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Abstract Methane leakage due to compromised hydrocarbon well integrity can lead to impaired
groundwater quality. Here we use a three-dimensional, multiphase (vapor and aqueous), multicomponent
(methane, water, salt), numerical model (TOUGH2 EOS7C) to investigate hydrogeological conditions that
could result in groundwater contamination from natural gas wellbore leakage that migrates upward toward
a freshwater aquifer. The conceptual model used for the simulations assumes methane leakage at 20–30 m
below groundwater. We perform 180 simulations for a sensitivity analysis, examining (1) multiphase flow
parameters related to storage, capillarity, and relative permeability, including porosity (/), initial fluid-phase
saturation (SL), and van Genuchten n and a, (2) geostatistical variations in intrinsic permeability (ki), and
(3) methane source-zone pressure. Simulated mean ki values are 10218 and 10213 m2 with variances of
1 and 5 m4. Simulated source-zone pressures range from just over ambient hydrostatic pressure at the
depth of leakage (100 kPa) to the maximum pressure that steel casings are commonly rated to withstand
(20,340 kPa). ki, initial SL, /, and van Genuchten’s n and a were the most important parameters in
determining the volume of methane reaching groundwater during a given time period. Multiphase
parameterization of formations underlying freshwater aquifers and overlying hydrocarbon production zones
is fundamental to assessing aquifer vulnerability to methane leakage.

Plain Language Summary Methane leakage from oil and gas wellbores below freshwater aquifers
may impact groundwater quality. The scope of the problem is such that millions of kilograms of methane
could reach groundwater in the case of a long-term, persistent leak. However, flow rates at the base of the
aquifer are slow, and changes in methane concentrations may go undetected. In this paper, we use numeri-
cal modeling to investigate hydrogeological conditions that could result in groundwater contamination
from natural-gas wellbore leakage that migrates upward toward a freshwater aquifer. Measurement or care-
ful estimation of parameters impacting both gas- and liquid-phase flow and transport are needed in deter-
mining volumes and flow rates of methane reaching groundwater and, thus, aquifer vulnerability to
methane leakage.

1. Introduction

The development of directional drilling and stimulation of reservoirs by high-volume hydraulic fracturing
(‘‘fracking’’) makes it economically feasible to recover unconventional hydrocarbon resources from shale
formations (e.g., Allouche et al., 2000; Hubbert & Willis, 1957; MIT Energy Initiative, 2011; USDOE, 2009).
By 2040, projections indicate that shale-gas production will grow to 29.0 trillion cubic feet—69% of total
U.S. dry natural gas production—and natural gas will surpass coal as the United States’ largest source of
electricity (USEIA, 2015, 2016). The rapid development of hydrocarbon resources from unconventional
reservoirs has been accompanied by public concern about potential environmental impacts, including
surface water (e.g., Olmstead et al., 2013) and groundwater (e.g., Llewellyn et al., 2015; Osborn et al.,
2011). The greatest risk of water contamination is usually attributed to surface spills and poor well
integrity (e.g., Gorody, 2012; Jackson et al., 2013; Sherwood et al., 2016; Vengosh et al., 2014; Watson &
Bachu, 2009).

Key Points:
� Methane leakage from oil-and-gas

wellbores below freshwater aquifers
impacts groundwater quality
� Multiphase analysis allows study of

gas-phase source-zone pressure,
capillarity and relative permeability,
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� Multiphase parameters play a

fundamental role in determining
volumes and flow rates of methane
reaching groundwater
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Impacts to water quality from hydrocarbon development include the potential for natural gas to reach
drinking-water aquifers or surface waters. Methane, the principal component of natural gas, is not consid-
ered a health hazard from ingestion. However, an action level of 10 mg/L is suggested by the U.S. Depart-
ment of the Interior due to combustion hazards (Duncan, 2015; Eltschlager et al., 2001; Vidic et al., 2013).
Additionally, oxidation of methane has been linked to changes in groundwater geochemistry, including
decreased concentrations of dissolved oxygen, increased pH, and bacterial sulfate reduction (Kelly et al.,
1985; Van Stempvoort et al., 2005), especially in confined aquifers (Roy et al., 2016). If uncombusted meth-
ane is released to the atmosphere, it can function as a potent greenhouse gas, albeit over a relatively short
time scale (e.g., Howarth et al., 2011). Perhaps most important is that gas-phase methane, which is generally
conservative with respect to transport, could be a precursor to more hazardous components of natural gas
or production fluids. While data indicate that flow of methane has occurred from hydrocarbon wells to
freshwater aquifers (e.g., Digiulio & Jackson, 2016; Llewellyn et al., 2015; Osborn et al., 2011; Warner et al.,
2012), incomplete information on baseline methane and groundwater geochemistry prior to shale-gas
development hinders interpretation of these systems (e.g., Gorody, 2012; Molofsky et al., 2011).

Previous studies have simulated fluid migration from hydrocarbon production zones to freshwater aquifers
along permeable pathways, such as abandoned or degraded wells or faults (e.g., Birdsell et al., 2015; Gassiat
et al., 2013; Nowamooz et al., 2015; Reagan et al., 2015), where compromised wells and faults are considered
fully connecting over the hundreds to thousands of meters separating production zones from groundwater.
For leakage to occur, failure of barriers (e.g., steel casing and cement sheath) separating hydrocarbon wells
from surrounding media must be assumed. However, it is more realistic to simulate leakage below freshwa-
ter aquifers where regulations require fewer barriers. Additionally, there is a lack of data on wellbore
methane-leakage rates, so examining a range of source-zone pressures is necessary to investigate the rela-
tive importance of leakage rate as compared to porous media and multiphase flow characteristics.

