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Abstract The Raton Basin of Southern Colorado and Northern New Mexico experienced a significant
increase in seismicity over the last several decades, including two M5+ earthquakes. The increase in seismicity
started soon after an increase in wastewater disposal associated with coal-bed methane production. Twenty-
nine wastewater injection wells have operated in the Basin, with several high-rate injectors located within

a kilometer of the most seismically active regions. We developed a pore pressure model to investigate the
relationship between pore pressure diffusion and onset of induced seismicity, with an emphasis on the Trinidad
fault zones. Our model indicates that sufficient pore pressure increase had accumulated on the northern extent
of the Trinidad fault zone to induce seismicity at the time of early-stage seismic activity. The hydrogeologic
architecture of the Basin played a key role in controlling pore pressure perturbation. The basal sedimentary
interval with moderately low diffusivity restricted vertical pore pressure diffusion, creating a substantial lag
time between wells becoming active and the expression of perturbation in the fault zones. The spatiotemporal
relationship between early-stage seismicity and wastewater injection in conjunction with modeled pore
pressures suggests that the early-stage seismicity in the Raton Basin was likely triggered by pore pressure
diffusion.

Plain Language Summary In the Raton Basin, coal-bed methane production sparked the need

for deep wastewater disposal starting in 1994. Prior to wastewater injection few earthquakes were recorded
within its boundaries but a large increase in earthquakes has been recorded over the last several decades. Pore
pressure increase, caused by the deep wastewater injection, is thought to be the reason for the increase in local
earthquakes. We developed a model to estimate pore pressure increases on several fault zones that have recently
exhibited increased earthquake frequency. We found that wastewater injection produced increases in pore
pressure on the fault zones large enough to cause earthquakes. This suggests that increased seismicity is, at least
in part, the result of pore pressure change caused by deep wastewater injection.

1. Introduction

Deep wastewater injection has been cited as a cause of induced seismicity since the 1960's Rocky Mountain
Arsenal earthquakes (Healy et al., 1968) and is recognized as the most likely type of injection to induce seismicity
(Weingarten et al., 2015). Several studies have shown that small magnitude stress changes (0.01-0.1 MPa) can
perturb a critically stressed fault enough to cause failure (Reasenberg & Simpson, 1992; Stein, 1999). Waste-
water injection has been shown to produce anthropogenic perturbation that exceeds the stress change needed to
reactivate a critically stressed fault (e.g., Brown et al., 2017; Goebel et al., 2017; Hornbach et al., 2015; Keranen
et al., 2014; Zhang et al., 2013).

Field and modeling studies have suggested that pore pressure diffusion (e.g., Hornbach et al., 2015; Hsieh &
Bredehoeft, 1981; Keranen et al., 2014; Nakai, Weingarten, et al., 2017), poroelastic stress changes (e.g., Goebel
et al., 2017; Segall & Lu, 2015; Zhai et al., 2019), and static stress changes (e.g., Brown & Ge, 2018), including
that from aseismic slip (e.g., Guglielmi et al., 2015), all contribute to inducing seismicity. The relative significance
of these mechanisms varies at different stages of the seismic sequence and for seismicity at difference distances
from injection, but pore pressure is considered a primary trigger for initiating induced seismicity sequences
(Chang & Segall, 2016; Ge & Saar, 2022; Segall & Lu, 2015). This study focuses on early-stage seismicity and
the contribution of pore pressure changes. Pore pressure diffusion results in increased pore pressure along a crit-
ically stressed fault that reduces effective normal stress, bringing the fault closer to failure (Healy et al., 1968;
Hubbert & Rubey, 1959). The basis of fault slip follows the Coulomb criterion (e.g., King et al., 1994) when the
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state of effective stress on a fault is perturbed by pore pressure or/and the shear and normal stresses. In the case
of injection induced seismicity, in the absence of tectonics that cause changes in shear and normal stresses and
assuming faults are critically stressed (Townend & Zoback, 2000), pore pressure perturbation from injection
becomes the perturbation factor (Ge & Saar, 2022). When critically stressed faults are close to injection wells,
and there is a hydraulic connection between the injection interval and seismogenic zone, pore pressure diffusion
has been cited as a dominant triggering mechanism (e.g., Chang & Segall, 2016; Goebel et al., 2017). In this
study we relate pore pressure diffusion to early-stage seismicity in the Raton Basin where the seismically active
regions are near the injectors (Figure 1). Early-stage seismicity is defined as the first magnitude 3+ earthquakes
to be recorded on previously quiescent faults after injection has started.

The Raton Basin, located on the Colorado-New Mexico border (Figure 1), hosts both coal-bed methane extrac-
tion and wastewater injection. Coal-bed methane is exploited from the upper stratigraphy while wastewater
injection is conducted over a kilometer deeper (Figure 2; Colorado Oil and Gas Conservation Commission
(COGCC, 2020); New Mexico Oil Conservation Division (NMOCD, 2020)), separated by the ~1 km thick
Pierre shale (Baltz, 1965). Wastewater injection started in Colorado in 1994 and New Mexico in 1999; a total
of twenty-nine injection wells have operated over the last several decades (COGCC, 2020; NMOCD, 2020).
Injection predominantly targets the permeable sedimentary rock of the Dakota formation at ~2 km below surface
elevation (COGCC, 2020; NMOCD, 2020). Below the injection interval lies the Permian-Pennsylvania basal
sedimentary units (Figure 2) that separates the injection interval from the Precambrian basement (Robinson
etal., 1964). On average, the Precambrian basement is 3 km below surface elevation and contains normal faulting
(Herrmann, 2020).

The Basin is located near the margin of an extensional stress field near the confluence of the N-S oriented
extensional Rio Grande Rift and the E-W compressive stress field that occupies much of the central United
States (Lund Snee & Zoback, 2020, 2022). Maximum horizontal stress orientations vary in the Raton Basin
from NE-SW to NW-SE and is believed to be related to the Basin being located near two differing stress fields
(Glasgow et al., 2021; Lund Snee & Zoback, 2020, 2022). Focal mechanisms (Table S1 in Supporting Infor-
mation S1) predominantly support normal faulting (Barnhart et al., 2014; Herrmann, 2020; Nakai, Weingarten,
etal., 2017; Wang et al., 2020). Starting in 2001, the Raton Basin experienced a significant increase in seismicity
coinciding with an increase in wastewater injection (Figure 3). There was a 40-fold increase in M3.8+ earth-
quakes when comparing seismicity from 1970-July 2001 to August 2001-2013 (Rubinstein et al., 2014). Since
the start of injection, seismicity has predominately been concentrated on three fault zones surrounded by injection
wells (Figure 1). Two of the fault zones have recorded significant earthquake sequences. The Trinidad fault zone
housed the August-September 2001 earthquake sequence and the August-September 2011 earthquake sequence
(Rubinstein et al., 2014). The Vermejo Park fault zone is suggested to have housed the August-September 2005
earthquake sequence (Nakai, Weingarten, et al., 2017). The August-September 2001 sequence marked ¢ start of
the Basin's increased seismicity (Rubinstein et al., 2014). The sequence occurred on the northern extent of the
Trinidad fault zone (N. Trinidad fault zone) and was highlighted by a magnitude 4.5 earthquake on 5 September
2001 (Figure 1). The August-September 2005 earthquake sequence occurred just south of the Colorado-New
Mexico border. The sequence was highlighted by a magnitude 5.0 earthquake on 10 August 2005 and is believed
to have occurred on the northern extent of the Vermejo Park fault zone (Nakai, Weingarten, et al., 2017). The
August-September 2011 sequence occurred on the southern extent of the Trinidad fault zone (S. Trinidad fault
zone) and was highlighted by a magnitude 5.3 earthquake on 23 August 2011, the largest earthquake in the
Basin's recorded history.

