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Introduction

The Montney shale gas play in northeastern British Colum-

bia (BC) contains overpressured terranes, which preserve

the signature of elevated formation pressures that formed

during hydrocarbon migration near the time of maximum

burial. The spatially varying pattern of overpressure signa-

tures is thought to reflect loss of pressure along permeable

fairways, such as faults, during uplift and exhumation.

Other studies, however, show that distinct pressure terranes

within the Montney play are likely fault bounded, implying

that some faults continue to serve as seals that inhibit pres-

sure migration. These two concepts can be reconciled

within the framework of the fault-valve model, wherein a

fault experiences a transient coseismic increase in perme-

ability during an earthquake. According to this model, the

fault seal rebuilds gradually over time during the ensuing

interseismic period, such that complete release of overpres-

sure within a fault-bounded compartment may require mul-

tiple fault activation cycles.

A local magnitude (ML) 4.5 hydraulic-fracturing (HF) in-

duced earthquake on November 30, 2018, and the ensuing

seismicity sequence, occurred close to a major pressure

boundary within the Septimus oil and gas field and sur-

rounding area. The sequence was triggered by HF treat-

ment in two horizontal wells, in the Lower–Middle Mont-

ney members, which straddled a major pressure boundary.

Pressure readings from these wells show that the lateral

pressure difference across the boundary was approximately

10 megapascals (MPa) over a distance <2.3 km, and pro-

vided evidence for a coseismic pressure drop of about

3 MPa. This paper reviews the available data from this area,

with the objective of reappraising pressure terrane bound-

aries in light of recently mapped structural corridors, and

evaluating the relationship between structural corridors,

pressure terranes and log-derived geomechanical parameters.

The study area encompasses the Septimus field, including

the location of the November 2018 earthquakes, and covers

a large part of the Kiskatinaw Seismic Monitoring and Miti-

gation Area (KSMMA; Figure 1). The datasets that have

been compiled within this study area are summarized in Ta-

ble 1.

Structural Corridors

The Western Canada Sedimentary Basin (WCSB) is a

mature oil and gas basin with an extraordinary endow-

ment of publicly accessible data. The basin contains struc-

tural elements of varying age, expressed as folding, fault-

ing and fracturing, which provide a record of tectonic

activity during basin evolution (Wozniakowska et al., in

press). In a region of the WCSB, straddling the border be-

tween Alberta and BC and covering an area of approxi-

mately 130 000 km2, Wozniakowska et al. (in press) used

publicly available fault data, formation top data, LITHO-

PROBE seismic profiles and regional potential-field data to

delineate regional structural elements. They adopted a

structural-corridor approach, which helps to resolve the

limited spatial extent of available seismic data and provides

broader spatial coverage, enabling the investigation of

structural trends throughout the entirety of the Montney

play (Wozniakowska et al., in press). In this study, pressure

terranes (Fox and Watson, 2019; Enlighten Geoscience

Ltd., 2021) and property discontinuities are compared with

these structural corridors (Figure 2a, b). As summarized in

Table 2, these two independent interpretations correlate

strongly within and/or at the boundaries of the Septimus

High, Wilder Moderate (Mod.) High–Cecil Low and

Wilder Mod. High–Monias Low pressure terranes.

Pore Pressure and Stress Mapping

The hydrogeological setting is considered one of the most

important considerations in understanding induced seis-

micity (Fox and Watson, 2019). In very low permeability

plays, structural features can cause significant pressure
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compartmentalization (Fox and Watson, 2019; Wood et al.,

2021). Pressure gradient maps of the Upper and Middle

Montney members from Fox and Watson (2019) are shown

in Figure 3a and b. The figure shows several transitions

across the study area from relatively high (>14 kPa/m) to

low (<10 kPa/m) pressure gradient values. The epicentral

region of the November 30, 2018, earthquake sequence

seems to correlate with a sharp contrast in lateral pore

pressure in the Montney Formation.

