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» Fracture network density and sub-optimal fault orientation explain why seismic-
ity is rare

Corresponding author: Daniel Birdsell, danielbi®@ethz.ch



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

Abstract

Injection-induced seismicity (IIS) typically occurs when pressure diffuses from a
sedimentary target formation down into fractured and faulted, low-permeability, critically-
stressed basement rock. Previous studies of IIS have used basin-scale models of pressure
diffusion that rely on an equivalent porous medium (EPM) approach to assign hydraulic
diffusivity and a triggering pressure (TP) criteria for seismic initiation. We show that
these models employed unrealistically-large values of hydraulic diffusivity, usually by ne-
glecting the compressibility of the fractures in the specific storage coefficient, to result
in pressure diffusion to seismogenic depths (>2 km into the basement). The EPM-TP
approach does not explicitly represent the mechanical and hydrologic behavior of frac-
tures and faults, and it fails to explain why relatively few disposal wells are associated
with IIS. We develop a parallelized, partially-coupled, hydro-mechanical, discrete frac-
ture network and matrix model (DFNM) model with thousands of fractures and the ca-
pability to calculate Mohr-Coulomb (MC) failure to indicate seismicity and alter hydraulic
diffusivity. In consistent comparisons, DEFNM-MC simulations allow for deeper, more het-
erogeneous pressure diffusion than EPM-TP simulations, and they do not need to em-
ploy unrealistic diffusivity values to result in pressure diffusion to seismogenic depths.

A sensitivity analysis shows that small deviations in fault orientation (< 2° from op-
timal) and fracture network density outside an intermediate range can drastically de-
crease the likelihood of IIS, potentially explaining why only a small fraction of disposal
wells are associated with IIS. The EPM-TP approach is unsuitable to investigate IIS,
but the DFNM-MC approach offers a promising, nuanced approach for further study.

Plain Language Summary

Wastewater from the oil and gas industry is often injected into deep disposal wells
far below groundwater aquifers. Injected fluids can migrate to deep faults via permeable
fractures, where even small pressure changes can lead to human-caused earthquakes (HCEs).
This suggests that most disposal wells should cause earthquakes, but only a small frac-
tion actually do. Many previous studies of HCEs ignored fractures and faults, causing
them to use unrealistic rock properties in their computer models, which led to misun-
derstandings about HCEs. We create a computer model that calculates how the fluid
pressure moves rapidly through permeable fractures and causes earthquakes on faults.
The results explain why HCEs only occur near a small fraction of disposal wells: first,
fluid pressure can only reach a fault if the fractures form a connected hydraulic path-
way to the fault, and second, even if fluid pressure reaches a fault, an earthquake only
occurs for a narrow range of fault orientations. Scientists should stop using the old com-
puter models that ignore fractures and faults to assess HCEs. To reduce HCEs, fluid should
not be injected near: (a) permeable fracture networks with long-range connectivity, and
(b) faults whose orientation is within the range that could produce earthquakes.

1 Introduction

Injection-induced seismicity (IIS) was first observed in Denver in the 1960s (Healy
et al., 1968) and has become much more prevalent in the Central USA in the past decade
(Ellsworth, 2013; Weingarten et al., 2015). In the USA, IIS can occur when wastewa-
ter, which is co-produced with oil and gas (O&G), is injected into disposal wells near base-
ment rock. Since much of the crust is critically-stressed (Townend & Zoback, 2000), even
slight perturbations in the pore pressure or stress state can lead to seismicity. Despite
this fact, only a small fraction of wastewater disposal wells are spatio-temporally asso-
ciated with IIS (Ellsworth, 2013; Nicholson & Wesson, 1992; Weingarten et al., 2015).
The likelihood of IIS depends on the type of rock that underlies the disposal well, which
is hypothesized to reflect the influence of fractures and faults that channel and focus fluid
pressure in some rock types and not in others (Shah & Keller, 2017).
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I1S is thought to occur when pore pressure diffuses down from the injection for-
mation to underlying basement faults, thereby destabilizing them according to the Mohr-
Coulomb (MC) shear failure criteria. The MC criteria depends on the in-situ stress state,
the pore pressure, and the orientation and mechanical parameters of the fracture or fault
(National Research Council, 2013). Most IIS occurs at depths >2 km below the top of
the basement (BTB), which could be because the stress state and/or rheology of rock
at that depth is more favorable for hosting earthquakes than shallower rock (Vilarrasa
& Carrera, 2015). A hydraulic pathway composed of fractures and faults is required to
bring elevated pressure to these seismogenic depths. The ability of these fractures and
faults to act as a hydraulic pathway depends not only on their network topology, but also
on the deformation of individual fractures and faults; increased pore pressure and shear
failure (i.e. earthquakes) can dilate fractures and increase their permeability.

Much of the three-dimensional, reservoir- to basin-scale modeling efforts to under-
stand IIS have relied on an equivalent porous media approach (EPM) to assign perme-
ability and a triggering pressure (TP) approach for earthquake initiation. The EPM ap-
proach averages out the hydraulic effect of fractures, faults, and intact rock over large
regions of the computational domain. The TP approach employs a single value of pres-
sure increment, AP = TP, to be associated with earthquake initiation. There are sev-
eral important limitations to the EPM-TP approach. Firstly, the EPM-TP models have
generally been used in an a posteriori sense, with the hydraulic diffusivity being calibrated
to produce pressure at seismogenic depths. We suggest below that many of these stud-
ies employed unrealistically-large hydraulic diffusivity values, which calls their conclu-
sions into question (see Sec. 2). Secondly, the EPM-TP models cannot explain why only
localized regions of the basement exhibit IIS, even though they predict widespread con-
tinuous regions of elevated pressure in the basement. Thirdly, the EPM-TP approach
cannot be used to forecast IIS because both the TP and the hydraulic diffusivity depend
on properties of the fracture network, fault orientations, and geomechanics that the EPM-
TP approach does not include.

In this paper we introduce a discrete fracture network and matrix (DFNM) model
designed to understand how pore pressure diffuses through both matrix and fractures
to seismogenic depths (> 2 km BTB) in the context of IIS. It incorporates partial hydro-
mechanical coupling, which allows alteration of hydraulic properties by normal and shear
deformation of fractures, and calculation of MC failure. Although it is possible for shear
failure to be aseismic in some cases (National Research Council, 2013), we assume that
MC failure is an indicator of seismicity in this work. With its parallelization and sim-
plifying mechanical assumptions, our model can simulate thousands of fractures and faults
over large 3D domains, which is a step forward in the state of the art for modeling ITS
at the reservoir to basin scale. It allows us to investigate some key research questions
such as:

1. How exactly does fluid pressure diffuse through >2 km of fractured, low-permeability
basement rock, and what is the effective hydraulic diffusivity of the combined frac-
ture/matrix system?

2. How important are the deformation-induced changes on hydraulic diffusivity to
the propagation of pressure?

3. Why are only a small percentage of disposal wells associated with IIS (Ellsworth,
2013; Nicholson & Wesson, 1992; Weingarten et al., 2015)? We would expect that
the majority of disposal wells would be associated with IIS, since the entire crust
is critically stressed (Townend & Zoback, 2000) and EPM-TP models show that
pore pressure from deep disposal wells regularly diffuses to large regions of the base-
ment (e.g. Keranen et al. (2014); Brown et al. (2017)).

Sec. 2 gives more background about wastewater disposal sites, previous approaches to
modeling IIS, and the hydraulic diffusivity of fractured basement rock. Sec. 3 describes
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our DFNM-MC approach. Sec. 4 describes our conceptual and numerical model of an

IIS site that is inspired by Greeley, Colorado. Sec. 5.1 shows results that highlight the
differences between the EPM-TP approach and the DFNM-MC approach, and Sec. 5.2
explores the importance of fracture intensity, fault orientation, and deformation-enhanced
hydraulic diffusivity in a sensitivity analysis. Sec. 6 provides a discussion of our approach
in context of other IIS modeling efforts, and the major conclusions.

2 Background
2.1 Description of Wastewater Disposal Sites

Information about disposal wells, geology of the target formation, and statistical
observations of IIS are relatively abundant. US EPA Class II injection wells are permit-
ted to inject waste fluids from O&G operations, and their regulations are focused on pro-
tecting underground sources of drinking water (i.e. relatively shallow, non-saline aquifers)
(Zhang et al., 2013; Ellsworth, 2013). This means that wastewater disposal must take
place in deep saline aquifers, which are usually thick, permeable, porous sedimentary rock,
near basement rock. There are over 44,000 wastewater disposal wells in the U.S. (U.S.
EPA, 2018), but only a small fraction of them are associated spatio-temporally with IIS
(Ellsworth, 2013; Nicholson & Wesson, 1992; Weingarten et al., 2015). High-rate injec-
tion wells are more likely to be associated with IIS than low-rate injection wells (Weingarten
et al., 2015), but there is also evidence that cumulative injection across many wells can
cause IIS (Brown et al., 2017; Peterie et al., 2018; Langenbruch & Zoback, 2016). If the
target formation sits atop a thick sedimentary unit or an extrusive rock, then IIS is less
likely than if it sits atop fractured intrusive basement rock, which is hypothesized to be
because flow is confined to fractures in intrusive rock, causing larger pressures (Shah &
Keller, 2017). The importance of fractures in propagating pressure to seismogenic depths
is a key feature that we explore in this paper.

Information about the crystalline basement rock, which hosts the majority of IIS
hypocenters, is more difficult to find. Across Oklahoma, Colorado, and much of the Mid-
west, wastewater disposal often takes place in close proximity to crystalline basement
rock (Shah & Keller, 2017; W. L. Yeck et al., 2016; Peterie et al., 2018; Zhang et al., 2013).
Intact basement rock has very low in-situ hydraulic diffusivity, so fractures and faults
are thought to act as the primary hydraulic pathways through the basement. The loca-
tions of large faults are sometimes already known from public maps and observations of
previous seismicity, or can be mapped with gravity- and magnetic-based geophysical tech-
niques (Shah & Keller, 2017), but the location of smaller basement faults and fractures
are typically unknown or are proprietary data. Furthermore, many parameters that are
relevant to understanding IIS (e.g. fracture orientation, mechanical properties, and hy-
drologic properties) are unknown for these fractures and faults. Nevertheless, it is pos-
sible to collect statistics of fracture properties, orientation, and density, which can be
useful in modeling pressure diffusion (e.g. SKB (2011); Hyman et al. (2015)). Across Col-
orado, Oklahoma, New Mexico, and southern Kansas, most of the IIS is observed at least
2 km BTB and can be seen all the way to 8 km BTB (Nakai et al., 2017; W. L. Yeck et
al., 2016; Schoenball & Ellsworth, 2017).

IIS occurs in the basement because it has a more favorable stress state and rhe-
ology to host seismicity than the shallower sedimentary rock. Most of the earth’s crust
is critically-stressed (Townend & Zoback, 2000), but the shallow, sedimentary rock tends
not to be (Vilarrasa & Carrera, 2015). In fact, evidence from numerical modeling and
frequency-depth distributions of natural earthquakes suggest that the crust may be most
critically stressed at 5-6 km depth, which corresponds to > 2 km BTB in many areas,
depending on the thickness of sedimentary cover (Vilarrasa & Carrera, 2015). Further-
more, crystalline basement rock tends to deform in a brittle fashion, which encourages
earthquakes, whereas sedimentary rock is softer and deforms in a more ductile fashion,
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reducing the potential for earthquakes (Vilarrasa & Carrera, 2015). Finally, earthquakes
tend to have larger magnitudes with greater depth, and there are concerns that density-
driven flow due to brine injection will continue to diffuse pressure downward even as in-
jection rates slow or stop (Pollyea et al., 2019), which further underscores the importance
of understanding how pressure diffuses thorough basement rock to seismogenic depths.

While some studies have investigated how poroelastic stress changes or Coulomb
static stress transfer can lead to induced seismicity (Goebel et al., 2017; Brown & Ge,
2018), the most prominent conceptual model of IIS posits that fluid pressure diffuses down
into the basement faults, thereby destabilizing the faults and causing MC failure (Brown
et al., 2017; National Research Council, 2013; Keranen et al., 2014; Langenbruch et al.,
2018; Zhang et al., 2013; Nakai et al., 2017; Healy et al., 1968). There are at least two
reasons why this pressure-diffusion conceptual model is popular. Firstly, increased pore
pressure always destabilizes a fault, whereas poroelastic stress changes and Coulomb static
stress transfer could act to destabilize or stabilize a fault, depending on the fault ori-
entation and location. Secondly, poroelastic stress changes propagate very rapidly (at
the speed of sound in rock), and therefore are inconsistent with the observation that there
is usually a time lag between the beginning of injection and the onset of seismicity, sug-
gesting a pore pressure diffusion process (Shapiro & Dinske, 2009). Since we are focused
on the diffusion of pore pressure through kilometers of fractured, low-permeability, crys-
talline rock, we need to understand the hydraulic diffusivity of the combined fracture/matrix
system, which is discussed in the next section.

2.2 Hydraulic Diffusivity

Hydraulic diffusivity is a rock property that describes how pore pressure diffuses
through porous media. Based on the classical groundwater flow equation in porous me-
dia, which forms the basis for EPM models, the hydraulic diffusivity is defined as

K k

Ss w(éBuw + Bim)
where K = kpg/p is the hydraulic conductivity, Ss = pg(¢By + Bm) is the specific
storage, k is the permeability, p is the fluid density, g is gravity, p is the dynamic vis-

cosity of the fluid, ¢ is the porosity, 8., is the fluid compressibility, and (3,, is the porous
medium compressibility.

(1)

There are some subtleties in understanding and measuring hydraulic diffusivity in
basement rock because it is composed of fractures and intact crystalline rock matrix. The
permeability is dominated by fractures and faults, while the intact crystalline rock has
very-low permeability. Faults can be either transmissive, sealing, or a combination thereof,
and in this study we consider them as transmissive features. Furthermore, the hydraulic
diffusivity of fractures is also a function of geomechanical deformation. Fractures that
are held open, for example by high pore pressures, are more permeable and store more
fluid than closed fractures. The permeability of the combined fracture/matrix rock de-
creases with depth (Manning & Ingebritsen, 1999), and one of the contributing factors
could be the increased lithostatic stress that forces fractures closed. Shear dilation af-
ter MC failure can also alter the permeability and fluid storage within a fracture.

