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Precise earthquake locations with well-constrained uncertainties can improve our under-
standing of faulting. Double-difference relocation methods, particularly event-pair
double-difference relocations, are well established and have been applied to large earth-
quake catalogs to provide fault geometries. Previous adaptations of the event-pair dou-
ble-difference method include data space extensions to use additional information from
station pairs, referred to as double-pair double-difference relocation. We apply double-
pair double-difference relocation to data from a dense network of borehole geophones
for induced seismicity monitoring. This experiment was acquired in an area with strong
lithological variation and sharp velocity contrasts, and most previous studies using this
dataset are subject to poorly constrained focal depths. We compare the double-pair dou-
ble-difference to event-pair double-difference relocations and study the effectiveness
and uncertainties of both methods. Although double-pair double-difference relocation
does not improve absolute locations, substantially improved relative locations and
reduced uncertainties are obtained. The method reduces the impact of path effects in
the source region, which is essential for applications where reservoir units in the source
region can exhibit strong velocity contrasts, anisotropy, and fractures. From the improved
relocation, we produce a detailed 3D fault interpretation of the dataset that constrains
the geological interpretation. The improved catalog shows excellent depth constraints
with seismicity that is restricted to specific geological units. We interpret that seismicity
activated pre-existing faults in the reservoir layer and adjacent units. Notably, the results
show no evidence of induced seismicity activating basement structures.

Introduction
Estimating hypocentral parameters (Geiger, 1910) is a funda-
mental problem in seismology. High-precision earthquake
hypocenters, particularly for catalogs with large numbers of
events, are essential for detecting and studying faults, temporal
and spatial characteristics of seismicity, volcanic activity, and
other applications. Even for well-understood and monitored
sites, the location uncertainty is often larger than the source
dimensions, limiting interpretations.

Many earthquake location methods solve for absolute
hypocentral locations. These methods apply either linear
approximations (Geiger, 1910; Pavlis, 1986; Shearer, 1997) or
nonlinear methods (Billings, 1994; Lomax et al., 2000, 2009;
Sambridge and Kennett, 2001). Although linear and nonlinear
hypocentral estimation methods employ different methods,
they share similar practical and physical issues. For example,
both methods depend on knowledge of local velocity

structures. This dependence can be reduced by applying rela-
tive location methods.

Relocation methods produce high-precision relative hypo-
center locations within event clouds. Although these methods
do not improve the absolute location accuracy for individual
events, paired events and grouped event geometry are more pre-
cisely determined based on travel-time differences. Early relative
location studies focused on waveform cross-correlation methods
(Poupinet et al., 1984; Deichmann and Garcia-Fernandez, 1992;
Dodge et al., 1995). These methods rely on several possible
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event-pairing strategies. Parent-event approaches relate smaller
child events to a single, well-determined event location (Ito,
1985; Scherbaum and Wendler, 1986; VanDecar and Crosson,
1990; Lees, 1998). Similarly, joint-hypocenter methods deter-
mine the relative locations of similar event doublets (Fréchet,
1985) based on the shared or averaged hypocenter of earthquake
pairs (Jordan and Sverdrup, 1981; Got et al., 1994; Rodi, 2006).
Relative location methods can minimize the effects of velocity
structure errors using pairs of events (Pavlis, 1992). However,
these methods still depend on the velocity model choices used
in the inversion (Michelini and Lomax, 2004). Because of the
similar ray paths for event pairs, relative methods can reduce
the effects of receiver-region velocity model inaccuracies on
event locations by estimating time differences of similar rays.

One of the most commonly applied relative double-differ-
ence location methods is event-pair double-difference reloca-
tion (Waldhauser and Ellsworth, 2000; hereafter, event-pair
relocation). This technique minimizes differential travel times
(DTs) that are obtained for event pairs from waveform cross
correlations and catalog differential times. This method has
been widely applied in studies of natural seismicity (Schaff
et al., 2002; Waldhauser et al., 2004; Waldhauser and Schaff,
2008) and induced seismicity (Castellanos and Van der Baan,
2013). Based on reciprocity, station-pair double-difference
relocation (hereafter station-pair relocation) has been applied
to nonvolcanic tremors (Zhang et al., 2010). This method can
improve the event locations of large data sets and pairs data by
exploiting similar ray geometries between a single event and
pairs of stations.

Guo and Zhang (2017) combined station and event pairs in
the double-pair double-difference, sometimes referred to as tri-
ple-difference, relocation method (hereafter double-pair relo-
cation). Double-pair relocation relies on similarities in ray
geometries in the vicinity of the sources and near the stations.
Double-pair relocation has been applied in regional-scale seis-
micity studies (Guo and Zhang, 2017; Li et al., 2018; Ogwari
et al., 2018; Share et al., 2021) and geothermal microseismicity
studies for small numbers of events and stations (Guo et al.,
2023). It has been proposed that double-pair relocations can
improve absolute and relative location errors in areas with
velocity heterogeneities in both the source and receiver regions
if station coverage is sufficiently dense (Guo and Zhang, 2017).