To validate and update these results, Mont-

ney Formation pore pressure data were ex-

tracted from diagnostic fracture injection

tests (DFITs) and routine pressure survey

tests (PST). All tests were subjected to

quality control (QC) evaluation to remove

poor quality tests, to account for different

gauge resolutions and to exclude the outli-

ers. Pressure data with less than 10 days of

shut-in duration were ignored. For individ-

ual wells, the pressure data were extrapo-

lated to the initial reservoir pressure. For

the Montney Formation, most of the

pressure data are within the Upper Mont-

ney Member and the least amount of data

are within the Lower Montney Member.

The PST data include tests from the fol-

lowing categories: pressure gauge fall-off

(PGFO), pressure gauge build-up (PGBU)

and static gradient (SG). All of these tests

were reviewed to ensure the best possible

pressure value for each tested interval was

included in the final maps. Figure 4 shows

different ranges of pressure gradient in the

Montney Formation measured with differ-

ent tools. Since the mean value of all the

methods are close and they all cover simi-

lar ranges of data, down-hole gauge pres-

sure (PGFO, PGBU, SG) and DFIT data

were used confidently. Due to limitations

in memory and runtime for this model,

only the pressure data from the wells with

full-set logs (111 wells) were considered.

Diagnostic fracture injection tests, also

known as minifrac tests, include a short in-

jection test followed by a few hours of

fall-off. During the injection, the rock for-

mation breaks down to allow wellbore

communication past the damage zone. The

post–shut-in pressure decay is used to esti-

mate reservoir parameters needed for frac-

ture design. Interpretation of DFIT results

provides estimates of reservoir pore pres-

sure, fracture pressure, fracture closure

pressure (approximately equivalent to

minimum horizontal stress), permeability

and rock elastic parameters, such as Young’s modulus. In

addition, the flow regime is identified to confirm the reser-

voir parameters. In this study, DFIT interpretation reports

were available for 149 wells.

Within the Montney Formation, areas with strong lateral

gradients in pore pressure appear to mark the locations of

faults that bound pressure compartments and coincide with

zones that appear to be more prone to induced seismicity.
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Figure 1. Location of the study area (red dashed outline) and Kiskatinaw Seismic Mon-
itoring and Mitigation Area (KSMMA; black outline) in northeastern British Columbia.
The star shows the approximate location of the November 30, 2018, earthquake se-
quence. All co-ordinates are in UTM Zone 10 North, NAD 83.

Table 1. List of data compiled for this study area, northeastern British Columbia. Well
data and reservoir parameters were provided by geoLOGIC systems ltd. © 2021, seis-
mic events from Visser et al. (2017) and Salvage and Eaton (2021) and structural corri-
dor shapefiles from Wozniakowska et al. (in press). Abbreviations: N/a, not available;
PVT, pressure-volume-temperature.
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The epicentre of the ML 4.5 event on November 30, 2018,

also corresponds to an area with significant lateral pore

pressure variation at the Montney Formation level. An

analysis of fault structures and seals is in progress to char-

acterize the leakage potential that causes permeability vari-

ations and hydrostatic gradient in fluid pressure along each

fault plane. Pressure gradient maps of the Upper and Mid-

dle Montney members within the study area are presented

in Figure 5a and b. The overall trend of the pore pressure

and the location of hydraulic discontinuities align with pre-

viously published results (Figure 3). Pore pressure and

other petrophysical and mechanical properties in this study

have been populated using kriging interpolation.

In addition to down-hole gauge measurements, all of the

available drill stem test (DST) data were collected and the

DST pore pressure from the overlying Halfway and Doig

formations and the underlying Belloy Formation was

mapped. Although DST is the most accurate source of pres-

sure data it is not cost-effective to complete DSTs in the

Montney Formation unconventional reservoir due to low

permeability and low flow capacity, thus only the routine

tests (PGFO, PGBU, SG) and DFITs are available. Figure 6

displays the DST pressure gradient map of the Halfway

Formation, which is more uniform than the Montney For-

mation and generally remains close to the hydrostatic gra-

dient (10 kPa/m) throughout the study area. Notably, a se-

ries of Halfway Formation conventional pools along the

southern bounding fault of the Fort St. John graben is

evident from the distribution of producing wells.