Hydraulic diffusivity depends on the scale over which it is measured (Townend &
Zoback, 2000). At the core scale, permeability of crystalline rock can vary from 10724
10717 m?, and it decreases with depth and confining pressure (Freeze & Cherry, 1979;
Morrow & Lockner, 1997). The compressibility of unfractured granite is ~ 101! Pa~!
(De Marsily, 1986), and porosity is <0.05 (Freeze & Cherry, 1979). Using these param-
eters, the hydraulic diffusivity for an unfractured granite at the core scale is 10719 <
Ceore < 107 m?/s. At the reservoir scales over which IIS is observed (1 — 10 km), es-
timates of ¢ are larger. The bulk compressibility of jointed rock ranges from 1070 — 10—8
Pa~! (Freeze & Cherry, 1979). The bulk permeability of fractured basement rock de-
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pends on the fracture network, but has been estimated to be 10717 — 10716 m? (Townend
& Zoback, 2000). Using these parameters, the hydraulic diffusivity for bulk, fractured,
reservoir-scale rock is expected to range between 1076 < ¢pyr < 1073 m?/s.

Hydraulic diffusivity has also been estimated based on space-time patterns of seis-
mic clouds following injection or reservoir impoundment. Talwani et al. (2007) used this
approach to infer an apparent “seismogenic diffusivity” in the range 0.1 < cs7 < 10.0
m?/s. We use the notation c,r to denote seismogenic diffusivity in the sense of Talwani.
However, it is unclear whether the seismogenic diffusivity is the same as the hydraulic
diffusivity. Shapiro and Dinske (2009) interpret estimates of ¢ following an EPM inter-
pretation, but the EPM hydraulic diffusivity derived from a seismic cloud can be an over-
estimation of the actual EPM hydraulic diffusivity, when permeable fractures are em-
bedded within a low-permeability matrix (Haagenson et al., 2018a, 2018b). Talwani et
al. (2007) interpret cep as the hydraulic diffusivity associated with induced seismicity,
assuming single linear fractures connect the fluid source with the hypocentral location.
The hydraulic diffusivity of a parallel-plate fracture using the cubic law for permeabil-
ity can be approximated as (Murphy et al., 2004):

b2
T 1208w + By)

where b is the hydraulic aperture, 85 = b='(db/do,,) is the fracture compressibility, and
cr;1 is the effective normal stress. However Talwani et al.’s analysis neglect leakoff from
fractures and tortuosity of fracture flow paths, both of which lead to slower pressure dif-
fusion. Therefore, we expect that the inferred c,7 values are smaller than the true hy-
draulic diffusivity of the fractures. Table 1 shows the values of basement hydraulic dif-
fusivity at the core and reservoir scale, the seismogenic diffusivity, and the values of hy-
draulic diffusivity employed by several EPM-TP modeling studies. These values are im-
portant to keep in mind when considering conceptual and numerical models of pore pres-
sure diffusion in the context of TIS.

(2)

2.3 Previous Approaches to Modeling Pressure Diffusion That Causes
11S

In general, models of IIS should couple the equations of pressure diffusion and ge-
omechanics (i.e. employ a hydro-mechanical approach) for a rock mass containing dis-
continuities in the form of fractures and faults. However, hydro-mechanical equations
are challenging to solve on scales of the order of tens of kilometers even assuming the
rock mass behaves as a continuum. Proper treatment of discontinuous displacements across
fractures and faults makes the problem even more challenging. Although fully coupled
hydro-mechanical models have been presented, which qualitatively reproduce the phe-
nomenology of IIS, they have largely been demonstrated either without explicit consid-
eration of fractures and faults (e.g. Shirzaei et al. (2016)) or in limited 2D domains (e.g.
Jin and Zoback (2017, 2018)).

Most large-scale modeling studies of IIS are based on the groundwater flow equa-
tion, simulate pressure diffusion from an injection well, and assume that seismicity is as-
sociated with exceedance of a critical threshold pressure, which we refer to as T'P. These
EPM-TP models typically neglect the large disparity in permeability between connected
fractures and the surrounding low-permeability basement rock, and assume a homoge-
neous EPM. These models have been employed a-posteriori to demonstrate TP at lo-
cations of IIS in several studies (Keranen et al., 2014; Brown et al., 2017; Nakai et al.,
2017; Shirzaei et al., 2016). However, most of these studies assume unrealistically-large
values of hydraulic diffusivity, in order to achieve rapid pressure diffusion to the loca-
tion of seismicity (see Table 1). EPM-TP models also are unable to explain why IIS does
not occur at all sites where the pressure exceeds T'P. In the subsections below, we de-
scribe the EPM-TP models and fully-coupled hydro-mechanical models that include flow
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in discrete fracture(s) or fault(s). Tables S1 and S2 summarize the physics of the mod-
els that are discussed in this section.

2.3.1 EPM-TP and Similar Models

EPM models have generally employed unrealistically large (often by a few orders
of magnitude) values of hydraulic diffusivity to propagate pressure to seismogenic loca-
tions. For EPM models, ¢ should equal cpyx, but all of the EPM studies (Keranen et al.,
2014; Brown et al., 2017; Langenbruch et al., 2018; Shirzaei et al., 2016; Pollyea et al.,
2019) have used significantly larger values (see Table 1). For models that include one or
two faults (Nakai et al., 2017; Hearn et al., 2018; Zhang et al., 2013; Ogwari et al., 2018;
Schoenball et al., 2018), it could be argued that ¢ in the unfaulted part should be assigned
to Cpuik (if one assumes that the basement away from the fault is highly fractured), or
t0 Ceore (if one assumes that the unfaulted basement is minimally fractured). But many
of these studies employ values of ¢ in the unfaulted basement that are larger than, or at
the upper end of the range for cp,r and ceore. In many cases, the problem in the em-
ployed value of ¢ comes from the assignment of the specific storage (Ss < 1076 m™1)
or, equivalently, the compressibility (3,, < 1071° Pa—1), both of which ignore the com-
pressibility of basement fractures and inflate the value of ¢ (see Eq. 1) (e.g. Brown et
al. (2017); Langenbruch et al. (2018); Nakai et al. (2017); Pollyea et al. (2019)). Not only
do the EPM models employ incorrect values of ¢, some follow logic that leads to ques-
tionable conclusions. For example, they calibrate ¢ to encourage pressure increment >
TP at locations of observed seismic clouds, and then they conclude that pressure dif-
fusion is a plausible causative mechanism of seismicity (Keranen et al., 2014; Brown et
al., 2017)). We show in Sec. 5.1 that an EPM model with realistic values of ¢ would ac-
tually show the opposite - that pressure diffusion is not a plausible mechanism of earth-
quake triggering. Only fracture-based models seem to be able to explain pressure prop-
agation to seismogenic depths, and only in small, localized regions of the basement (Sec. 5).

Another problem with the EPM-TP approach is that it cannot explain why earth-
quakes do not occur at some locations. The EPM approach results in very smooth pres-
sure profiles, which are probably unrealistic given the heterogeneity that fractures and
faults introduce, wherein AP > TP in regions of the basement that are much larger
than the seismic regions (e.g. Brown et al. (2017) Fig. 4d). There are several reasons
why seismicity may not occur in these regions: (a) pressure has not actually diffused there,
(b) there are no favorably-oriented faults there, or (c) the stress state is less critical, but
the EPM-TP cannot evaluate which may be the case. This is illustrated in Fig. 4D of
Keranen et al. (2014), where the average pressure upon failure is 0.07 MPa, but ranges
from 0.04 to >0.4 MPa. We show in Sec. 5.2 that very small variations in fault orien-
tation and triggering pressure (as low as 2° and 0.13 MPa, respectively) can drastically
reduce the likelihood of an earthquake. Finally, we note that some of the studies cited
in this section may incorporate more advanced triggering mechanisms (Zhang et al., 2013;
Schoenball et al., 2018), mechanical coupling (Shirzaei et al., 2016), a hybrid physical-
statistical model (Langenbruch et al., 2018), or a dual continua approximation (Pollyea
et al., 2019) (see Table S1), but they are still EPM-TP models or have similar drawbacks
to the EPM-TP models.

2.3.2 Hydro-Mechanical, MC, Fracture and Matrix Models

There is another class of models that includes much more of the relevant physics
for understanding IIS. These models solve the fully-coupled hydro-mechanical equations,
include fracture(s)/fault(s), calculate Mohr-Coulomb failure, and account for the changes
in hydraulic properties due to mechanical deformations (Jin & Zoback, 2018, 2017; Jha
& Juanes, 2014; Ucar et al., 2018; Rinaldi et al., 2014; Kelkar et al., 2014; Chang & Segall,
2016). Many of these studies also account for even more advanced earthquake physics
such as strain-softening (Rinaldi et al., 2014; Jha & Juanes, 2014), or multiple failure
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events on a given fracture (Jin & Zoback, 2018). They would be ideal tools to investi-
gate pressure diffusion related to IIS, but they are computationally expensive and there-
fore limited to small spatial scales, limited number of fractures/faults, and/or 2D domains.
Furthermore, these models have not been used to investigate how pressure propagates
from a disposal well into the deep basement (> 2 km BTB), either because they focus

on geothermal energy (Ucar et al., 2018; Kelkar et al., 2014) and carbon sequestration
(Rinaldi et al., 2014; Jha & Juanes, 2014), or because the simulation is focused on pres-
sure diffusion near the wellbore, rather than to seismogenic depths (Jin & Zoback, 2018,

2017; Chang & Segall, 2016). There are other studies that do not fall neatly into the EPM /TP

category of Sec. 2.3.1 or the hydro-mechanical, MC, fracture models of this section. Some
models use a rate-and-state seismicity model, as an alternative to the MC criteria, and
couple to pressure diffusion models to predict the rise and fall of seismicity rates (Dempsey
& Riffault, 2019; Riffault et al., 2018; Norbeck & Rubinstein, 2018). Others perform a
partial hydro-mechanical coupling and calculate MC failure on seed points that repre-

sent potential earthquake hypocenters (Rinaldi & Nespoli, 2017).

3 DFNM-MC Modeling Approach

Our goal is to present a modeling approach that improves significantly upon the
EPM-TP approach, while facilitating computational tractability for 3D simulations on
scales of the order of tens of km with thousands of fractures and faults. We follow the
approach of previous hydro-mechanical, MC, fracture-matrix models (see Sec. 2.3.2), but
we introduce some simplifying assumptions to decrease computational cost. The salient
features of our approach are:

1. Discrete fractures and faults are explicitly represented, and their properties are
assigned in a physically consistent manner. Fracture orientations are variable. Fluid
flow in both the fracture and rock matrix are represented.

2. The rock matrix properties are consistently within accepted ranges for properties
of basement rock.

3. The model allows rapid pressure diffusion along connected fractures without re-
sorting to unrealistically low values for medium compressibility.

4. A partially coupled approach, wherein the fracture hydraulic diffusivity is allowed
to evolve as a function of effective normal stress on a fracture plane, and in response
to slip events. The approach is only partially coupled because the initial stress state
is specified and is assumed to be time-invariant. However, the time variation of
effective stress due to pressure diffusion is captured in this approach.

5. Although rapid pressure diffusion through a connected network of fractures oc-
curs, seismic events occur only when the MC failure criterion is satisfied along a
fracture or a fault. Thus, failure events only occur along favorably oriented frac-
tures/faults. The model can thus provide an explanation for why IIS occurs only
at a small fraction of deep wastewater injection sites.

We call this the discrete fracture network and matrix with Mohr Coulomb failure (DFNM-
MC) approach — it allows for flow in a discrete fracture network (DFN) and the surround-
ing rock matrix. The pressure at which MC failure occurs on a fracture of fault depends
on its orientation and the local stress state. The most favorable orientation correspond-
ing to the minimum pressure is determined by the initial stress state.

Within this DFNM-MC framework, there is no distinction between a fracture and
a fault other than the size of the feature. This DFNM-MC approach has been validated
against analytical and numerical solutions in previous work (Birdsell, Rajaram, & Karra,

2018; Birdsell, 2018). In Sec. 3.1 we discuss and justify the partially-coupled hydro-mechanical

approach, which allows us to simulate important mechanical processes without resort-
ing to the higher complexity and computational cost of a fully-coupled hydro-mechanical



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

403

404

405

406

407

408

410

411

413

414

416

417

418

419

420

approach. In Sec. 3.2, we describe the equations of flow in porous media and in fractures/faults
and we show how the constitutive relationships for porosity and permeability can be al-

tered in fractured grid cells so that the simulator can consistently solve for both frac-

ture and matrix flow in a single domain. In Sec. 3.3, we describe how the hydraulic dif-
fusivity is treated as a function of normal and shear deformation.

3.1 Framework of Partially-Coupled Hydro-Mechanical Approach

Our numerical model is focused primarily on pore pressure diffusion, but it is par-
tially coupled to geomechanics to capture some of the physics that are relevant to IIS.
The aspects of IIS that require geomechanical coupling include: (a) evaluation of the MC
failure criteria, and (b) the influence of mechanical deformations on the hydraulic dif-
fusivity of fractures. We assume that the in-situ stress state is a function of space but
is frozen in time. This may seem like an oversimplification, but it captures many of the
physical complexities that the EPM-TP approach does not. For example, fractures that
are subject to a large compressive normal stress are forced closed and therefore less per-
meable; such behavior is readily captured within the framework of the partially coupled
approach. Furthermore, MC failure criteria depends on fracture orientation, which is also
explicitly represented in a DFNM framework. This partially-coupled approach dramat-
ically reduces computational expense in comparison to fully coupled approaches, while
still honoring fundamental aspects of geomechanics as they relate to IIS.

