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ABSTRACT 

Loss of hydrocarbon wellbore integrity can lead to impaired groundwater quality. 

Methane is the most probable groundwater contaminant from hydrocarbon wellbore leakage due 

to its buoyancy and natural abundance. Here, a synthesis of the literature is conducted to 

investigate groundwater-quality hazards of methane leakage from hydrocarbon wells. As 

informed by this synthesis, three-dimensional, multiphase (gas and liquid), multicomponent 

(methane, water, salt), numerical modeling (in TOUGH2 EOS7C) is used to evaluate methane 

leakage from a natural-gas wellbore that migrates upwards towards groundwater. This work 

focuses on processes with the potential to slow down methane migration since older wells, 

completed before modern regulations, are more likely to leak. Potentially delaying processes 

simulated here include (i) multiphase flow, which allows orders of magnitude slower flow as 

compared to single-phase models due in part to changes in relative permeability, (ii) 

geostatistical variation of intrinsic permeability, and (iii) dual-domain mass transfer (DDMT), 

which permits storage of solutes in less-mobile pore space for long periods of time.  

In these simulations, variation in multiphase parameters (i.e., those impacting relative 

permeability and capillarity) leads to substantial changes in the flow rates of methane reaching 

groundwater, with a greater impact than the changes in flow rates associated with variability in 

intrinsic permeability. Multiphase parameters must, therefore, be measured, or carefully 

estimated, with more general approaches (e.g., setting parameters at reasonable or literature 

values) likely to produce significant errors in models of methane migration. DDMT substantially 

increases methane flow rates to groundwater, and leads to peaks in methane concentration at a 

downstream well, which occur decades after leakage ends. Therefore, in these simulations, 
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legacy wells with wellbore integrity loss present a current hazard to groundwater resources, even 

following remediation of leaking wells.
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CHAPTER 1 

INTRODUCTION 

In the water/energy nexus, few issues have gained more popular attention than the water-

quality impacts of oil and gas development. Groundwater-quality effects are of particular interest 

largely because they are difficult to constrain due to limited data and the complex flow and 

transport systems involved. Migration of potential contaminants to receptors in freshwater 

aquifers (e.g., domestic pumping wells) can involve multiphase flow through heterogeneous or 

fractured porous media with subsurface sources that are kilometers deep. Furthermore, leakage 

may be comprised of a variety of substances, each with different attributes influencing transport. 

Materials in groundwater that have been linked to hydrocarbon development include 

hydrocarbons (e.g., methane and ethane), natural gas minor constituents (e.g., benzene, toluene), 

and components of production fluids (e.g., biocides) and formation fluids (e.g., naturally 

occurring radioactive material) [e.g., Gross et al., 2013; Vengosh et al., 2014; Rogers et al., 

2015; Digiulio and Jackson, 2016]. Of these, methane is most probable to reach aquifers due to 

its natural abundance, conservative behavior with respect to transport, and buoyancy, which 

tends to encourage upward migration of methane from hydrocarbon reservoirs or wellbore leaks 

toward groundwater. Multiple accounts connect methane found in groundwater with 

hydrocarbon resources [e.g., Osborn et al., 2011; Jackson et al., 2013; Sherwood et al., 2016], 

although linkages to anthropogenic effects have been disputed [e.g., Molofsky et al., 2011, 2016; 

Warner et al., 2012]. A detailed review of studies examining methane leakage from wells is 

presented in Chapter 2, including discussion of hazards presented by methane in groundwater. 

In the following research, I highlight methane, given that it is the most likely 

groundwater contaminant associated with hydrocarbon development. I use numerical modeling 
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to examine the scope of the problem (e.g., volumes of methane transferred to groundwater under 

varying scenarios), and make recommendations for future analysis of methane leakage below 

groundwater. I focus primarily on the role of the zone separating a leaking wellbore below 

groundwater from an aquifer because research on this area is currently lacking in the scientific 

literature. Papers on the groundwater-quality impacts of hydrocarbon development have focused 

instead on leakage along explicitly permeable pathways such as connecting fault networks [e.g., 

Myers, 2012; Gassiat et al., 2013; Nowamooz et al., 2015; Reagan et al., 2015]. The conceptual 

model used here is more realistic with respect to leakage because it requires fewer barriers (steel 

casing and cement sheath) separating methane and groundwater than previous models of leakage 

along fully connecting permeable pathways.  