Most previous models of water-quality impacts associated with oil-and-gas development have employed
single-phase models (e.g., Birdsell et al., 2015; Brownlow et al., 2016; Gassiat et al., 2013; Myers, 2012). Multi-
phase analysis is better equipped to describe persistent contamination problems related to methane leak-
age as compared to single-phase models. For example, gas-phase methane trapped due to stratigraphy
could act as a continued source of aqueous-phase methane until the trapped methane is dissolved.
Aqueous-phase methane may migrate from a leakage source to a drinking-water well more slowly than
expected due to decreased aqueous-phase relative permeability caused by the presence of gas-phase
methane in pores. If effective permeability is significantly impacted by increased gas-phase saturation,
water-well yield may decline. A few recent studies of water-quality impacts associated with hydrocarbon
development explore multiphase techniques (e.g., Kissinger et al., 2013; Nowamooz et al., 2015; Reagan
et al., 2015). These studies have focused on uncertainty of permeability and porosity, but not multiphase
(i.e., capillary and relative permeability) parameters. Instead, Kissinger et al. (2013) and Nowamooz et al.
(2015) apply Leverett scaling to adapt multiphase parameters measured elsewhere to the zones of interest
in their models (i.e., formations, fault zones, or annular cement), and Kissinger et al. (2013) alter fault-zone
residual gas and liquid saturations. Reagan et al. (2015) highlight the need to investigate variations in capil-
larity in future work.

Kissinger et al. (2013), Nowamooz et al. (2015), and Reagan et al. (2015) identified multiphase parameters
appropriate for a given location; however, parametric variation studies are needed for evaluation of the
importance of multiphase parameters in solving/simulating problems of methane migration in the subsur-
face. Here we investigate methane leakage into low-permeability, unfractured media below a freshwater
aquifer with a sensitivity analysis investigating the impact of multiphase parameters in simulating subsur-
face methane migration. Knowledge of how each parameter impacts the simulations can inform practi-
tioners on which parameters should be measured, or carefully estimated, and which parameters can be set
at reasonable or literature values. Measurement of multiphase flow parameters for deep subsurface systems
associated with methane leakage is expensive and time-consuming, and has not been done in previous
published studies. We view this as a gap in the research.

Our conceptual model is based loosely on the Pierre Shale, which separates the hydrocarbon production
zone from groundwater in the Wattenberg Field of the Denver Julesburg Basin, near Denver, Colorado, USA.
Use of multiphase analysis allows simulation of nonwetting phase methane gas source-zone pressure, capil-
larity, and relative permeability (krg), and consideration of viscosity and density effects associated with
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multiple interacting phases. Relative permeability is especially important because its variation, depending
on phase saturation, can result in orders of magnitude changes in effective permeability and greatly impact
the transport of methane in models. Capillarity is important because it controls the effectiveness of litholog-
ical barriers. This is the first study to consider natural gas wellbore leakage using both multiphase analysis
and flow through heterogeneous media; we examine the impact of multiphase parameter variation on a
two-phase system of methane migration through media partially saturated with brine.

To achieve our objectives, we: (1) gathered publicly available data on intrinsic permeability (ki) porosity (/), and
multiphase saturation of the Pierre Shale and hydraulic-fracturing regulations and practices in the Wattenberg
Field; (2) collected ki, /, and aqueous saturation (SL) data from oil-and-gas operators active in this region; (3)
developed a three-dimensional multiphase, multicomponent numerical model to simulate wellbore leakage of
methane below groundwater; and (4) conducted a sensitivity analysis varying source pressure, ki, /, SL, and
parameters describing capillarity and relative permeability surrounding the simulated leak zone.

2. Geological Context and Conceptual Model

2.1. The Wattenberg Field of Northeastern Colorado
This study is designed to evaluate the relative importance of hydrogeological parameters on methane
migration generally, so we do not undertake the massive data collection and model calibration effort that
would be necessary to analyze actual leakage potential for any specific region. To link our simulations to a
real-world scenario, we based our conceptual model on the Pierre Shale of the Wattenberg Field, in North-
eastern Colorado (Figure 1). The Wattenberg Field is a region of intense oil-and-gas activity with 54,000
hydrocarbon wells, approximately 50,000 of which are vertical and the remaining 4,000 are horizontal. The
Wattenberg Field produces more gas than oil with 12.6 billion m3 (446 billion cubic feet) of gas and 14.0
million m3 (88 million barrels) of oil in 2014 (Sherwood et al., 2016). Over half of vertical wells (developed
beginning in the 1970s) and almost all horizontal wells (developed beginning in 2010) are hydraulically frac-
tured (Higley & Cox, 2007; Ladd, 2001; Sherwood et al., 2016).

In the region of the Wattenberg Field, the Pierre Shale overlies the Niobrara Formation and underlies the
Laramie-Fox Hills Aquifer, which is lowest aquifer in the Denver Basin Aquifer System (Figure 1). The Pierre
Shale is generally fine-grained and largely composed of clay minerals (Schultz et al., 1980). In the area of the
Wattenberg Field, it descends approximately 2,000 m from the base of the Fox Hills Aquifer (CGS, n.d.; Hig-
ley & Cox, 2007; Robson & Banta, 1995). Regional ki (estimated on the order of hundreds of kilometers) for
the Pierre Shale has been measured as low as 10221 m2 and as high as 10216 m2 (Bredehoeft et al., 1983;
Neuzil, 1994). Laboratory-scale ki (estimated on the order of centimeters) has been measured between
10221 and 10218 m2 (Neuzil, 1994). For discussion of the geologic history of the Denver Basin, readers are
referred to Weimer and Sonnenberg (1996), Ladd (2001), and Drake et al. (2014).

Figure 1. Northwest-southeast cross section showing the Pierre Shale as it overlies the Niobrara Formation and underlies
the Denver Basin Aquifer system. Modified from Colorado Geological Survey (CGS) [n.d.]. Cross section length is approxi-
mately 100 km.
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2.2. Conceptual Model of Wellbore Methane Leakage Into the Pierre Shale
The conceptual model used here is based on a generic natural gas well in the Wattenberg Field. We simulate
methane migration over a time scale of 100 years. Previous modeling studies have considered time scales for
groundwater contamination associated with natural gas wellbore leakage ranging from 2 years (Reagan et al.,

2015) to 30 years (Kissinger et al., 2013) to 100 years (Kissinger et al.,
2013; Nowamooz et al., 2015) to greater than 1,000 years (e.g., Gassiat
et al., 2013). The studies with shorter time scales examine methane
migration whereas longer duration studies tend to focus on transport of
hydraulic-fracturing chemicals. Our choice to model for 100 years repre-
sents one of the longest timeframes for methane migration studies.