Microseismic data from hydraulic fracturing (HF) monitor-
ing with dense networks provide opportunities for studying
relocation methods. Because of the dense station coverage,
more events and smaller events can be detected and located
using this type of acquisition. Event-pair relocations have been
applied to such data (Castellanos and Van der Baan, 2013; Tian
et al., 2016; Chen et al., 2017; Dando et al., 2021) and produced
sharper seismicity images. However, the analysis of fault archi-
tecture and fracture networks is limited by model uncertain-
ties. In unconventional reservoirs, large velocity contrasts in
the source region can cause issues for location methods.

Dense networks combined with double-pair relocations have
the potential to overcome these limitations.

We apply double-pair relocation to dense network data
(Fig. 1a) collected as part of a microseismic monitoring
program, the Tony Creek Dual Microseismic Experiment
(ToC2ME; Eaton et al., 2018) in Alberta, Canada (Fig. 1b).
Data were recorded on 68 borehole geophone stations in an
area of 7 × 7 km. During treatment, over 3500 induced earth-
quakes were recorded with high signal-to-noise ratios (SNRs).
We study the locations and uncertainties of these induced
earthquakes (Fig. 2a) and interpret the results in terms of fault
architecture. The results show clearly delineated event loca-
tions accompanied by reduced uncertainties. The improved
locations are interpreted in terms of fault activation and
limit-induced events to the injection layer and recover a plau-
sible 3D fault geometry.

Theory and Methods
The event-pair relocation method (Waldhauser and Ellsworth,
2000) solves a linearized inverse problem for location updates
for event pairs, events i and j, within a cloud of events with
their catalog locations considered as the starting model.
Event pairs are defined by proximity for catalog pairs or wave-
form similarity for cross-correlation pairs. The method is
based on the following relationship:

�
∂tik
∂m

Δmi � Δτi
�
−

�
∂tjk
∂m

Δmj � Δτj
�
� drijk , �1�

in which drijk are the DT residuals or double differences

�tik − tjk�obs − �tik − tjk�cal, in which t are the travel times for dif-
ferent event and station configurations. Furthermore, the two
vectors of spatial model perturbations Δmi and Δmj represent
location updates for the event pair whereas the terms Δτi and
Δτj refer to origin time perturbations for the event pairs.

The reciprocal pairing geometry of equation (1) is station-pair
double-difference relocation (Zhang et al., 2010). Previous stud-
ies (Wolfe, 2002; Zhang et al., 2010; Guo and Zhang, 2017) have
noted limitations of using station pairs for relocation due to sta-
tion separation. Station-pair relocation may exhibit poor sensi-
tivity to some location parameters, particularly depth, if the
difference in the partial depth derivatives for the location param-
eters is small. This situation occurs for raytracing when event-
station separations are similar (Wolfe, 2002; Zhang et al., 2010).

Double-pair relocation includes both pair geometries, which
removes both source- and station-side effects (Guo and Zhang,
2017). That approach solves for location updates based on dou-
ble-pair residuals for events i and j at stations k and l according to

�
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−
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−
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in which the drijkl can be solved for by subtracting either pairs of
event-pair residuals or station-pair residuals,
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��

tik − tjk

�
−

�
til − tjl

��
obs

−

��
tik − tjk

�
−

�
til − tjl

��
cal

�
��

tik − til

�
−

�
tjk − tjl

��
obs

−

��
tik − til

�
−

�
tjk − tjl
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Compared to the event- or station-pair relocations, the dou-
ble-pair relocation only solves for changes to the spatial hypo-
central parameters and is less sensitive to the assumed velocity
model (Guo and Zhang, 2017). The removal of the origin time
term and the station correction term could partially contribute
to the improvement in locations seen in double-pair relocation
relative to the event- and station-pair methods. The double-
pair method does not limit the maximum station-pair separa-
tion because the effects of the larger velocity uncertainties can
be reduced by the event-pair information.

We apply relocDD-py—an open-source relocation software
in Python (Biegel and Dettmer, 2024) based on the hypoDD
software (Waldhauser and Ellsworth, 2000) and extended to
include station and double pairs. The software solves equa-
tions (1) and (2) for model perturbations by inverse conjugate