Minimum horizontal stress and fracture pressure gradient

maps from the Lower Montney Member to the Doig Forma-

tion were also generated based on the DFIT reports and the

data provided by operators. These two different datasets

have the same mean values and lie within the same data

range, and mixing the two datasets does not cause any sig-

nificant issues in stress analysis. Previous studies

(Haghshenas and Qanbari, 2020) show that the tangent

method, used in most DFIT interpretations, underestimates

the actual fracture closure pressure (minimum horizontal

stress [SHmin]). There is usually a 2–5% difference between

the actual and measured values. This difference depends on

the strength and average height of the asperities on the frac-

ture walls. Therefore for stress modelling and HF simula-

tion projects, correction to SHmin should be applied. Consid-

ering the absolute error in the SHmin estimation, this amount

of error might be negligible, but the error is much more

significant in fracture net pressure.

Pressure Difference and Seismicity Near the
Suspended Well

When the November 30, 2018, earthquake sequence was

initiated, zipper-HF was being carried out in two

Lower–Middle Montney member wells (G and H), which

was subsequently suspended. Over a two-week period (3

days before and 10 days after the November 30, 2018,

mainshock), almost 600 events (ML –0.3 to 4.5) were iden-

tified (Salvage and Eaton, 2021). Events appear tightly

clustered, both spatially and in depth. Focal mechanism

analysis suggests that this region of seismic activity is lo-

cated within a transitional stress regime, with a mixture of

reverse and strike-slip faulting over a small spatial extent

(Salvage and Eaton, 2021). Figure 7 shows relocated seis-

mic event hypocentres for the epicentral location of the No-

vember 30, 2018, earthquake sequence. A possible sce-

nario to explain the observed pattern of seismicity, which

includes small strike-slip events between the two wells, is

that fault slip along the pressure-terrane boundary occurred

aseismically, triggering dynamic rupture at a slightly

greater depth (e.g., Debolt Formation). This hypothesis is

currently being evaluated.

52 Geoscience BC Summary of Activities 2021: Energy and Water

Table 2. Comparative summary of structural corridors and pressure terranes in the
study area, northeastern British Columbia (see Figure 2). Abbreviations: Mod., mod-
erate; N/a, not applicable.
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The initial static pressure of the G well was measured as ap-

proximately 38 MPa before the start of the HF operation.