Main themes of the following work include: (i) what is known about methane sourced 

from hydrocarbon reservoirs in aquifers and what remains to be learned (Chapter 2); (ii) the 

importance (or lack thereof) of multiphase parameterization in models of methane leakage 

(Chapter 3); and (iii) the impact of reservoir heterogeneity in simulating subsurface methane 

migration. Heterogeneity is considered both in terms of geostatistical variations in intrinsic 

permeability (Chapter 3, in the context of comparison to multiphase parameterization) and 

mobile/immobile porosity (Chapter 4). Each of these is described in more detail below.    

In Chapter 2, I identify challenges associated with determining the provenance of 

methane in groundwater in both observational and numerical studies. The need for more publicly 

available groundwater-quality and well-integrity databases is highlighted. A review of the 

literature is used to make science-based policy recommendations, including the need for greater 

gas-migration monitoring and deeper casings and cement coverage for some wells. Future 

research directions are suggested based on knowledge gaps and research needs. These include 
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better characterization of the intermediate zone separating hydrocarbon production zones from 

groundwater. 

The first numerical modeling efforts of this dissertation, in Chapter 3, address a research 

need identified in Chapter 2: the impact of relative-permeability and capillary pressure/saturation 

parameters as compared to heterogeneity in intrinsic permeability. I conduct 180 simulations for 

a sensitivity analysis of these parameters in the context of methane leakage from a hydrocarbon 

wellbore into low permeability media below groundwater. The major conclusion of this chapter 

is that multiphase parameterization of the intermediate formation is fundamental in the analysis 

of aquifer vulnerability to methane leakage. Also, methane-gas flow behavior (e.g., compression) 

leads to non-intuitive results as compared to single-phase, aqueous models. 

Continued numerical modeling efforts in Chapter 4 build on the work of the previous two 

chapters. I examine the role of dual-domain mass transfer (DDMT) below groundwater on 

aqueous-phase methane breakthrough in a water well downstream from a leaking hydrocarbon 

well. DDMT is expected to substantially impact methane migration in shale due to the presence 

of extensive immobile pore space. Methane migration both below and within groundwater, under 

varying groundwater flow gradients, are simulated. The major conclusions of this chapter are 

that DDMT impacts both the plume size and flow rate of methane reaching groundwater, and 

that the presence of a gas-phase plume in groundwater can lead to longer breakthrough curves 

through time with a bimodal distribution of aqueous-phase methane. Thus, in these simulations, 

leakage that occurs decades ago may be still migrating towards groundwater receptors.  

Methane leaked from hydrocarbon wellbores has the potential to reach freshwater 

aquifers and affect groundwater quality. It is a more probable contaminant from oil and gas 

development than less buoyant substances with lesser (or non-existent) abundance in the 
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environment. Collectively, these three studies investigate groundwater-quality hazards of 

methane leakage from hydrocarbon wells and lay the groundwork for improved models of 

methane transport in the zone between production horizons and groundwater. 
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CHAPTER 2 

GROUNDWATER-QUALITY HAZARDS OF METHANE LEAKAGE FROM 
HYDROCARBON WELLS: 

A REVIEW OF OBSERVATIONAL AND NUMERICAL STUDIES AND FOUR TESTABLE 
HYPOTHESES 

 

Modified from a paper submitted to Wiley Interdisciplinary Reviews (WIREs) Water 

 

Amy K. Rice1*, Greg Lackey2, James Proctor3, and Kamini Singha1,3,4 

 

Abstract 

Methane leakage from hydrocarbon wells plays an important role in the groundwater quality 

impacts of hydrocarbon development and presents a more likely hazard than hydraulic fracturing 

or formation fluids. Methane released from contaminated water wells has been linked with 

combustion risks inside houses and degraded water quality due to turbidity. Potentially, methane 

can serve as a precursor to other fluids associated with hydrocarbon extraction, such as volatile 

organics. This review surveys studies relating to contamination of drinking-water aquifers by 

fugitive methane gas from leaking hydrocarbon wells. Challenges associated with linking stray 

gas in groundwater to hydrocarbon extraction are identified, and the need for detailed 

groundwater-quality and well-integrity databases is highlighted.  Science-based policy 

recommendations are made, including deeper surface casings and greater cement coverage for 

wells with deviated wellbores, remediation of faulty abandoned wells, and increased gas-

migration monitoring. We present four hypotheses. First, thermogenic methane occurring in 