Studies have attributed the Raton Basin's increase in seismicity to wastewater injection (Nakai, Weingarten,
et al., 2017; Rubinstein et al., 2014); although a detailed analysis of seismicity from 2016 to 2020 indicates that
earthquake—earthquake interaction may be more significant than pore pressure diffusion (Glasgow et al., 2021).
Glasgow et al. (2021) suggested that earthquake sequences in the Raton Basin are initiated by anthropogenic
perturbation from injection, but stored tectonic stress continues to drive the sequence through earthquake—
earthquake interaction. The initiation of earthquake sequences from anthropogenic perturbation highlights the
question: what is the relationship between pore pressure diffusion and early-stage induced seismicity?

Nakai, Weingarten, et al. (2017) found that sufficient pore pressure perturbation on the Vermejo Park fault zone
between 2008 and 2010 had accumulated in the seismogenic zone to induce seismicity. This study, however, only
focused on one of the fault zones and did not investigate early-stage seismicity when pore pressure diffusion was
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Figure 1. Study site location. Gray shaded area denotes Raton Basin. Wastewater disposal wells (white diamonds) labeled
by age (1 = oldest well), Rubinstein et al. (2014) catalog of earthquakes from 1963-2013 colored by year and sized by
earthquake magnitude (circles), Nakai, Sheehan, and Bilek (2017) catalog of earthquakes from 20082010 from the
EarthScope Transportable array stations colored by year and sized by earthquake magnitude (squares), three studied fault
zones (black lines).

likely the triggering mechanism before earthquake—earthquake interaction started. In this study we construct a
numerical pore pressure model to determine a pressure value of early-stage seismicity, with a particular emphasis
put on the N. Trinidad fault zone and the August-September 2001 earthquake sequence. Our model takes into
consideration additional geologic detail that the previous model did not, such as the elevation variations of the
relevant hydrostratigraphy. From this model we look to characterize what pore pressure increase initiated induced
seismicity in the Raton Basin in hopes that our findings can assist in preliminary assessments of future wastewa-
ter injection sites.

2. Methods
2.1. Injection and Seismicity Data

Monthly injection rates for the wells in Colorado and New Mexico were collected from the Colorado Oil and Gas
Conservation Commission (COGCC, 2020) and the New Mexico Oil Conservation Division (NMOCD, 2020),
respectively. Injection between October 1999 and May 2006 was not reported for the New Mexico injection wells
but water production was reported. Prior studies have shown that produced water from 1999 to 2006 can be used
as a proxy for New Mexico's unreported injection (Nakai, Weingarten, et al., 2017; Rubinstein et al., 2014). We
use the reported volume of produced water to estimate the approximate injection in New Mexico from 1999 to
June 2006, additional information regarding how we specified injection can be found in Text S1 in Supporting
Information S1.
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Figure 2. Schematic diagram showing the Basin geologic architecture, industrial activities, hydrostratigraphic classifications
and pore pressure front (red shade). The diagram conceptualizes a critically stressed normal fault hydraulically connected to
the permeable reservoir being perturbed by wastewater injection conducted stratigraphically above the seismogenic zone.

For this study we utilize two earthquake catalogs, the Rubinstein et al. (2014) catalog and the Nakai, Sheehan,
and Bilek (2017) catalog. The Rubinstein et al. (2014) catalog contains earthquakes from 1963 to 2013 and
incorporates the earthquakes recorded by the USGS temporary seismic networks deployed between September—
October 2001 and August—-December 2011. Most of the catalog has a horizontal uncertainty of 15 km because of
the low-density seismic network in the region, with the exception of the earthquakes recorded by the temporary
seismic networks which have horizontal uncertainties of 2 km for the 2001 deployment and 0.3 km for the 2011
deployment (Rubinstein et al., 2014). The Nakai, Sheehan, and Bilek (2017) catalog contains seismicity from
2008-2010 when the EarthScope Transportable Array was in the region. This catalog provides more accurate
seismicity locations but only recorded earthquakes between 2008-2010 at a time when induced seismicity was
already well-established throughout much of the Basin.

2.2. Conceptual Model
2.2.1. Structure Maps

To create a realistic representation of the Basin's subsurface hydrogeologic

é 3.5E+06 14'% architecture, we based our model's hydrostratigraphy off Geldon (1989)
o 308406 1 12 = and developed structure maps of the bottom of the shale-rich hydrau-
E> ’g 258406 1 0g lic barrier and top of the Precambrian basement (Figure S1 in Support-
%% i(s);gz : -% ing Information S1). The structure maps were constructed using well
EO = 1:0E+06 i 4 ‘E lithology logs (COGCC, 2020; NMOCD, 2020), geologic maps (Baldwin
g 508405 4 2 8 & Muehlberger, 1959; Clartk & Read, 1972; Fridrich et al.,, 2012;
. 0.0E+00 4 0 é Garrabrant, 1993; Johnson, 1969, 1974, 1975; Lindsey, 1995a, 1995b, 1996;

% § § S’; a':x c:w B': § § § E; § § E E E Pillmore, 2003; Vine, 1974; Wallace & Lindsey, 1996; Wanek et al., 1958)

and Precambrian basement data (Hemborg, 1996). The stratigraphic data

Figure 3. Comparison of total basin-wide monthly injection (blue line) and
the number of magnitude 3+ earthquakes per month (black line) from the
Rubinstein et al. (2014) catalog.

was interpolated using a natural neighbor algorithm to generate surfaces that
encompasses the entire model domain. We then inserted the structure maps
into the numerical model to represent subsurface elevation variations.
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Table 1

Hydrostratigraphic Framework Hydraulic Diffusivities

Heterogeneous hydrostratigraphic

Hydrostratigraphic unit Homogeneous hydrostratigraphic framework diffusivities (m?%s)? framework diffusivities (m?/s)?
Hydraulic barrier 108 108

Injection interval 0.1-10 0.1-10

Basal sedimentary interval homogeneous permeable reservoir, no low-D basal sedimentary interval 0.01

Precambrian basement Depth decaying (Figure 4a) Depth decaying (Figure 4a)
Fault zones 0.01-1.0 0.01-1.0

2Value represent horizontal diffusivity values, vertical values are 1/10 of the horizontal values.

. 2
Permeability (m")
1E-19 1E-17 1E-15

10

12

14
1.E-05 1.E-03 1.E-01

Hydraulic Diffusivity (m?/s)

Figure 4. Vertical profiles showing the basement's depth decaying (a)
permeability in blue (dashed), hydraulic diffusivity (S, 1 X 10~7 1/m) in black
(solid) and (b) fluid viscosity. The dashed horizontal line represents the top of

the basement.