We assume methane leakage occurs 20–30 m below the bottom of
groundwater into the Pierre Shale. In Colorado, regulations dictate that
the outermost layers of steel casing and cement separating the wellbore
from the surrounding formation stop at 15 m (oil-and-gas regulations,
commonly in English units, state 50 ft) below the bottom of freshwater
aquifers (Figure 2). Our leakage depth of 20–30 m falls below the zone
at which the surface casing and cement sheath are no longer required.
Regulations require the cementing of production casing 60 m (200 ft)
above the shallowest producing hydrocarbon formation. The annular
region between the bottom of the surface casing and the top of the pro-
duction casing cement may be left open (COGCC, 2016). Regulations
vary by state, but most require similar protection to minimize the risk of
groundwater contamination. Oil-and-gas operators have the option to
cement more of the annular space, which has become increasingly com-
mon through time in the Wattenberg Field (Stone et al., 2016).

Pressure in the annulus between the surface and production casing
typically is monitored by a valve installed at the surface. Colorado
state regulations do not allow flaring or venting of methane and other
gases from hydrocarbon well annuli to the atmosphere (COGCC, n.d.),
so surface-casing vent flows do not occur. Elevated annular pressures
are common, and often go unexplained (Lackey et al., 2017). In this
work, we assume that methane enters the annular space around the
production casing from intermediate formations or has migrated from
depth due to inadequate cement above the production zone (e.g.,
Dusseault et al., 2014) (Figures 2a and 2b). Methane then leaves the
annulus at the bottom of the surface casing, 20–30 m below a fresh-
water aquifer. To simplify analysis, it is assumed that: (1) leakage
occurs after active extraction has ceased, (2) the production casing is
intact, and leakage into the surrounding formation occurs only from
the annular region at the base of the surface casing, and (3) sufficient
methane pressures and permeability exist in gas-bearing formations
to allow leakage at a steady rate over 100 years. In the Wattenberg
Field, testing of annular pressures has not been continuous over 100
years, so it is unclear whether pressures are sustained this long. How-
ever, the third assumption is supportable based on the limited data
available (e.g., Kang et al., 2016; Lackey et al., 2017). Connections
between annular spaces and deeper, pressurized sources of gas may
raise and sustain annular pressure. Alternately, variations in annular
pressure may be associated with temperature changes. As heat from
production fluids is transferred to annular fluids, it temporarily
increases pressure, and eventually dissipates. Lackey et al. (2017)
describe 48 samples of gas collected by the Colorado Oil and Gas Con-
servation Commission (COGCC) from the annular space between the

Figure 2. (a) Generalized conceptual model of the Wattenberg Field in vertical cross
section. The red dashed box encloses a vertical slice of our three-dimensional our
modeled domain. The green X marks where methane leakage occurs in our models.
(b) Cross-sectional schematic of a vertical wellbore typical of Wattenberg Field. Not
to scale. Major well components are identified to illustrate our choice of leakage
depth, which is at the base of a hydrocarbon well surface casing 20–30 m below
groundwater, a depth where regulations no longer require steel casing and cement
barriers to protect groundwater. The outer annulus marked as uncemented in this
figure is legally required to be filled with cement at depths below those shown.
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surface casings and production casings in Wattenberg Field. They found that 46 contained thermogenic
methane. These results suggest that one or more connections exist between the near-surface annular space
and deeper hydrocarbon production zones (e.g., Osborn et al., 2011), which is the more likely scenario for
sustained annular pressure as compared to transient temperature effects.

We simulate steady leakage (or source-zone pressure) over 100 years to support our goal of investigating
the impact of multiphase flow parameters on subsurface methane migration. Sensitivity to multiphase
parameters is evaluated using methane flow rates at the base of an aquifer as sourced from a leaking well-
bore. Varying source flow rates or pressure would change flow rates at the base the aquifer, complicating
analysis of the influence of multiphase parameters. Nevertheless, a decline in methane source pressure
could be expected as leakage continues (e.g., Baihly et al., 2010; Fetkovich et al., 1987). We therefore high-
light the first 10 years of leakage, when source pressures are expected to be high relative to later times
(e.g., Baihly et al., 2010), with the remainder of the 100 year simulations included to show persistence
through time of trends associated with variation of multiphase parameters.

3. Numerical Simulation of Methane Migration

3.1. Numerical Simulator
The numerical studies were performed using the TOUGH2 simulator (Pruess & Moridis, 2012), with fluid prop-
erty equation-of-state module EOS7C. The EOS7C module analyzes five mass components: water, brine, meth-
ane, tracer, and a noncondensable gas. The gas phase in the simulations was composed of methane and
water vapor, with vapor-pressure lowering as per the Kelvin equation, allowing variation in the water vapor
mass fraction as a function of capillary pressure (Pruess et al., 2012). Peng-Robinson equations-of-state (Peng
& Robinson, 1976) were used to calculate gas density, enthalpy, and viscosity, with an assumption of local
equilibrium between phases. Movement of vapor-phase and aqueous-phase components occurred by Fickian
diffusion and a multiphase, density-dependent formulation of Darcy’s Law (Oldenburg et al., 2004). Use of
Darcy’s Law can result in an underestimation of gas flow due to ‘‘slip flow,’’ or the tendency of gases to have

nonzero velocity at pore walls (e.g., Scanlon et al., 2002). Therefore, we
include the Klinkenberg effect in our simulations with a value of the
Klinkenberg parameter (b 5 1E6 Pa21) appropriate for shale (Wu et al.,
1998). The model domain is within the Pierre Shale and has dimensions
of 946 3 946 3 1,058 m, including upper boundary elements, which
are discussed below; the underlying Niobrara Formation is not included
in this numerical model. The elevation defined as z 5 0 is at the top of
the Pierre Shale (Figure 3), coinciding with the bottom of a freshwater
aquifer in our conceptual model. The leak source zone is located at the
lateral center of the domain between z 5 220 and 230 m (i.e., 20–
30 m below the base of the freshwater aquifer). The model domain is
discretized with 127,832 elements (58 3 58 3 38 elements of variable
size in the x, y, and z directions, respectively). A subdomain comprising
a region 500 3 500 3 250 m surrounds the leak source zone; elements
in this zone are cubes 10 m on each side, with a total of 62,500 cells.
Homogeneous cell sizes were maintained in the zone surrounding the
leak to support simple introduction of geostatistical ki variation, as
described below. We conducted a sensitivity analysis to ensure that
these cells were of sufficient resolution; making them smaller did not
impact methane flow reaching the base of the aquifer. Grid Peclet num-
bers near the methane source were �2 in the x directions and y direc-
tions and �5 in the z direction. Outside of the leak source zone,
element length scales approximately doubled for each new cell added
in the x, y, and z directions, with a maximum aspect ratio of 9. In prelim-
inary models, aspect ratios >10 were observed to increase computa-
tional expense by increasing model convergence times. The bottom of
our model is defined as 2480 m, or 480 m below groundwater.