                                                 
1
Hydrologic Science and Engineering Program, Colorado School of Mines, Golden, CO 80401 

2 Civil, Environmental, and Architectural Engineering, University of Colorado, Boulder, CO 80309 
3Department of Geology and Geological Engineering, Colorado School of Mines, Golden, CO 
4Department of Civil and Environmental Engineering, Colorado School of Mines, Golden, CO 
 
*Primary researcher and author 
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groundwater due to natural migration from deep reservoirs can be distinguished from 

thermogenic methane sourced from hydrocarbon development. Second, for most wellbore 

leakage scenarios, methane newly discovered in freshwater aquifers is unlikely to have 

originated from persistent leaks beginning decades ago. Third, at a given depth, source pressure, 

and mean intrinsic permeability, relative permeability will have a larger impact on plume 

diameter than any other porous media parameter, including heterogeneity in intrinsic 

permeability.  Fourth, thermogenic methane in groundwater will serve as a precursor to benzene, 

toluene, ethybenzene and xylenes (BTEX) under conditions where methane and BTEX leakage 

is transported primarily in the aqueous phase. 

2.1 Introduction 

Widespread adoption of hydraulic fracturing and directional drilling has substantially 

increased the availability and use of natural gas [USEIA, 2015, 2016].  The elucidation of 

groundwater quality hazards from natural gas wells is a relatively new research area, with the 

large majority of studies occurring within the last decade.  Concerns related to groundwater 

quality mainly focus on fluids associated with hydraulic fracturing or formation fluids reaching 

drinking-water aquifers. Fluid migration can occur via infiltration of surface spills; leakage from 

wells due to casing and/or cement failure; or upward migration from deep reservoirs along faults, 

fractures, or degraded wells. Of these pathways, well integrity issues are considered the most 

challenging with respect to minimizing risk to groundwater quality [e.g., Jackson et al., 2013b; 

Dusseault et al., 2014; Lefebvre, 2017]. 

As the principal component of natural gas, methane is the substance most commonly 

associated with natural gas well leaks. Methane has a low solubility and is generally unreactive. 

It is commonly regarded as non-toxic [e.g., Howarth et al., 2011], but concerns associated with 
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methane encroachment into aquifers include 1) combustion or hypoxiation dangers in enclosed 

spaces fed by methane-contaminated wells, 2) possible release of methane into the atmosphere, 

where it functions as a greenhouse gas with a global warming potential 34 times greater than 

CO2 over a 100 year time period and 86 times greater over 20 years, and 3) methane’s role as a 

potential precursor for other more hazardous fluids (e.g., benzene, xylenes) [e.g., IPCC, 2013; 

US EPA, 2013; Vidic et al., 2013; Duncan, 2015]. Methane leaked in the subsurface is expected 

to migrate upward via buoyant advection and may, therefore, reach groundwater (Figure 2.1). 

Multiple studies have shown that, due to buoyancy, methane is a more likely aquifer contaminant 

than hydraulic fracturing fluids or brine [e.g., Kissinger et al., 2013; Nowamooz et al., 2015]. 

 

Figure 2.1: Overview of methane migration pathways (in green) to groundwater that can be 
linked to oil and gas operations. Well 1 shows stray gas migrating through fractures to an 
existing fault, which connects to groundwater.  Well 2 shows migration from a deep hydrocarbon 
reservoir or production casing leak through an open annulus and/or faulty annular cement to 
groundwater.  Well 3 shows gas migration from an intermediate-depth gas-bearing formation 
(non-production) to groundwater via an open annulus and/or faulty annular cement. Methane 
leakage into the matrix below groundwater is also shown, which can lead to groundwater 
contamination via buoyant advection through pores or fractures. 
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The transport of methane between deep hydrocarbon reservoirs and groundwater is 

complex because it involves multiphase, multicomponent flow through a variety of media: faulty 

cement, wellbore annuli, and heterogeneous formations, including faults and fracture networks. 

The complexities that arise even in simple geologic settings are illustrated by the findings of 

Cahill et al. [2017], a field study in which methane was released into a relatively homogeneous 

shallow sand aquifer. The authors showed that a larger than expected area was impacted by 

methane migration because of slight variations in grain-scale bedding which hindered upward 

flow and encouraged the lateral movement of free-phase gas. Conceptual understanding of how 

methane migrates in the subsurface is lacking with regard to complex subsurface environments.  