Depth (km)

2.2.2. Faults

There are three prominent seismic lineations in the Raton Basin: the Trinidad fault zone, Vermejo Park fault
zone and Tercio fault zone (Figure 1). In the hydrogeologic model we incorporate all three fault zones and
assign hydrogeologic parameters that are different from the unfaulted Precambrian basement. Other studies have
suggested that the fault zones are constructed of many small faults of variable strike and dip (Glasgow et al., 2021;
Rubinstein et al., 2014) but modeling the exact geometry of the faults is outside the scope of this research. We are
mainly concerned with how the fault contributes to vertical pore pressure diffusion into the basement. For that
reason, the seismic lineations are simplified into three continuous zones each around 250 m wide, which is within
the range of plausibility for a mature fault damage zone width (e.g., Savage & Brodsky, 2011). The strike, dip
and depth of the three fault zones were determined based on a combination of the earthquake catalogs, moment
tensors and knowledge of the regional stress regime. The orientations of the fault zones agree with the normal
faulting observed in the Basin and with the regional east-west extensional stress regime (Herrmann, 2020).
Specifics regarding the geometry of the fault zones can be found in the Text S1 in Supporting Information S1.

2.3. Governing Equation

A three-dimensional numerical pore pressure model was developed for a
heterogenous, anisotropic domain using MODFLOW-2005, a modular finite
difference code developed by the USGS (Harbaugh et al., 2000). The code

b numerically solves the groundwater flow Equation 1 to simulate pore pres-
Viscosity (x 10" Pa-s) sure diffusion caused by wastewater injection:
0 3 6 9 12 150 ;(Kxx%)+i<l<yy%>+i(l<zz%)
x ox dy ay 0z 0z (1
2 “ oh
+ 21, Qu(03(x = Xy = )z = 20) = S, =
4
c where A is hydraulic head (m), K, K, K are the principle components
6 = of the hydraulic conductivity tensor (m/s), S, is specific storage (m™'), x,
3 % y, z are spatial coordinates, ¢ is time (s), 8 is the Dirac delta function (m™1),
a Q, is the injection rate for well n and N is the number of injection wells.
10 As input into the model, monthly injection rates and details regarding well
construction (Table S2 in Supporting Information S1) were extracted from
12 the COGCC (2020) and NMOCD (2020) and combined with a range of
14 hydraulic parameters (Table 1) that were collected from various sources

discussed in more detail below.

2.4. Hydrogeologic Parameters

Hydraulic diffusivity is a hydrogeologic parameter used to describe pressure
diffusion in a saturated porous medium. Diffusivity is equal to the ratio of
hydraulic conductivity to specific storage:

STOKES ET AL.

5of 20



A7t |

A\ Journal of Geophysical Research: Solid Earth 10.1029/2022JB026012
p. kK @
S,

where D is diffusivity (m%/s), K is hydraulic conductivity (m/s) and S, is specific storage (m~"). When expressing
the components of hydraulic conductivity and specific storage into Equation (2) it becomes apparent that diffu-
sivity is a function of both medium and fluid properties (3) (Fetter, 2018):

k

= W+ np) )

where k is permeability (m?), u is dynamic viscosity (Pa-s), n is porosity (dimensionless), a and # are rock and
fluid compressibility (Pa~!), respectively. Given the dependence of both medium and fluid properties, this study
takes into consideration both pressure and temperature gradients.

2.4.1. Fluid Properties

Fluid composition and the effects of pressure and temperature on fluid viscosity are often not considered in
modeling studies. The total dissolved solids (TDS) concentration of injection brine, if sufficiently larger than the
TDS of the in-situ basement fluid, can cause density-driven flow of injection brine into the basement. The advec-
tion of injection brine results in increased pore pressure in the seismogenic zone even after injection has stopped
(Pollyea et al., 2019, 2020). Additionally, fluid viscosity can change over an order of magnitude due to increased
temperature over a large depth range, thus effecting the diffusivity of the medium.

Produced water from the Raton Basin has a relatively low TDS (~2800 ppm) and likely is not sufficient to
produced density-driven brine flow (Blondes et al., 2018). The low TDS means transport of injection fluids is not
enhanced by density variations between the injection fluid and the in-situ fluid making the pore pressure pertur-
bation in the Raton Basin dominated by wellhead diffusion; therefore, we do not model the effects of fluid TDS.
To incorporate the effects of increased pressure and temperature on diffusivity, we use a hydrostatic pressure
gradient and geothermal gradient of 25°C/km to solve for fluid viscosity. Additional information can be found in
Text S1 in Supporting Information S1.

2.4.2. Hydrostratigraphic Frameworks and Hydrogeologic Data

For much of the Basin's deep hydrostratigraphy, there is minimal locally recorded hydraulic conductivity and
specific storage measurements that can be used to solve for diffusivity. To produce a range of diffusivities, the
available data from the Raton Basin was coupled with hydrogeologic data from basins with similar hydrostratigra-
phy. The diffusivities were combined into two hydrostratigraphic frameworks, one with a homogeneous permeable
reservoir and another with a heterogeneous permeable reservoir (Table 1). The homogeneous framework assumes
the permeable reservoir is homogeneous with hydrogeologic properties representative of the injection interval.
The heterogeneous framework divides the permeable reservoir into the injection interval and basal sedimentary
interval (Figure 2). The spatial coverage, thickness and hydrogeologic properties of the basal sedimentary interval
(Pennsylvanian and older) is uncertain. In the Raton Basin, the Permian-Pennsylvania Sangre de Cristo forma-
tion has been reported to unconformably overlay the Precambrian basement (Robinson et al., 1964). Cores taken
from the Sangre de Cristo Formation, extracted within the basin, suggest permeabilities between 10710~10715 m?
(Bohlen, 2013). The resulting diffusivity is around 0.001-0.01 m?/s. These estimates incorporate a viscosity that
is adjusted for a temperature and pressure (81°C and 30 MPa) consistent with the average depth of the base of
the formation (3 km, Figure 4). The heterogenous framework used the same injection interval diffusivities as the
homogeneous framework but assigned the basal sedimentary interval, approximately 500 m thick, a diffusivity of
0.01 m?s (Table 1).

A shale-rich hydraulic barrier overlies the injection interval (Figure 2) and consists of the Pierre Shale, Niobrara
Formation and Benton Formation. The hydraulic barrier was simplified into a single unit with hydrogeologic
characteristics representative of the Pierre Shale. The hydraulic barrier was assigned a diffusivity of 108 m?%s in
all model simulations based on parameters derived from a field scale osmosis study (Garavito et al., 2006) and
adjusted for a temperature and pressure of approximately 50°C and 18 MPa, respectively.

The injection interval consists of multiple geologic units that are simplified into a single hydrostratigraphic
unit. A single injection recovery step rate test conducted in the Raton Basin backed out permeabilities for the
Dakota formation and Entrada Sandstone (upper portion of the injection interval) ranging from 5.8 x 1074 to
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8.9 X 10~ m? (Hernandez & Weingarten, 2019). To further determine a range of hydrogeologic parameters
for the injection interval, we utilized additional data from hydrologic field testing, lab-based core analyses
and calibrated models from proxy locations (Bredehoeft et al., 1983; Gries et al., 1976; Teeple et al., 2021).
Permeabilities for the Dakota formation derived from proxy locations are similar to those measured in the Raton
Basin. The hydraulic conductivities, when adjusted for a temperature and pressures corresponding to the depth of
the injection interval (70°C and 25 MPa), are 1.4 x 107-2.1 x 107 m/s. The corresponding diffusivities, when
using the average specific storage from proxy locations (~1 X 107° m~"), are 1.4-2.1 m?%/s. Given uncertainties
associated with determining hydraulic conductivity and specific storage, we use a range of diffusivities for the
injection interval between 0.1 and 10 m?%/s (Table 1).