Figure 3. Numerical grid used for simulation. The cutaway shows finer discreti-
zation in the center of the model, which is near the leakage source zone.
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3.2. Boundary Conditions
The boundary conditions used for the simulations are presented in Table 1. Elements above z 5 0 serve as
boundary elements. They are included in the model to generate conditions similar to a multiphase Cauchy
boundary condition, which was not available in TOUGH2 EOS7C, at the base of the aquifer (z 5 0), where
liquid-phase and vapor-phase flow out of the domain are a function of both liquid-phase and vapor-phase
head and flow. The top boundary condition at z 5 578 m is set as constant liquid-phase pressure and con-
stant gas saturation. A sensitivity analysis was conducted to set this distance, as defined by the distance
required from the base of the freshwater aquifer to top boundary that would allow flow of methane uncon-
strained by the top boundary condition for 100 years. Pressure at the top boundary was defined to achieve
hydrostatic pressure at the base of the freshwater aquifer.

The low / and ki of the Pierre Shale (Table 1) allow for slow advection and diffusion of liquid-phase materi-
als, and the natural potential gradient of the vapor phase tends upward due to density-driven flow. There-
fore, no vapor-phase or liquid-phase flow is expected at the bottom of the modeled domain. The lower
boundary condition could have been prescribed as either constant pressure equal to the initial pressure for
the liquid phase and constant saturation for the vapor phase or no-flow for both phases. Simulations con-
ducted with constant pressure and saturation and no-flow boundary conditions at the base of the model
produced negligible changes in flow of both vapor and liquid into the surficial aquifer, so a more computa-
tionally efficient no-flow boundary was applied. No-flow boundaries for vapor and liquid were also pre-
scribed at the lateral edges of the domain, following simulations to determine how far away these
boundaries needed to be to avoid influencing flow near the source zone.

3.3. Material Properties
Mean ki, /, and brine saturation are assigned based on reported values for the Pierre Shale (Neuzil, 1994;
K. Tanner, personal communication, 7 October 2015). Here we use a relatively conservative value for the

Table 1
Pierre Shale Parameters and Model Boundary Conditions

Parameters Value/Equation Comment/Reference

Initial gas saturation 0.4 K. Tanner (personal communication, 7 October 2015)
Initial Pressure 8.2E4 Pa Calculated hydrostatic pressure at the base of the Fox Hills

aquifer in the region of Wattenberg Field
Brine density at STP 1185.1 kg m23 Oldenburg et al. (2004)
Porosity, / 0.08 Neuzil (1994) and K. Tanner (personal communication,

7 October 2015)
van Genuchten parameter, k (n)a 0.499 (2.00) Neuzil (1994) and Huet et al. (2005)
van Genuchten parameter, 1/P0 (a)* 3.83E-9 (3.76E-5 cm21) Neuzil (1994) and Huet et al. (2005)
Residual water saturation, Slr 0.2 Based on typical maximum gas saturations reported for shales,

e.g., S�ejourn�e et al. (2013) (in Nowamooz et al., 2015)
Residual gas saturation, Sgr 1.0E-4 i.e., negligible
Tortuosity model; Sb refers to the

saturation of a given phase, b
s0sb 5 /1/3S10=3

b Millington and Quirk (1961)

Diffusion coefficient of methane
in the liquid phase, Dm

l

1.0E-9 m2 s21 Pruess et al. (2012)

Diffusion coefficient of
water in the gas phase, Dw

g

1.0E-5 m2 s21 Pruess et al. (2016)

Klinkenberg parameter 1.0E6 Pa21 Klinkenberg (1941), Wu et al. (1998), Tanikawa and
Shimamoto (2006), and Wang and Reed (2009)

Aquifer temperature (top) 128C USEPA (2016)
Geothermal gradient dT/dz 20.04658C m21 Higley and Cox (2007)
Thermal conductivity 2.0 W m21 K21 Robertson (1988) and Pruess et al. (2012)
Boundary Conditions
Top Liquid phase: fixed pressure (8.2E4 Pa)

Vapor phase: fixed saturation (0.404)
Bottom No-flow boundary
Lateral boundaries No-flow boundary

aValues of van Genuchten parameters are input to TOUGH2 as k and 1/P0, but due to the common usage of n and a, these values are also printed here. The
relationships are k 5 m 5 1 2 1/n and 1/P0 5 a/qg.
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Pierre Shale with a mean ki of 10218 m2. Because initial conditions include methane in the pore space, we
assume that methane-sorption sites are occupied and sorption is negligible.

A capillary model is defined by relating capillary model parameters to ki and / (Huet et al., 2005). In our
model, capillary pressure and relative permeability are calculated as a function of saturation using the
water-retention parameters and saturated hydraulic conductivity of van Genuchten (1980) and unsaturated
hydraulic conductivity parameters based on the pore-size model of Mualem (1976). The Brooks-Corey
model, used in the approach of Huet et al. (2005), is not available in TOUGH2 EOS7C, so conversation to
van Genuchten parameters was performed using the method of Lenhard et al. (1989). Parameters used to
define capillarity and relative permeability in this work are van Genuchten n and a and the residual phase
saturations. van Genuchten n is a shape parameter relatable to pore-size distribution (e.g., Freeze & Cherry,
1979). The parameter n occurs in both the capillary-pressure functions and the relative-permeability model
(Table 1 and equations (1a) and (2a), below).