The normal stress on a fracture/fault is calculated as o, () = (o(x)n)-n where
o(x) is the second-order stress tensor as a function of the position vector, x, describ-
ing the location in the domain, and n is the unit vector normal to the fracture plane.
The magnitude of the shear stress is calculated as |7| = |(o(x)n) x n|. The code is
capable of resolving the entire stress tensor o, but we assume that the principal com-
ponents of stress are vertical and horizontal in all of the simulations presented in this
paper, which is representative for much of the subsurface (Zoback, 2010), and we use the
principal coordinate system so that there are no shear stresses in the stress tensor. The
vertical stress, the maximum principal horizontal stress, and the minimum principal hor-
izontal stress are denoted by 0y, 0H maz, and Op min, respectively. We assume that the
horizontal stresses take the following form: oy maz = 104, and op min = a0, wWhere
a1 and asg are constants such that a; > «ag. With this definition of stress, the effec-
tive normal stress is a function of space and time o, (x,t) = on(x) + P(x,t), where
the normal stress is a function of space and fracture orientation but is frozen in time,
and pressure P(z,t) varies with both space and time. Using this sign convention, the ef-
fective stress is negative (i.e. compressive), and effective normal stress increases towards
a value of zero as the pore pressure increases towards a value of —g,,. This formulation
falls short of fully-coupled hydro-mechanics, but is still useful in tracking when the MC
criteria is satisfied and the evolution of hydraulic diffusivity as a function of stress and
pressure.

3.2 Flow in Porous Matrix and Fractures

Single-phase flow through the porous matrix is governed by the groundwater flow
equation, which can be written as:

% _v. (ij(P + pgz)) =Qm (3)

where P, z, and @, represent fluid pressure, the elevation, and fluid sources/sinks in
the matrix, respectively.

Flow through a parallel-plate fracture can be described using the local cubic law
for transmissivity (Zimmerman & Bodvarsson, 1996; Murphy et al., 2004; Chaudhuri et
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al., 2013):

ot 1211

where f is a coefficient that is generally greater than or equal to unity that accounts for
fracture roughness (Witherspoon et al., 1980), Q¢ is a source/sink term normalized by
fracture height, and L,,_; is the leakoff mass flux per unit area from the fracture to the
matrix. Eq. 4 is a 2D representation of the conservation of mass per unit fracture width,
perpendicular to the direction of flow and the aperture. In an approach where the frac-
ture and matrix are treated as separate domains, the pressure from the fracture domain
would be treated as a boundary condition to the matrix domain, and the pressures within
the matrix domain would be used to calculate the leakoff flux as a function of the local
pressure difference across the fracture-matrix interface. The leakoff flux would need to

be represented as a sink term in the fracture domain.

8(pb)_v.(pb3 V(P+pgz))=Qf—Lm—f (4)

PFLOTRAN is a massively-parallel, control-volume, subsurface flow and transport
code that solves Eq. 3. We take advantage of PFLOTRAN’s (Lichtuner et al., 2019a; Ham-
mond et al., 2014; Lichtuner et al., 2019b) parallel features and robust computational al-
gorithms to simulate large domains with large property contrasts, which requires that
we treat the fractures and matrix as a single domain rather than two. With such an ap-
proach, a single computational grid is employed encompassing fracture and matrix blocks.
The conditions at fracture-matrix interfaces are automatically accounted for consistently
in a finite volume approach that represents fluxes across adjacent nodes based on local
pressure gradients. Leakoff fluxes are thus naturally calculated based on the local pres-
sure gradients across interfaces between fracture and matrix blocks, and do not need to
be represented explicitly as a sink term. To correctly capture the physics of fracture flow
within the formulation employed by PFLOTRAN, the following fracture relationships
can be introduced for porosity and permeability (Birdsell et al., 2015; Chaudhuri et al.,
2013; Pandey et al., 2017; Bower & Zyvoloski, 1997):

b
¢ = E(bT (5)
b3
=Tt ©)

where b, is the grid block dimension in the direction normal to the fracture, ¢, and k.,
are porosity and permeability multipliers that are equal to 1 prior to shear failure and
experience a step change when MC shear failure occurs along a fracture or fault. Eq. 5
assumes that the change in fluid storage within the grid block is primarily due to frac-
ture deformation. Eq. 6 assumes that the grid block permeability is dominated by frac-
tures. These assumptions are valid for flow in basement fractures because they are much

more permeable and compressible than the intact crystalline rock (especially for low-compressibility

rock and with small values of b,). When Eq. 5 and 6 are brought into Eq. 3, and a single-
domain computational approach is employed, the modified flow equation for fractures

is:
1 9(pb) pb®
- -V- P =Qm 7
oo~V L g VP oo ) =@ (7)
which is identical to Eq. 4 divided by the grid block dimension (b,) and adjusted to a
3D feature so that @, is used instead of Qs and L,,_ is not explicitly included because
leakoff is naturally calculated in the single domain approach. This approach has been
employed in several previous works (Birdsell et al., 2015; Chaudhuri et al., 2013; Pandey
et al., 2017).

We solve the equations of flow in the matrix (Eq. 3) and fractures (Eq. 7) using
PFLOTRAN by utilizing the traditional definitions of porosity and permeability in the
matrix grid blocks and Eq. 5 and 6 in the fracture grid blocks. This approach correctly
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captures the physics of flow within fractures, leakoff to matrix, and flow within the ma-
trix. The fluid properties (i.e. p and p) and the porosity in the storage term are func-
tions of pressure and are updated iteratively within a Newton-Krylov iteration employed
by PFLOTRAN in each time step. The porosity in the fracture block is defined in Eq. 5,
while the porosity in the matrix is defined as ¢ = B,,,(P — P,) + ¢, where j3,, is the
matrix compressibility, ¢, is the porosity at the reference pressure P, (Birdsell, Karra,

& Rajaram, 2018). Note that fracture deformation, i.e. variation in b as a function of
effective stress, is described in Sec. 3.3. For implementation reasons, the permeability
term shown in Eq. 6 is lagged by one time step in the fracture grid blocks, and it is im-
portant to take small enough time-steps that this lagging does not affect the results. To
ensure that the time step size employed in Sec. 5 is appropriate, we carried out conver-
gence studies showing that results were unchanged with smaller time steps. The DFNM
approach consistently represents the physics of fracture and matrix flow, including leakoff,
while taking advantage of an existing, efficient subsurface flow code. Additionally, it al-
lows the hydraulic diffusivity to be updated as mechanical deformations alter b, as dis-
cussed in the next section.

3.3 Hydraulic Diffusivity as a Function of Fracture Deformation

The hydraulic diffusivity of fractured rock changes as fractures experience mechan-
ical deformations (Sec. 2.2). There are at least two ways that hydraulic diffusivity can
be altered in the context of IIS. The first is via normal deformation on fractures/faults,
which alters b and therefore ¢ and k (Eq. 5 and 6). The second is via shear deformation,
which can have a range of effects on porosity and permeability, which are modeled by
¢, and k., in Eq. 5 and 6. This section presents the relationships used to model the in-
fluence of normal and shear deformation on the hydraulic diffusivity of fractures within
the DFNM-MC approach.

3.3.1 The Influence of Normal Deformation on Hydraulic Diffusivity

We use the Bandis et al. (1983) constitutive relationship to relate the fracture aper-
ture to the effective normal stress:

’

Ao

b= bmaw + 1_771 (8)

Bo,,
where b4, is the aperture when O’;L =0 and A and B are parameters. U;L is negative

at the depths of IIS because the magnitude of compressive normal stress is larger than
the magnitude of pore pressure (see Sec. 3.1). A is the inverse of the initial fracture stiff-
ness, K,;, at a;l =0 (le. 1/A = K,; = 80;/81)). A/B = bmaz — bmin where bpin

is the fracture aperture as cr;L — —o00. As originally measured in the lab, the Bandis
model applies to the mechanical fracture aperture, but it has also been used to describe
hydraulic aperture (Murphy et al., 2004; Pandey et al., 2017). In our partially-coupled
hydro-mechanical model, the stress is a function of space and the pore pressure is a func-
tion of space and time. Therefore the Bandis relationship implies an initial aperture field
based on the stress state, the initial pressure, and the fracture orientation. Subsequently,
the aperture field can evolve with time as the pore pressure changes throughout the sim-
ulation, and fractures are pressurized.

3.3.2 The Influence of Shear Deformation on Hydraulic Diffusivity

In addition to deforming in the normal direction, fractures and faults can fail in
shear. One model that describes when shear failure will occur is the MC failure crite-
rion:

co — pigo, — |7 <0 9)
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where ¢ is the fault cohesion and py is the coefficient of friction. Fracture and fault er-
meability can be enhanced by up to two orders of magnitude due to shear failure (Evans
et al., 2005; Rutqvist et al., 2007; Kelkar et al., 2014). Studies of asperity-scale shear pro-
cesses suggest that the permeability enhancement within the fracture may be anisotropic
(Mallikamas & Rajaram, 2005; Lang et al., 2018), but we follow previous reservoir-scale
work in assuming that the permeability enhancement within the fracture is isotropic (Kelkar
et al., 2014). Even though porosity may change due to shear failure, it is likely to be much
smaller than the change in permeability because the increase in permeability after shear-
ing is at least partially due to changes in the aperture correlation structure, which has

a smaller influence on porosity (Mallikamas & Rajaram, 2005). In our model, we assume
that permeability increases as a step change after Mohr-Coulomb failure, without a change
in porosity (i.e. k. > 1.0 and ¢, = 1.0 after Mohr-Coulomb failure in Eq. 5 and 6).
These assumptions have also been made by previous modeling studies (Rutqvist et al.,
2007; Kelkar et al., 2011).

4 Conceptual and Numerical Model

In this section, we describe the conceptual and numerical model, the fracture gen-
eration algorithm, the initial and boundary conditions, and the simulation scenarios that
are presented in the results section (Sec. 5). We chose our conceptual and numerical model
based on an approximate representation of the IIS site near Greeley, CO. There are two
reasons for doing this: (a) because it allows us to compare a DFNM-MC model to a pre-
vious EPM-TP study at a well-characterized site, and (b) because the Greeley site has
many similarities with other IIS sites in the U.S., and therefore the results will be rep-
resentative of many areas of 1IS.

4.1 Greeley, Colorado IIS

Our conceptual and numerical model is shown in Fig. 1. While there are many dis-
posal wells near the Greeley swarm, the NGL-C4A well has received the most attention
due to its large injection volumes and its spatio-temporal correlation with the seismic-
ity (Brown et al., 2017; W. L. Yeck et al., 2016). It is drilled into a 500-m thick group
of formations that are primarily permeable sandstone with lesser amounts of carbonate
and shale, which are overlain by a mudstone confining layer and underlain by critically-
stressed crystalline basement. The NGL-C4A well started injecting approximately one
year prior to the M,, 3.2 earthquake in June 2014 at an average rate of ~ 5:10% m?/yr.
After the earthquake, injection was briefly halted and remedial cement was added in the
hope that it would hydraulically isolate the well from the basement. Seismicity was mon-
itored as the injection rate was increased to near the pre-earthquake value. Neverthe-
less, another felt sequence occurred in August 2016, approximately 3 years after injec-
tion originally began.

Some parameters at the Greeley site are well known. For example, the injection
formation permeability has been measured at the core scale and the field scale (Brown
et al., 2017). General estimates of the matrix compressibility (8,,) and porosity (¢), which
affect the hydraulic diffusivity by contributing to the storage term, are available for sand-
stone, mudstone, and fractured crystalline rock (Freeze & Cherry, 1979). The injection
formation is fractured toward the bottom. These fractures could hydraulically connect
the injection formation to the basement, which is also fractured (W. Yeck et al., 2016).
The most uncertain parameter in this hydrologic system is the permeability of the base-
ment fracture/matrix system. The uncertainty in basement permeability is due to un-
certainty in the number, size, connectivity, and hydraulic properties of basement frac-
tures and faults, which dominate the permeability. Due to the uncertainties in fracture
properties, fractures are randomly generated (see Sec. 4.2). There is also uncertainty in
the permeability of the unfractured basement rock, and we assume a value at the upper-
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Figure 1. Conceptual model and boundary conditions. The domain size is 10 km in the = and
y directions and (10.2 + H) km in the z direction. H is the aquifer height and equals 0.5 km for
the simulations in Sec. 5.1 and 0.4 m in Sec. 5.2. Hydrologic boundary conditions and the well
source term are illustrated in blue. Injection takes place at x = y = 5.0 km, 10.0 < 2 < 10.0 + H
km. The stress state is illustrated in red. Rock properties are indicated on the figure with sub-
scripts “mud”, “ss”, and “basement” for the mudstone confining layer, the sandstone injection
interval, and the in-tact basement rock, respectively. Fractures are indicated schematically with
black lines. Fractures (and the fault in Sec. 5.2) are assigned porosity, permeability, and aperture
based on Eq. 5, 6, and 8, respectively. The yellow dashed line illustrates a deterministically-
located fault that is used in the sensitivity analysis in Sec. 5.2. £ is the angle between the maxi-
mum principal stress (i.e. the vertical stress o) and the fault, which is selected so that the fault
is optimally- or suboptimally-oriented. Figure is modified from Birdsell, Rajaram, and Karra

(2018).

end of unfractured metamorphic and igneous rocks (Freeze & Cherry, 1979). The pa-
rameters used in the DFNM-MC simulations in Sec. 5 are reported in Table 2.

4.2 Fracture Generation Algorithm

Given the uncertainties in fracture locations and properties, fractures are gener-
ated from statistical distributions. The distance between subsequently-generated frac-
ture centers is taken from a power law distribution, and the direction between subsequently-
generated fracture centers is randomly chosen. If the entire fracture falls outside of the
domain, a new fracture location is randomly chosen within the basement. We generate
fracture orientations from three equally-probable fracture families that point north-south,
east-west, and horizontally. Within each family, there is also variation in the orientation
according to a von Mises-Fisher distribution (Wood, 1994). Fractures are idealized as
circles of radius r which are generated from a truncated power law distribution (Hyman

et al., 2015)
ro\ "
T:ro[l_uﬂ(r_o) ] (10)
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Table 2.

that the fracture permeability and porosity are not directly reported in this table, but can be

Simulation parameters for the DFNM-MC simulations presented in Sec. 5.1. Note

calculated from the effective stress, the parameters in this table, and Eq. 5 and 6. The param-
eters in scenarios EPM1, EPM2, and EPM3 in Sec. 5.1 are the same as in this table except for

kbasement and Bm basement, Which were adjusted to account for the equivalent permeability and

compressibility (see Table 3). Most of the parameters remain the same in the sensitivity analysis

(Sec. 5.2), except: (a) the grid dimension, by, is increased to 200 m and the aquifer thickness, H,

is reduced to 400 m to decrease computational cost; (b) the simulation duration, ¢, is increased

to 10 yr to investigate longer-term disposal; and (c) the number of fractures is varied in the

sensitivity analysis.