gradients (Lawson and Hanson, 1974) using an iterative linear
least-squares inversion (Paige and Saunders, 1982). The iter-
ative least-squares approach requires a damping parameter.
The optimal damping parameter value depends on the reloca-
tion method and can be estimated using the L-curve criterion
(Fig. S2, available in the supplemental material to this article;
Hansen, 2001; Aster et al., 2018). We required a minimum of
10 catalog and 10 cross-correlation observations per pair, lim-
iting pairs to those that shared a significant amount of data. All
events are relocated simultaneously. We ran two sets of relo-
cation iterations. Data weights were consistent across reloca-
tion iterations with cross-correlation data weighted fully
(1.0) and catalog data weighted at half weight (0.5) due to
the high quality and number of cross-correlation data for this
problem. The first five relocation iterations removed outlier
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Figure 1. (a) Tony Creek Dual Microseismic Experiment (ToC2ME)
buried geophone network (triangles) centered around the
horizontal wells (black lines). (b) Regional location of the ToC2ME
program (red box) in Alberta, including both major resource plays
in the region the Montney (blue) and Duvernay (red) as well as
larger regional context for the location of Alberta in North
America (inset). The color version of this figure is available only in
the electronic edition.
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data over five standard deviations for cross correlations and
over three standard deviations for catalog data. The final three
iterations also included a distance cutoff removing data for
event pairs with a separation larger than 0.18 km.

For the interpretation and analysis of the relocated catalogs,
we cluster events using the DBSCAN software (Ester et al.,
1996)—a density-based nearest-neighbor clustering tool. The
maximum distance between paired points was 20 m, and
the minimum sample size to form a cluster of events was three
events. Clusters were combined based on proximity using vis-
ual inspection. Interpreted faults and fractures were found
using a least-squares fit for 3D points based on identified clus-
ters. Strikes and dips were calculated using these planar fits.

Data
The ToC2ME monitored an HF completion west of Fox Creek,
Alberta (Eaton et al., 2018) over 35 days on a network of 68
10 Hz geophones in 27 m deep boreholes (Fig. 1a). This HF
completion targeted the Duvernay Formation (Fig. 1b), an
unconventional hydrocarbon reservoir in theWestern Canadian
Sedimentary Basin (Weir et al., 2018). An event catalog of 3807
earthquakes was obtained by requiring clear P and S arrivals at a
minimum of five stations and well-determined origin times nec-
essary for DT calculations. Bootstrap resampling yielded loca-
tion uncertainty in terms of 95% confidence intervals of
∼10m in the horizontal directions, and depth uncertainties were
∼70m (Eaton et al., 2018). The original travel-time phase arrival
catalog includes 216,328 P-wave arrivals and 227,970 S-wave
arrivals for the 3807 events at the 68 geophones.

From the original catalog, we compute DT based on two
methods: (1) directly from the catalog by taking differences
of arrival times for station pairs and event pairs, and (2) by

computing waveform cross correlations for station and event
pairs. These DT data are the basis for event- and double-pair
relocations. For consistency across methods, we used similar
parameters to build the DT data, including a maximum inter-
event pairing distance of 0.2 km and a minimum interstation
pairing distance of 2 km. The maximum number of pairing
neighbors is limited to 5, with a required 10 common data
observations for pairing. The event-pair data include 187,216
and 177,074 P and S catalog DTs for 12,195 event pairs. The
average number of common observations for event pairs is 29,
and the average interevent separation distance is 30 m. The
double pair data include 203,314 P and 161,059 S DTs. The
average interevent separation is 30 m, and the average inter-
station distance is 3.5 km.

For cross-correlation-based DTs, all possible cross correla-
tions are calculated using unfiltered waveforms. Weighting for
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Figure 2. (a) Initial catalog locations (dots, scaled by moment
magnitude) and outlines (black lines) for wells A–D (left to right)
with some of the 3C buried geophones (triangles). Previously
interpreted features include fractures SW1-5 (blue-dashed lines;
Igonin et al., 2021) and NS1-2 (red-dotted lines; Igonin et al.,
2021) and a strike-slip fault (gray dotted-dashed line; Weir et al.,
2018). The interpreted top of the Beaverhill Lake Group (back-
ground color) is located just below the injection zone ranging
from 3.470 to 3.515 km in depth (Igonin et al., 2018). (b) The
velocity model is based on well logs showing VP (black) and VS

(gray) and highlighted depths of several layers of interest seen in
panel (c) the simplified stratigraphic column for the study region
which shows the Wabamun Group (GP; cyan), the Ireton
Formation (FM; orange), the Beaverhill Lake Group (green), and
the Precambrian Basement (BSMT; red). The color version of this
figure is available only in the electronic edition.
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these data comes from the normalized cross-correlation coef-
ficients, and only those data with a cross-correlation coefficient
above 0.9 are included in the final selection. To improve the
precision of these differential times, 10-fold frequency-domain
upsampling (Buttkus, 2000) is applied to produce differential
time measurements with subsample precision on already high-
sampling rate (500 HZ) waveforms. For event-pair relocations,
this process resulted in 12.8 million P cross-correlation times
and 8.2 million S cross-correlation times. For the double-pair
relocations, there are 37.6 million P and 25.2 million S cross
correlations.

Catalog locations were obtained with a 1D layered VP model
determined from sonic logs of a nearby well (Fig. 2b). The VS

values were determined using VP=VS ratios from reflection cor-
relations of a multicomponent seismic reflection survey (Weir
et al., 2018). This 1D model includes 15 homogeneous layers
over a homogeneous half-space, which starts at a depth of
3.6 km. We use this velocity model in our study, eliminating
the potential of differences due to velocity model choice.