Along with additional controlled methane-release experiments, numerical modeling will play a 

large role in advancing these conceptual models. However, a major challenge of numerically 

modeling methane migration is achieving an acceptably detailed characterization of the 

subsurface with respect to project goals, and incorporating the findings of observational studies 

to verify model results. 

This review article builds on a number of recent reviews dealing with environmental 

impacts of unconventional oil and gas development [e.g., Allen, 2014; Jackson et al., 2014; 

Jacquet, 2014; Kahrilas et al., 2014; Vengosh et al., 2014; Birdsell et al., 2015; US EPA, 2016b; 

Cahill et al., 2017; Lefebvre, 2017]. The major focus of these reviews has been to illuminate 

potential water quality hazards of hydrocarbon extraction, discuss likely contamination 

pathways, and highlight knowledge gaps relating to transport. None have focused exclusively on 

transport of methane from leaking wells to groundwater.  Here, we specifically focus on the role 

of methane in the study of groundwater quality hazards from natural gas wells. This review is 

also informed by work synthesizing data on methane in the environment [e.g., Howarth et al., 
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2011; IPCC, 2013; Allen, 2014; Dusseault et al., 2014; Prpich et al., 2016]. Moreover, through a 

new synthesis, we provide perspective on unresolved questions associated with observational 

studies of methane in groundwater and how numerical modeling and new observations could be 

used to address them. This review is needed to encourage a shift in popular and scientific focus 

from less probable groundwater contamination scenarios, such as by fracturing fluids, which 

would require unique geologic and hydrologic circumstances for large-scale migration to occur 

[e.g., Gassiat et al., 2013; Rahm and Riha, 2014] and to emphasize the most likely subsurface 

risk to groundwater quality from oil and gas extraction: methane transport from leaking wells.  

Our review begins with a discussion of methane occurrences in freshwater aquifers. We 

present challenges associated with linking methane concentrations in groundwater to deep 

hydrocarbon reservoirs and provide science-based policy recommendations in support of efforts 

to investigate processes impacting methane migration. The second section is devoted to 

numerical modeling efforts dealing with fluid migration to groundwater resulting from 

hydrocarbon extraction activities. We examine the progression of assumptions used in these 

models and implications for scientific understanding of how fluids migrate from deep reservoirs 

and predict how numerical models will be used to better evaluate groundwater quality impacts of 

hydrocarbon extraction. In the last section, we briefly discuss how methane leakage could affect 

aquifer geochemistry to examine the environmental impacts of methane leakage apart from its 

assumed function as a precursor for other fluids.  

2.2 Observational and field studies 

Methane has been found in groundwater in multiple locations, but establishing 

provenance is often difficult because methane migration may occur from hydrocarbon reservoirs 

at varying depths along an assortment of natural or anthropogenic pathways, and can be sourced 
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from microbial activity. In this section, we examine how detailed data collection has been used 

to gain insight on methane transport. We argue that extensive, publicly available groundwater-

quality data taken before and after oil and gas development and well-integrity information in the 

form of surface casing pressure or vent flow are necessary to evaluate the environmental impact 

of hydrocarbon extraction.  

2.2.1 Challenges of data availability and interpretation 

Isotopic analysis of methane is an integral part of groundwater-quality data collection in 

regions of oil and gas development. Methane in aquifers is often sourced from relatively shallow 

microbial methanogenesis. Methane derived from microbes is termed microbial or biogenic, 

whereas thermogenic methane is associated with deeper hydrocarbon production zones. It is 

possible to differentiate between the two by evaluating isotope ratios, and conclusions based on 

isotopic evidence can be supported by the presence or absence of other components of natural 

gas, such as higher-chain hydrocarbons, of which ethane is the most abundant [e.g., Schoell, 

1988; Whiticar, 1999]. The presence of thermogenic methane in an aquifer may indicate that gas 

has leaked upward from the deep subsurface through a pathway created by nearby oil and gas 

operations [e.g., Schoell, 1988; Reagan et al., 2015; Lefebvre, 2017]. However, this is not the 

only mechanism for thermogenic methane to reach shallow groundwater. A number of studies 

have shown that thermogenic methane can migrate naturally into shallow aquifers in some 

regions [e.g., Baldassare et al., 2014; Moritz et al., 2015], and there is concern that gases from 

intermediate formations, which have compositional and isotopic characteristics distinct from 

production gas and may be thermogenic in origin, can also leak into the shallow subsurface 

through pathways created by oil and gas operations [e.g., Jackson et al., 2013b]. These factors 

confound investigations into the origin of methane in the subsurface and present considerable 
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challenges to researchers attempting to assess widespread impacts of oil and gas drilling on 

groundwater quality through geochemical analyses of methane. 

