Empirical and numerical investigation of the effects of in situ
stress regime on induced seismicity magnitude distribution
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Summary
Empirical data has been compiled of recorded seismic data for several different shale gas basins
in North America, with particular focus on the Montney in British Columbia and the Woodford in
Oklahoma. By applying temporal and spatial filters to well activity, induced seismicity related to
hydraulic fracturing activities (both hydraulic fracturing and waste water injection) have been
identified. The stress regimes were determined based on the reported focal mechanisms of the
induced seismic events. The data was then analyzed using the Gutenberg-Richter relationship
for the magnitude-frequency distribution of the identified induced seismic events. From this, the
‘b-value’ for the Montney and Woodford shale basins were determined. The comparison between
the interpreted stress regime (from focal mechanisms) and the relevant estimated b-values
reveals that the thrust faulting regime that is more dominant in the Montney has a lower b-value
than the strike-slip regime that is more dominant in the Woodford. Accordingly, it was found that
the potential for larger magnitude earthquakes is higher in a thrust faulting regime. This finding
and the mechanistic cause for it was further investigated using a new 3-D hybrid lattice and
particle-bonded code XSiteTM (Damjanac at al., 2016). The simulation results from the modelling
investigation are compared with the results from the empirical analysis and provide mechanistic
insights relative to other fault characteristics such as sensitivity to fault angle and strength.

Theory and Methodology
Hydraulic fracturing techniques have evolved over the last 50 years, from a means to stimulate
conventional oil and gas reservoirs to playing an essential role, via multi-stage hydraulic fracturing
and extended-reach horizontal wellbores, in making unconventional reservoirs economically
viable. However, this development has been accompanied by growing public, industry, and
regulator concerns regarding induced seismicity (Bunger et al., 2013; Cipolla et al., 2008;
Maxwell, 2013; Rutqvist et al., 2013). Fluid injection in deep wells, either during hydraulic
fracturing treatments or subsequent waste water disposal, acts to increase the formation pore
pressures, which in turn can decrease the effective normal stresses acting on a fault. This reduces
the resistance to shear along the fault, triggering slip and releasing the stored strain energy (Healy
et al., 1968). Consequently, the stress regime (e.g., thrust, strike-slip, normal, etc.) represents an
important boundary condition; the fault characteristics (e.g., orientation, continuity, structural
complexity) controls the available shear strength and strain energy stored; and the operational
factors (e.g., injection volume, rate, etc.) act as a triggering source. Each can be considered to
be a key parameter that influences the induced seismicity magnitude and affects the magnitude
distribution. In this paper, several of these effects with particular focus on the influence of different
stress regimes have been investigated by integrating an empirical study of recorded seismic
events for different North American shale gas basins with advanced 3-D numerical modelling.

Analysis, Discussion and Key Findings
A database of the focal mechanisms related to induced seismicity measured in the Montney and
Woodford was prepared to correlate the distribution of event magnitudes to the tectonic stress
regime prevalent for each shale basin (Figure 1 and 2). Using the Gutenberg-Richter relationship
(Gutenberg & Richter, 1944) for magnitude-frequency distribution of the identified induced seismic
events, the ‘b-values’ were calculated for each shale basin using the maximum likelihood method
(Aki, 1965; Utsu, 1965). The magnitude of completeness was estimated using the maximum
curvature method suggested by Wiemer and Wyss (2000). By comparing the calculated ‘b-values’
for different stress regimes (Figure 3), one could conclude that thrust faulting regimes have a
higher potential for larger magnitude induced seismicity events as indicated by its lower b-value
than those associated with a strike-slip regime. This observation is consistent with previous
observations of the correlation between b-value and different stress regimes in both tectonic
earthquakes (Scholz, 2015; Schorlemmer et al., 2005) and laboratory tests (Goebel et al., 2017).