Directly measured hydrogeologic properties of Precambrian basement are scarce, but basement permeability has
been shown to decrease as a function of depth causing significant heterogeneity over large depth ranges (Kuang
& Jiao, 2014; Manning & Ingebritsen, 1999; Saar & Manga, 2004). To represent the basement's heterogeneous
diffusivity, we took into consideration depth dependent viscosity (Huber et al., 2009; Wagner & Pruf}, 2002) and
used a depth decaying permeability function Equation (4) from Kuang and Jiao (2014):

log k = log k, + (log ks — log k,)(1 + z)™ @

where k is permeability (m?), k, is the residual permeability at depth (m?), k, is the permeability at zero depth
(m?), z is the depth (km) and « is the decay index (dimensionless). As seen in Figure 4, the basement's diffusivity
decays with depth from ~0.07 m?%/s at the top of the basement (~3 km deep) to ~0.007 m?*/s when 3 km below
the basement top (~6 km deep).

Within the basement we modeled three fault zones that are hydraulically connected to the permeable reservoir.
The three faults were assigned bulk diffusivities that ranged from 0.01 to 1 m?%s to simulate a range of fault
characteristics from a low diffusivity sealing fault to a high diffusivity conductive fault. The range of diffusivities
was established based on data collected from a tidal response study (Xue et al., 2013), lab-based core analyses
of fault gouge and damage zone (Ree et al., 2018) and values used in similar hydro-mechanical models (Goebel
et al., 2017; Nakai, Weingarten, et al., 2017; Yeo et al., 2020; Zhang et al., 2013).

2.5. Model Discretization and Boundary Conditions

The model domain dimensions are 130 km X 200 km x 11-14 km (depth) (Figure S2 in Supporting Informa-
tion S1). The domain was discretized into approximately 5.5 million cells with horizontal discretization being
250 x 250 m in the injection and faulted regions and 1 X 1 km cells in the outer reaches of the model. The
model was vertically discretized into 53 layers of varying thickness to accommodate fluctuating topography of
lithological units. The hydraulic barrier was discretized into 6 layers with layer thickness decreasing with depth.
The permeable reservoir was discretized into 12 layers with an average thickness of ~100 m. The basement was
divided into 35 layers with an average thickness of ~250 m. The size of the model domain was designed to mini-
mize boundary effects on the no flow boundary conditions assigned to the lateral and bottom boundaries of the
model. The top of the model domain was made an open boundary.

3. Results

A numerical pore pressure model was developed to investigate the relationship between wastewater injection and
increased seismicity. Two hydrostratigraphic frameworks were developed to represent the Raton Basin's subsur-
face hydrogeologic architecture, one with a homogeneous permeable reservoir and another with a heterogeneous
permeable reservoir with the basal sedimentary interval being assign a low diffusivity of 0.01 m?/s. Model
simulations were run on both frameworks for a range of diffusivities for the injection interval and fault zones
(Table 1). Based on the data discussed in Methods, the heterogeneous permeable reservoir was the most reason-
able representation of the Basins subsurface hydrogeologic architecture. In the following subsections we present
modeled pore pressure increases from the heterogeneous model framework to investigate the spatiotemporal
relationship between pore pressure diffusion, early-stage seismicity, and high-rate injection wells. We include
model results from all scenarios except those generated using an injection interval diffusivity of 0.1 m?/s because
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Figure 5. Modeled pore pressure change on each fault zone, located at white dots in panel (a), compared to monthly
earthquakes within 15 km of the fault zone from the Rubinstein et al. (2014) catalog. Vertical black lines denote when a
significant injection well became active and vertical translucent blue strips signifies when the USGS temporary seismic
networks were active. (a) Modeled pore pressure at 3 km deep at a single location on the N. Trinidad fault zone. (b) Modeled
pore pressure at 4 km deep at a single location on the Vermejo Park fault zone. (c) Modeled pore pressure at 5 km deep at a
single location on the Tercio fault zone.

it produced unreasonably high pore pressure increases at the well that do not agree with underpressure estimates
and wellhead pressures or lack thereof. More information regarding parameter constraining can be found in Text
S2 in Supporting Information S1.

3.1. N. Trinidad Fault Zone: Seismicity, Pore Pressure and Injection

The August—September 2001 earthquake sequence marked the first occurrence of induced seismicity within
the Raton Basin. The earthquakes sequence occurred along the northern portion of the Trinidad fault zone (N.
Trinidad fault zone), a fault zone that was previously quiescent (Figure 5a). The earthquake sequence included
11 M3+ earthquakes between 28 August and 21 September 2001. The temporary seismic network recorded
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Figure 6. (a, b) Map view of modeled pore pressure perturbation at 3 km deep as of 1 September 2001 when using an
injection interval diffusivity of 1.0 m?/s with a (a) sealing fault zone or a (b) conductive fault zone. The diamonds represent
the locations of the injection wells with colors corresponding to the average injection rate of the wells prior to September
2001 and labeled with the wells age number (1 = oldest well). The location of the fault zones at the top of the basement are
denoted by the black lines. (c, d) Contribution to pore pressure change on the N. Trinidad fault zone at 3 km deep as of 1
September 2001 from the Cottontail Pass well (blue), PCW well (black) and the Wild Boar well (orange). (c) Comparison
of total pore pressure change from all active wells (gray) to pore pressure change caused by the three individual wells. (d)
Percent that the three wells contributed to total pore pressure change generated by all active wells.

additional earthquakes in September and October, but the earthquakes were either <M3 or did not have a magni-
tude calculated. Most of the seismicity associated with the 2001 sequence occurred around 3 km deep near
the sedimentary-basement interface (Meremonte et al., 2002; Rubinstein et al., 2014). Modeled pore pressure
increases at 3 km deep, as of 1 September 2001, ranged between 0.007 and 0.03 MPa (Figures Sa, 6a, 6b). When
projecting seismicity from September 2001 onto a cross section of pore pressure diffusion all the seismicity falls
within an area of pore pressure increase of 0.01 MPa or greater when modeling with an injection interval diffu-
sivity of 1.0 m?%/s, regardless of fault zone diffusivity (Figure S3 in Supporting Information S1).

Pore pressure perturbation on the N. Trinidad fault zone was negligible until early 1998, after which pore pressure
continued to rise at an increasing rate as additional injection wells started becoming active (Figure 5a). Early
perturbation on the N. Trinidad Fault was caused by the Cottontail Pass injection well (well 1), located just over
10 km northwest of the fault zone (Figures 5a and 6a—6c¢). The Cottontail Pass injection well started injecting in
November 1994 and had the second highest average monthly injection rate prior to the August-September 2001
earthquake sequence (Figure S4 and Table S3 in Supporting Information S1). The highest rate injection well at
this time was the Wild Boar injection well (well 11), located within a kilometer of the N. Trinidad fault zone
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(Figure 6a, Figure S4 and Table S3 in Supporting Information S1). The well began injecting in August 2000 but
pore pressure perturbation caused by the well was not observed in the fault zone until mid 2001 (Figure 6¢). Addi-
tional perturbation on the fault zone was caused by the PCW well (Well 4), located approximately 2.5 km south-
east of the fault zone (Figure 6a). The PCW well became active in July 1997 and injected at low to moderate rates
until March 2001 when it started injecting at higher rates (Figure S4 and Table S3 in Supporting Information S1).