The challenge in identifying relationships between oil and gas drilling and stray methane 

in the subsurface is illustrated by the studies that have investigated the issue as it relates to 

Pennsylvania [e.g., Baldassare et al., 2014; Darrah et al., 2014]. Osborn et al. [2011] and 

Jackson et al. [2013b] collected samples from water wells in regions with active (northeastern 

Pennsylvania) and non-active (New York, where hydraulic fracturing currently is not allowed) 

unconventional oil and gas operations. The authors identified the presence of methane in 51 of 

60 drinking-water wells tested and, through compositional and isotopic analyses, showed an 

increasing risk of thermogenic methane contamination in water wells with close proximity to oil 

and gas wells. These findings were challenged by Molofsky et al. [2011, 2013] and Siegel et al. 

[2015b], who analyzed large datasets (n = 1,701 and 11,309, respectively) of pre-drill 

groundwater samples collected by oil and gas operators in northeastern Pennsylvania. No 

regional trends were identified between the proximity of water wells to oil and gas operations 

and stray methane contamination. Instead, topography and groundwater geochemistry were 

identified as influencing methane concentration, suggesting natural migration of thermogenic 

methane from the deep subsurface into shallow groundwater [Molofsky et al., 2013; Siegel et al., 

2015b].  

Despite the conflicting narratives of the studies investigating the relationship between oil 

and gas drilling and groundwater contamination in northeastern Pennsylvania, these findings are 

not mutually exclusive. Instead, they describe a complex system in which methane migrates into 

shallow aquifers both naturally through deeply circulating groundwater upwelling in valleys and 

enhanced via pathways created by oil and gas drilling. Molofsky et al. [2013] and Siegel et al. 
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[2015b] had access to datasets large enough to investigate regional trends of methane occurrence 

in groundwater.  However, these studies lack the detailed isotopic measurements necessary to 

distinguish between natural and anthropogenically induced methane migration, and they analyze 

private databases maintained by oil and gas companies, which lack the transparency of publicly 

available datasets  [2015a].  Osborn et al. [2011] and Jackson et al. [2013b] performed gas 

compositional and isotopic analyses, but these studies are limited by the size of their sampling 

datasets (n = 68, n = 141).  

The Colorado Oil and Gas Conservation Commission (COGCC) has created a large and 

detailed database of baseline groundwater samples in Colorado, that includes both gas-

compositional and isotopic analyses of methane as a result of a comprehensive groundwater 

sampling regulation passed in 2005  [e.g., Wright et al., 2012; McMahon et al., 2013b; Li and 

Carlson, 2014; COGCC, 2016; Li et al., 2016a; Sherwood et al., 2016]. Li and Carlson [2014] 

and Sherwood et al. [2016] analyzed baseline sampling records from the COGCC to evaluate the 

occurrence and origin of methane in water wells installed in the Wattenberg Field, the most 

productive oil and gas field in Colorado. Methane contamination was found to be predominantly 

microbial in origin (n = 169) with fewer (n = 42) water wells impacted by thermogenic methane 

[Sherwood et al., 2016]. Unlike northeastern Pennsylvania, natural migration of thermogenic 

methane has not been observed in the Wattenberg Field, thus its presence in drinking water is 

attributed to oil and gas operations [Sherwood et al., 2016]. However, no regional-scale 

relationships were observed between the concentrations and isotopic characteristics of methane 

and their proximity to the nearest oil and gas well [Li and Carlson, 2014]. Well-integrity loss 

among older wells installed before modern regulations was identified as the primary source of 

thermogenic methane contamination and newer horizontal drilling was not found to increase the 
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rate of groundwater contamination in the region [Sherwood et al., 2016; Lackey et al., 2017]. 

These results demonstrate the utility of a large groundwater quality database in determining 

which aspects of oil and gas development present hazards to groundwater.  