Results
Event- and double-pair relocations
From the original catalog of 3807 events, we obtained event-
pair relocations for 3556 events and double-pair relocations for
3740 events. Some events are removed from the catalog due to
lack of arrival-time picks, poor pairing or similarity with other
events in the catalog, or due to the iterative removal of outlier
differential time measurements (Waldhauser and Ellsworth,
2000; Guo and Zhang, 2017).

Figure 3 summarizes the event locations in terms of cross
sections for the original catalog and for the event- and dou-
ble-pair relocations. Broadly, the cross sections for all three cat-
alogs are consistent, but key differences exist, and the double-
pair method produces the clearest image of seismicity. Both relo-
cated catalogs significantly contract locations to spatial clusters
that are consistent with pre-existing faults. Furthermore, dou-
ble-pair relocations produce the sharpest clusters of the three
catalogs. In particular, double-pair relocations significantly
change event depths to more plausible areas within the
Ireton Formation and the top of the Beaverhill Lake Group
(Fig. 2c), which is consistent with the depth interval expected
for induced seismicity triggered via elevated pore pressure
(Igonin et al., 2021). Notably, a northward deepening trend
of hypocenters that is evident in the starting and event-pair cat-
alogs is absent in the double-pair relocations.

Figure 4 summarizes the results of linear regressions
for which planes are fit to individual clusters in the relocation
catalogs. Both relocated catalogs show clear clusters where seis-
micity locations are in close agreement with planar structures.
Double-pair relocations contract more onto planes and resolve
more distinct clusters than the event-pair relocations. Two
main trends are observed: north–south-oriented clusters (blue)
and northeast–southwest-oriented clusters (red; Fig. 4). These

(a)

(b)

(c)

Figure 3. (a) Catalog locations, (b) event-pair relocations, and
(c) double-pair relocations for both map view (left) and in-depth
(right). Colored lines indicate interfaces for various geologic
formations. Injection well outlines (black lines) are also shown.
Zones A–D, identified by the dashed polygons, indicate zones of
seismicity with similar features. The color version of this figure is
available only in the electronic edition.
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clusters dip steeply from 70° to 90° with no regional trend.
Strikes, dips, and R2 values (Wright, 1921) from fitting fault
planes to these clusters are highlighted in Table S1.
Hereafter, we interpret these clusters as faults.

The double-pair relocations improve planar fits and provide
more plausible hypocenter depths because the microseismicity
is clustered closer to the loci of fluid injection along the
HF wells (Fig. 4). The double-pair relocations resolve two
additional northeast-southwest-oriented clusters (A4 and B5).
In the double-pair catalog, features B3 and B5 appear to form a
structural boundary for the northern end of seismicity along
cluster A1, where strike-slip motion was triggered (Zhang
et al., 2019). The double-pair catalog also provides direct evi-
dence of intersecting faults as inferred by Igonin et al. (2021).
For example, the northeast-southwest-trending cluster A2
intersects cluster A1. Seismicity along A1 occurs in stages,
with seismicity first occurring south of A2 and then migrating
from the north end of A1 toward A2 during later treatment
stages. Seismicity along A2 occurs after that on A1, indicating
that A1 is more favorably oriented within the local stress
field and is more critically stressed than fault A2. Possible

implications for the interpreta-
tion of the growth of seismicity
over time are considered in the
Discussion section.

Relocation uncertainty
quantification
To begin, we quantify absolute
uncertainty for each catalog
using the travel-time residuals
for each catalog to estimate
absolute uncertainty (Fig. S4).
The starting catalog has a mean
residual misfit of 0.24 s, mean-
ing that the 1D velocity model
used in both the original loca-
tions and the relocations is
faster than the true velocity
structure. The event- and dou-
ble-pair relocations have the
same mean misfit, which
remains unchanged after relo-
cation. The width of the 95%
confidence interval in travel-
time residuals is smaller for
both relocation catalogs (−0.004
to 0.783 s for event pair and
−0.003 to 0.794 s for double
pair) than the starting catalog
(−0.042 to 0.791 s). The shifted
mean and Gaussian nature of
these distributions do indicate

that we remove random location errors from poorly located
events or data outliers, but we are left with a catalog bias. In
addition, the travel-time residual distributions do vary by zone
of seismicity (Fig. S5) with the smallest residuals in Zone A and
the narrowest distributions in Zones B and C. Overall, we find
that neither relocation catalog improves absolute event locations
from the starting catalog.

