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Introduction

The objective of this study is to test a hypothesis that in-

duced seismicity risk is elevated in areas of high lateral gra-

dient in pore pressure within the Montney Formation. To do

this, a residual pore-pressure anomaly map was con-

structed. The results of this analysis support a simplified in-

terpretation of pore-pressure terranes within the Kiskati-

naw Seismic Monitoring and Mitigation Area (KSMMA)

and surrounding area and indicate that induced earthquakes

occur preferentially in areas of high lateral pore-pressure

gradient. This study also investigates the effects of a large

pore-pressure contrast on fault activation and hydraulic-

fracture propagation mechanisms. To capture different as-

pects of the physical processes, numerical modelling was

performed using two different approaches. First, with

Itasca Consulting Group, Inc.’s 3DEC™ distinct element

code, a simplified slip-weakening friction model was used

to characterize the influence of a lateral pore-pressure gra-

dient and high permeability damage zone on fault activa-

tion. Hydraulic-fracturing simulation was also performed

using Halliburton Energy Services’ Grid Oriented Hydrau-

lic Fracture Extension Replicator (GOHFER®) software.

The study area encompasses the Septimus oil and gas field,

which includes the location of the November 30, 2018, lo-

cal magnitude (ML) 4.5 earthquake, and the KSMMA in

northeastern British Columbia (BC; Figure 1).

Previous Work

Pore pressure is a measurement of the in situ fluid pressure

in a porous medium. Overpressure in tight formations has

been linked to elevated risk of induced earthquakes (Eaton

and Schultz, 2018). Previous studies have proposed that

pore pressure in the Montney Formation is strongly com-

partmentalized into fault-bounded domains of high, inter-

mediate and low pore pressure (Fox and Watson, 2019).

The existence of these fault-bounded domains has a signifi-

cant impact on seismic risk (Enlighten Geoscience Ltd.,

2021). Seismicity induced by enhanced oil recovery in the

Eagle and Eagle West oil and gas fields of northeastern BC

was also influenced by fault-bounded pressure compart-

ments (Horner et al., 1994). Pre-existing faults play an im-

portant role in reservoir dynamics. Some structurally com-

plex reservoirs are dissected by sealing faults, which

represent pressure barriers that form the boundaries of indi-

vidual pressure compartments, such as the Egret field in the

North Sea (e.g., Wilson, 2015). In the case where a fault is a

pressure seal, a difference in pore pressure will exist across

the fault. Although activation of a sealing fault could give

rise to fault-valve behaviour, in which a co-seismic in-

crease in permeability leads to partial equilibration of the

pressure difference (Sibson, 1992), there has been rela-

tively little attention given to the influence of a pore-

pressure contrast on fault activation during fluid injection

(Esmaeilzadeh et al., 2022). On November 30, 2018, an

earthquake sequence with a ML 4.5 mainshock and ensuing

aftershocks (Babaie Mahani et al., 2019; Salvage and

Eaton, 2022) were localized near a pressure domain bound-

ary along the southern bounding fault of the Fort St. John

Graben (FSJG). The event was located near two horizontal

wells that were undergoing hydraulic fracturing treatment

at the time of the earthquake. These two wells, which have a

true vertical depth (TVD) difference of 38 m, exhibit an ex-

ceptionally large lateral difference in pore pressure, ap-

proximately 10 megapascals (MPa) or 4.5 kilopascals/m

(kPa/m) when expressed as a pressure gradient. The exis-

tence of this large pore-pressure contrast between two

closely spaced wells in the Lower Montney Member pro-

vides motivation to investigate the potential association be-

tween lateral gradient in pore pressure and induced seis-

micity risk.

Although previous studies have carried out numerical sim-

ulations of processes of fault activation by hydraulic frac-

turing and water disposal, to the authors’knowledge the in-
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fluence on rupture processes of a large pore-pressure

contrast across an impermeable fault has not been investi-

gated using a numerical modelling approach. Rutqvist et al.