3.2. Vermejo Park Fault Zone: Pore Pressure, Seismicity, and Injection

The Vermejo Park fault zone is located just south of the Colorado-New Mexico border in the center of the
Basin (Figure 1). Seismicity started to migrate into this portion of the Basin as early as December 2001 and has
remained highly active (Figure 5b). Within a 15 km radius of the northern extent of the fault zone, 16 earthquakes
were recorded before the August-September 2005 earthquake sequence, 14 of which were M3+. The exact
location and depth of early-stage seismicity in this portion of the Basin is uncertain because of the low-density
seismic network. Additionally, injection rates for the New Mexico wells had to be estimated because operators in
New Mexico did not start reporting injection rates until June 2006. The uncertainty of the seismicity and injec-
tion data makes correlating pore pressure and early-stage seismicity more ambiguous than on the N. Trinidad
fault zone.

The catalog from Nakai, Sheehan, and Bilek (2017), which contains seismicity from 2008 to 2010, indicates that
there are high concentrations of earthquakes on the Vermejo Park fault zone between 3 and 10 km deep with
an average depth between 4 and 5 km, this is corroborated by nearby moment tensors from Herrmann (2020).
Modeled pore pressure at the Vermejo Park fault zone was continuously monitored at 3 km deep (top of the fault
zone) and 4 km deep. As of December 2001 and August 2005, pore pressure increase at 3 km deep ranged between
0.005-0.02 MPa and 0.03-0.2 MPa, respectively (Figure S5 in Supporting Information S1). At 4 km deep, as of
December 2001 and August 2005, pore pressure increase ranged between 0-0.004 MPa and 0.003-0.04 MPa,
respectively (Figure 5b).

Modeled pore pressure first became elevated on the northern portion of the fault zone, where most of the injection
wells are located (Figures 6a and 6b). Pore pressure on the northern extent of the fault zone increased gradually
until early 2001 when pore pressure started to increase at an elevated rate (Figure 5b, and Figure S4 in Supporting
Information S1). The initial pore pressure perturbation was likely caused by the Apache 10-3 (well 2) and Apache
19-10 (well 3) but these wells were not high-rate injectors; so the initial perturbation was small (Figure 5b, Figure
S4 in Supporting Information S1). When pore pressure started increasing at an elevated rate multiple high-rate
injectors had been injecting for at least 8 months (Figure 5b, Figure S4 in Supporting Information S1). The clos-
est wells are VPR 042 (well 9) and VPR 007 (well 6), located 0.6 and 3 km from the northern extent of the fault
zone, respectively (Figure 6a). Both wells are estimated to have injected at moderately high to high rates and
likely accounted for much of the perturbation on the fault zone (Figure 5b, Figure S4 and Table S3 in Supporting
Information S1). Two additional high-rate injectors, VPR 39 (well 8) and VPR 99 (well 16), also contributed to
pore pressure perturbation but are located 9 and 6.5 km from the fault zone, respectively (Figure 6a).

3.3. Tercio Fault Zone: Pore Pressure, Seismicity, and Injection

The Tercio fault zone is located on the Colorado-New Mexico border on the western side of the Basin (Figure 1).
Seismicity started to occur within 15 km of the fault zone as early as June 2003 (Figure 5c). The Nakai, Sheehan,
and Bilek (2017) catalog indicates that there are high concentrations of earthquakes between 3 and 7 km, while
nearby moment tensors from Herrmann (2020) predominantly range in depth between 3 and 5 km. Modeled pore
pressure at the Tercio fault zone was continuously monitored at approximately 3 km (top of fault zone) and 5 km
deep. As of June 2003, modeled pore pressure at 3 km deep ranged between 0.007 and 0.02 MPa (Figure S5 in
Supporting Information S1). At 5 km deep, as of June 2003, modeled pore pressure increase ranged between 0
and 0.005 MPa (Figure 5c).

Pore pressure gradually increased on the Tercio fault zone until mid 2003 when pore pressure started to increase
at an elevated rate (Figure Sc, Figure S4 in Supporting Information S1). The initial perturbation was likely caused
by wells Apache 10-3 (well 2) and Apache 19-10 (well 3). Both wells are within 5 km of the fault zone but have
predominantly injected at low rates (Figure 6a, and Figure S4 in Supporting Information S1). As additional
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high-rate injection wells (VPR 007 (well 6), VPR 042 (well 9), VPR 99 (well 16) and VPR 39 (well 8)) started
injecting the rate of pore pressure change increased (Figure 5c, Figure S4 in Supporting Information S1). The
two closest high-rate injectors are VPR 99 and VPR 042, located 4 and 9 km from the fault zone, respectively
(Figure 6a). Unlike the other two fault zones, the Tercio fault zone is located farther away from high-rate injectors
so there is a larger lag time between the start of injection and the expression of perturbation in the fault zone.

4. Discussion
4.1. N. Trinidad Fault Zone: August-September 2001 Earthquake Sequence

The August—September 2001 earthquake sequence represents the onset of induced seismicity in the Raton Basin
with a M3.4 earthquake on 28 August 2001. Earthquake sequences in the Raton Basin have been characterized by
initial earthquakes being triggered by anthropogenic perturbation while subsequent earthquakes are the result of
stored tectonic stress and earthquake—earthquake interactions (Glasgow et al., 2021). The 28 August 2001 earth-
quake was likely triggered by pore pressure diffusion from nearby injection wells. Modeled pore pressure change
at this time ranged between 0.007 and 0.03 MPa. When constraining modeled pore pressure to the scenarios that
only used an injection interval diffusivity of 1.0 m?/s, which is the diffusivity closest to that estimated for the
Basin's injection formations, modeled pore pressure ranges from 0.02 to 0.03 MPa. This range of pore pressure
increase is in agreement with previously suggested triggering thresholds for induced seismicity in other regions
(e.g., Hornbach et al., 2015; Keranen et al., 2014; Ogwari et al., 2018), although, the hydrogeologic parameters
that government pore pressure change are highly uncertain and are spatially variable so constraining an exact
pore pressure change is not feasible. Additionally, injection volumes were estimated for the New Mexico wells
prior to June 2006, although, at this time Colorado injection wells accounted for 87% of basin-wide injection and
injection in New Mexico had only been going for two years so pore pressure change on the Trinidad fault zone
caused by New Mexico wells is minimal (Figure 6d).

Prior to the 2001 earthquake sequence, 15 wells had been injecting in the Raton Basin. Three of the injection
wells are responsible for 92% of the pore pressure accumulation on the N. Trinidad fault zone as of 1 September
2001 (Figure 6d). The three wells include the Cottontail Pass (well 1), PCW (well 4), and Wild Boar (well 11).
The Wild Boar well had the highest average injection rate at the time (Table S3 in Supporting Information S1)
and is located within a kilometer of the fault zone. It was previously suggested to be the most significant well
in inducing the 2001 earthquake sequence (Rubinstein et al., 2014) but our model indicates that it accounted for
only 7% of pore pressure increase on the N. Trinidad fault zone as of 1 September 2001 (Figure 6d). The PCW
well, located ~2.5 km southeast of the fault zone, accounted for 24% of the pore pressure increase. The Cottontail
Pass well, located ~10 km northwest of the fault zone, is responsible for 61% of the pore pressure perturbation.