Currently, Colorado is the only state that makes detailed records of large-scale baseline 

groundwater-quality sampling publicly available [e.g., Davies et al., 2014; Sherwood et al., 

2016; Lackey et al., 2017b]. Lack of available data has been a considerable impediment to the 

evaluation of the impacts of oil and gas operations on groundwater quality, especially in 

geographic areas with a long history of development and complex underlying geologies where 

natural thermogenic methane migration may occur [e.g., Osborn et al., 2011; Jackson et al., 

2013a; Molofsky et al., 2013]. Efforts are underway in many regions to evaluate background 

concentrations and characteristics of methane in shallow aquifers [e.g., Wright et al., 2012; 

McMahon et al., 2013b; Moritz et al., 2015; Lackey et al., 2017b; Nicot et al., 2017b, 2017c]. 

These data should be gathered into publicly available databases where they can properly inform 

regional scale investigations into the relationship between oil and gas drilling and groundwater 

contamination. 

2.2.2 Anthropogenically induced pathways of methane migration 

Despite the considerable challenges associated with identifying the origin of methane in 

aquifers, some incidents of methane contamination in groundwater in Ohio [Bair et al., 2010], 

Colorado [McMahon et al., 2013a; Thyne, 2014; Sherwood et al., 2016], Wyoming [DiGiulio et 

al., 2011; Acton Mickelson Environmental, Inc., 2016; Digiulio and Jackson, 2016], and Alberta, 

Canada [Tilley and Muehlenbachs, 2012] have been determined to be associated with oil and gas 

activities. In all of these incidents, a faulty or improperly constructed oil and gas wellbore was 
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the primary pathway through which stray methane escaped from the deep subsurface into 

shallow groundwater (Figure 2.2a). 

 

 

Figure 2.2: A) Major well components are identified and mechanisms for gas migration along 
faulty or degraded hydrocarbon wellbores are illustrated. Scenarios associated with methane 
leakage to groundwater shown in Figure 2.1 are highlighted, including migration from deep 
hydrocarbon reservoirs (Scenario 2) and gas migration from an intermediate-depth gas-bearing 
formation (Scenario 3). B) Gas well integrity loss can lead to either surface casing pressure 
(SfCP) or surface-casing-vent flow (SCVF), depending on gas venting at the surface. 

Indeed, a number of studies have appropriately identified the risks posed by faulty oil and 

gas wells and have emphasized the importance of assessing the frequency with which wells lose 

integrity and mechanisms by which gas migration occurs [Dusseault et al., 2014; Ingraffea et al., 

2014; Jackson et al., 2014; Kang et al., 2014, 2016; Pétron et al., 2014]. Oil and gas wells that 
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have structural-integrity loss typically exhibit surface casing pressure (SfCP) if the surface 

casing annulus is sealed at the wellhead, or surface-casing vent flow (SCVF) if the annulus is left 

unsealed (Figure 2.2b) [Watson and Bachu, 2009; Dusseault et al., 2014; Lackey et al., 2017]. 

Local regulations determine whether operators leave the annuli of their wells sealed or unsealed 

[Dusseault et al., 2014; Lackey et al., 2017]. Vertically mobile methane can escape the well and 

contaminate the surrounding subsurface if gas migration below the surface casing, SfCP-induced 

gas migration, or dissolved transport takes place (Figure 2.1) [Lackey et al., 2017]. Similar to the 

paucity of publicly available groundwater quality data, there are few existing oil and gas 

databases that contain detailed well integrity information [Davies et al., 2014; Lackey et al., 

2017]. Currently, only the Alberta Energy Regulator, British Columbia Oil and Gas Commission, 

and COGCC maintain publicly available databases with records of SCVF or SfCP [Tao and 

Bryant, 2014; Lackey et al., 2017]. Gas migration monitoring in the soil surrounding oil and gas 

wells is only required in Alberta. Other regions rely on baseline groundwater sampling to detect 

gas migration from faulty oil and gas wells [Sherwood et al., 2016; Bachu, 2017]. 

While SfCP and SCVF indicate integrity loss, not all wells with compromised structural 

integrity contaminate groundwater [Watson and Bachu, 2009; Bachu, 2017; Lackey et al., 2017]. 