The capillary-pressure function is:

Pcap52
1
a

� �
S�½ �

2 1
121

n

� �
21Þ

21=n
�

(1a)

where

S�5
Sl2Slr

Sls2Slr
(1b)

The relative-permeability model is:

krl5S0:5
� 12 12S

1
121

n�

� �121
n

 !2

if Sl < Sls; 1 if Sl > Sls (2a)

and

krg5 12S#
� �2

12S2
#

� �
(2b)

with

S#5 Sl2Slrð Þ= 12Slr2Sgr
� �

(2c)

where Pcap (Pa) is capillary pressure, where Pcap5Pnw2Pw and where nw 5 nonwetting phase and w 5 wetting
phase. a (cm21) and n(2) are van Genuchten parameters. S* and S# are mobile-phase saturations. Slr is residual
liquid saturation, and Sls is maximum liquid saturation. krl is relative permeability for the liquid phase, and krg

is relative permeability for the gas phase. Sgr is gas-phase residual saturation.

The direct and significant impact of n on multiphase permeability is immediately apparent in equation (2a).
Larger values of n are associated with more well-sorted soils, in which most of the soil grains, and therefore
most of the pore sizes, fall within a relatively narrow range and thus have higher / than otherwise similar
poorly sorted soils. Well-sorted soils also have a more limited range of pressures over which saturation
changes occur and a larger second derivative at the inflection points of the pressure-saturation curve (e.g.,
van Genuchten, 1980). As a result, in multiphase models, soils with larger values of n are more likely to expe-
rience pulsed migration of the nonwetting phase (Gorody, 2012). Also, increasing n tends to increase avail-
able void space for the nonwetting phase, which results in higher krg.

The van Genuchten a (equation (1a)) is a scaling parameter related to methane-entry pressure (also called
‘‘displacement’’ or ‘‘bubbling’’ pressure) (Freeze & Cherry, 1979). Lower values of a are associated with higher
entry pressure. For the leakage scenarios modeled here, decreasing a effectively makes it more difficult for
methane from the leak to displace the aqueous phase. Increased SL associated with lower a decreases krg,
resulting in a correlative relationship between a and the amount of methane reaching the base of the aqui-
fer. Due to the impact of a on capillarity, this parameter influences the relative strength of the driving force
(i.e., multiphase pressures) and of the capillary barrier.

No data were available for irreducible gas or water saturations. In the simulations presented here, vapor-
phase saturations increase due to methane leakage. Gas entrapment can occur due to occlusion during
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processes that resemble imbibition (i.e., increasing SL), but gas cannot be trapped during processes that
increase vapor-phase saturations. Therefore, residual gas saturation was set to a negligible value of 0.01%.
Irreducible water saturation was set at 20% because 80% is the maximum gas-phase saturation used in
models of similar formations (e.g., Nowamooz et al., 2015). Subsequent analysis indicated minimal sensitiv-
ity to irreducible water saturation.

3.4. Source-Zone Properties
To perform our analyses, it was necessary to define a leak depth (discussed in section 3.2) and a flow rate of
methane out of the leak source zone. Leakage was imposed along a line source located in the lateral center
of the domain. Methane leaks below aquifers are not uniquely related to the practice of hydraulic fracturing.
They also can occur for traditional (vertical, not hydraulically fractured) hydrocarbon wells.

Unconventional wells may leak more often than conventional wells due to structural integrity failure of
cement and/or casing barriers intended to separate production fluids and groundwater, which are usually
much longer and experience higher pressures (e.g., Ingraffea et al., 2014). However, some evidence suggests
that modern regulations decrease the likelihood of leakage from any new well (Stone et al., 2016). Increased
annular pressure may not lead to incidents of groundwater contamination, especially in newer hydrocarbon
wells (Lackey et al., 2017; Sherwood et al., 2016; Watson & Bachu, 2009).

Determining a rate for hypothetical methane leakage depends on factors such as annulus pressure, forma-
tion pressure, formation saturation, formation ki and relative permeability, and fluid density and viscosity.
There is little information in the literature pertaining to field-based measurements of wellbore methane-
leakage rates and/or source-zone pressure, although inferences based on annular pressure or surface-
casing vent flows provide useful approximations (Roy et al., 2016; Watson & Bachu, 2009). Methane-leakage
rates based on numerical modeling studies vary over several orders of magnitude (e.g., Nowamooz et al.,
2015; Reagan et al., 2015), depending largely on the conceptual model used and values of parameters
such as annular permeability (e.g., Reagan et al., 2015) and production zone permeability (e.g., Nowamooz
et al., 2015). As a base-case approximation of the rate at which methane would exit a wellbore at the bot-
tom of the surface casing, we apply the rate published in Nowamooz et al. (2015) for a formation in the
St. Lawrence Lowlands of Quebec (Scenario C6), which is 7E-4 kg/s. This study was selected due to its use of
three-dimensional multiphase analysis and similarity between their conceptual model and ours, specifically
a vertically extensive, low-ki intervening formation between the hydrocarbon production zone and ground-
water. We include a sensitivity analysis to examine how methane source-zone pressures, which influence
leakage rates, impact methane flow rates at the base of a freshwater aquifer.

Methane leakage was simulated two ways: constant injection and constant pressure, with rates appor-
tioned by permeability and head (i.e., slight changes in flow occurred with vertical position along the 10 m
line source due to difference in head with elevation). Pressure simulations employed a range of source-
zone pressures. The lowest was just over ambient pressure at the depth of leakage and the highest corre-
sponded to the maximum pressure for which casings commonly used in the Wattenberg Field are rated
(Schlumberger, 2014). The range of pressures simulated here could realistically be encountered in annular
spaces in the Wattenberg Field via failures of cemented surface casings, cemented production casings, or
annular hydrostatic pressure (e.g., Stone et al., 2016). To define pressure at the source zone, an ‘‘extra’’ cell
was added to the model. The extra cell was attached to one of the cells surrounding the line source used
for the injection simulations leading to a lateral offset of 7 m from the source zone for the injection simula-
tions. The difference is much smaller than the lateral extent of the computational domain (x, y 5 946 m)
and did not change the amount of methane reaching the base of the aquifer. The volume of the extra cell
was 0.3142 m3 with 0.1 m radius and 10 m in the z direction. Pressure was distributed evenly through the
cell, and methane saturation defined at 99.9%, assuming degraded or absent cement in the annular
region.