The high injection rate and proximity of the Wild Boar well to the N. Trinidad fault zone made it an obvious
well to attribute blame for triggering the 2001 earthquake sequence, but what was not considered before was the
hydrogeology of the Basin. The basal sedimentary interval has a moderately low permeability (Bohlen, 2013)
which restricts pore pressure diffusion into the basement and creates a lag time between the start of injection and
expression of perturbation in the basement. Additionally, the Wild Boar well had only been injecting for 1 year,
whereas the PCW well had been injecting for over 4 years and the Cottontail Pass well had been injecting for
just under 7 years (Figure 5a). The combination of the low permeability basal sedimentary interval and the short
duration of injection limited the Wild Boar wells contribution to pore pressure perturbation on the N. Trinidad
fault zone. From this analysis, the most significant well in inducing the 2001 earthquake sequence was likely the
Cottontail Pass well. This becomes interesting when considering the average injection rate of the Cottontail Pass
well (~166,000 bbls/mo; Table S3 in Supporting Information S1) is well below the average rate of some high-
rate injection wells (300,000 + bbls/mo) in other regions, such as Oklahoma (e.g., Goebel et al., 2017; Keranen
et al., 2014). This highlights that wells injecting at moderate rates over time can contribute significant enough
pore pressure perturbation to induced seismicity on critically stressed faults even if it is not in close proximity.

4.2. Vermejo Park and Tercio Fault Zones

Given the data we have, the exact timing of early-stage seismicity is unknown based on earthquake catalogs
alone. As an alternative we assumed the pore pressure value for initiating early-stage seismicity on the Vermejo
and Tercio fault zones are similar to the pressure value established for the August-September 2001 earthquake
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sequence. For all three fault zones to be reactive by the same degree of pore pressure increase seems unlikely.
However, Glasgow et al. (2021) found that the fault zones are composed of many sub-faults of varying strike and
dip. This suggests that each fault zone has fault segments that are optimally oriented for failure. The rock compo-
sition of the faults also is similar, given that seismicity predominantly occurs in the basement (Nakai, Weingarten,
et al., 2017). Additionally, at the time of early-stage seismicity, the earthquake catalogs have large spatial uncer-
tainties (15 km), which makes correlating early-stage seismicity with specific fault zones difficult. We were
able to reliably do this for the N. Trinidad fault zone because a temporary seismic network was deployed shortly
after the basins first induced earthquakes occurred in August 2001. The temporary network greatly enhanced our
understanding of where and when seismicity was happening in the N. Trinidad fault zone, but the network was
removed before the Vermejo Park and Tercio fault zones became reactivated. In the following we compare seis-
micity to the timing in which the Vermejo Park and Tercio fault zones reached 0.02 MPa of pore pressure change
when modeling an injection interval diffusivity of 1.0 m?%/s.

At the average depth on seismicity (~4 km), the Vermejo Park fault zone reached 0.02 MPa of pore pressure
increase on February 2004, April 2005, and July 2007 (Figure 5b). The timing was dependent on the fault zone
diffusivity, with the earliest time corresponding with a conductive fault zone (1.0 m?/s) and the latest time corre-
sponding with a sealing fault zone (0.01 m?/s). Prior to February 2004, April 2005, and July 2007, the Rubinstein
et al. (2014) catalog recorded 9 earthquakes, 15 earthquakes, and 36 earthquakes within the 15 km of the fault
zone, respectively. Additionally, the scenario that used a sealing fault zone did not surpass 0.02 MPa or pore
pressure increase until after the August-September 2005 earthquake sequence. This sequence is considered to be
the latest possible time that represents early-stage seismicity on the Vermejo Park fault zone.

At the average depth of seismicity (~5 km), the Tercio fault zone reached 0.02 MPa of pore pressure increase on
January 2007, July 2010, and September 2015. Like the Vermejo Park fault zone the timing was dependent on
fault zone diffusivity. Prior to January 2007 and July 2010, the Rubinstein et al. (2014) catalog recorded 17 earth-
quakes and 39 earthquakes within 15 km of the fault zone, respectively. Even more earthquakes were recorded
before September 2015, but the Rubinstein catalog only includes earthquakes through 2013. The Nakai, Sheehan,
and Bilek (2017) catalog first recorded seismicity on the Tercio fault zone on 17 July 2008, well before the inter-
mediate diffusivity and sealing fault zones reached 0.02 MPa of pore pressure increase.

Both fault zones reached 0.02 MPa of pore pressure increase years after seismicity started being recorded within
15 km of the fault zones. It seems unlikely that even the earliest time in which 0.02 MPa of pore pressure increase
was reached represents the timing of early-stage seismicity on either fault zone. This may indicate that early-stage
seismicity occurred at shallower depths, closer to the sedimentary-basement interface. It also could be the result
of local hydrogeologic heterogeneity that was not represented in the model, such as a fault zone that penetrates
the basal sedimentary interval. Additionally, the injection rates for New Mexico wells are an estimate, because
operators were not required to report injection rates until May 2006. This accumulation of unknowns prohibits
us from precisely deducing the date of early-stage seismicity on the Vermejo Park and Tercio fault zones. On a
broader scale, the spatiotemporal occurrence of seismicity is in agreement with modeled pore pressure diffusion.
Seismicity first occurred on the N. Trinidad fault zone followed by the Vermejo Park fault zone and lastly the
Tercio fault zone. Modeled pore pressure diffusion follows the same pattern, first becoming elevated on the N.
Trinidad fault zone followed by the Vermejo Park and later the Tercio fault zone (Figure 7).

4.3. Additional Physical Mechanisms

While assuming that faults are critically stressed (Townend & Zoback, 2000) and focusing on changes in the state
of stress is a common practice in studying induced seismicity, a more quantitative approach to assess the fault
stability is the slip tendency analysis (Morris et al., 1996). Slip tendency is defined as the ratio of shear stress
minus cohesion and effective normal stress on a fault. Such an analysis requires details of background stresses,
fault orientation and frictional properties, as well as pore pressure. Shen et al. (2019) demonstrated such an
application to hydraulic fracturing induced seismicity in western Canada. If the changes in background stresses
and fault frictional properties are small, then pore pressure change is the main factor controlling slip tendency.
In hydraulic fracturing operations where pore pressure changes are significant, often on par with or exceeding
the hydrostatic pressure, slip tendency analysis is particularly useful and insightful (Moeck et al., 2009; Shen
et al., 2019; Yaghoubi et al., 2022). In wastewater injection cases, however, the pressure changes are much
smaller, and the resulting changes in slip tendency also are much smaller (e.g., Vacadda et al., 2021). For the
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Figure 7. Pore pressure perturbation at the top of the basement (3 km deep) when modeling an injection interval diffusivity
of 1.0 m%s and a sealing fault (0.01 m?s), the black lines represent the location of the fault zone at the top of the basement.