We quantify relative uncertainty using statistical resampling
via bootstrap analysis using the final double-difference residuals
as estimates of noise for the relocated hypocenters for the subset
of events in Zone A (Billings, 1994; Shearer, 1997; Waldhauser
and Ellsworth, 2000). These double-difference residuals are
sampled with replacement and added to computed travel times
to relocate events. We calculate 250 bootstrap relocation itera-
tions for the subset of events in Zone A, extrapolating these
uncertainty estimates as a measure of uncertainty across the data
set. Figure 5 shows a comparison of the mean and 95% confi-
dence intervals in X, Y, and Z for the event—and double-pair
relocation catalogs. There are notable differences between the
two relocation results. The 95% confidence intervals show
uncertainties of 2.7, 3.2, and 3.8 m in X, Y, and Z, respectively,

(a)

(b)

Figure 4. (a) Map view least-squares planar fault fits for geographic event clusters for event-pair (left)
and double-pair (right) catalogs. Strikes range from blue (0°–5°) to red (35°–40°), and dips range from
orange (70°–75°) to black (85°–90°). Faults are named based on the seismicity zone from Figure 3a.
(b) The east–west projected depth view shows event cluster locations in-depth color-scaled by the
cluster’s fault-plane strike. The color version of this figure is available only in the electronic edition.
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for the event-pair relocations and 1.0, 1.0, and 2.0 in X, Y, and Z,
respectively, for the double-pair relocations.

The mean uncertainties (Fig. 5) show notable differences in
the event- and double-pair relocations. The double-pair uncer-
tainties are zero mean with a narrow distribution in all three spa-
tial dimensions. The event-pair mean uncertainties exhibit bias
(first panel of Fig. 5) in Y and Z with distribution widths in all
directions on the order of 101 m. Consistent biases in mean
uncertainties can result from network geometry, including gaps
in station coverage (Michelini and Lomax, 2004). This is not true
for the ToC2ME data due to full azimuthal coverage and station
symmetry. Furthermore, event-pair relocations reduce sensitivity
to path effects near stations. Therefore, biases are likely due to
velocity model errors in the source region (Michelini and Lomax,
2004). The double-pair relocations do not show this convergence
limitation, likely due to less susceptibility to velocity-model
errors in the source region. Anisotropy likely has an impact
on the final relocation uncertainties. We interpret the larger
event-pair relocation uncertainties and biases in Y and Z as being
caused by transverse anisotropy. The 1D velocity model used for
relocations (Fig. 2b; Weir et al., 2018) is produced from well logs
at a nearby well and does not account for significant lithological
variation across the study area, particularly across faults. Possible
sources of anisotropy are considered in the Discussion section.

Discussion
Methodology strengths and limitations
The work of Guo and Zhang (2017) posits that the double-pair
method can improve the absolute locations in depth and
improve the relative locations over the event-pair method for
data given a sufficient density of both event and station pairs.
The high-station density and isotropic station distribution of the
ToC2ME data are ideal for studying the limitations of this
method. The 68 stations within an area of approximately 7 ×
7 km centered on the injection wells have even azimuthal cover-
age (Fig. 1). The stations are cemented in shallow boreholes
beneath the near-surface layer to increase data quality (Eaton

et al., 2018). Furthermore, we use 3807 quality-controlled events
of sufficient magnitude to produce high-quality arrival-time
picks from at least six stations. These events have a high
SNR and produce highly correlated waveforms for event and
station pairs due to the tight event clustering (e.g., waveforms
and waveform cross-correlations in Fig. S1). We automate
selecting the regularization parameter using L-curve criteria.
Taken together, these conditions are considered ideal for dou-
ble-pair relocations. The relative locations of the double-pair
relocations appear to be improved compared with event-pair
relocations and provide a superior image of seismicity. In par-
ticular, hypocenter depths are better resolved. However, there is
no clear evidence for the improvement of absolute locations.

As illustrated in previous studies, the relative accuracy of
event-pair relocations is limited by the accuracy of the velocity
model (Michelini and Lomax, 2004). Layered velocity models
with sharp contrasts, similar to our velocity model in this case,
showed gaps in raytracing and instabilities in final relocation
results depending on the event-station separation (Michelini
and Lomax, 2004). The ToC2ME velocity model (Fig. 2b)
includes sharp velocity contrasts, particularly in the source
region. Therefore, we expect limitations due to this velocity
model choice.

Both relocation catalogs employ the same velocity model and
initial locations, and therefore, both catalogs are limited by the
misfit of the interpreted 1D velocity model with the true velocity
structure. Double-pair relocations do not improve absolute loca-
tions beyond the starting catalog or the event-pair relocations.
The consistent 0.24 s travel-time residual for all three catalogs
indicates that this value may be the consistent misfit of the

(a) (b)

Mean (m) Cl (m) Mean (m) Cl (m)

Figure 5. Relative uncertainty estimates from bootstrapping with
individual events for (a) event-pair and (b) double-pair relocations
for hypocenters in box A (Fig. 3a) showing both mean uncertainty
and 95% confidence intervals (CIs) for all spatial parameters (X,
Y, and Z). The color version of this figure is available only in the
electronic edition.
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1D velocity model from the true velocity structure. Therefore,
catalogs relocated with this velocity model may not be able to
improve the absolute location of the catalog beyond this value.