(2013) conducted numerical simulation studies to assess

the potential for injection-induced fault reactivation and

notable seismic events associated with shale-gas hydraulic

fracturing operations. Their modelling simulations indicate

that if the fault is initially impermeable, hydraulic fractur-

ing along the fault results in numerous small microseismic

events along with the propagation, effectively preventing

larger events from occurring (Rutqvist et al., 2013). Hu et

al. (2018) built a 3-D model to simulate the stress field in

Zhaziao, Leyi Township, China, which is associated with

hydraulic fracturing. In their model the fault plane is set as

nonpermeable. Thus, sliding is limited, shear displacement

is only in the scale of millimetres and the calculated magni-

tude of the induced earthquakes is between moment magni-

tude (MW) –3.5 and –0.2. Zhang et al. (2020) presented a

case study of fault reactivation and induced seismicity dur-

ing multistage hydraulic fracturing in Sichuan Basin,

China. Their modelling results showed that the aseismic de-

formation consumes a major part of the energy budget. The

results indicate that lower injection rate and lower fluid vis-

cosity would be helpful in reducing casing deformation but

not in mitigating seismicity. Hemami et al. (2021) carried

out a study to simulate the contribution of disposal wells to

pore-pressure and stress perturbations in a fault zone near

Prague, Oklahoma, at a depth of ~5000 m under different

permeability structures. They constructed a cou-

pled fluid-mechanical model to study the effect of

saltwater injection on the fault reactivation and

earthquake sequence. Their results suggest that the

tendency of fault reactivation within deep crystal-

line basement increases when the fluid is pumped

into a fault-bounded volume and a fault damage

zone acts as a path for fluid to penetrate the deeper

depth.

The purpose of this project is to test a working hy-

pothesis, that induced seismicity risk is elevated in

areas of high lateral gradient in pore pressure. Ara-

tionale for this hypothesis is that the existence of a

high lateral gradient could indicate sealing faults

that control distribution of overpressure in the

Montney Formation. The goal of this study is to

quantify the effects of pressure barriers on fault

activation and hydraulic-fracture mechanism

through numerical modelling, a topic that has re-

ceived relatively little attention in the literature.

The sensitivity of fault activation and fracture

propagation is tested based on the presence or ab-

sence of a large pore-pressure difference, as well as

the presence or absence of a highly fractured and

permeable damage zone on both sides of the fault.

Pore-Pressure Data and Mapping
Method

This study uses pore-pressure data compiled by Enlighten

Geoscience Ltd. (Enlighten; 2021), who performed a com-

prehensive study on pressure and stress mapping, and fault-

slip potential analysis in the KSMMA. They used more

than 3000 pressure data points within the Montney Forma-

tion in their study, including data from diagnostic fracture

injection tests (DFITs), drillstem tests (DSTs) and reservoir

pressure survey tests. Of these 3000 observations, 2022 are

from the Upper Montney Member. All tests were subjected

to quality control (QC) evaluation to remove poor quality

tests, taking into account different gauge resolutions, and to

exclude the outliers. For individual wells, the pressure data

were extrapolated to the initial reservoir pressure to mini-

mize the effects of production and fluid injection. The En-

lighten dataset was augmented with 120 new bottom-hole

pressure measurements within the Montney Formation, ex-

tracted using geoSCOUT (geoLOGIC systems ltd., 2022).