Figure 1 - Focal mechanism and shale basins, after (Amini & Eberhardt, 2017)

Figure 2 - Identified induced seismic events and their magnitudes (Amini & Eberhardt, 2017)

Figure 3 - Magnitude distribution and b-values in the: a) Montney, and b) Woodford
Additive information to investigate the mechanistic reasons for this result was provided through
advanced numerical modelling. A key step before conducting any numerical analyses is selecting
the most appropriate technique; each method has its own advantages and limitations and these
need to be weighed against the questions the model is intended to address. For the case of
hydraulic fracturing and fault slip, continuum methods (e.g., FEM) are limited in how they can
represent the presence of discontinuities within a jointed rock mass, which can be key with respect
to modelling fluid migration and fault slip. Discontinuum methods (e.g., DEM) can more accurately
incorporate the influence of a discontinuity network in the model, but is limited in how well it can
model crack growth. A recent development in discontinuum modelling are the use of lattice and
bonded particle models to more accurately simulate crack growth (e.g., Bakhshi et al., 2018;
Pierce et al., 2007; Xing et al., 2018), and amongst these is the 3-D hybrid lattice and bondedparticle based model XSiteTM developed by Itasca (Damjanac et al., 2016). The XSiteTM software
(Itasca Consulting Group Inc, 2013) is a special-purpose numerical code developed for simulating
fluid injection and hydraulic fracturing within a discontinuous domain (Bakhshi et al., 2018; Xing
et al., 2018). In this study XSiteTM modelling was performed. Different stress regimes were
imposed as boundary conditions for which fluid injection was simulated in proximity to a critically
oriented fault. The size of the fault spans 1 km which allows for a maximum event of approximately
M4 (e.g., Zoback & Gorelick, 2012), which is similar to larger events detected in association with
injection-induced seismicity. The model properties are taken from those back-analyzed for the
Montney by Mckean (2017), including: ρ = 2600 kg/m3, E = 42 GPa, fracture toughness = 2.3
MPa·m0.5 and permeability = 10-20 m2. The friction angle assumed for the fault was 31°. The
vertical stress is selected to correspond with a depth of 1850 m for each of the three scenarios,
with the two horizontal stresses being selected based on the stress regime being modelled. The
injection rate and time were kept constant for all scenarios (see Figure 4 a, b, and c).
The ‘b-values’ as well as the seismogenic index, Σ, (Shapiro et al., 2010) was calculated based
on the simulated microseismic data from the numerical models. The results are shown in Figure
5 and the overall measured parameters are summarized in Table 2. These show that the built-in
calculation of microseismicty in XSite™ can reproduce the empirically derived correlations of bvalue and stress regime (i.e. bNR>bSS>bTH). Moreover, the results reveal the correlation between
the large magnitude events (LME) as well as the total number of events for each stress regime
(i.e. NR<SS<TH), confirming that the potential for larger magnitude earthquakes is greater for
thrust faulting regimes. The value of Σ (Table 2) was found to be almost the same in each
simulation; thus, it could not be used as a marker for the analysis of stress regime and risk of
induced seismicity in the same formation. It appears to be independent of the stress regime.
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Figure 4 – XSiteTM model geometries showing the stress boundary conditions and fault dip for
the following fault/stress regimes: a) Normal (NR), b) Strike-slip (SS), c) Thrust (TH)
b

a

Figure 5 - The magnitude-frequency distribution calculated by the XSiteTM models for the: a)
strike-slip and b) thrust fault stress regimes
Table 2 – Summary of XSiteTM modelling results
Stress
regime

𝑺𝟏 − 𝑺𝟑 [MPa]
(MPa/km)

𝑺𝟏
𝑺𝟑

b-value

𝚺

LME

# of
Events

Normal

22 (11.25)

1.85

1.00±0.01

1.914

1.9724

20314

Strike-slip

40 (20)

2.33

0.97±0.01

2.18

2.3378

20765

Thrust

90 (45)

2.875

0.68±0.00

1.911

2.7499

29638
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