Anisotropy is likely a key reason for the mismatch between
the velocity model and the true velocity structure, which
impacts relative location uncertainty. Anisotropy is present
in the study region due to lithological variations and fracture
networks (Weir et al., 2018; Igonin et al., 2022). Both vertical
transverse isotropy (VTI) due to depositional layering and
horizontal transverse isotropy (HTI) associated with the direc-
tional nature of pre-existing fractures in the region are present.
Studies of anisotropy in Fox Creek (Li et al., 2019) have indi-
cated that HTI is predominantly northeast–southwest-oriented
and results from the combination of north–south-striking
faults (such as NS1 and NS2 in Fig. 2a) and northeast–south-
west-oriented fractures (such as SW1-5 in Fig. 2a). This HTI
shows spatiotemporal changes with seismic activity (Li et al.,
2019; Igonin et al., 2022). The uncertainties and biases of
event-pair relocations in the Y and Z directions indicate that
directional effects and anisotropy are likely the cause.

Based on the relative uncertainties in Y and Z (Fig. 5), both
HTI and VTI affect the event-pair relocations because event-pair
geometry reduces the impact of path effects in the shallow near-
surface zones. Double-pair relocation also reduces source-region
path effects that are also diminished, which is the area where
anisotropy effects are likely to occur. Anisotropy in the volume
occurs at depth in the highly fractured layers with sharp velocity
contrasts near the reservoir zone. For this reason, anisotropy has
less impact on the double-pair relocations, which show consis-
tently smaller relative uncertainties (Fig. 5). As mentioned in the
Theory and Methods section, some of the improvements in the
double-pair relocations over the event-pair relocations are likely
due to the removal of the origin time correction term as these are
now accounted for in changes to the spatial parameters.

Hypocenter depths
The lack of plausible depth estimates in event-pair relocations is
likely due to anisotropy (discussed earlier) and sharp velocity
contrasts in the 1D velocity model (Michelini and Lomax,
2004). The sharp velocity contrasts in this velocity model led
to significant depth stratification in earlier work (Eaton et al.,
2018; Zhang et al., 2022). Depth stratification in the initial cata-
log was the motivation to develop the focal-time analysis
method (Poulin et al., 2019), which collocates events based
on data from near-surface seismic observations with the 3D
reflection-seismic data. This method located events in a distri-
bution centered slightly above the injection depth of 3450 m and
is most consistent with the starting locations in this catalog.

Depth estimates from double-pair relocations appear more
consistent with prior interpretations of geologic formations
and seismicity triggered by changes in pore pressure in these
formations. Hence, they are likely less affected by velocity errors
along the entire ray path, particularly in the source region, as

previously suggested (Guo and Zhang, 2017). Previous studies
have shown that ToC2ME seismicity was triggered by dynamic
changes in pore pressure rather than near-field changes in stress.
Fluid was injected into the wells, and seismicity was delayed
based on the time needed for elevated pore pressure to travel
from the injection wells along the permeable corridors (clusters
striking at N30°; Igonin et al., 2021). Although there is a signifi-
cant distance for the pore pressure front to travel in X and Y, the
seismicity occurs in a narrow depth interval (Fig. 6).

Double-pair relocations provide the most geologically consis-
tent depth intervals of all three catalogs, allowing for a specific
interpretation of seismicity behavior in depth. Based on the 95%
confidence interval, the starting catalog’s depth interval extends
over 905 m from the Wabamun to the top of the Precambrian
Basement. This depth extent is inconsistent with the analysis of
the 3D reflection-seismic data where basement-rooted faults
arrest in the Ireton Formation (Eaton et al., 1999; Weir et al.,
2018). The depth interval for event-pair relocations is 456 m
thick, extending from the lower Wabamun to the upper
Beaverhill Lake Formation. For double-pair relocations, the
depth interval is 316 m thick, from the top of the Ireton
Formation (3.270 km) to the upper Beaverhill Lake (3.586 km).
Depths of individual clusters are even more confined, with seis-
micity of 14 of the 19 identified clusters occurring in narrow
depth intervals that are <100 m thick. Preferential permeable
fluid migration pathways exist along weaker layers of the inter-
bedded Ireton, Duvernay, and Beaverhill Lake (Swan Hills)
Formations. Fluid migration is occurring predominately laterally
but is limited in depth.

Only one cluster (A1 in Fig. 4) is activated over the entire
depth interval. Significant seismicity occurred along this fault,
including one event of moment magnitude 3.2. The presence of
feature A2 indicates that permeable pathways allowed for fluid
migration from the injection wells to the large fault A1 (Igonin
et al., 2021). However, the larger activated depth interval, sig-
nificant seismicity, and activity in stages (stage 1 activity south
of A2 and stage 2 activity north of A2) indicate Coulomb stress
transfer may be responsible for the secondary stage of seismic-
ity on A1 (Zhang et al., 2022).