Following the earthquake sequence and for a period of

about nine months, the formation pressures of the G well

and the H well were measured as 35 and 28 MPa, respec-

tively. The G well pressure drop of 3 MPa seems to be due

to fluid leak-off into a nearby fault over the nine-month

time interval. Also, the 10 MPa pressure difference be-

tween the two wells confirms the presence of a fault. It

should be noted that H well is completed 47 m above the

G well but this small difference in depth cannot cause such

a large pressure difference. Also, based on close examina-

tion, the high pressure of the G well does not seem to be in-

fluenced by the fluid-injection pressure of the adjacent

wells (<500 m distance), since no other nearby well shows

abnormal pressure. Based on regional pore pressure gradi-

ent data, an extended normal fault (see ‘Property Model-

ling’ section, Figure 10) divides the entire study area into

low- and high-pressure regions. The G and H wells are lo-

cated in the high-pressure and low-pressure regions, re-

spectively. Figure 8 demonstrates the pressure behaviour of

the two wells before and after the November 30, 2018,

earthquake. The pressure behaviour of these wells supports

the fault-valve theory. Sibson (1990) introduced the con-

cept of fault-valve theory, where a reactivated fault plane

can act as an open valve for fluids, promoting leakage and

causing a hydrostatic gradient in fluid pressure. This fluid

pressure cycling may significantly increase the variations

in fault strength. Changes in frictional strength over the

interseismic period resulting from the fault-valve activity

may substantially exceed the shear stress drop at failure. In

such circumstances, recurrence intervals between succes-

sive events can be highly variable. In regions where large

ruptures tend to nucleate, the largest fluid pressure fluctua-

tions result from faults that remain active as a consequence

of fluid overpressure. Geological evidence suggests that

valve action may be especially important in the lower re-

gions of a seismogenic zone due to severely misoriented

faults in the prevailing stress field. The most extreme

fault-valve action is likely to be associated with high-angle

reverse faults (Sibson, 1992). When fluid flow reactivates

faults in the form of aseismic slip or earthquakes, the result-

ing shear deformation can cause considerable enhancement

of the hydraulic diffusivity (in some cases, one order of

magnitude increase). As mentioned earlier, the epicentre of

the November 30, 2018, ML 4.5 mainshock strongly corre-

lates with a significant lateral pore pressure difference.

Similar behaviour is observed in some other wells in the

study area. Observations suggest a relationship between

pressure difference across the fault and the induced seis-

micity in the vicinity of HF operations. The higher the pres-

sure difference and the smaller the depth offset between the

two wells, the greater the seismicity rate and magnitude. It

is also expected that this pressure difference will affect the

efficiency of HF jobs and the geometry of the fractures. De-

tailed studies are underway to validate these observations

through numerical and statistical analysis.

Permeability Model

Permeability plays an important role in reservoir character-

ization since the distribution of permeable conduits within

a reservoir controls fluid pressure diffusion (Riazi and

Eaton, 2020). The most common permeability estimation

methods are permeability prediction from core data, perme-

ability calculation based on conventional well logs, and

permeability estimation from the nuclear magnetic reso-

nance (NMR) logs (Di, 2015). As the cost of cutting, run-

ning tests and analyzing the core data is nearly 10 times

greater than well log analysis (Yao and Holditch, 1993),

many attempts have been made to find permeability predic-

tors in well logs. One of the most common approaches is us-

ing permeability–porosity correlations. These correlations

are widely used in the industry and are suitable for quick

54 Geoscience BC Summary of Activities 2021: Energy and Water

Figure 4. Box-and-whisker plot showing a comparison of pressure gradient data from different pressure mea-
surement methods, compiled for the Montney Formation in this study. Abbreviation: kPa, kilopascal.
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and still acceptable permeability estimation. For this study,

the correlation used was

k A a
� �

where k is permeability (m2), A is an empirical constant, � is

fractional porosity and a is a porosity exponent. The coeffi-

cient and the exponent were calibrated with core data.

Since there are many well logs in the study area, detailed

porosity and permeability distribution maps were pro-

duced. The resulting permeability maps correlate well with

the structural corridors (Figure 9). Permeabilities derived

from DFIT reports, DSTs and core analysis were also used
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Figure 7. Epicentral location of the November 30, 2018, earthquake sequence coloured by type of
event and shaded by timing of the event. The approximate location of the southern bounding fault
(projected to the surface from the Debolt Formation) of the Fort St. John graben is shown by the
dashed black line. Normal (N), reverse (R) and strike-slip (SS) mechanisms are shown by different
colours. Figure is modified from Salvage and Eaton (2021). Abbreviations: HF, hydraulic fracturing;
ML, local magnitude.

Figure 8. a) Bottom-hole pressure gradient and b) bottom-hole pressure for the G and H wells before and after the November 30, 2018,
earthquake (EQ) sequence. There is an approximately 10 megapascal (MPa) pressure difference between the two wells, providing a tight
constraint on the boundary between the Septimus High and Tower Moderate Low pressure terranes at this location (Figure 2). An apparent
3 MPa pressure drop after the mainshock may be related to fluid leak-off along the fault as predicted by the fault-valve model. Abbrevia-
tions: SG, static gradient test; PGBU, pressure gradient build-up test.



for calibration. Log-derived permeabilities span a similar

range of values.