Of the 446,289 wells in Alberta, approximately 4.9% (~21,868) have exhibited SCVF and 0.73% 

(3,276) have exhibited gas migration. A small portion (1,040) of wells with SCVF also exhibited 

gas migration, indicating that most cases of well integrity loss in Alberta do not also result in 

groundwater contamination [Bachu, 2017]. Rather, gas migration is predominantly influenced by 

well type and underlying geology. Thermal heavy oil and bitumen wells in Alberta are more 

prone to gas migration than conventional wells, and the majority (90%) of wells exhibiting gas 

migration are drilled through shallow coal seams [Bachu, 2017], which is suggestive of 
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anthropogenically induced migration of methane gas along well annuli from coal deposits to the 

surface.  

Watson and Bachu [2009] and Bachu [2017] analyzed SCVF and gas-migration records 

collected by the Alberta Energy Regulator, and found that wells installed with intervals of 

uncemented casing or deviated wellbores are more prone to losing integrity and developing 

SCVF [Watson and Bachu, 2009]. Similarly, Lackey et al. [2017b] electronically mined SfCP 

test data from reports in the COGCC database and analyzed SfCP in a subset of the Wattenberg 

Field and showed that 3,047 (77.7%) of the 3,923 wells tested exhibited non-zero SfCP and 270 

(6.9%) exhibited SfCP ≥ critical, indicative of a high risk of causing SfCP-induced gas 

migration.  These authors concluded that wellbore deviation, with higher frequencies of SfCP 

occurrence in horizontal and deviated wells as opposed to vertical wells, and geographic location 

are the most significant influences on well integrity loss.  Although newer unconventional wells 

with deviated wellbores lose integrity more frequently than older conventional wells [Watson 

and Bachu, 2009; Bachu, 2017; Lackey et al., 2017], Lackey et al. [2017b] showed that they pose 

less of a threat to groundwater than legacy wells in the Wattenberg Field. Legacy wells in 

Colorado, installed before modern regulations, were constructed with shorter surface casings 

than modern wells. In many cases, surface casing length was not sufficient to protect the deepest 

drinking water aquifer in the region. The majority of newer unconventional wells in the 

Wattenberg Field are built with surface casings that exceed regulatory standards [Stone et al., 

2016], which reduces the risk of SfCP-induced gas migration, and are often cemented above the 

bottom of the surface casing, which removes the possibility of SfCP-induced gas migration all 

together [Lackey et al., 2017]. 
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Well-integrity loss has been studied in other regions as well, most notably Pennsylvania 

[Considine et al., 2013; Vidic et al., 2013; Davies et al., 2014; Ingraffea et al., 2014]. However, 

because SCVF/SfCP and gas migration data are not collected by the Pennsylvania Department of 

Environmental Protection, studies have largely analyzed violation records and inspector notes. 

Estimated frequencies of integrity loss in Pennsylvania range between 2.0% and 6.6% 

[Considine et al., 2013; Vidic et al., 2013; Davies et al., 2014; Ingraffea et al., 2014]. While 

overall integrity-loss rates can be estimated from violation records and inspector notes, these 

documents are not quantitative indicators of integrity loss and thus provide less insight into the 

degree of integrity loss than records of SCVF/SfCP. Regardless, Ingraffea et al. [2014] showed 

that unconventional wells installed in northeastern Pennsylvania had the highest risk of losing 

integrity as compared to conventional wells in the southwestern portion of the state, fitting with 

the findings from Alberta and Colorado. 

Evidence from Watson and Bachu [2009] showed an increased incidence of integrity loss 

among abandoned wells in Alberta, suggesting that well-integrity and gas-migration monitoring 

should continue beyond the economic lifetime of a well. Unfortunately, this poses a unique 

challenge as it is estimated that millions of abandoned wells exist, a portion of which have no 

documentation; even their location may be unknown [Kang et al., 2014, 2016; Boothroyd et al., 

2016]. Outside of Alberta, very little data have been collected on abandoned oil and gas wells. 

Kang et al. [2014] and Kang et al. [2016] showed that abandoned wells contribute a significant 

portion (5-8%) of anthropogenic methane emissions in Pennsylvania.  