From these new data, those with less than 10 days of shut-in

duration prior to testing were excluded. In addition, pore-

pressure measurements with a subhydrostatic gradient less

than 6 kPa/m were excluded, leaving a total of 1782 data

points for analysis. Next, gridded pore-pressure data were

constructed using kriging (Figure 2). Also known as

Gaussian process regression, kriging is a method of inter-

polation based on a Gaussian process governed by prior co-

variances. Under suitable assumptions of the prior, kriging
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Figure 1. Location of the study area (blue outline) and Kiskatinaw Seismic
Monitoring and Mitigation Area (black outline) in northeastern British Colum-
bia. The star shows the approximate location of the November 30, 2018,
earthquake sequence. All co-ordinates are in UTM Zone 10 North, NAD 83.



gives the best linear unbiased prediction (BLUP) at

unsampled locations (Chung et al., 2019). The

kriging method is widely used in the domain of spa-

tial analysis. As shown in Figure 2, the gridded

pore-pressure data contain a significant regional

trend, which reflects the transition from an over-

pressured regime in the deep basin (southwest of

the study area) toward a normally pressured regime

at the up-dip margin in the northeast. In the next

step, a regional trend surface was removed by de-

termining residual values based on quadratic re-

gression using The Mathworks, Inc.’s MATLAB.

Quadratic regression provided the highest regres-

sion coefficient compared to other methods for fit-

ting the regional surface. Outliers were excluded

using a median approach, in which outliers are de-

fined as elements more than three scaled median

absolute deviation (MAD) units from the median

value. To remove the bull’s-eye anomalies,

smoothing of the data was performed by convolu-

tion using a two-dimensional low-pass filter

(5 km). The smoothed data are shown in Figure 3. A

mask has been applied to the map of the smoothed

residual pore-pressure data to remove values that

fall outside of the main well control.

Pore-Pressure Analysis Results

The smoothed residual pore-pressure map in Fig-

ure 3 contains a number of clear anomalous fea-

tures. The Saturn Low is a curvilinear relatively

low pore-pressure terrane with a general east-west

trend. The Septimus High and Doe High terranes

flank the Saturn Low terrane to the north and south,

respectively. Near the northwestern corner of the

KSMMA, the Monias High terrane contains the

highest residual pore-pressure values. The Dawson

Low terrane is a north-northwest–south-southeast-

trending anomaly in the southeastern part of the

study area, mainly lying outside of the KSMMA.

Figure 4 shows seismicity data overlain onto the

pore-pressure residual map. The seismicity data

were downloaded from the online catalogue main-

tained by the BC Oil and Gas Commission (2022)

on October 13, 2022. The catalogue contained all

seismic data from 2001 to October 13, 2022 and in-

cludes natural and induced earthquakes. In the cen-

tral part of the KSMMA, it is evident that two

prominent bands of seismicity (presumed induced)

roughly flank the Saturn Low terrane, to the north

and south. Seismicity in the northern part of the

map region represents historical induced seismic-

ity from the Eagle and Eagle West fields, north of

Fort St. John. Overlaying seismicity onto the pore-

pressure residual map reveals an apparent correla-

tion between bands of seismicity and two positive
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Figure 2. Pore-pressure gradient for the entire Montney Formation in the
study area, computed by kriging. Orange dots show pore-pressure data points
(from Enlighten Geoscience Ltd., 2021; geoLOGIC systems ltd., 2022), the
white circle shows the location of the two horizontal wells. Black outline shows
the Kiskatinaw Seismic Monitoring and Mitigation Area. All co-ordinates are in
UTM Zone 10 North, NAD 83. Abbreviation: kPa, kilopascal.

Figure 3. Smoothed pore-pressure residual map of the entire Montney For-
mation in the study area, masked by a polygon that encloses areas of high well
control. Interpreted pore-pressure terranes are labelled. Black outline shows
the Kiskatinaw Seismic Monitoring and Mitigation Area. All co-ordinates are in
UTM Zone 10 North, NAD 83. Abbreviation: kPa, kilopascal.



east-west trends in the horizontal pore-pressure gradient

data.