Variable Description Value Unit
H Aquifer thickness® 500 m
by Grid block size® 100 m
Kmud Permeability of confining layer 10~17 m?
kys Permeability of injection interval 410" m?
Kbasement Permeability of basement matrix 10-17 m?
Omud Porosity of confining layer 0.2

Pss Porosity of injection interval 0.25

Pbasement Porosity of basement matrix 0.05

Bm,mud Confining layer compressibility 10—8 Pa~!
B, ss Injection interval compressibility 108 Pa~!
By Fluid compressibility 4.4-10710 Pa~!
o Fluid viscosity 8.9-10~* Pa-s
P, Reference pressure (Eq. 12-14; Fig. 1) 32.36 MPa
Pfo Reference density (Eq. 12-14) 1100 kg/m?
d, Reference depth (Eq. 12-14) 3000 m
Ov,0 Vertical stress at top of domain -73.55 MPa
Ps,o Rock density at top of domain 2500 kg/m?
Bs Compressibility of solid rock grains 1.8-10710 Pa~!
Q Injection rate 5-108 kg/yr
- Injection location r=y=>5.0,10.0<2z<10.5 km
t Injection and simulation duration® 3 yr
Nfrac Number of fractures® 2000

f Fracture coefficient (Eq. 6) 1

To Minimum fracture radius (Eq. 10) 300 m
Tu Maximum fracture radius (Eq. 10) 1000 m
o Power law exponent (Eq. 10) 2.5

A Bandis parameter (Eq. 8) 10~ m/Pa
bmin Minimum fracture aperture 2.107¢ m
Abpmaz range Range of maximum aperture (Eq. 11) 2.107¢ m
bmaz,o Reference maximum aperture (Eq. 11) 3-107¢ m
a1 Multiplier for o g mas (Sec. 3.1) 0.6

Q9 Multiplier for o, min (Sec. 3.1) 0.6

Co Fault cohesion (Eq. 9) 0.0 Pa
Ly Coefficient of friction (Eq. 9) 0.67

@Altered in Sec. 5.2 to reduce computational cost.
bAltered in Sec. 5.2 to investigate longer injection.
¢ Nfrqec = 1000 for base case in Sec. 5.2.
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where 7, is the minimum radius, r,, is the maximum radius, a,. is the power-law expo-
nent, and u is a uniform random variable between 0 and 1. The maximum fracture aper-
ture, bynqe in Eq. 8, is correlated to the fracture radius according to Eq. 11

T—"To

Abmaz,range (]-1)

bmaz = bmax,o +
Tu —To
where bz, is the maximum aperture for a fracture of length 7, and Aby,qz range is the
range over which b4, can vary. We assume fixed values for A and b,,;,,, calculate b4,
for each fracture with Eq. 11, and set B = A/(bynaz — bmin)-

To work with the DFNM-MC approach, fractures and their properties are mapped
to the continuum grid. To capture the permeability anisotropy of fractures, so that flow
goes more readily along fractures than perpendicular to them, it is important that r, >
b, and that the fracture permeability is much, much larger than the matrix permeabil-
ity. (Both of these criteria are satisfied for the simulations presented in this paper.) Un-
der these assumptions, we can assign an isotropic permeability value to the fractured grid
blocks and trust that the fracture/matrix system heterogeneity will generate anisotropic
behavior. We acknowledge that approaches using lower-dimensional fracture elements
reproduce the fracture permeability anisotropy better than our approach (e.g. Jin and
Zoback (2017, 2018); Ucar et al. (2018); Jha and Juanes (2014)), but note that our ap-
proach still allows for leakoff into the surrounding matrix, and is a relatively good ap-
proximation of the permeability tensor of a fracture/matrix system (see Supplementary
Text S1 and Fig. S1). At grid cells where multiple fractures intersect, the properties of
the fracture that is most favorably-oriented for MC failure are used. This ensures that
the model will experience seismicity at the value of AP that corresponds to the small-
est AP, of the fractures within the grid block.

4.3 Initial and Boundary Conditions Corresponding to a Critically-Stressed
Basement

In this study, we interpret a critically-stressed rock to be one in which the criti-
cal pressure increment required for MC failure on an optimally-oriented fracture is less
than or equal to 0.1 MPa, while the majority of fractures will require a larger pressure
increase to experience MC failure. Therefore we refer to the “minimum critical pressure”
(AP; min) as the pressure increase that is required to cause an earthquake on an optimally-
oriented fracture. In reality, the initial conditions of stress and pressure: (1) increase with
depth so that AP, ,,,;, may be a function of depth, and (2) vary horizontally at a given
depth so that AP, ,,;, may also vary horizontally. We assume that there are no varia-
tions in the horizontal initial conditions so that AP, ,,;, is a function of depth but not
lateral position. As discussed in the following paragraphs, we select initial conditions and
material parameters such that AP, ,,;, = 0.05 MPa at the top of the basement, increases
to a maximum of 0.1 MPa at 4 km BTB, and slowly decreases at greater depths. We re-
fer to these minimum and maximum values of minimum critical pressure as AP ;in1 =
0.05 MPa and AP, ,in2 = 0.1 MPa, respectively. The in-situ stress state, initial pres-
sure, and material parameters are chosen carefully so that the basement is critically stressed
initially, which allows our DFNM-MC simulation results to be compared to previous EPM-
TP models that assumed TP ~ 0.1 MPa.

The initial pore pressure is assumed hydrostatic, which for a compressible fluid can
be described as:

d
P) =Pt [ psldygds (12)

o

P, = pf,ogdo (13)
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p(d) = pyoexp (@(P(d) - Po>) (14)

where d is the depth below ground surface, py, is the reference fluid density (assumed
to be 1100 kg/m?), and P, is the reference fluid pressure at the reference depth d, =
3000 m, which is taken as the top of the domain. The vertical stress is similarly assumed
to follow a lithostatic stress profile:

d

ou(d) =0y +/ ps(d)gdz (15)
do

Ov,0 = ps,ogdo (16)

Ps(d) = Oy,0 €XP ﬂs(av(d) - O'v,o) (17)

where p; is the solid rock grain density, ps,, and o, , are the reference rock density and
vertical stress at the top of the domain, and [, is the compressibility of the solid rock
grains. Eq. 17 was chosen for convenience, but solid density could be expressed more gen-
erally in terms of all three principal components of stress (i.e. oy, 0 maz, and Th min),
and it could also account for the different rock types (e.g. mudstone, sandstone, and base-
ment rock). Nevertheless since the horizontal stresses are also a function of the vertical
stress, the use of Eq. 17 is a reasonable approximation, and the mudstone and sandstone
layers are thin enough that including different rock types would have a small effect on
the stress state. For the simulations presented in this paper, we assume that the mul-
tipliers for the horizontal stresses are oy = a2 = 0.6 (see Sec. 3.1), which is consis-
tent with the apparent normal faulting regime near Greeley, CO (Brown et al., 2017).

By calculating AP, i as a function of depth at many combinations of parameter val-
ues, we selected parameter values as: ur = 0.67, ps, = 2500 kg/m?, and B; = 1.8 -
10710 Pa~—!. The values of p ¢ and pg o fall within their accepted ranges, and j; is ap-
proximately ten times larger than for perfectly intact granite rock (De Marsily, 1986).
These rock and fault parameter values, along with the assumed values for hydrostatic

pressure, ensure that our definition of a critically-stressed basement is satisfied (i.e. AP, i <

0.1 MPa). Even though the value of S is larger than the literature value, and the com-
bination of fault, stress, and pressure parameters are not unique, Eq. 12-17 create an ini-
tial pressure and stress condition that allows for comparison to previous EPM-TP mod-
eling studies that assumed TP =~ 0.1 MPa as an earthquake-triggering condition. Note
that the compressibility of the solid rock grains is typically much, much smaller than the
matrix compressibility (i.e. 8s << ,,) and has a minimal contribution to the hydraulic
diffusivity, which is why Eq. 1 can be written without 8, (Birdsell, Karra, & Rajaram,
2018). For this same reason, our selected value of 55 does not alter the hydraulic diffu-
sivity to an unrealistic value, and the value of 3, is only relevant to specify an initial stress
condition.

The boundary conditions are simpler to specify than the initial conditions. The pore
pressure along the top of the domain is fixed to P = P, = 32.26 MPa. The remain-
ing boundaries are no flux boundaries, and are sufficiently far from the injection well to
minimize boundary effects. The well acts as a mass source of @ = 5-10% kg/yr, based
on the average injection rate of the NGL-C4A well. The stresses are specified everywhere
within the domain initially, but mechanical boundary conditions do not need to be spec-
ified since the stresses and strains are not explicitly calculated in our partially-coupled
approach (see Sec. 3.1).
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668 4.4 Scenarios Simulated

669 The results are broken down into two parts in the next section: (a) Sec. 5.1 presents
670 a comparison between DFNM-MC and EPM-TP modeling frameworks, and (b) Sec. 5.2
671 presents a sensitivity analysis using the DFNM-MC approach.

672 We follow the general simulation setup of Brown et al. (2017) in our comparison

673 of the DFNM-MC approach and the EPM-TP approach, and we choose parameters for
o4 the DFNM-MC simulation to readily facilitate a comparison to Brown et al. (2017). We
675 present one DFNM-MC simulation and three EPM-TP simulations. The DFNM-MC sce-
676 nario has 2000 total fractures, with 1727 falling entirely within the domain and the re-

677 mainder falling partially outside of the domain. The total fracture area is 10° m?. The
678 parameter differences between the three EPM scenarios in Sec. 5.1 are shown in Table
679 3. The first EPM scenario (EPM1) provides the most direct comparison to the DFNM
680 simulation. It employs a value of basement compressibility that accounts for the com-

681 pliant fractures (3,, = 1072 Pa~1). It also employs an equivalent permeability that ac-
682 counts for the presence of fractures in the DFNM simulation, wherein the principal com-
683 ponents of the permeability tensor in the z, y, and 2 direction are ks, = 2.4-10716

oo m% keppy = 1.7-1071% m?, and kepp. = 3.4 - 10716 m?, respectively. Note that we

685 calculated the equivalent permeability using three numerical permeameter tests on the
686 DFNM model. This was achieved by specifying a known pressure gradient at two op-

687 posing faces of the domain, numerically calculating the steady-state flow rate, and then
688 back-calculating the relevant component of the permeability tensor using Darcy’s equa-
689 tion. We assumed that the principal axes of the permeability tensor lined up with the
690 x, y, and z directions. We note that the degree of anisotropy is relatively minor and can

601 be explained by the randomness of the fracture network. The hydraulic diffusivity in EPM1
692 is ¢ ~ 2:107* m? /s, which falls within the range of ¢y, in Table 1. The second EPM
693 scenario (EPM2) used the hydrologic parameters from Brown et al. (2017), including an

694 exponentially-decreasing permeability and an incompressible basement rock matrix so
695 that changes in fluid storage are only due to fluid compressibility. This corresponds to
696 a hydraulic diffusivity value of ¢ &~ 2 m?/s at the top of the basement, which decreases

697 with depth. The third EPM scenario (EPM3) uses the same permeability as Brown et
698 al. (2017), with the compressibility of fractured basement rock as in the first EPM sce-
699 nario (i.e. B, = 1072 Pa~1!). In this scenario the hydraulic diffusivity ¢ ~ 0.04 m?/s.
700 The simulation duration, ¢, is three years and involves injection at the average flow rate
701 of the NGL-C4A well from the summer of 2013 to the summer of 2016 .

702 In Sec. 5.2, we present a sensitivity analysis to understand how fracture density,
703 the orientation of a deterministically-located fault, and the nonlinear hydraulic diffusiv-
704 ity of fractures and faults affect the likelihood of IIS. This sensitivity analysis helps us
705 understand how elevated pressure and seismicity can reach seismogenic depths (> 2 km

706 BTB). We assume that there is a deterministically-located fault centered 2.0 km below
707 the well (see Fig. 1) that is large enough to host a felt and potentially-damaging earth-

708 quake according to earthquake scaling laws and the Modified Mercalli Intensity scale.

709 The fault radius is 1.5 km. The base-case scenario has 1000 fractures and an optimally-
710 oriented fault. The minimum and maximum depth of the fault are 700 m and 3300 m
i BTB, respectively. To investigate fracture density, the number of fractures, 7 ¢rqcs, is al-
2 tered to be 100, 500, 1000, 2000, and 4000. Since fracture networks are generated ran-
713 domly, simulations were performed on 20 realizations for each fracture density. To in-
714 vestigate the potential for optimally- and suboptimally-oriented faults to host IIS, sev-
715 eral fault orientations are considered. Note the optimal orientation can be calculated in
716 2D since the horizontal components of stress are equal in our simulations. This is done
ey by first calculating the friction angle from the coefficient of friction: k = arctan(uy) -

718 (180° /) = 33.8", and then calculating the angle between o; = o, and the fault plane
719 as: £ =45 —r/2 =28.1" (see Fig. 1) (Einstein & Dershowitz, 1990). The calculation
720 of optimal orientation can be expanded to 3D if the horizontal components of stress are
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Table 4. Scenarios for the sensitivity analysis shown in Sec. 5.2.3. The sensitivity analysis
explores the fracture/fault constitutive relationships that describe how deformations alter the
hydraulic diffusivity. “MC-Bandis” includes permeability enhancement due to shear dilation after
MC failure and permeability and porosity that are functions of normal deformation as described
by the Bandis et al. (1983) constitutive relationship. “Bandis” turns off the permeability en-
hancement due to MC failure, and “Constant” turns off all the hydraulic diffusivity alterations
due to MC and Bandis, although the Bandis relationship is used to assign the initial fracture

parameters.