However, systematic location errors exist in the starting
catalog and still exist in the relocated catalogs. The mean pos-
itive bias in absolute travel-time residuals indicates that the
velocity model used in location and relocation is faster than
the true velocity structure and, therefore, events may occur
at a systematically deeper interval in all relocated catalogs.
The relocation of all catalogs (Fig. 6, Fig. S3) to a similar geo-
logically consistent depth interval leads to the conclusion that
these locations are robust.

Fault model and interpretation
Our interpretation is consistent with previous work that interpreted
the region based on 3D reflection-seismic data as part of a shear
zone that is part of a basement-rooted flower structure (Eaton et al.,
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2018; Igonin et al., 2021; Weir et al., 2022), but we can provide
additional constraints on fault orientations, depth intervals for
minor faults within the shear corridor, and at which depths faults
are activated. These faults are not large enough and do not have
enough accumulated slip to appear on seismic surveys.

The interpretation of the original catalog (Igonin et al., 2021)
shows two right-lateral strike-slip faults with strikes of 5° (NS1
and NS2 in Fig. 2a), and five fracture corridors with 30° strike
(SW1-5 in Fig. 2a). Previous work interpreted elevated pore
pressure from injection to have traveled along the SW1-5 frac-
ture corridors, activating faults NS1 and NS2 in stages corre-
sponding to the intersections of the northeast-southwest and
north–south faults (Igonin et al., 2021). Analysis of 3D seismic
data of the study area revealed a large basement-rooted left-lat-
eral strike-slip fault (gray-dotted–dashed line in Fig. 2a) close to
the northeast extent of the HF target with 1 km of suspected
lateral offset (Weir et al., 2018). The vertical extent of this fault
can be traced from the Precambrian Basement through several
formations, such as the Beaverhill Lake Formation, and into, but
not through, the Ireton Formation (Fig. 2c).

Interpretation of the double-pair relocations (Fig. 4) shows
two main structural trends: north–south-trending features
(blue lines) and northeast–southwest-trending features (red
lines). The two structural trends are oblique to SHmax, which

varies from 44° to 64° (Zhang et al., 2019). These trends
have been interpreted as Riedel shears (Riedel, 1929) in a
bounded shear corridor (Igonin et al., 2021; Weir et al.,
2022). The strike-slip fault running through the seismicity
in Zone D is the Eastern Boundary fault of the shear corridor
(Weir et al., 2022).

The larger north–south clusters, such as A1, A3, and B4, are
consistent with strike-slip faults within the structural corridor,
showing the existence of many similar faults throughout the
corridor. These faults are more optimally oriented for failure
in the regional stress state (Zhang et al., 2019), and are larger
and more defined than the N30° striking faults. Both fault
types, which account for most clusters in the relocated catalog,
are Riedel shears, which likely developed during the formation
of the fault complex (Weir et al., 2022) and their activated
depth intervals over the lower Ireton and upper Beaverhill
Lake Formation are consistent with this regional fault’s

(a) (b) (c)

Figure 6. Histograms of hypocenter depths for (a) catalog,
(b) event-pair relocations, and (c) double-pair relocations anno-
tated with the 2.5% depth, mean depth, and 97.5% depth
intervals for each catalog and notable depth intervals color-coded
to match the stratigraphic column (Fig. 2d). The color version of
this figure is available only in the electronic edition.
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syndepositional formation with the Ireton Formation. Because
these faults form connections between bounding strike-slip
faults, a level of asymmetry in both the distribution and pattern
of faults is expected (Naylor et al., 1986). Ranges of ± 10° for
both strike and dip (Table S1) are consistent with this range
and are the result of differences in when the faults form during
the shear corridor formation and where these faults divert from
other shears or splay faults (Naylor et al., 1986).

The previously identified fault in the northeast cluster (Fig. 2a)
may be of concern for seismic hazard due to a significant amount
of left-lateral offset (>1 km) and minor dip-slip offset that
occurred in the geological past (Weir et al., 2018). Regional stress
indicates that the left-lateral strike-slip fault (striking at ∼350°) is
clamped in the current stress regime (Zhang et al., 2019; Weir
et al., 2022). The fault extends from the Precambrian basement
through most of the Ireton Formation, with deformation likely
occurring postdeposition of the Duvernay and is suspected to
be permeable (Bao and Eaton, 2016; Weir et al., 2018).
Seismicity in Zone D includes several events with magnitudes

larger than one. Source focal mechanisms for the events in the
ToC2ME catalog in this region indicate either right-lateral
strike-slip with a northeast–southwest axis or right-lateral oblique
dip-slip (Zhang et al., 2019).

