectonic parameters also thought to control induced seismicity, e.g., effective proxi-
mity to crystalline basement [Zhang et al., 2013], and the existence of fault systems in a critically stressed state
[Wang et al., 2015a]. In conclusion, the finding that induced seismic events are spatially associated with fossil
reef structures, which may have nucleated on basement-controlled faults, contributes a new aspect to the
discussion of where and why induced seismicity occurs.
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