3DEC Model Geometry and Set Up

The first set of models was constructed using a three-

dimensional numerical modelling code, 3DEC. Based on

the numerical formulation of the distinct element method

(Cundall and Strack, 1979), 3DEC simulates the mechani-

cal response of rock mass with discontinuities, such as frac-

tures and faults (Israelsson, 1996). A rock formation in

3DEC is represented as an assembly of jointed blocks, and

the interaction of the blocks is governed by the constitutive

relation for the joints that determines force, displacement

and failure. Each individual block is discretized into finite

volume zones to allow block deformation. Fluid flow is

simulated in flow planes defined through joints or within

the block matrix. The fluid calculation is fully cou-

pled with the mechanical deformation of the

blocks. In this study, 3DEC was used to model the

sensitivity of fault and fracture response to the

presence of a sealing fault and/or damage zone.

The 3DEC model was configured as a rectangular

block that is 500 m long, 500 m wide and 150 m

high (Figure 5). A hydraulic fracture (HF) plane is

located at the centre of the model. A fault plane

with 90° dip runs through the model and obliquely

intersects the HF plane. This fault orientation is

close to optimal for shear slip. The HF plane and

the fault plane are characterized by the Mohr-

Coulomb constitutive relation. A pore-pressure

difference was introduced to the two sides of the

fault so that one side (pore pressure 1 [PP1], which

is 38 MPa) had a 10 MPa overpressure relative to

the other side (pore pressure 2 [PP2], which is

28 MPa). The permeability of the fault plane and

immediate surrounding zone was configured as a

fault core that acted as a pore-pressure barrier, with

much lower permeability than the rock matrix. Sur-

rounding high-permeability zones were specified

as fault damage zones, which sandwiched the fault

core. The width of each damage zone was 15 m and

the width of the fault core was considered to be

1.5 m. The top and bottom portions of the HF plane

and fault plane were configured to high tensile

strength, leaving the centre portion of the planes

(~120 m) as a weak corridor for hydraulic-fracture

propagation. Two treatment stages were included

in the simulation. The treatment stages were lo-

cated on the HF plane, 25 m away from the inter-

section between the HF plane and the fault plane,

outside of the damage zones. The first treatment

stage (at well A) was in a low pore-pressure do-

main, and the second treatment stage (at well B)

was in a high pore-pressure domain. Fluid injec-

tions were conducted at a constant injection rate.

The simulated injection rates for the first and sec-

ond treatment stages were 0.125 and 0.1 m3/s, re-

spectively. The fluid injection of the second treat-

ment stage started after the shut-in of the first

treatment stage. In situ stresses were implemented

for the model with the orientation of maximal hori-

zontal stress parallel to the HF plane. Finally, the
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Figure 4. Seismicity data, 2001 to November 13, 2022 (from BC Oil and Gas
Commission, 2022), overlain on smoothed pore-pressure residual map for the
entire Montney Formation in the study area. Seismicity north of Kiskatinaw
Seismic Monitoring and Mitigation Area (black outline) was induced by en-
hanced oil recovery in the Eagle and Eagle West oil and gas fields. All co-
ordinates are in UTM Zone 10 North, NAD 83. Abbreviations: kPa, kilopascal;
ML, local magnitude.

Figure 5. The 3DEC™ model geometry considered in this study. Abbrevia-
tions: A, well A; B, well B; F1, fault rupture propagation direction correspond-
ing to an obtuse angle between the initial hydraulic fracture plane and the fault
plane; F2, fault rupture propagation direction corresponding to an acute angle
between the initial hydraulic fracture plane and the fault plane; HF, hydraulic
fracture; PP1, pore pressure 1 (38 megapascals); PP2, pore pressure 2
(28 megapascals).



boundaries of the model were fixed, with zero displace-

ment and velocity. The simulation time step was one sec-

ond. The dimensions, fracture parameters and operational

constraints were tuned based on the GOHFER model re-

sults presented in the next section, to maintain the consis-

tency between the actual and numerical models.