From relocated seismicity, we interpret that HF activated the
damage zone surrounding the previously identified regional
fault (Fig. 7). Relocations show clusters D1, D2, D4, and D5
as oblique features to the west of the fault, whereas cluster

(a)

(b) (c)

Figure 7. Northeast cluster (Zone D) showing (a) map view with
shear corridor boundary fault (gray; Weir et al., 2018) with five
relocation clusters with background coloring showing depth to
Beaverhill Lake Formation. Gray dots show nonclustered double-
pair relocations. Panels (b) and (c) show different 3D views of the
strike-slip fault (gray) with variously interpreted clusters and fault
planes (colored dots and planes). The two horizontal layers are
the top of the Ireton (orange) and Beaverhill Lake (green)
Formations. The color version of this figure is available only in the
electronic edition.
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D3 is on the eastern side. Because of lateral offset and sharp
lithological variations across the fault, there are poor R2 fits
(Table S1) and large travel-time residuals (Fig. S5) for seismicity
in the northeast Zone D clusters. Even though the damage zone
is activated and fluid is transferred along the fault’s damage
zone, there is no evidence of activation of the fault core.
Reactivation of this fault as a left-lateral strike-slip fault would
be unlikely, given the current regional stress. Features in Zone D
show both strike trends associated with Riedel shears forming
primary oblique splays (N5°) and secondary splays (N30°).
These splays likely formed during displacement along the larger
fault. Clustered seismicity comes within meters of the fault,
limiting the immediate damage zone of the strike-slip fault to
a narrow zone that is, at most, tens of meters wide (Weir
et al., 2018).

Event depths for Zone D are in a narrow depth interval at
or above the Ireton–Beaverhill Lake interface in the region of
the Duvernay Formation. Although the regional strike-slip
fault extends into the Precambrian basement, seismicity does
not extend more than 50–100 m into the Beaverhill Lake
Formation, which indicates either that the splay faults are dis-
continuous in depth, there are rheological or geomechanical
boundaries limiting pore pressure diffusion and seismicity,
or that the fault itself does not conduct fluid past this relatively
narrow depth interval. The depths of events in Zone D are con-
sistent with other zones in the catalog, particularly Zone C and
clusters B3 and B4. This consistent depth interval across sim-
ilar features indicates these faults may not extend past this
depth interval into the Precambrian basement. Even faults
at a deeper interval, such as B1 and B2, are still several hundred
meters above the Precambrian basement interface.

Conclusions
We study relocation methods by applying event- and double-
pair relocations to the ToC2ME data, with a catalog of 3807
induced earthquakes. The seismicity occurred across a
complex fracture and fault system. Double-pair relocations
produce sharper images of seismicity where clusters align
closely with the interpretation of fault planes. Relative location
uncertainties are 1–2 m in all three axis directions and appear
to reduce the impact of source-region path effects on locations.
Furthermore, hypocenter depths are constrained to a depth
region only 316 m thick and show seismicity confined to only
two geological units.

From these relocations, we find 19 distinct clusters of events
that can be interpreted as seismicity occurring on near-vertical
faults trending in two directions: north–south (strikes 0°–10°)
and northeast–southwest (strikes 20°–35°), which represent
two types of critically stressed faults within a regional shear
zone. The increased relocation precision, particularly in-depth,
indicates that these faults were activated within a narrow depth
interval close to the HF depth. Therefore, seismicity occurs in
the Ireton and Duvernay Formations and at the top of the

Beaverhill Lake Group but did not migrate in depth as it moved
outward from the HF wells. Finally, we image several features
in a cluster to the northeast of the HF treatment (Zone D),
where seismicity intersects with a regional strike-slip fault.
Clusters show activation of Riedel shears on both the west and
east sides of the fault but are confined to only the Ireton
Formation and the Beaverhill Lake Group. Clearly, changes
in pore pressure migrated across the fault, but we see no evi-
dence of seismicity or fluid migration occurring along the fault
below 3586 m. Instead, it appears that the pore pressure front
propagates along preferential pathways in two geologic units,
likely fracture zones or weak lithological layers, spreading on
an approximately cylindrical pore pressure front.

Data and Resources
The event catalog used in the article was published in Eaton et al. (2018)
and can be found on the associated project GitHub at https://github
.com/ToC2ME (last accessed December 2021). As event origin times
are required to calculate differential times used in double-difference
relocation, a further subset of this published catalog included 3807
events with defined origin times. Raw waveform data are available
through the Incorporated Research Institutions for Seismology (IRIS)
data center using the network code 5B found at http://ds.iris.edu/
mda/5B/?starttime=2016-01-01T00:00:00&endtime=2017-12-31T23:59:
59 (last accessed November 2024). The relocation code used in this
article is called relocDD-py version 1.0 and can be found on the asso-
ciated project GitHub (https://github.com/katie-biegel/relocDD-py, last
accessed October 2024; Biegel and Dettmer, 2024). The supplemental
material includes tables and figures not included in the main body
of the article, along with files that contain both the event-pair and dou-
ble-pair relocated catalogs.
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