Variable MC-Bandis Bandis Constant
k, fract. Eq. 6 Eq. 6 Eq.6 at I.C.
k., after MC shear 10 1 N/A

¢, fract. Eq. 5 Eq. 5 Eq.5at I.C.
¢, after MC shear 1 1 N/A

not equal. The variation from optimal orientation, A€, is altered in the sensitivity anal-
ysis by 0°, £1°, and £2°, where positive angles indicate that the fault is inclined fur-
ther towards the horizontal. To investigate the importance of the hydraulic diffusivity
constitutive relationships (i.e. Bandis and MC) on IIS, we simulate a scenario where MC
shear failure and Bandis normal deformation alter the hydraulic diffusivity (“MC-Bandis”),
one where only Bandis normal deformation alters the hydraulic diffusivity (“Bandis”),
and one where the hydraulic diffusivity is invariant in time throughout the simulation
(“Constant”). Note that for the invariant hydraulic diffusivity case, there is still a dif-
ference between c in the fractures and the matrix, but ¢ in the fracture stays constant

in time throughout the simulation. These three scenarios are summarized in Table 4. It

is worth noting that in simulations where fault orientation and hydraulic diffusivity are
altered, the same underlying fracture networks are used (i.e. the twenty sets of 1000 frac-
tures that were generated to investigate fracture density were not re-generated). Some
parameters in the sensitivity analysis are changed from their values in Sec. 5.1 and Ta-
ble 2 to reduce computational costs and allow for hundreds of simulations. The grid block
size is increased to b, = 200 m, the aquifer thickness is reduced from H = 500 m to

H = 400 m, and the injection and simulation duration, ¢, is increased to ten years to
investigate longer-term pore pressure diffusion, which is relevant for many disposal wells.

5 Results
5.1 Comparison Between DFNM-MC and EPM-TP Approaches

This section focuses on evaluating the differences in behavior between the DFNM-
MC approach and the EPM-TP approach as applied to the IIS near Greeley, CO (Sec. 4.1
and 4.4). Fig. 2(a) shows all the fractures in the DFNM-MC domain, colored by perme-
ability. Fig. 2(b) shows a three-dimensional plot of fractures that experienced MC fail-
ure (i.e. seismicity) in the DFNM-MC simulation. The maximum depth of seismicity was
only 900 m BTB, not > 2000 m BTB that we would expect from field observations. How-
ever, AP 1y did reach seismogenic depths as discussed in the next paragraph. In Sec. 5.2
we explore the factors that contribute to AP, and seismicity at greater depths.

Fig. 3 shows a three-dimensional view of the extent of critical pressure propaga-
tion for the DFNM-MC and the EPM-TP simulations. Regions where AP < AP, p,in1 =
0.05 MPa are removed from the figure because these regions cannot experience earth-
quakes. Regions where AP > AP, ,in2 = 0.10 MPa are colored red. Optimally-oriented
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Figure 2. [Illustration of the fracture network. Fig. (a) shows the initial permeability for all
the regions within the domain that have k > 10~'" m? which includes all the fractures and
the sandstone aquifer near the top of the domain. The regions with & < 10717 m? (i.e. the un-
fractured basement and the overlying confining unit) are filtered out of the figure. There is a
cutaway at * =y = z = 5000 m. Fig. (b) shows fractures that experienced Mohr-Coulomb failure,

which is assumed to indicate seismicity.

fractures will experience MC failure between AP, ;,in1 and AP, in2. Fig. 4 shows two-
dimensional slice plots of pressure change through the x—z plane at y = 5 km, in the
plane of the well, and Fig. 5 shows slice plots of pressure change through the z—y plane
2.0 km BTB. Fig. 3-5 clearly illustrate that the DFNM-MC model propagates critical
pressure farther and more heterogeneously into the basement than the EPM1 scenario
whose properties are consistent with the underlying DFNM domain. In fact, the max-
imum depth of AP, ,in1 was 2150 m BTB for the DFNM model (Fig. 3(a)-5(a)) while
only reaching 450 m for the EPM1 scenario (Fig. 3(b)-5(b)). Like EPM1, the EPM3 sce-
nario (Fig. 3(d)-5(d)) does not propagate TP to depths >2 km BTB; only the EPM2
scenario (Fig. 3(c)-5(c)), which employs an unrealistically-large hydraulic diffusivity, re-
sults in TP below 2 km BTB. It is noteworthy that AP, ;i1 propagates much deeper
(2150 m BTB) than locations of MC failure (900 m BTB) for the DFNM-MC model (com-
pare Figs. 2(b) and 3(a)). This is because only a small fraction of fractures are optimally
oriented for MC failure. Other fractures require AP > AP, 5, for failure, and there-
fore the AP, n:n front can propagate to greater depths than the seismic front.

5.2 DFNM Sensitivity Analysis

In this section, we perform a sensitivity analysis to understand the combination
of parameters that can lead to critical pressure and MC failure at depths that are rel-
evant to IIS (i.e. >2 km BTB). We vary three independent variables in the sensitivity
analysis: the fracture density, the fault orientation, and the hydraulic diffusivity consti-
tutive relationships for the fractures and faults, as discussed in Sec 4.4. We focus on three
dependent variables in our results. First, we report the maximum depth that AP y,in1 =
0.05 MPa reaches in each realization, which we call dap,. Second, we report the max-
imum depth of seismicity for each realization, dseismicity. Third, we report the maximum
depth of an earthquake on the fault (EOF) for each realization, dgor. Since we are in-
terested in the probability of these occurrences as a function of depth, we define the prob-
ability of exceeding critical pressure at a given depth d as P(dap, > d), the probabil-
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AP (MPa)
-0.10 = APcmin2

.—0.05 = AP min1
l0.00

Figure 3. Plot of pressure change for comparison of the extent of critical pressure propagation
between the DENM-MC and EPM-TP models (Sec. 5.1). Regions where AP < AP min1 = 0.05
MPa are not shown because they cannot experience seismicity, and regions where AP >
AP, in2 = 0.1 MPa are colored red. Fig. (a) is from the DFNM-MC scenario, (b) EPM1,
(c) EPM2, and (d) EPM3. The hydraulic diffusivity values in (b) - (d) were =~ 2-107%, 2, and .04
m? /s respectively (Table 3). Comparison between (a) and (b) shows that critical pressure propa-
gates deeper and more heterogeneously in a DFNM-MC model than in an EPM-TP model where
the equivalent permeability is based on the underlying DEFNM. Comparison between (c) and (d)
shows that critical pressure does not propagate as deep when realistic values of compressibility

are used.
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Figure 4. Slice plot of pressure change for comparison of the extent of critical pressure prop-
agation between the DFNM-MC and EPM-TP models (Sec. 5.1). Slices are located in the x — =z
plane at y = 5.0 km, in the plane of the well. Fig. (a) is from the DFNM-MC scenario, (b)
EPM1, (¢) EPM2, and (d) EPM3. The hydraulic diffusivity values in (b) - (d) were ~ 2 - 1074,
2, and .04 m? /s, respectively (Table 3). Comparison between (a) and (b) shows that critical
pressure propagates deeper and more heterogeneously in a DFNM model than in an EPM model
where the equivalent permeability is based on the underlying DFNM. Comparison between (c)
and (d) shows that critical pressure does not propagate to 2 km BTB unless porous medium
compressibility is neglected. The dashed white line indicates 2 km BTB and the bold black lines
indicate the contour of AP; ;min1 = 0.05 MPa.
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Figure 5. Slice plot of pressure change for comparison of the extent of critical pressure prop-
agation between the DFNM-MC and EPM-TP models (Sec. 5.1). Slices are located in the z — y
plane 2 km BTB. Fig. (a) is from the DFNM-MC scenario, (b) EPMI1, (¢) EPM2, and (d) EPM3.
The hydraulic diffusivity values in (b) - (d) were ~ 2 - 107%, 2, and .04 m? /s, respectively (Table
3). Comparison between (a) and (b) shows that critical pressure propagates deeper and more
heterogeneously in a DFNM model than in an EPM model where the equivalent permeability is
based on the underlying DFNM. Comparison between (c) and (d) shows that critical pressure
does not propagate as deep when a larger value of compressibility is used to account for the frac-
tures. Note the bold black lines indicate the contour of AP, min1 = 0.05 MPa in (a) and (c), but
do not appear in (b) and (d) because AP; min1 does not reach 2 km BTB.
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ity of seismicity exceeding a given depth as P(dsecismicity > d), and the probability of

an EOF exceeding a given depth as P(dgor > d). Twenty realizations are performed
for each set of parameter values, and probabilities were calculated as a fraction of the
total number of realizations. (Note the data for dap,, dseismicity, and dpor are reported
for each realization in Tables S3 - S5.) There is a lot of overlap between deismicity and
dpor because the seismicity measure includes the EOF measure, but we elect to show
both variables since the earthquake magnitudes of the EOF could be large enough to be
felt or even cause damage, while earthquakes on smaller fractures would cause smaller,
less-concerning earthquakes. Furthermore, the dpor measurement shows us the sensi-
tivity of EOFs to fault orientation (Sec. 5.2.2).

5.2.1 Fracture Density

Fig. 6 shows the probability of critical pressure P(dap, > d), seismicity P(dseismicity =
d), and EOFs P(dgor > d) as a function of depth and the number of fractures. At shal-
low depths (< 1700 m BTB), the probability of critical pressure increases monotonically
with the number of fractures. However at greater depths (> 2700 m BTB), there is a
non-monotonic relationship, and the probability of critical pressure is largest for inter-
mediate fracture densities. Like critical pressure, the probability of seismicity and EOF
generally increased with the number of fractures at shallow depths. However, at depths
> 2100 m BTB, the probability of seismicity and EOF is highest for an intermediate
number of fractures. At depths > 1300 m BTB, there is no difference between dseismicity
and dgor. This is likely because: (1) the fault is optimally-oriented and will therefore
experience MC failure before fractures at the same depth, which are unlikely to be optimally-
oriented, and (2) at these deeper locations a permeable fault is usually acting as the dom-
inant hydraulic pathway, so it will be pressurized before nearby fractures. For depths less
than 1300 m BTB the probability of seismicity is greater than the probability of EOF.
At these shallower depths fractures can sometimes experience seismicity without the fault
experiencing seismicity, especially if the DFN topology does not encourage flow between
the disposal well and the fault. Table 5 shows the median, ninetieth percentile, maxi-
mum, and standard deviation for dap, for each number of fractures. It shows similar trends
as Fig. 6(a). Namely, the median da p, increases monotonically with the number of frac-
tures, but the ninetieth percentile and maximum dap, have a non-monotonic relation-
ship with fracture density. The standard deviation of dap, is largest for the intermedi-
ate number of fractures.

Physically, there are three broad possibilities for how pressure diffuses from the aquifer
through a DFN: First, if the fractures do not hydraulically connect the aquifer to the
deep basement, then pressure propagation will be limited to the point where the hydraulic
connection dead ends. Second, if many fractures form a dense network of hydraulic con-
nections, then pressure will diffuse into the basement pseudo-spherically. This allows pres-
sure to propagate readily into the basement, but the distance of propagation is still some-
what limited because multiple hydraulic pathways compete for flow and no isolated pref-
erential pathway is established. Third, if fractures/faults form a single preferential path-
way into the basement, then pressure can diffuse down the pathway with limited com-
petition from other fractures. This can result in the deepest pressure propagation. These
three possibilities of pressure diffusion are illustrated in Fig. 7, which shows the spatial
distribution of AP, i, for the fracture-density sensitivity analysis. For each set of re-
alizations with a given number of fractures, three results are shown: one from the real-
ization with the median dap,, one from the realization with the ninetieth percentile dap,,
and one from the realization with the maximum dap,.

When few fractures are present, the likelihood of hydraulic connectivity is low (see
Fig. 7 (a), (b), (d) and (e)), although in extremely rare cases it seems that a preferen-
tial pathway is established deep into the basement even when there are few fractures (e.g.
Figs. 7(c) and (f)). When an intermediate number of fractures are present, either: (1)

—25—



832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

poor connectivity can occur or, (2) a preferential pathway deep into the basement can
occur. If poor connectivity occurs, pressure could be limited to very shallow depths or
could reach intermediate depths (as seen in Fig. 7 (g)), depending upon the depth at which
the hydraulic pathway dead ends. In somewhat rarer circumstances, the fractures/fault
form a preferential pathway that allows elevated pressure to diffuse very deep into the
basement (Figs. 7 (h) and (i)). This explains why the deepest maximum and ninetieth
percentile dap, occur at the intermediate-density DFN (i.e. 1000 fractures). The inter-
mediate fracture network has the largest standard deviation in dap,, due to the many
possibilities that can occur, which range from a very shallow dead-end pathway to a very
deep preferential flow pathway. When the number of fractures is very large, it is likely
that pseudo-spherical flow develops (see Figs. 7 (m), (n), and (0)). The randomness within
the fracture network becomes less important because many connections between frac-
tures are ensured, and therefore no single connection is very important for the final flow
pattern. This results in dap, that has a relatively deep median but a relatively small stan-
dard deviation, and therefore a low probability of extremely deep dap,, compared to sce-
narios with an intermediate number of fractures.

The trends in Fig. 6 and Table 5 can be explained with the physics described in
the previous two paragraphs. In the majority of cases, a denser fracture network results
in a deeper critical pressure, because the likelihood of a hydraulic pathway dead ending
is smaller. However if only the deepest instances of critical pressure propagation are as-
sociated with IIS, which seems plausible based on the low fraction of wells that are as-
sociated with IIS, then a single or limited number of preferential flow paths are likely
to be required. Isolated preferential flow paths are more likely to occur with an inter-
mediate number of fractures. Therefore, we propose that an intermediate-density frac-
ture network is the most likely to lead to IIS. However, we point out that most intermediate-
density topologies still do not result in deep propagation of critical pressure. It is only
the intermediate-density fracture networks with an ideal topology and vertical connec-
tivity that result in deep critical pressure propagation and the possibility of IIS. Inter-
mediate fracture density and connectivity thus appear to provide highly favorable con-
ditions for deep occurrences of AP..