3.5. Treatment of Heterogeneity in Ki

For this study, we used spatially correlated, three-dimensional, random fields to investigate the effects of
variations in ki on groundwater contamination from hydrocarbon wellbore leakage. Heterogeneity was
defined in a 500 3 500 3 250 m (x, y, z) zone surrounding the leak source zone. Mean ki was maintained
with no random variation for elements outside the leakage zone. The homogeneous outer elements were
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included to eliminate boundary effects, and because methane from the leakage zone does not reach the
outer elements, ki variation was not needed. The heterogeneous fields were generated with sequential
Gaussian simulation using the Geostatistical Software Library (GSLIB) (Deutsch & Journel, 1998). For each
value of ki, 25 distinctly different but equally probable random fields were generated, assuming a log-
normal distribution and zero mean which were converted to a mean ki of 10213 and 10218 m2 with varian-
ces of 1 and 5 m4 used with each mean. It is common for geostatistical simulations to make use of large
ensembles of realizations, often on the order of at least 100 realizations (Goovaerts, 1997). However, large
ensembles were not feasible for the computationally intensive simulations presented here; one realization
takes on the order of a week of clock-time to process. Other studies with as few as 10–20 geostatistical real-
izations have demonstrated physically meaningful results with small decreases in uncertainty with addi-
tional realizations (e.g., Goovaerts, 1999; Maxwell et al., 2008; Navarre-Sitchler et al., 2013).

3.6. Simulation Strategy
Our sensitivity metric is flow of methane (m3/d) arriving at the base of the aquifer (z 5 0) (Figures 5, 6, and 8).
The first part of our sensitivity analysis focuses on hydrogeologic characteristics of the porous media, specifi-
cally ki, van Genuchten n and a, initial SL, and /. Values of parameters were chosen for the Pierre Shale, a
silt/layered clay, and a sand to allow application of our model results to common near-surface aquifer mate-
rials (Bear, 1972) (Table 2). In general, the minimum values correspond to those of Pierre Shale, except for
van Genuchten n, which is lower for the silt/layered clay simulations (Schaap et al., 1999). A total of 20
parameter sensitivity simulations were completed.

The assumption of homogenous ki was relaxed for the second stage of the sensitivity analysis to investigate
how permeability variation, as defined by changes in mean, correlation length, and variance, influence
transport of methane from a leaking wellbore to the base of an aquifer. First, a homogeneous model was
run with ki equal to either 10213 or 10218 m2 everywhere in the domain. Subsurface pressure output from
the homogenous simulation was used as the initial condition for simulations where correlated, random var-
iations in ki were applied to the leakage source zone. Finally, a continuous flow of methane was applied in
the leak source zone. Two three-dimensional correlations lengths were used: X, Y 5 50 m; Z 5 20 m and X,
Y 5 200 m; Z 5 80 m. For each correlation length, a variance of 1 and 5 m4 was applied. For each combina-
tion of correlation length and variance, 25 permeability maps were generated with a mean ki of 10218 m2.
The simulations with a variance of 1 m4 were repeated with a mean ki of 10213 m2, for a total of 150
simulations.

For the final stage of sensitivity analysis, source-zone pressure was varied. Source-zone pressure-sensitivity
simulations used initial conditions that correspond to the Pierre Shale (homogeneous ki equal to 10218 m2).
Methane pressure was varied in the source zone with the following values: 100, 1,000, 2,500, 5,000, 10,000,
12,500, 15,000, 17,500, and 20,340 kPa.

4. Results and Discussion

In this section, the results of the simulations based on the Pierre Shale are presented first. Then, the results
of our sensitivity analyses are presented to examine how transport of methane from a leaking wellbore to a

Table 2
Hydrogeological Parameter Values Used in the Pierre Shale and Silt/Layered Clay Sensitivity Analyses

Pierre Shale
(Base Case A)

Lower shale
parameter values

Higher shale
parameter values

Silt/layered clay
(Base Case B) Sand

Homogeneous ki ( m2) 1E-18 1E-19a 1E-17a 1E-13 1E-10
van Genuchten-Mualem k (2)/n 0.518b/2.07 0.493b/1.97 0.530/2.13 0.083c/1.09 0.627c/2.68
van Genuchten 1/P0 (Pa21)/a (cm21) 3.55E-6b/3.48E-4 4.57E-7b/4.48E-5 1.91E-5/1.88E-3 8.15E-5c/8.00E-3 1.48E-5c/0.145
Initial SL (%) 60 80 40 60 80
/ (%) 8 6a 20a 20 30

aThese values fall within the range of reported ki and / for shale (Neuzil, 1994). The method of Huet et al. (2005) is applied to find values for the van
Genuchten parameters. bNo data were available on van Genuchten parameters for the Pierre Shale, so these values were calculated using / and ki data
applying the method of Huet et al. (2005). cThese values are based on class averages for sand and clay from Schaap et al. (1999).
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freshwater aquifer is impacted by (1) changes in multiphase flow parameters related to storage, capillarity,
and relative permeability (i.e., /, initial phase saturation, and van Genuchten n and a), (2) variations in
matrix ki, and (3) source-zone pressures and flow rates. Within the unique context of multiphase flow for
methane leakage, we evaluate the assumed dominance of ki over other parameters and explore the impacts
of varying source-zone nonwetting phase pressure.

4.1. Pierre Shale Scenario
The Pierre Shale scenario features homogeneous ki of 10218 m2 and a source-zone methane flow rate of 7E-
4 kg/s (Table 2). Figure 4 shows methane concentration at the base of the aquifer at 1, 10, and 100 years.
The plume is laterally symmetrical due to the homogeneous permeability field used in this simulation. The
diameter of the plume at the base of the aquifer is approximately 350 m at 100 years. Methane flow rate at
the base of the aquifer for this scenario is 44.7 m3/d at 100 years (Figure 5), with initial flow 0.005 m3/d and
the remainder due to wellbore leakage.