Two simulation cases were undertaken to investigate the in-

fluence of pore-pressure contrast:

� Case 1: no damage zone, no pressure contrast; the pore

pressure for both sides was PP2 (Figure 6)

� Case 2: presence of damage zone, strong pore-pressure

contrast between sides (PP1 > PP2, 10 MPa overpres-

sure; Figure 7)

3DEC Modelling Results

Case 1: No Damage Zone and No Pressure
Contrast

The simulation results for the reference model (case 1),

with neither a damage zone nor any pore-pressure contrast

across the fault, are summarized in Figure 6. In this simula-

tion, the presence of an impermeable (but weak) fault cre-

ated a barrier that inhibited the propagation of the hydraulic

fracture. A final symmetric fracture geometry was ob-

tained, and the slight difference in the fracture dimensions

on both sides of the fault is probably due to stress shadow-

ing effects caused during well B injection. The model pre-

dicts tensile opening of the fault plane, similar to field ob-

servations of the results of direct injection into a pre-

existing fault (Guglielmi et al., 2015). However, in this

model there was a preferred direction of fault rupture/open-

ing, in the direction subtended by an obtuse angle between

HF plane in well A and the fault plane.

Case 2: Damage Zone and Strong Pressure
Contrast

The simulation results for the case 2 model, which is char-

acterized by both a pressure contrast and a damage zone

around the fault, are summarized in Figure 7. In this case,

the fault was breached during well A injection. When the

simulation run was complete, it ultimately produced a sym-

metrical HF pattern. Once again, the effect of the damage

zone was a more diffuse fault opening. The damage zone

seems to act as a permeable conduit in the absence of a pres-

sure contrast and contributes to fracture development,

whereas in the presence of a pressure gradient it allows

fluid leakage.
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Figure 6. Results for case 1 model. a) The aperture for the hydraulic fracture plane and the fault plane. Stars indicate the location of injec-
tion points. The first two time periods are the start and the stop of the well A (A) injection, and the third and fourth time periods are the begin-
ning and end of well B (B) injection. b) Pore pressure for the hydraulic fracture plane and the fault plane. The fault plane appears to inhibit
hydraulic fracture growth. Fault aperture shows preferred growth in the F2 direction. Abbreviations: F1, fault rupture propagation direction
corresponding to an obtuse angle between the initial hydraulic fracture plane and the fault plane; F2, fault rupture propagation direction cor-
responding to an acute angle between the initial hydraulic fracture plane and the fault plane; HF, hydraulic fracture; Pa, pascal; PP2, pore
pressure 2 (28 MPa).



Discussion

The sensitivity of the fault activation has been

tested based on the presence or absence of a large

pore-pressure difference, as well as the presence or

absence of a highly fractured and permeable dam-

age zone on both sides of the fault (four cases). Due

to space limitations, only the results of cases 1 and

2 are presented in this paper. Although both a dam-

age zone and pore-pressure contrast showed an in-

crease in the magnitude of induced events, all of the

models considered here produced similar final

equivalent moment magnitudes of approximate

MW 2.2 (Figure 8), with a generally decelerating

moment release rate. The moment magnitude in-

creases more rapidly during the initial stimulation,

then subsequently slows down. Since a simplified

slip-weakening model was used here, and dynamic

rupture processes were not explicitly considered,

the fault activation likely provides a better repre-

sentation of slow (aseismic) fault slip. These small

magnitude earthquakes perfectly match with the

real seismicity pattern between the two HF hori-

zontal wells.
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Figure 7. Results for case 2 model. a) The aperture for the hydraulic fracture plane and the fault plane. Stars indicate the location of injection
points. The first two time periods are the start and the stop of the well A (A) injection, and the third and fourth time periods are the beginning
and end of well B (B) injection. b) Pore pressure for the hydraulic fracture plane and the fault plane. The permeable damage zone appears to
channel pore pressure along the fault, leading to the development of a more uniform fault aperture. Considerable leakage of overpressure
is evident, from the high pore-pressure domain (PP1) into the lower pore-pressure domain (PP2). Abbreviations: F1, fault rupture propaga-
tion direction corresponding to an obtuse angle between the initial hydraulic fracture plane and the fault plane; F2, fault rupture propagation
direction corresponding to an acute angle between the initial hydraulic fracture plane and the fault plane; HF, hydraulic fracture; Pa, pascal;
PP1, pore pressure 1 (38 MPa); PP2, pore pressure 2 (28 MPa).