(a) Pore pressure change as of September 2001 with seismicity recorded before October 2001 (black circles) projected onto

the map of modeled pore pressure. (b) Pore pressure change as of September 2003 with seismicity recorded before October

2003 (purple circles) projected onto the map of modeled pore pressure. (c) Pore pressure change as of September 2005 with
seismicity recorded before October 2005 (gray circles) projected onto the map of modeled pore pressure.

parameters in this study, analytical solution estimations (Rudnicki, 1986) suggest insignificant changes in slip
tendency. Because this study focuses on pore pressure changes due to injection without a detailed background
stress characterization, a detailed slip tendency analysis is beyond the scope of this analysis. Instead, we built
on the assumption that the faults are critically stressed (Townend & Zoback, 2000) and a slight change in pore
pressure could induce slip.

To examine the effects of poroelastic stress and compare them to pore pressure, we calculated the range of poroe-
lastic stresses using the analytical solution of Rudnicki (1986, Equations 51 and 52). We used parameter values
that would maximize the poroelastic effects. We simulated a single well using an injection rate of 2.5 x 10° bbls/
month, which is over five times higher than the average basin-wide total monthly injection prior to Septem-
ber 2001 (Figure 3). We then calculated the poroelastic stresses at 1 km from the injection. We assumed three
different fault angles to one of the principal stresses: 30°, 60°, and 90°, and used a uniform diffusivity range of
0.01-1.0 m?s. The results (Figure S6 in Supporting Information S1) show that the poroelastic stresses at the
fault locations in most cases are much smaller than pore pressure changes. For the most extreme case of lowest
diffusivity (0.01 m?%s) and smallest fault angle (30°) poroelastic stresses exceeded pore pressure at the start of
the injection when pore pressure has yet to build up. The poroelastic stresses and, more importantly, the resulting
Coulomb stress on the faults are also small (<0.02 MPa).

Limited quantitative modeling for the Raton Basin exists. Nakai, Sheehan, and Bilek (2017) and Nakai, Weingarten,
et al. (2017) presented a simplified pore pressure model that focused on pore pressure change along the Vermejo
Park fault zone from 2008 to 2010. By 2008-2010 seismicity had already been well established in the basin and
different triggering mechanisms, such as earthquake—earthquake interactions, likely controlled seismicity at this
time. Early-stage seismicity is presumed to have been triggered by anthropogenic stress (Glasgow et al., 2021).
The results of our modeling suggests that pore pressure change is most likely the predominant anthropogenic
triggering mechanism for early-stage seismicity in the Raton Basin.

4.4. Sensitivity Analysis

Pore pressure modeling is known to be sensitive to hydrogeologic properties. In many cases, hydrogeologic
properties of a Basin's deep hydrostratigraphy are relatively unconstrained. The lack of in situ pressure measure-
ments limits our ability to calibrate these properties; it therefore is important to run sensitivity analyses to better
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Figure 8. Coefficient of variation (CV, dimensionless) showing the pore pressure models sensitivity to varying the
diffusivity of the injection interval and fault zones. The CV was calculated using modeled pore pressure for every month
at 3, 4.5, and 6 km deep which was then averaged to produce a single value for each model scenario. (a) CV when varying
injection interval diffusivity and keeping the fault zone diffusivity constant. (b) CV when varying the fault zone diffusivity
but keeping the injection interval diffusivity constant.

understand how the modeled pore pressures may change with different hydrogeologic property scenarios. In the
following we use the homogeneous hydrostratigraphic framework (Table 1), to examine how pore pressure pertur-
bation changes when varying the diffusivity of the injection interval, fault zones and Precambrian basement.

4.4.1. Injection Interval Diffusivity Versus Fault Zone Diffusivity

The diffusivity of the injection interval and fault zones are crucial factors when modeling pore pressure diffusion
into critically stressed faults. To evaluate the model's sensitivity to these parameters, we calculated the coefficient
of variation (CV) for modeled pore pressure over a range of injection interval diffusivities (0.1-10 m?%/s) and fault
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zone diffusivities (0.01-1.0 m?%/s). The CV is defined by CV = o/u, where o is standard deviation and p is mean. It
is a measure of modeled pore pressure variability; the higher the CV the more sensitive the model is to the varied
diffusivity. We calculated CV for two situations, (a) varying injection interval diffusivity but a constant fault zone
diffusivity (Figure 8a, Table S4 in Supporting Information S1) (b) varying fault zone diffusivity but a constant
injection interval diffusivity (Figure 8b, Table S4 in Supporting Information S1). We used monthly modeled pore
pressure within the fault zone to calculate a monthly CV (CV time series) for each scenario at 3 km, 4.5 and 6 km
deep (Figure S9 and Table S4 in Supporting Information S1). The CV time series were averaged to create a single
CV value for each scenario at each depth (Figure 8). The number of months used to calculate the average CV was
the same for all scenarios but the starting and ending times used were different. This is because the pore pressure
front reached the monitoring depths at different times (Figure S9 in Supporting Information S1) and we wanted
to make sure the same amount of time was used to calculate the average CV for all scenarios. For example, we
calculated a CV per month at 3 km deep using four model simulations, all of which used a 1.0 m?%/s diffusivity
fault zone but used different injection interval diffusivity (10, 5, 1, 0.1 m?s). The CV time series were averaged
from December 1994 to August 2016 and represents modeled pore pressure variability at 3 km deep when vary-
ing the injection interval diffusivity with a constant 1.0 m?/s fault zone diffusivity (Figure 8a, left most blue bar).

When varying the injection interval diffusivity with a constant fault zone diffusivity, CV only ranges between
0.49 and 0.57 (Figure 8a). When varying the fault zone diffusivity with a constant injection interval diffusiv-
ity, CV ranges between 0.05 and 1.06 (Figure 8b). The variable fault zone diffusivity situation led to a much
wider range of CV and displays a depth trend with the highest CV at 6 km deep and the lowest CV at the 3 km
depth (Figure 8b). Based on our analysis, fault zone diffusivity becomes more influential with increased depth
into the basement and may become the governing parameter at several kilometers below the top of the base-
ment. At an intermediate depth, pore pressure diffusion is significantly affected by both parameters. Near the
sedimentary-basement interface, pore pressure diffusion is highly dependent on injection interval diffusivity with
minimal dependence on fault zone diffusivity. When modeling pore pressure diffusion into basement, the hydro-
geologic properties of both the injection interval and fault zones should be carefully considered.

4.4.2. Hydrogeologic Architecture of the Basement

The hydraulic properties of the basement are highly dependent on lithology and deformation history, but
it is commonly cited that permeability of the basement decays with depth (Kuang & Jiao, 2014; Manning &
Ingebritsen, 1999; Saar & Manga, 2004; Stober, 2011; Stober & Bucher, 2007). Stober and Bucher (2007) found
that the crystalline basement, to several kilometers deep, has a hydraulic conductivity that averages around
1078+ 1 m/s (permeability ~5 x 10~1*! m?). The corresponding diffusivity (assuming S, ~ 10~" m~") is ~0.1 m?s.

Some hydro-mechanical studies choose to represent the basement as a homogeneous low diffusivity body
(D £0.0001 m?%s) (e.g., Fan et al., 2019; Norbeck & Horne, 2018; Tung et al., 2021; Zhai et al., 2019). Other
studies, like this one, use a depth decaying permeability function to represent a basement that has a depth decay-
ing diffusivity (e.g., Nakai, Weingarten, et al., 2017; Pollyea et al., 2019, 2020). The contrasting hydrogeologic
representations of the basement raises the question what effect does basement diffusivity have on pore pressure
diffusion into critically stressed faults? In the following, we compare the magnitude of modeled pore pressure
change in a basement fault when using a homogeneous low diffusivity basement in contrast to a depth decaying
diffusivity basement. The low diffusivity basement uses a homogeneous diffusivity of 0.0001 m?/s while the
depth decaying uses a diffusivity that decays from 0.07 m?%/s at the top of the basement to 0.0003 m?/s at the
bottom (Figure 4).