5.2.2 Fault Orientation

Fig. 8 shows the probability of critical pressure, seismicity, and EOF's as a func-
tion of depth and fault orientation. The depth of critical pressure was relatively insen-
sitive to the fault angle. At depths less than 2300 m BTB, a more vertical fault (A =
—1° or AE = —20) modestly increased the chance of critical pressure, by providing bet-
ter hydraulic connectivity to the shallow fracture network. At depths > 2900 m, optimally-
and nearly-optimally-oriented faults (A£ = 0" and A¢ = j:lo) were associated with a
higher probability of critical pressure, which is due to their higher chance of MC failure
and resulting permeability increase. The probability of seismicity and EOF decreased
dramatically with very small deviations (A = +1, :I:QO) from optimal orientation. At
2100 m BTB, the probability of seismicity and EOF decreased from 20% for A¢ = 0°
to 10% for A& = 17, 5% for A& = —1°, and 0% for A = +2°. At this depth, the
pressure change associated with MC failure on the fault was: 0.083 MPa for Aé =0,
0.11 MPa for Aé = +1°, and 0.21 MPa for A¢é = +2°. An EOF never occurred when
the fault was deviated +2°. This sensitivity analysis shows that even a small deviation
from optimal orientation can preclude seismicity on a fault because it increases the pres-
sure required for Mohr-Coulomb failure above AP; pip.

5.2.3 Nonlinear Hydraulic Diffusivity From Fracture Deformation

We also investigated the importance of deformation-induced changes in hydraulic
diffusivity in DENM-MC models (see Table 4 and Sec. 4.4). The “Constant” scenario
did not calculate MC failure, so the results for seismicity are not reported. As shown in

—26—



0.9 00G€ 00€€ 0042 000%

0c0T 00L€ 00G¢€ 00LT 000¢
00€T 00€v 006€ 00ST 000T
0€6 006¢€ 006T 006 00g
0.9 00€€ 00¢ 00€ 00T

(wr) moryerao 'pig (W) dVp wnuwxely (w) dVp omqueorad yremeulN (W) “dVp UeIpe]y  S9INORIJ JO I9QUINN

*°dVp 1semofreys o} 1s0desp WO PaIoplo ‘A[oA130adsel ‘UOIYezI[esl JSIYy pue ‘PIIY} ‘YIUSAd[d oY) 03 puodsaliod °dVp wnwixew pue ‘o[jusoied
[J91}OUIU ‘URIPOW 9} PUR ‘SUOIIORIJ JO I9UINU [OBS IOJ UNI 9I0M SUOIYRZI[BdI AJUoM T, "SOIN}OeIJ JO ISqUINU Yded I0] “dVp JO UOIJRIASD PIEPUR)S PUB ‘WNWIXEW

‘o[ueored Yjerieuru ‘uerpour oYy syrodar o[qe) Yy, *('g'G '99S) S9INjORIf JO IOCUINT ST} JO UOIDUNJ € se aInssald [eortmd jo yidop oy I10j somsnyess  *g a[qel,

27—



883

884

885

886

887

888

889

890

891

892

893

894

895

897

898

899

900

902

903

904

0] T M
«
e e I o % ................................................ FaultTop .. g
10001 § 10001 IS crane
_ ¥ _ 3 v
E b E 3
© 000 X S 5000 i 100 fractures, EOF
o « o LS 500 fractures, EOF
I : I~ ¥ 1000 fractures, EOF
S PR o < -<- 100 fractures S ,: A 2000 fractures, EOF
S 3000 X = 500 fractures 2 50004 ; " ¥ 4000 fractures, EOF
[T SR, 5 45 SN0 N O —®- 1000frectures | LA S .. Fausowom | === 100 fractures, seismicity
~A- 2000 fractures < 500 fractures, seismicity
—¥- 4000 fractures —— 1000 fractures, seismicity
4000 4 -=-- 3.5 km BTB 4000 1 —== 2000 fractures, seismicity
=== 4000 fractures, seismicity
(b)
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Probability of dap, = d Probability of deor = d and dseismicity = d
Figure 6. Fig. (a) shows the probability of exceeding critical pressure (> AP:min1 = 0.05

MPa) as a function of depth and the number of fractures, which is expressed by plotting

P(dap, > d) versus d. The probability of exceeding critical pressure increased monotonically
with the number of fractures at shallow depths, whereas at greater depths (> 2700 m BTB),
the probability of exceeding critical pressure was largest for an intermediate number of fractures
(i.e. 1000 or 2000 fractures). Similarly, Fig. (b) shows the probability of seismicity and EOF as a
function of depth and number of fractures (i.e. P(dseismicity > d) vs d and P(dgor > d) versus
d). The probability of seismicity and EOF both increased with increasing number of fractures at
shallow depths. At depths > 2100 m BTB, the probability of seismicity and EOF was highest
for an intermediate number of fractures (i.e. 1000 fractures). The figures also have dashed lines
indicating 2 km BTB, where the fault is centered, and dotted lines indicating the top and bottom
of the fault.

Fig. 9(a), the probability of exceeding critical pressure was unaffected by the choice of
the hydraulic diffusivity relationship at depths shallower than 1300 m. At greater depths,
the “Bandis” scenario resulted in a modest increase in the probability of critical pres-
sure, when compared to the “Constant” scenario. The “MC-Bandis” scenario resulted

in a considerably larger probability of critical pressure, especially at d > 3300 m, com-
pared to the “Constant” scenario. Fig. 9(b) shows the probability of seismicity as a func-
tion of depth and hydraulic diffusivity constitutive relationship. The probability of seis-
micity was larger for the “MC-Bandis” scenario than for the “Bandis” scenario, espe-
cially at the deeper parts of the fault (d > 2500 m).

Why does the MC permeability enhancement seem to be important while the Ban-
dis effect is less important? Firstly, MC failure enhances permeability, which increases
the hydraulic diffusivity, whereas Bandis dilation increases the permeability and the poros-
ity, which have competing effects on the hydraulic diffusivity (Eq. 1). Secondly, based
on the Bandis model, fractures are forced almost entirely shut at the depths and litho-
static stresses commonly seen near IIS. As fractures are forced closed, their stiffness in-
creases and asymptotes to infinity so that the stiffness of the fracture/matrix system ap-
proaches that of the matrix rock. Therefore, in the context of IIS, the fractures are un-
likely to open very much as pore pressure is increased. Nevertheless, the Bandis dilation
could prove to be more important in geologic settings where the effective normal stress
is less compressive and fractures can open and close to a greater degree. It is clear that
the MC permeability enhancement is an important factor in propagating critical pres-
sure to > 2 km.
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Figure 7. The spatial distribution of AP. i for the fracture-density sensitivity analysis.
Regions where AP < AP, min1 = 0.05 MPa are not shown because they cannot experience
seismicity, and regions where AP > AP, min2 = 0.1 MPa are colored red. The fracture density
increases by rows going down. The subfigures in the left column (i.e. (a), (d), (g), (j), and (m))
show the pressure profiles for the realization with the median dap,. The subfigures in the cen-
ter column (i.e. (b), (e), (h), (k), and (n)) show the pressure profile for the realization with the
ninetieth percentile of dap,. The subfigures in the right column (i.e. (c), (f), (i), (1), and (o))
show the pressure profile for the realization with the maximum dap,. The median dap, increases
with the number of fractures, but the ninetieth percentile and maximum dap, both exhibit a
non-monotonic relationship and are largest at an intermediate fracture density (1000 fractures).

Also note that flow becomes pseudo-spherical as fracture density increases.
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Figure 8. Fig. (a) shows the probability of exceeding critical pressure (> AP;min1 = 0.05

MPa) as a function of depth and the orientation of the deterministically-located fault, which is
expressed by plotting P(dap, > d) versus d. In the legend, A¢ is the angle by which the fault
deviates from its optimal orientation, so that A{ = —2° corresponds to a fault that is two de-
grees more vertical than an optimal-orientation. At some shallow depths (e.g. 1300 m BTB and
1900 m BTB), the vertically-deviated faults slightly increased the probability of exceeding criti-
cal pressure. At greater depths (e.g. 2700-2900 m BTB and > 3500 m), the optimally-oriented
fault had the highest probability of exceeding critical pressure because it was more likely to ex-
perience enhanced permeability due to MC failure. Fig. (b) shows the probability of seismicity
and EOF as a function of depth and the orientation of the deterministically-located fault (i.e.
P(dscismicity > d) versus d and P(dgor > d) versus d). The probability of seismicity is greatest
at shallow depths. The probability of seismicity decreased with depth more rapidly for realiza-
tions with faults that were deviated from the optimal orientation. In the simulations with fault
deviation of :|:2°, there was a zero percent chance of seismicity at d > 1900 m BTB, whereas the
simulations with an optimally-oriented fault had a 15% chance of seismicity even much deeper

at d = 3300 m BTB. The probability of EOF was affected even more dramatically by fault
orientation than the probability of seismicity. dgor reached the bottom of the fault in 15% of
realizations with an optimally-oriented fault and in 0% of realizations with any deviation from
optimal orientation. EOF's never occurred on a fault with an angle of +2°. The figures also have
dashed lines indicating 2 km BTB, where the fault is centered, and dotted lines indicating the
depths of the top and bottom of the fault.
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Figure 9. Fig. (a) shows the probability of exceeding critical pressure (> AP:min1 = 0.05

MPa) as a function of depth and the hydraulic diffusivity constitutive relationship that was used
in the fractures/faults, which is expressed by plotting P(dap, > d) versus d. In “MC-Bandis”
the hydraulic diffusivity of fractures/faults is altered by both MC shear failure and the opening
of fractures in the normal direction according to the Bandis relationship (see Eq. 8), in “Bandis”
the hydraulic diffusivity of fractures/faults is altered by the Bandis relationship but not MC,

and in “Constant” the hydraulic diffusivity is constant in time and matches the initial hydraulic
diffusivity of the “MC-Bandis” and “Bandis” scenarios (see Table 4). Fig. (b) shows the proba-
bility of seismicity as a function of depth and the hydraulic diffusivity constitutive relationship
(i.e. P(dseismicity > d) versus d). Seismicity was not calculated for the “Constant” scenario and
EOF was not calculated for the “Bandis” scenario, so these data are not shown in the figure.

The figures have dashed lines indicating 2 kmm BTB, where the fault is centered, and dotted lines
indicating the depths of the top and bottom of the fault.
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6 Discussion and Conclusions

The rise in IIS in the central USA has been attributed to the disposal of wastew-
ater. The most common explanation for IIS involves diffusion of elevated pore pressures
from disposal wells to critically-stressed faults, thereby destabilizing the faults and lead-
ing to MC failure and seismicity. To drive this destabilizing mechanism, elevated pres-
sures must diffuse through low-permeability, fractured/faulted basement rock to seismo-
genic depths (> 2 km BTB) where the basement is most-critically stressed (Vilarrasa
& Carrera, 2015) and the majority of IIS has been observed in the central U.S. (Nakai
et al., 2017; W. L. Yeck et al., 2016; Schoenball & Ellsworth, 2017). It is clear that frac-
tures and faults are important both hydraulically, as preferential flow pathways, and me-
chanically, as the locations that host seismicity (Shah & Keller, 2017; National Research
Council, 2013). Despite the importance of fractures and faults, many numerical mod-
els of IIS have employed an EPM-TP approach, which smooths out the hydraulic influ-
ence of fractures and faults and neglects mechanical considerations in the earthquake-
triggering mechanism (Keranen et al., 2014; Brown et al., 2017; Langenbruch et al., 2018;
Shirzaei et al., 2016; Pollyea et al., 2019; Nakai et al., 2017; Hearn et al., 2018; Zhang
et al., 2013; Ogwari et al., 2018; Schoenball et al., 2018). The EPM-TP approach does
not address key questions such as: (1) how fluid pressure diffuses through low perme-
ability basement rock to seismogenic depths, (2) how important the deformation-induced
changes in hydraulic diffusivity are to bringing pressure to depth, and (3) why IIS is rather
uncommon given the large number of disposal wells (Ellsworth, 2013; Nicholson & Wes-
son, 1992; U.S. EPA, 2018) and the prevalence of critically-stressed conditions in base-
ment formations (Townend & Zoback, 2000).

To address the above questions, we developed a DENM-MC numerical model to
simulate pressure diffusion in the context of IIS. It builds upon the approach of previ-
ously developed simulators that represent fracture and matrix flow, coupled hydro-mechanical
processes, deformation-induced changes in the hydraulic diffusivity, and MC failure (Jin
& Zoback, 2018, 2017; Jha & Juanes, 2014; Ucar et al., 2018; Rinaldi et al., 2014; Kelkar
et al., 2014). The DFNM-MC model is novel because of its capability to simulate thou-
sands of deformable fractures and faults within large, 3D domains (~10 x 10 x 10 km),
which has not previously been done in the context of IIS. This is computationally pos-
sible because the DFNM-MC approach leverages parallelization and simplified partial
coupling between geomechanics and fluid flow, based on the assumption of a time-invariant
stress field. The DFNM-MC approach can be used for other subsurface applications where
flow occurs in matrix rock and deformable fractures (e.g. hydrocarbon production from
hydraulically fractured reservoirs).