4.2. Sensitivity Analysis
4.2.1. Hydrogeological Characteristics
The most important parameter with respect to methane plume propagation is ki, as determined by meth-
ane flow rate at the base of the aquifer (Figures 5a and 5b). The scenario where the ki was varied from the
silt/layer clay parameter set to the ki of the Pierre Shale shows a methane flow rate similar to the Pierre
Shale scenario (Figure 5b). The flow rate of methane reaching the base of the aquifer is 16.5% different,
with the flow rate at 100 years 37.3 m3/d for the scenario with the same ki as the Pierre Shale and with silt/
layered clay values of /, initial SL, and van Genuchten parameters.

The influence of van Genuchten n on methane flow rates varies with the base case considered. For the rel-
atively small range in the Pierre Shale sensitivity analysis (Figure 5a and Table 2), the impact of varying n is
negligible (green lines for n fall under the black line for the Pierre Shale in Figure 5a). However, there is
substantial variation in the methane flow rate when n was varied over a larger range in the higher perme-
ability silt/layered clay scenario. Time to breakthrough and volume of methane reaching groundwater var-
ied with n (Figure 5b) due to the inclusion of n in both the capillary pressure function and relative-
permeability model. When only n is varied from the silt/layered clay scenario (e.g., all the parameters are
held at the silt/layered clay values and n is given a value in the range of shale), the flow rate at 100 years
changes by 9%, with flow rates of 125 m3/d for the silt/layered clay scenario and 114 m3/d when n is varied
to 2.07.

For the silt/layered clayed sensitivity analyses, the next largest changes in methane flow were associated
with variations in initial SL and / followed by varying van Genuchten a. The Pierre Shale sensitivity analysis
shows substantial changes only when initial SL and / are varied, with compressibility of the gas phase
combined with low ki limiting the impact of lowering SL on methane flow rates. Values of / are inversely
correlated with methane flow rates, which is expected due to increased storage and lower mobile-phase
velocities at higher /. Initial SL is inversely correlated with methane flow rates, which occurs due to

Figure 4. Plan view of methane concentrations at the base of the aquifer at (a) 1 year, (b) 10 years, and (c) 100 years for
the homogeneous Pierre Shale scenario.
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decrease in relative permeability for the gas phase when more of the aqueous phase is present (equation
(2a)). van Genuchten a is correlated with methane flow rates at the base of the aquifer. Lower values of a
require higher methane gas-phase pressure to displace the aqueous phase. The effects of varying a are
noticeable in our models at the edges of the plume as methane displaces pore water. Effects of varying a
are more prominent at earlier times because the plume grows through time and has a larger surface-area-
to-volume ratio early in its migration (Figure 5).
4.2.2. ki Variation
The results of this part of our sensitivity analysis indicate that the difference between the maximum and
minimum flow of methane at the base of the aquifer increases with increasing variance in ki (Figure 6a
versus 6c) and increasing correlation length in ki (Figure 6a versus 6b and 6c versus 6d). Also, from Figure
6e and 6f, we infer that geostatistical variation in ki is more of an influential factor on methane transport at
lower ki. Flow rates from cell to cell are more variable as variance in ki increases, and the flow rate at the
base of the aquifer is a composite of these smaller-scale changes. We also find increased variability of meth-
ane flow rate with increased correlation length in ki. Here the correlation lengths in these simulations are

Figure 5. Hydrogeological sensitivity analysis, in which (a) the Pierre Shale is used as the base case and (b) silt/layered clay is used as the base case. For both
(a) and (b), volumetric flux of methane at the base of the aquifer for our modeled scenarios is plotted, varying: (i) the capillary pressure/saturation relationship (van
Genuchten a and n), (ii) krg (van Genuchten n), (iii) ki, (iv) /, and (v) initial SL. The blow-up panel focuses on methane flow rates at the base of the aquifer for the
silt/layered clay base case scenario to show variations in methane flow rates in the first 10 years of the simulations. Methane flow rates for times >10 years after
leakage begins are overlain with gray to indicate the low probability of steady leakage occurring for durations >10 years.
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small enough with respect to the overall grid size that they tend to homogenize ki, which leads to a tighter
clustering around the mean flow rate as compared to simulations with a larger correlation length (Figure 7).
The low density and viscosity of methane as compared to water allows homogenization of methane flow
rates around the mean at relatively large length. It is necessary to simulate a mobile methane gas phase to
see this result; it could not be reached via single (aqueous) phase modeling.

Not surprisingly, shorter ki correlation lengths lead to a higher methane concentration in the lateral center,
and the plume associated with longer ki correlation lengths has a larger lateral footprint. Comparison
between Figures 5 and 6 indicate that ki variation has a greater impact at the base of the aquifer at later
times as compared to variation of van Genuchten a, initial SL, and /. However, the range of flow rates

Figure 6. Geostatistical sensitivity analysis. The left-hand column (a, c, and e) shows flow rates from simulations with
lower correlation lengths (CX 5 CY 5 50 m; CZ 5 20 m) than those in the right-hand column (b, d, and f) (CX 5 CY 5 200 m;
CZ 5 80 m). Simulations in the top row include a relatively low variance of 1 m4 and mean ki associated with the Pierre
Shale (10218 m2). Simulations in the middle row have a higher variance of 5 m4 and the same mean ki as the top row. In
the bottom row, variance is the same as the top row, and mean ki is raised to the value associated with the base-case
simulations in Figure 5 (10213 m2). Twenty-five equally probable correlated random ki maps were generated and modeled
with each of these six scenarios. Black lines represent methane flux at the base of the aquifer associated with a given
realization of ki. Red lines indicate the mean of the realizations shown on the plot. Methane flow rates for times
>10 years after leakage begins are overlain with gray to indicate the low probability of steady leakage occurring for
durations >10 years.
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shown in these plots covers approximately 60.17 m3/d, which is approximately 7 times less than the pertur-
bation in methane flow caused by varying ki (Figure 5). The implication of this analysis is that having data
on ki and relative permeability of formations underlying freshwater aquifers and overlying hydrocarbon pro-
duction zones is fundamental to assessing aquifer vulnerability to methane leakage, while information on ki