Figure 8. Evolution of cumulative equivalent moment magnitude (MW) versus
normalized time, where one time unit is the duration of injection into one well.
All of the models culminate with a MW of approximately 2.2. Both pore-
pressure contrast and permeable damage zone increase the event moment
magnitudes. The amount of increase also depends on the fault dimensions

and critical state. Abbreviations: �P, lateral pore-pressure gradient; DZ, dam-
age zone.



GOHFER Hydraulic Fracturing Simulation

GOHFER is a planar 3-D geometry fracture simulator with

a fully coupled fluid/solid transport simulator. GOHFER,

developed by R. Barree in 1983, has been continually re-

fined based on laboratory and field data. A grid structure is

used to describe the entire reservoir and allows for vertical

and lateral variations and bi-wing asymmetric fractures to

model complex reservoirs. The grid is used for both elastic

rock displacement calculations and finite difference fluid

flow solutions. Proppant concentration, leakoff, width,

pressure, viscosity and other variables are accounted for at

each grid block. The in situ stress is internally calculated

from pore pressure, Biot’s coefficient and elastic moduli.

The width solution is fully 3-D and local displacements are

controlled by local pressures and rock properties. The frac-

ture extension model in GOHFER is based on a formulation

that expects the formation to fail in shear and be essentially

decoupled.

For horizontal well simulations, a nearby vertical reference

well with a full suite of logs is often used to characterize the

properties of the medium. Here, the reference well is a ver-

tical well located 3 km northeast of the modelled treatment

wells. The primary well logs imported for this study include

neutron and density porosity (PHIN and PHID), gamma ray

(GR), density (RHOB), resistivity (RESIST) and compres-

sional sonic travel time (DTC). The grid properties and grid

dimensions defined to set up the model are listed in Tables 1

and 2. A layered isotropic model was assumed for this

study. The HF plane was confined by two stiff layers pre-

venting out-of-zone fracture growth. A general pore-

pressure offset of ~7 MPa was applied to reproduce the

overpressure behaviour of the unconventional Montney

reservoir at the target depths in the study area. To generate

the 10 MPa pressure difference between the two wells, an

additional pore-pressure offset was added along well B.

The stage pumping schedule for the actual hydraulic-

fracturing job performed in this study is presented in Ta-

ble 3 for well B. This well is considered close to the fault

and completed in the high pressure zone. Slickwater and

resin-coated sands with 40/70 mesh size were used as frac-

turing fluid and proppants. Seven stages were completed in

well B. It was during the completion of the seventh stage on

November 30, 2018, that the ML 4.5 mainshock occurred

south of Fort St. John.

Due to space limitations, only the diagrams of the base case

model (no pressure contrast, no damage zone) and the frac-

ture model with damage zone and strong pressure contrast

are shown here (Figure 9) The results of other simulation

scenarios are presented in Table 4 for comparison. To cali-

brate the model, history matching was performed, cali-

brated by the breakdown pressure, injection rate, total

proppant volume, pressure data, as well as total stress with

the actual operational data.

Fracture Geometry and Simulation Results

As expected, the nearby fault acted as a barrier against frac-

ture propagation and prevented fracture growth beyond the

fault. However, this sealing behaviour depends on the fault

throw, injection rate, damage zone properties and the

amount of lateral pore-pressure gradient (�P) across the

fault. Faults with a small vertical offset may not completely

seal the fracture plane. Thus, in the intervals where the

layer is still connected on both sides of the fault, the fluid

can penetrate to the other side. The amount of penetration,

however, depends on the injection rate. If a damage zone is

present, fluid leakage (in the presence of �P) into the per-

meable pathways leads to a shorter fracture. Finally, a seal-

ing fault with a large pressure contrast produces an asym-
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Table 1. Grid dimensions used in the GOHFER
®

model.