To consistently model scenarios relevant to IIS, we must consistently represent the
hydraulic diffusivity of basement rock. The hydraulic diffusivity of fractured basement
rock at the reservoir to basin scale is ¢y = 10751073 m?2 /s (Table 1). This is based
on the accepted values for porosity, permeability, water properties, and the compress-
ibility of fractured rock (Sec. 2.2) (Freeze & Cherry, 1979; Manning & Ingebritsen, 1999).
To be consistent, EPM-TP models should employ ¢y, but they instead tend to use un-
realistically large values in order to achieve rapid pressure propagation to locations of
seismicity. On the other hand, our DFNM-MC approach employs realistic hydraulic pa-
rameters (permeability and compressibility). Rapid pressure propagation to greater depths
is facilitated by connected fractures that form preferential flow pathways with relatively
low leakoff rates into the surrounding matrix. We know the hydraulic parameters are re-
alistic for several reasons. Firstly the unfractured region of the basement employs ceore,
and the fractured regions of the model employ diffusivities consistent with experimen-
tally measured properties of fractures (Bandis et al., 1983; Murphy et al., 2004). Sec-
ondly, the equivalent hydraulic diffusivity that was derived from the DFNM model for
scenario EPM1 in Sec. 5.1 is equal to ¢pyk, as it should be. Finally, the DENM-MC model
brings AP, ;i to seismogenic depths in a time frame that is consistent with field ob-

—32—



058 servations. For example, in Sec. 5.1, AP, iy, diffuses to 2150 m BTB after three years
059 of injection.

960 The fracture diffusivity (c fmctu,«e) in our models is much greater than the seismo-
961 genic diffusivity (csr) reported by Talwani et al. (2007), and also greater than the hy-

962 draulic diffusivity that we would infer based on the speed of AP,y diffusion in our model
963 simulations. Clearly, the effective hydraulic diffusivity inferred from pressure propaga-

964 tion in a fracture-matrix system is smaller than cfrqcture, due to leakoff and the tortu-

965 osity of the fracture network. Questions may be raised about the precise meaning of the
966 seismogenic diffusivity — it is not clear whether it is equal to the equivalent hydraulic dif-
067 fusivity or a much larger quantity, reflecting the influence of preferential flow pathways
o68 within fractured rock. But our simulations suggest that the seismogenic diffusivity falls
969 somewhere in between cpyii and cracture. Our results also show that propagation of seis-
970 mic events is maximized at an intermediate fracture density (Sec. 5.2.1). Since an in-

o71 termediate fracture density corresponds to an intermediate effective hydraulic diffusiv-

or2 ity, this result provides a plausible explanation for why seismicity only occurs over a nar-
o73 row intermediate range of (seismogenic) diffusivity values, as pointed out by Talwani et
o74 al. (2007). The seismogenic diffusivity depends on the connectivity of fractures in selec-
o75 tively propagating pressure perturbations ahead of a “mean” pressure front. It also de-
o76 pends on the contrast between the fracture and matrix hydraulic diffusivity (Haagenson
o77 et al., 2018a, 2018b), with higher leakoff rates reducing the distance between the most

o78 distant pressure front and the mean pressure front. The seismogenic diffusivity should

079 not be interpreted as the hydraulic diffusivity until we have a better understanding of

980 what it represents.

981 The DFNM-MC approach is a clear improvement over the EPM-TP approach for

082 simulating reservoir- to basin-scale IIS. Comparison of the DFNM-MC approach with
983 the three EPM scenarios (Sec. 5.1), offers insight into why previous EPM-TP studies have

o84 needed to employ unrealistically-large values of hydraulic diffusivity. In scenario EPM1,
085 which is based on the equivalent permeability corresponding to the DFNM-MC simu-

986 lations and a compressibility consistent with a value for jointed crystalline rock (Freeze
087 & Cherry, 1979), critical pressure does not diffuse to seismogenic depths. Scenario EPM2
988 utilized the same parameters as Brown et al. (2017), including an unrealistically small

089 value of compressibility and a corresponding large value of hydraulic diffusivity, thus pro-
990 ducing critical pressure propagation to seismogenic depths. EPM3, on the other hand,

991 employed the same permeability as Brown et al. (2017) but used a more realistic value

992 of matrix compressibility, and it did not result in pressures reaching seismogenic depths.
993 The problem with many of the EPM-TP studies has been in their assignment of the porous
994 medium compressibility, which should be larger than the compressibility of intact crys-
095 talline rock due to the presence of fractures (Freeze & Cherry, 1979). The overall ration-
996 ale for employing EPM-TP studies to infer the mechanisms driving IIS is somewhat ten-
907 uous — in many of these studies, the hydraulic diffusivity (or equivalently the hydraulic
908 conductivity) was calibrated to reproduce elevated pressure at the earthquake hypocen-
999 ters (Keranen et al., 2014; Brown et al., 2017). The same studies then concluded that

1000 pressure diffusion was a plausible causative mechanism, despite the unrealistically large
1001 calibrated values for hydraulic diffusivity. Another problem with the EPM-TP approach
1002 is that it does not define the locations of fractures and it cannot resolve the actual AP,
1003 (which is a function of fracture/fault orientation, the initial local stress and pressure, and
1004 fracture properties) that is required to cause seismicity. The EPM-TP approach simply
1005 results in a region where AP > TP where seismicity may occur. Since the EPM ap-

1006 proach gives smooth pressure profiles, there are large, laterally-extensive regions that are
1007 critically-pressured. This would suggest that IIS should be much more prevalent than

1008 it actually is (i.e. the EPM-TP approach would lead to many false positives of IIS if used
1000 predictively). In contrast, the DFNM-MC approach supplies information about the lo-
1010 cation, AP,, and time of MC failure, which are unique for each fracture/fault.
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Our results from the DFNM-MC sensitivity analysis (Sec. 5.2) show that pressure
diffusion to seismogenic depths and earthquake triggering are more nuanced and less likely
than the EPM-TP models have shown. For pressure propagation to the relevant seismo-
genic depths, the fracture density generally needs to be an optimal, intermediate value
(Sec. 5.2.1). Too few fractures generally result in insufficient hydraulic connectivity, while
too many fractures result in flow paths that compete for flow so that pressure diffusion
is also limited in depth. Even with an optimal, intermediate fracture density, many DFN
realizations do not provide connected hydraulic pathways to depth. In addition, our re-
sults show that the deformation-induced changes in hydraulic conductivity (especially
from shear failure in the shallow basement) play an important role in allowing pressure
to propagate to > 2 km BTB (Sec. 5.2.3). The normal deformation described by the
Bandis et al. (1983) relationship is only marginally important in our simulations because
fractures are held tightly closed at the effective stresses found deep in the basement. But
this effect could prove more important in other applications, such as production of O&G,
heat for geothermal energy, or potable water from fractured reservoirs, in which the con-
fining stresses are smaller and pressure changes will alter the fracture aperture more eas-
ily. Previous studies have shown the importance of deformation-induced permeability
changes (e.g. Ucar et al. (2018)), but not within the context of IIS with thousands of
fractures. Previous studies have also pointed out that the presence of an underlying con-
fining layer can preclude pressure diffusion to seismogenic depths (Zhang et al., 2013).
Furthermore, the orientation of fractures and faults is important in dictating the prob-
ability of IIS; it is possible to have pressure diffuse to depths > 2 km BTB with only
very limited seismicity. In our simulations, the depth of IIS always lags behind the depth
of AP, min, sometimes by a substantial distance, because deviations from the optimal
orientation increase AP, to values larger than AP, ,,;,. Changes in the orientation of
the fault by as small as A& = £2° (corresponding to 0.13 MPa change in AP,) are enough
to entirely preclude seismicity on a major fault (EOF) in our sensitivity analysis (Sec. 5.2.2).
Any one of the factors discussed in this paragraph (fracture network density, fracture
network connectivity, lack of enhanced hydraulic diffusivity in shallower fractures/faults,
an underlying confining layer, and the orientation of faults at > 2 km BTB) may be enough
to prevent IIS by either precluding pressure diffusion to depth or by raising the required
critical pressure for MC failure. This offers a viable explanation for why only a small frac-
tion of Class II disposal wells are associated with IIS in the USA.

We have several recommendations for future study and mitigation of IIS. First, data
about fractures and faults in basement formations should be collected and shared. In
particular, more work should be done to understand the fracture statistics of basement
rock. This work could help to establish the real-world fracture statistics that correspond
to the intermediate fracture density case in our sensitivity analysis (Sec. 5.2.1), and it
could also be compared to the types of basement rock where IIS is most likely, along the
lines of Shah and Keller’s (2017) findings. Injection near basement formations with an
intermediate fracture density and/or unfavorable basement rock type, which can pro-
mote deep pressure propagation, could be avoided. Furthermore, we suggest that publicly-
available basement fault databases should be augmented to include faults identified in
proprietary data, along with their orientation relative to the local stress field. Open shar-
ing of such data would help both industry and regulators avoid wastewater disposal into
areas where pressure could diffuse into large, optimally-oriented basement faults. Many
of the data discussed in this paragraph is also useful for site-specific DFNM-MC simu-
lations, which require: (i) the location, orientation, and MC parameters for all major faults;
(ii) the Bandis parameters and location, size, and orientation statistics for fractures; (iii)
the in situ stress state and initial pressure; and (iv) hydraulic properties of the disposal
formation.

The scientific community needs to move past EPM-TP models when trying to un-
derstand IIS. The ideal modeling tool to understand IIS would include full hydro-mechanical
coupling with a fracture and matrix approach that would allow for multiple MC failure
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1065 events at the same location, update the hydraulic diffusivity as a function of fracture de-

1066 formation, and include propagation of seismic waves and evaluation of the Coulomb stress
1067 change after MC failure. To our knowledge, this type of tool does not exist, and even

1068 simulators that do not propagate seismic waves are generally limited to 2D (Jin & Zoback,
1069 2018, 2017) or a single fault (Jha & Juanes, 2014; Rinaldi et al., 2014; Kelkar et al., 2014)
1070 due to computational cost. For computational expediency, it may be possible to imple-

1071 ment fracture and matrix simulators wherein the mechanical and hydrologic equations

1072 are fully coupled but the mechanical solution is not updated in every time step of the

1073 hydrologic calculation, but these have not been presented in the literature to our knowl-
1074 edge. Therefore, our partially-coupled DFNM-MC approach is especially attractive, be-
1075 cause it can simulate large spatial scales with many fractures and faults. The DFNM-

1076 MC approach can contribute to probabilistic assessment of the risks of induced seismic-
1077 ity based on the datasets described in the previous paragraph. As demonstrated in Sec. 5.2,
1078 the DFNM-MC approach can be combined with Monte-Carlo simulations on multiple

1079 realizations of fracture networks across which fracture and fault locations, orientations,

1080 and properties are sampled from their respective probability density functions. The par-
1081 tially coupled nature and the parallelization of the DFNM-MC approach renders it com-
1082 putationally tractable for such probabilistic assessments. While forecasting IIS is still

1083 extremely difficult, a DFNM-MC model with all the relevant parameters could, in prin-

1084 ciple, offer a screening framework for forecasting before injection begins and/or during

1085 injection as part of an adaptive traffic light system (Wiemer et al., 2015; Kirdly-Proag
1086 et al., 2016). One drawback of the partially-coupled DFNM-MC model is that it can-

1087 not evaluate poroelastic stress changes, earthquake-earthquake interactions, or allow for

1088 multiple failure events. Simulators that can evaluate these phenomena are computation-

1089 ally expensive, so the partially-coupled DFNM-MC approach could be used in a screen-

1000 ing step to identify the most critical scenarios for further investigation with other, computationally-
1001 expensive simulators.

1002 Acknowledgments

1003 We thank Los Alamos National Laboratory Center for Space and Earth Science, the Na-
1004 tional Science Foundation Hazards SEES project EAR 1520846, and the University of

1095 Colorado Dissertation Completion Fellowship for financial support. We also thank Jef-
1096 frey Hyman and the rest of the dfnWorks team for helpful discussions about our algo-
1007 rithm that generates and maps fractures to the PFLOTRAN grid. All of the data pre-
1008 sented in this study are from simulation results and are presented in figures and tables

1009 within the text and the supporting information and are also available at http://hdl.handle.net/20.500.11850/395361
1100 under the DOI:10.3929/ethz-b-000395361. There are no conflicts of interest to report.

1101 References

102 Bandis, S., Lumsden, A., & Barton, N. (1983). Fundamentals of rock joint deforma-

1103 tion. International journal of rock mechanics and mining sciences, 20(6), 249—
1104 268.

1105 Birdsell, D. T. (2018). An investigation of subsurface fluid injections related to
1106 oil and gas development: Modeling hydraulic fracturing fluid migration and

1107 induced seismicity. (PhD dissertation (University of Colorado, Boulder))

1108 Birdsell, D. T., Karra, S., & Rajaram, H. (2018). On the representation of the
1109 porosity-pressure relationship in general subsurface flow codes. Water Re-
1110 sources Research, 54(2), 1382-1388.

111 Birdsell, D. T., Rajaram, H., Dempsey, D., & Viswanathan, H. S. (2015). Hydraulic
1112 fracturing fluid migration in the subsurface: A review and expanded modeling
113 results. Water Resources Research, 51(9), 7159-7188.

1114 Birdsell, D. T., Rajaram, H., & Karra, S. (2018). Code development for modeling
11s induced seismicity with flow and mechanics using a discrete fracture network

—35—



1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

and matrix formulation with evolving hydraulic diffusivity. In 2nd interna-
tional discrete fracture network engineering conference. Seattle, WA. (DFNE
18-565.)

Bower, K., & Zyvoloski, G. (1997). A numerical model for thermo-hydro-mechanical
coupling in fractured rock. International Journal of Rock Mechanics and Min-
ing Sciences, 34(8), 1201-1211.

Brown, M. R., & Ge, S. (2018). Small earthquakes matter in injection-induced seis-
micity. Geophysical Research Letters, 45(11), 5445-5453.

Brown, M. R., Ge, S., Sheehan, A. F., & Nakai, J. S. (2017). Evaluating the effec-
tiveness of induced seismicity mitigation: Numerical modeling of wastewater
injection near Greeley, Colorado. Journal of Geophysical Research: Solid
Earth, 122(8), 6569-6582.

Chang, K., & Segall, P.  (2016).  Injection-induced seismicity on basement faults
including poroelastic stressing.  Journal of Geophysical Research: Solid Farth,
121(4), 2708-2726.

Chaudhuri, A., Rajaram, H., & Viswanathan, H. (2013). Early-stage hypogene kars-
tification in a mountain hydrologic system: A coupled thermohydrochemical
model incorporating buoyant convection. Water Resources Research, 49(9),
5880-5899.