variation is less critical.
4.2.3. Methane Source Term
The source-term sensitivity analysis indicates that methane flux at the base of the aquifer increases with
increasing source-zone pressure, as expected (Figure 8a). For comparison, the injection-based Pierre
Shale simulations have a source pressure of 9E3 kPa 20–100 years after leakage begins. The trend in mass
reaching the aquifer is approximately linear at higher pressures, but nonlinear below about 1E4 kPa (Figure
8b). In models that include a gas phase, both storage and compression could lead to this effect, in addition
to nonlinear behavior associated with capillary pressure and relative-permeability relationships. Our initial
condition includes methane present in the pore space, so the nonlinear behavior seen here is due to meth-
ane gas compression, associated with increased gas concentration between the leak source and groundwa-
ter. Given the same /, gas compression accounts for a greater proportion of the methane leaving a lower-
pressure source, which contributes to the observed nonlinear relationship between source strength and
mass of methane reaching groundwater (Figure 8b). For all modeled scenarios, methane reaches groundwa-
ter in less than 1 year with the volume of methane transferred into the aquifer varying with source pressure.
The simulated flow rates of methane into the aquifer are slow and would be difficult to measure in the field
(e.g., ISO, 1991). However, wellbore leakage of methane below a freshwater aquifer in these models produ-
ces millions of kilograms of methane to be transferred to groundwater (Figure 8b) in the case of persistent
long-term leaks. The nonlinear behavior between mass and source-zone pressure indicates that higher pres-
sure source zones pose additional risk to groundwater resources, in part due to the larger lateral extent of
methane plumes at the base of the aquifer at higher source pressures (Figure 8c). Besides creating a larger
cross section for methane flux, a bigger plume diameter increases opportunity for short-circuit flow of
methane to groundwater if connected fractures are present within this range.

5. Conclusions

In these simulations, methane from hydrocarbon wellbore leakage can reach groundwater in less than 1
year assuming low-permeability, unfractured media. Multiphase parameters, i.e., those that influence capil-
larity and relative permeability, are important for these models: precise parameterization of multiphase pro-
cesses provides a more accurate conceptual model of methane migration through variably saturated
porous media than a single-phase model. Specifically, our results show that consideration of variations in
gas-phase pressure and saturation significantly impacts the flow rate and volume of methane reaching
groundwater from a leaking natural gas well. ki is the most important matrix parameter in terms of the

Figure 7. Plan view of methane concentrations at the base of the aquifer at 100 years for one realization of ki with correla-
tion lengths, Lc (a) X,Y 5 50,50; Z 5 20 m, and (b) X,Y 5 200,200; Z 5 80 m.
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temporal evolution of a methane plume, and, at a given ki, source-zone pressure is the most dominant
parameter influencing how much mass is transferred to groundwater.

Parameters describing capillary pressure-saturation or relative permeability-saturation relationships (van
Genuchten a and n in these simulations) are important with respect to the amount of methane reaching
groundwater, although gas-phase compression limits impacts of these parameters at low values of ki, as
does the range over which a and n are varied. Varying a and n within the range for shale produced negligi-
ble changes in the cumulative mass of methane reaching groundwater, whereas varying a from a value
associated with silt to a value for shale caused a 3.4% change in the cumulative mass of methane reaching
groundwater in the first year after leakage began. Variation of n from a value for silt to a value for shale
resulted in a 28% change in the first year of leakage. Predictions associated with the Pierre Shale can be
interpreted as conservative estimates (tending to minimize methane migration to groundwater). For a given
site, increasing ki and a and decreasing / and SL will lead to increasing methane flow rates from wellbore
leakage to groundwater as a function of source pressure. The impact of n is dependent on phase saturation
due to its inclusion in both the capillary-pressure function and relative-permeability model as a shape
parameter. In these simulations, we see an inverse relationship between n and methane reaching groundwa-
ter due to increase in aqueous saturation with increasing n. Models with inaccurate multiphase parameteriza-
tion would be expected to fail to predict changes in capillarity and effective permeability from variations in
saturation (e.g., Saiers & Barth, 2012), and, therefore, the mass of methane reaching groundwater.

Figure 8. Source-zone sensitivity analysis. (a) Temporal evolution of methane flux at the base of the aquifer for varying source-zone pressurization. Methane flow
rates for times >10 years after leakage begins are overlain with gray to indicate the low probability of steady leakage occurring for durations >10 years. (b) Mass
of methane reaching the aquifer, summed over the 100 year simulations and plotted against source-zone pressure. The red circle marks the highest annular pres-
sure recorded in the Colorado Oil and Gas Conservation Commission data for the Wattenberg Field. (c) Impact of varying source pressure on the lateral extent of
the methane plume at the base of the aquifer at 100 years after leakage begins. On left, methane source pressure just above critical (Lackey et al., 2017); center,
methane source pressure of 10,000 kPa, on the order of the largest annular pressure recorded in the Wattenberg Field (Lackey et al., 2017); on the right, methane
pressure of 20,340 kPa, the highest pressure for which many casings are rated in Wattenberg Field (Schlumberger, 2014).
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The scope of the problem is such that millions of kilograms of methane could reach groundwater in the
case of a long-term, persistent leak. However, flow rates at the base of the aquifer are slow, and changes in
methane concentrations may go undetected. While these results apply generally to low-permeability,
unfractured media, limited data for our site (the Pierre Shale in the region of the Wattenberg Field) preclude
the model validation necessary to allow actionable conclusions pertaining to an actual leakage event. Appli-
cation of available technology to evaluate the ki of formations between groundwater and hydrocarbon pro-
duction zones and assessing the impact of near-surface fracture networks on methane migration would
improve assessment of aquifer vulnerability to hydrocarbon development by informing forecasts of when
methane leakage from gas wellbores will reach groundwater and in what volumes, given methane source-
zone data. Multiphase modeling of stray-gas migration is an integral part of this analysis, and should be
incorporated in future studies of subsurface stray-gas migration. Nonwetting-phase methane gas source
pressures and multiphase parameters, which influence capillarity and relative permeability, play a funda-
mental role in determining volumes and flow rates of methane reaching groundwater and, thus, aquifer vul-
nerability to methane leakage.
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