A homogeneous low diffusivity basement impedes vertical pore pressure diffusion into the unfaulted sections of
the basement (Figure 9). The lack of vertical diffusion causes increased pore pressure perturbation in the sedi-
mentary rock while also promoting lateral diffusion along the sedimentary-basement interface until reaching a
fault zone which acts like a conduit for vertical pore pressure diffusion into the seismogenic zone (Figure 9). This
allows for greater pore pressure build up along the entirety of the fault zones in all hydrogeologic scenarios with
a conductive and intermediate diffusivity fault zone (Figure S10 in Supporting Information S1). When modeled
with a sealing fault, the shallow portion of the fault zone (3 km deep) still experiences more pore pressure build
up with the low diffusivity basement, but at intermediate and deep depths (4.5 and 6 km) the difference in pore
pressure increase between the two basement types is relatively small (Figure 9, Figure S9 in Supporting Informa-
tion S1). This likely occurs because the low diffusivity basement primarily diffuses pore pressure into the top of
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Figure 9. Comparison of pore pressure propagation into the basement when modeling a (a, ¢) homogeneous low diffusivity basement (D: 0.0001 m?%s) and a (b, d)
decaying diffusivity basement. An injection interval diffusivity of 1.0 m?s was used for all four plots, plots a and b used a sealing fault (D: 0.01 m?%s) and plots ¢ and d
used a conductive fault (D: 1.0 m?/s). The solid black line is a contour line of 0.01 MPa of pore pressure increase, the pink dashed line denotes the top of the basement
and the white dashed line is the approximate centerline of the fault zone. (¢) Map view showing the A—A’ cross section location, faults (black dashed) and injection

wells (diamonds).

the fault zone making pore pressure diffusion into deeper parts of the fault zone highly dependent on fault zone
diffusivity. In contrast, the depth decaying basement allows pore pressure to diffuse into the unfaulted sections
of the basement which allows pore pressure to diffuse into the fault zone from within the basement. This makes
pore pressure perturbation at the intermediate and deeper depths less dependent on fault zone diffusivity when
modeling a depth decaying basement.

Our analysis indicates that pore pressure diffusion into basement faults is substantially affected by basement
diffusivity. In some scenarios the low diffusivity basement nearly tripled the amount of pore pressure increase
that was produced by the depth decaying basement (Figure S10 in Supporting Information S1). Additionally,
the low diffusivity basement primarily diffused pore pressure into the top of the fault zone regardless of fault
zone diffusivity while the depth decaying basement allows for pore pressure to diffusion into the top of the fault
zone and from within the basement. Given the sensitivity to basement diffusivity, future modeling should care-
fully consider the hydrogeologic properties of the basement.

5. Conclusion

Over the last several decades the Raton Basin has experienced a significant increase is seismicity that corre-
sponded with an increase in wastewater injection. The recent seismicity has been concentrated on the Trinidad
fault zone, Vermejo Park fault zone and Tercio fault zone. A numerical pore pressure model was used to relate
pore pressure diffusion to onset of seismicity on these fault zones. We draw the following conclusions:
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1. On a broad scale the spatiotemporal occurrence of early-stage seismicity is in agreeance with modeled pore
pressure diffusion. Our model indicates that pore pressure first became elevated on the N. Trinidad fault zone
followed by the Vermejo Park fault zone and lastly the Tercio fault zone. This pattern is similar to the migra-
tion of seismicity observed in the Raton Basin after injection started.

2. The initial seismicity of the August—September 2001 earthquakes sequence was likely triggered by pore pres-
sure perturbation between 0.007 and 0.03 MPa. Three of the 15 active injection wells, Cottontail Pass, PCW
and Wild Boar, produced 92% of the pore pressure change. The Cottontail Pass well produced a major-
ity of the perturbation making it the most influential well in triggering the August—September 2001 earth-
quakes sequence, even though it was the furthest of the three wells from the fault zone. Closer wells produced
less perturbation in the fault zone because they had been injecting for substantially less time and the basal
sedimentary interval restricted vertical pore pressure diffusion, thus delaying pore pressure perturbation
generated by these wells.

3. Given the available data, a precise date of early-stage seismicity could not be deduced for the Vermejo Park
and Tercio fault zone, but it is very likely that the Vermejo Park fault zone was reactivated prior to the Tercio
fault zone. At the average seismicity depths, the fault zones reached the estimated pressure value of initiat-
ing seismicity at a time that is likely too late to match the actual timing of early-stage seismicity. This could
indicate early-stage seismicity was shallower than expected or there are hydrogeologic heterogeneities that
allowed for enhanced pore pressure diffusion.

4. Model sensitivity to varying the diffusivity of the injection interval and fault zones suggest that diffusivity of
the injection interval affects modeled pore pressure perturbation at all depths along the fault zone. The fault
zone diffusivity plays a muted role at shallows depths but highly affects pore pressure perturbation at greater
depths.

5. For most hydrogeologic scenarios the homogeneous low diffusivity basement produced substantially greater
pore pressure perturbation within the fault zones than the depth decaying diffusivity basement. The homo-
geneous low diffusivity basement prohibited vertical pore pressure propagation into the unfaulted sections
of the basement, concentrating pore pressure diffusion into the top of the fault zones. The depth decay-
ing basement allowed pore pressure to propagate deeper into the unfaulted sections of the basement which
allowed pore pressure diffusion into both the top and sides of the fault zones. When modeling a sealing fault
zone pore pressure increase at moderate and deep depths was similar when comparing the two basement
representations. This highlights that pore pressure perturbation in a fault zone is more dependent on fault
zone diffusivity when modeling a homogenous low diffusivity basement. The hydrogeologic properties of the
basement substantially affects pore pressure diffusion and should be considered in future hydro-mechanical
models. Data
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Data Availability Statement

Wastewater injection data for the wells located in the Colorado portion of the basin was retrieved from
(COGCC, 2020; https://cogce.state.co.us/data.html). Wastewater injection data for the wells located in the
New Mexico portion of the basin was retrieved from (NMOCD, 2020; https://wwwapps.emnrd.state.nm.us/
ocd/ocdpermitting/data/wells.aspx). Lithology logs used to create the structure maps were manually extracted
from well files. Lithology logs from Colorado were retrieved from (COGCC, 2020; https://cogccmap.state.
co.us/cogcc_gis_online/) using the interactive map application. Lithology logs from New Mexico were
retrieved from (NMOCD, 2020; https://nm-emnrd.maps.arcgis.com/apps/webappviewer/index.html?id=4d017f-
2306164de29fd2fb9f8f35ca75) using the interactive map application. The Nakai, Sheehan, and Bilek (2017)
earthquake catalog was retrieved from the Supporting Information of the Nakai, Sheehan, and Bilek (2017)
paper. The Rubinstein et al. (2014) catalog was received from Justin Rubinstein but was reported to have been
incorporated into the USGS ComCat catalog. An open-source software called MODFLOW was used to model
pore pressure diffusion and can be retrieved from https://www.usgs.gov/mission-areas/water-resources/science/
modflow-and-related-programs.
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