De Marsily, G. (1986). Quantitative hydrogeology: groundwater hydrology for engi-
neers. Orlando, FL: Academic Press, Inc.

Dempsey, D., & Riffault, J. (2019). Response of induced seismicity to injection rate
reduction: Models of delay, decay, quiescence, recovery, and Oklahoma. Water
Resources Research, 55(1), 656—681.

Einstein, H. H., & Dershowitz, W. S.  (1990). Tensile and shear fracturing in pre-

dominantly compressive stress fields—a review. Engineering Geology, 29(2),
149-172.

Ellsworth, W. L.~ (2013).  Injection-induced earthquakes.  Science, 8/1(6142),
1225942.

Evans, K., Moriya, H., Niitsuma, H., Jones, R., Phillips, W., Genter, A., ... Baria,
R.  (2005). Microseismicity and permeability enhancement of hydrogeologic
structures during massive fluid injections into granite at 3 km depth at the
Soultz HDR site. Geophysical Journal International, 160(1), 388-412.

Freeze, R. A., & Cherry, J. A. (1979). Groundwater, 604 pp. Englewood Cliffs, NJ:
Prentice-Hall.

Goebel, T., Weingarten, M., Chen, X., Haffener, J., & Brodsky, E. (2017). The 2016
Mw 5.1 Fairview, Oklahoma earthquakes: Evidence for long-range poroelastic
triggering at >40 km from fluid disposal wells. Earth and Planetary Science
Letters, 472, 50-61.

Haagenson, R., Rajaram, H., Karra, S., & Allen, J. (2018a). Modeling nonlinear dif-
fusion in fractured rock with deformable fractures and applications to injection
induced seismicity. In 52nd us rock mechanics/geomechanics symposium and
discrete fracture network engineering conference. (DFNE 18-426)

Haagenson, R., Rajaram, H., Karra, S., & Allen, J.  (2018b, May). Modeling non-
linear diffusion in fractured rock. With deformable fractures and applications
to injection induced seismicity. (Presentation at the InterPore 10th Annual
Meeting and Jubilee. New Orleans, LA)

Hammond, G. E., Lichtner, P. C., & Mills, R. T.  (2014).  Evaluating the perfor-
mance of parallel subsurface simulators: An illustrative example with PFLO-
TRAN. Water Resources Research, 50, 208-228. doi: 10.1002/2012WR013483

Healy, J., Rubey, W., Griggs, D., & Raleigh, C. (1968). The Denver Earthquakes.
Science, 161(3848), 1301-1310.

Hearn, E. H., Koltermann, C., & Rubinstein, J. L. (2018). Numerical models of pore
pressure and stress changes along basement faults due to wastewater injection:
Applications to the 2014 Milan, Kansas earthquake. Geochemistry, Geophysics,

—36—



1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

Geosystems, 19(4), 1178-1198.

Hyman, J., Painter, S. L., Viswanathan, H., Makedonska, N., & Karra, S. (2015).
Influence of injection mode on transport properties in kilometer-scale three-
dimensional discrete fracture networks. Water Resources Research, 51(9),
7289-7308.

Jha, B., & Juanes, R. (2014). Coupled multiphase flow and poromechanics: A
computational model of pore pressure effects on fault slip and earthquake
triggering. Water Resources Research, 50(5), 3776-3808.

Jin, L., & Zoback, M. (2017). Fully coupled nonlinear fluid flow and poroelasticity
in arbitrarily fractured porous media: A hybrid-dimensional computational
model. Journal of Geophysical Research: Solid Earth, 122(10), 7626-7658.

Jin, L., & Zoback, M. (2018).  Modeling induced seismicity: Inter-seismic quasi-
static triggering in a discretely fractured poroelastic medium. In 2nd interna-
tional discrete fracture network engineering conference.

Kelkar, S., Lewis, K., Karra, S., Zyvoloski, G., Rapaka, S., Viswanathan, H., ...
Pawar, R. (2014). A simulator for modeling coupled thermo-hydro-mechanical
processes in subsurface geological media. International Journal of Rock Me-
chanics and Mining Sciences, 70, 569-580.

Kelkar, S., Zyvoloski, G., Rapaka, S., & Yoshioka, K. (2011). Modeling shear failure
and permeability enhancement due to coupled thermal-hydrological-mechanical
processes in enhanced geothermal reservoirs (Tech. Rep. No. LA-UR-11-10610).
Los Alamos, NM: Los Alamos National Laboratory.

Keranen, K. M., Weingarten, M., Abers, G. A., Bekins, B. A., & Ge, S. (2014).
Sharp increase in central Oklahoma seismicity since 2008 induced by massive
wastewater injection. Science, 345(6195), 448-451.

Kiraly-Proag, E., Zechar, J. D., Gischig, V., Wiemer, S., Karvounis, D., & Doetsch,
J. (2016). Validating induced seismicity forecast models—induced seismicity
test bench. Journal of Geophysical Research: Solid Earth, 121(8), 6009-6029.

Lang, P. S., Paluszny, A., Nejati, M., & Zimmerman, R. W. (2018). Relationship
between the orientation of maximum permeability and intermediate principal
stress in fractured rocks. Water Resources Research, 54(11), 8734-8755.

Langenbruch, C., Weingarten, M., & Zoback, M. D. (2018). Physics-based forecast-
ing of man-made earthquake hazards in oklahoma and kansas. Nature commu-
nications, 9(1), 3946.

Langenbruch, C., & Zoback, M. D.  (2016). How will induced seismicity in Okla-
homa respond to decreased saltwater injection rates? Science advances, 2(11),

el1601542.
Lichtner, P. C., Hammond, G. E., Lu, C., Karra, S., Bisht, G., Andre, B., ...
Frederick, J. M. (2019a). PFLOTRAN user manual (Tech. Rep.).

(http://documentation.pflotran.org)

Lichtner, P. C., Hammond, G. E., Lu, C., Karra, S., Bisht, G., Andre, B., ... Fred-
erick, J. M. (2019b). PFLOTRAN Web page. (http://www.pflotran.org)
Mallikamas, W., & Rajaram, H.  (2005). On the anisotropy of the aperture corre-
lation and effective transmissivity in fractures generated by sliding between

identical self-affine surfaces. Geophysical research letters, 32(11).

Manning, C., & Ingebritsen, S. (1999). Permeability of the continental crust: Impli-
cations of geothermal data and metamorphic systems. Reviews of Geophysics,
37(1), 127-150.

Morrow, C., & Lockner, D.  (1997). Permeability and porosity of the Illinois UPH
3 drillhole granite and a comparison with other deep drillhole rocks. Journal of
Geophysical Research: Solid Earth, 102(B2), 3067-3075.

Murphy, H., Huang, C., Dash, Z., Zyvoloski, G., & White, A. (2004). Semianalytical
solutions for fluid flow in rock joints with pressure-dependent openings. Water
resources research, 40(12).

Nakai, J., Weingarten, M., Sheehan, A., Bilek, S., & Ge, S. (2017). A possible

—37—



1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

causative mechanism of Raton Basin, New Mexico and Colorado earthquakes
using recent seismicity patterns and pore pressure modeling.  Journal of Geo-
physical Research: Solid Earth, 122(10), 8051-8065.

National Research Council. (2013). Induced seismicity potential in energy technolo-
gies. Washington, D.C.: National Academies Press. (13: 978-0-309-25367-3)

Nicholson, C., & Wesson, R. L. (1992). Triggered earthquakes and deep well activi-
ties. Pure and applied Geophysics, 139(3-4), 561-578.

Norbeck, J., & Rubinstein, J. L. (2018). Hydromechanical earthquake nucleation
model forecasts onset, peak, and falling rates of induced seismicity in Okla-
homa and Kansas. Geophysical Research Letters, 45(7), 2963-2975.

Ogwari, P. O., DeShon, H. R., & Hornbach, M. J. (2018). The Dallas-Fort Worth
airport earthquake sequence: Seismicity beyond injection period. Journal of
Geophysical Research: Solid Earth, 123(1), 553-563.

Pandey, S., Chaudhuri, A., & Kelkar, S. (2017). A coupled thermo-hydro-mechanical
modeling of fracture aperture alteration and reservoir deformation during heat
extraction from a geothermal reservoir. Geothermics, 65, 17-31.

Peterie, S. L., Miller, R. D., Intfen, J. W., & Gonzales, J. B. (2018). Earthquakes in
Kansas induced by extremely far-field pressure diffusion. Geophysical Research
Letters, 45(3), 1395-1401.

Pollyea, R. M., Chapman, M. C., Jayne, R. S., & Wu, H. (2019). High density
oilfield wastewater disposal causes deeper, stronger, and more persistent earth-
quakes. Nature communications, 10(1), 3077.

Riffault, J., Dempsey, D., Karra, S., & Archer, R.  (2018).  Microseismicity cloud
can be substantially larger than the associated stimulated fracture volume:
the case of the paralana enhanced geothermal system. Journal of Geophysical
Research: Solid Earth, 123(8), 6845-6870.

Rinaldi, A. P., Jeanne, P., Rutqvist, J., Cappa, F., & Guglielmi, Y. (2014). Effects
of fault-zone architecture on earthquake magnitude and gas leakage related
to COs injection in a multi-layered sedimentary system. Greenhouse Gases:
Science and Technology, 4 (1), 99-120.

Rinaldi, A. P., & Nespoli, M. (2017). Tough2-seed: A coupled fluid flow and
mechanical-stochastic approach to model injection-induced seismicity. Comput-
ers & Geosciences, 108, 86-97.

Rutqvist, J., Birkholzer, J., Cappa, F., & Tsang, C.-F. (2007). Estimating maximum
sustainable injection pressure during geological sequestration of COy using
coupled fluid flow and geomechanical fault-slip analysis. Energy Conversion
and Management, 48(6), 1798-1807.

Schoenball, M., & Ellsworth, W. L. (2017). Waveform-relocated earthquake catalog
for Oklahoma and Southern Kansas illuminates the regional fault network.
Seismological Research Letters, 88(5), 1252-1258.

Schoenball, M., Walsh, F. R., Weingarten, M., & Ellsworth, W. L.~ (2018).  How
faults wake up: the Guthrie-Langston, Oklahoma earthquakes. The Leading
Edge, 37(2), 100-106.

Shah, A. K., & Keller, G. R. (2017). Geologic influence on induced seismicity: Con-
straints from potential field data in Oklahoma.  Geophysical Research Letters,
44 (1), 152-161.

Shapiro, S., & Dinske, C.  (2009). Fluid-induced seismicity: Pressure diffusion and
hydraulic fracturing. Geophysical Prospecting, 57(2), 301-310.

Shirzaei, M., Ellsworth, W. L., Tiampo, K. F., Gonzélez, P. J., & Manga, M. (2016).
Surface uplift and time-dependent seismic hazard due to fluid injection in east-
ern Texas. Science, 353(6306), 1416-1419.

SKB. (2011, March).  Long-term safety for the final repository for spent nuclear
fuel at Forsmark (Tech. Rep. No. SKB TR-11-01). Stockholm: AB, Svensk
Kéarnbréanslehantering.

Talwani, P., Chen, L., & Gahalaut, K. (2007). Seismogenic permeability, ks. Journal

—38—



1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

of Geophysical Research: Solid Earth, 112(BT).

Townend, J., & Zoback, M. D. (2000). How faulting keeps the crust strong. Geology,
28(5), 399-402.

Ucar, E., Berre, 1., & Keilegavlen, E. (2018). Three-dimensional numerical modeling
of shear stimulation of fractured reservoirs.  Journal of Geophysical Research:
Solid Earth, 123(5), 3891-3908.

U.S. EPA. (2018). Fiscal year 2018 underground injection controll (UIC) injection
well inventory. https://www.epa.gov/uic/uic-injection-well-inventory.
U.S. Environmental Protection Agency. (Accessed: July 30, 2019)

Vilarrasa, V., & Carrera, J. (2015). Geologic carbon storage is unlikely to trig-
ger large earthquakes and reactivate faults through which COy could leak. Pro-
ceedings of the National Academy of Sciences, 112(19), 5938-5943.

Weingarten, M., Ge, S., Godt, J. W., Bekins, B. A., & Rubinstein, J. L. (2015).
High-rate injection is associated with the increase in us mid-continent seismic-
ity. Science, 348(6241), 1336-1340.

Wiemer, S., Kraft, T., & Landtwing, D. (2015). Ch 6.2: Seismic risk. In
S. Hirschberg, S. Wiemer, & P. Burgherr (Eds.), Energy from the earth: Deep
geothermal as a resource for the future? (pp. 263-295). doi: 10.3218/3655-8

Witherspoon, P. A., Wang, J. S., Twai, K., & Gale, J. E.  (1980).  Validity of cu-
bic law for fluid flow in a deformable rock fracture.  Water resources research,
16(6), 1016-1024.

Wood, A. T. (1994). Simulation of the von Mises Fisher distribution. Communica-
tions in statistics-simulation and computation, 23(1), 157-164.

Yeck, W., Weingarten, M., Benz, H. M., McNamara, D. E., Bergman, E., Herrmann,
R., ... Earle, P. (2016). Far-field pressurization likely caused one of the largest
injection induced earthquakes by reactivating a large preexisting basement
fault structure. Geophysical Research Letters, 43(19), 1-10.

Yeck, W. L., Sheehan, A., Benz, H. M., Weingarten, M., & Nakai, J. (2016). Rapid
response, monitoring, and mitigation of induced seismicity near Greeley, Col-
orado. Seismological Research Letters, 87(4), 837-847.

Zhang, Y., Person, M., Rupp, J., Ellett, K., Celia, M. A., Gable, C. W., ... others

(2013). Hydrogeologic controls on induced seismicity in crystalline basement
rocks due to fluid injection into basal reservoirs. Groundwater, 51(4), 525~
538.

Zimmerman, R. W., & Bodvarsson, G. S.  (1996). Hydraulic conductivity of rock
fractures. Transport in porous media, 23(1), 1-30.

Zoback, M. D. (2010). Reservoir geomechanics. United Kingdom: Cambridge Uni-
versity Press.

—39—