Table 2. Grid properties used in the GOHFER
®

model.

Table 3. Pumping schedule for well B, used in the GOHFER
®

model.
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metric fracture, with most of the fracture length being in the

low-pressure domain. Therefore, fault structural proper-

ties, operational constraints, damage zone permeability and

�P are all important parameters controlling the fault-

sealing behaviour. Hydraulic-fracture geometry in well B is

shown in Figure 9. Table 4 summarizes the simulation re-

sults of the stage treatment in well B for different scenarios.

Additional sensitivity analysis was performed on matrix

permeability and fracture net pressure based on values re-

ported in core data and DFIT reports. The average matrix

permeability is ~9.87 x 10-18 m2 based on well log calcula-

tions and most core values, however, some core data sug-

gest lower permeabilities (in the range of 9.87 x 10-20 m2) in

some regions. Also, the fracture net stress, defined here as

the difference between instantaneous shut-in pressure

(ISIP) and closure pressure in the DFIT tests, shows two av-

erage values of 7 and 20 MPa. Therefore, understanding the

role of matrix transmissibility and fracture net stress in hy-

draulic fracture geometry is important (Table 4).

Conclusions

The Kiskatinaw Seismic Monitoring and Mitigation Area is

situated within a transition region between overpressured

and normally pressured regimes for the Montney uncon-

ventional hydrocarbon system. Localized vestiges of over-

pressure, such as the Monias High, Septimus High and Doe

High terranes, are interpreted to be bounded by sealing

faults. Areas of relative pore-pressure lows, such as the Sat-

urn Low terrane, are interpreted as areas in which perme-

able pathways exist, which allowed depressurization of the

Montney Formation during exhumation. This study has at-

tempted to test a working hypothesis that elevated induced

seismicity risk is coincident with high lateral gradient in

pore pressure. This study provides robust statistical evi-

dence that induced seismicity occurs preferentially in areas

of high lateral pore-pressure gradient.

The 3DEC modelling results show that both damage zone

and pore-pressure contrast influence the fault activation.

Additionally, they both increase the magnitude of induced

seismicity. The presence of a damage zone around the fault

appears to channel pore pressure along the fault, leading to

a more uniform distribution of fault aperture and pore pres-

sure than in the absence of a damage zone where the fault

opening is concentrated near the hydraulic-fracture fault

intersection.

Hydraulic-fracture modelling results indicate that the pres-

ence of a fault, regardless of its sealing behaviour and dam-

age zone properties, affects hydraulic-fracture geometry

due to stress variation around the fault. Fault-sealing be-

haviour depends on the amount of pressure difference,

stress shadowing effects from previous stages, fault throw,

injection rate and damage zone permeability. Based on

these model results, the order of importance of the parame-

ters affecting the development of a fracture network in the

presence of a fault is as follows: stress shadowing > lateral

pore-pressure gradient > fault-sealing effects. When there

is a lateral pore-pressure gradient across the fault, the frac-

ture pressure at the fault intersection is higher than when

there is no pressure difference across the fault. Effects of a

damage zone are more pronounced when there is a lateral

pore-pressure gradient across the fault. Finally, damage

zone permeability is more important than lateral pore-

pressure gradient in terms of the effects on fluid loss and

proppant concentration. Higher fracture net stress in-

creases the fracture dimensions in the presence of a pres-

sure barrier and damage zone. Low matrix permeability in-

creases the fracture half-length and decreases the fracture

height in the presence of a pressure barrier and damage

zone. Both impermeable rock and high stress fractures re-

duce the cumulative fluid loss.
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