Property Modelling

Well logs are arguably the best source of data for reservoir

characterization and estimation of petrophysical properties

at the macro scale. They can also be used to estimate dy-

namic elastic parameters, such as Poisson’s ratio and

Young’s modulus. From more than 500 full suites of well

logs, 100 wells were selected that had the best data quality

and included (to the extent possible) the interval from the

Debolt to Doig formations. An attempt was also made to

have a relatively uniform distribution of well logs across

the model area and a balance of locations across each fault.

Logs used in this study included gamma-ray (GR), calliper

(CAL), bulk density (RHOB, RHOZ), neutron and density

porosity of sandstone (NPOR, DPHI), spontaneous poten-

tial (SP), photoelectric factor (PEF), shear and compres-

sional sonic (DTS, DTP), shallow, medium and deep resis-

tivity (Rxo, Rm, RD), and temperature (TEMP). Before log

upscaling and property modelling, careful data cleaning

and variogram analyses were performed for each zone to fit

the best model based on the spatial correlation of the log

samples. Petrophysical modelling was then carried out us-

ing the kriging interpolation method. To determine elastic

rock properties in this study area, the following relation-

ships were used for dynamic elastic moduli (Vishkai et al.,

2017):

G dynamic shear modulusdyn � �
� b

st�
2

K
t

Gdyn

b

p

dyn� � �dynamic bulk modulus
�

�
2

4

3

E dynamic Young s modulusdyn � � �
�

9

3

G K

G K

dyn dyn

dyn dyn

v dynamic Poisson s ratiodyn

ts
tp

ts
tp

� � �

�

�

1

2

2

2

1( )

( )

�

�

�

�
1

where ñb is bulk density (kg/m3) and Äts and Ätp are shear

and compressional slowness (	s/m), respectively.

Faults are the most likely explanation for hydraulic discon-

nections. Structural discontinuities can impact the sedi-

mentation processes, reflected in the dislocation of reser-

voir properties along the faults. Low diffusivity and

transmissibility of the faults also result in sharp contrasts in

hydraulic properties, such as pressure and permeability.

The discontinuities in permeability, Young’s modulus and

the P-wave impedance, among other reservoir properties,

show good correlation with the structural discontinuities.

In areas with insufficient pressure data, the distribution of

petrophysical and mechanical properties can help to infer

the possible locations of the faults. Stratigraphic cross-sec-

tions and depth variations were inspected to confirm the lo-

cation of a number of otherwise subtle faults (Figure 10).
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Figure 9. The Lower Montney Member permeability (k) map based on data compiled in this study using kriging interpolation. Data provided
by geoLOGIC systems ltd. © 2021. Green dots show the locations of large magnitude events including the November 30, 2018, local mag-
nitude (ML) 4.5 mainshock. The green line represents the southern bounding fault of the Fort St. John graben (FSJG). The suspended well
symbol marks the pad location of the two horizontal wells (red line) in Figure 7. Permeability shows a correlation with the structural corridors
(indicated by translucent shading; see Figure 2). All co-ordinates are in UTM Zone 10 North, NAD 83.
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Edge evidence is a statistical interpretation method in

Schlumberger’s Petrel, which can be used to enhance edges

such as faults and salt body borders. It can detect sharp

and/or fuzzy edges, whether short or long. This attribute

can be used to enhance faults or the outline of geobody bor-

ders, if there is a suitable ‘border’ attribute that can be used

as input. The edge evidence attribute searches locally in all

directions for line segments where the values on the line

differs significantly from the surrounding values. The re-

sult of the method is the best evidence of a line passing

through that point. The better the evidence of a line, the

higher the output value.

Conclusions

This compilation and other recent studies show that sealing

faults act partially as pressure barriers, but seal preserva-

tion depends on the depth and reservoir pressure distribu-

tion. Observations suggest a relationship between the pres-

sure difference across the fault and the induced seismicity

rate and magnitude. The higher pressure difference seems

to be correlated with higher seismicity rates and larger mag-

nitudes. Also, variations in permeability and mechanical

properties lie within the boundaries of structural corridors.

In areas where pressure data are insufficient, the distribu-

tion of petrophysical and mechanical properties can help

infer the locations of the possible faults.
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