Leakage along hydrocarbon wells is also of concern for carbon sequestration efforts, and 

estimates of hydrocarbon well integrity and predictions relating to carbon dioxide (CO2) leakage 

along wellbores occur in the carbon capture and storage literature [e.g., Nordbotten et al., 2005b; 
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Gasda et al., 2009; Crow et al., 2010]. Like methane, CO2 is buoyant gas in the subsurface, but 

comparisons pertaining to transport of methane and CO2 are inexact partially due to the lower 

solubility, density, and viscosity of methane as compared to CO2 [e.g., Nordbotten et al., 2005; 

Kang, 2014] and the potential for supercritical CO2 and/or CO2-saturated formation water to 

cause well-cement degradation [e.g., Zhang and Bachu, 2011]. Subsurface source zones also 

differ for these gases (e.g., shale-gas reservoirs versus formations used for carbon sequestration). 

However, some insights gained from CO2 sequestration studies may be applied to methane 

leakage to identify processes leading to wellbore failure [e.g., Zhang and Bachu, 2011] and 

provide estimates of well abandonment [e.g., Gasda et al., 2004]. For example, in a study 

examining CO2 leakage risk in the Alberta Basin, Gasda et al. [2004] found that preferential 

pathways for flow were associated with interfaces between well casing and cement, interfaces 

between cement and formation rock, or degraded or poorly emplaced cement. Also, a study using 

wellbore logging tools, in situ point and average permeability measurements, and laboratory tests 

on sidewall cores of well casing, cement, mud, and the formation surrounding five wells 

indicated that eccentric placing of well casings (e.g., imperfectly centered production casing, 

resulting in thin cement coverage in part of the annular region) is a major risk factor for leakage 

[Duguid et al., 2017]. The authors found that casing eccentricity creates preferential pathways, 

which increase effective permeability of annular cement by several orders of magnitude [Duguid 

et al., 2017]. Formation of preferential flow pathways and increases in effective permeability of 

cement are directly applicable to analysis and simulation of methane migration. 

2.2.3 Concluding Remarks on Observational Studies 

Much remains to be learned about processes impacting methane migration, and we 

therefore make a number of recommendations in support of calls for science-based oil and gas 
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policy [e.g., Nicot et al., 2017c]. Higher frequencies of integrity loss among wells with deviated 

wellbores, a key component of newer unconventional wells, suggests that wells constructed in 

this manner should be built with deeper surface casings and greater production casing cement 

coverage to prevent SfCP-induced stray gas migration. In regions that require annuli to be left 

unsealed at the surface (e.g., Pennsylvania and Alberta), more work needs to be done to quantify 

greenhouse gas emissions from SCVF and efforts should be encouraged to prevent, capture, or 

flare these stray gases [e.g., Bair et al., 2010; McMahon et al., 2013a]. A greater focus is needed 

on locating undocumented abandoned wells, monitoring abandoned wells for integrity loss and 

gas migration, and targeting problem wells for remediation to meet modern regulatory standards. 

These findings, along with the geographic dependence of integrity loss, make it clear that SfCP 

and SCVF monitoring should be expanded to all regions with oil and gas development. Also, gas 

migration monitoring, in a manner similar to what is done in Alberta, should be considered in the 

United States to allow quantification of the relationship between well-integrity loss and 

groundwater contamination and to help prevent future incidents of groundwater contamination. 

Fundamentally, detailed, publicly available baseline and post-production groundwater-quality 

data and measurements of surface casing pressure or vent flow should be undertaken in all 

regions with oil and gas development. 

2.3 Modeling studies: unpacking assumptions to gain insight on how the system works 

In conjunction with observational studies, numerical models are useful to elucidate the 

groundwater-quality impacts of hydrocarbon development. In this section, we focus on the 

evolution of assumptions used to create numerical models of subsurface methane transport. Our 

goals are: 1) to investigate which assumptions are useful and 2) to predict how numerical models 

will be used to better evaluate the relationship between groundwater quality and oil and gas 
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extraction. We begin by discussing why simplifying assumptions are needed to numerically 

model these systems. We then provide a critical review of assumptions relating to porous media 

attributes and multiphase flow in the context of subsurface transport of fluids associated with oil 

and gas development to groundwater. We conclude with a discussion of insights on 

hydrocarbon/groundwater systems gained through numerical modeling efforts.  

2.3.1 Modeling studies and assumptions  

Quantitative analysis of subsurface methane migration is complex, potentially involving 

advective, diffusive, and reactive transport of multiple pressure and temperature-dependent 

phases (e.g., gas and liquid) and components (e.g., methane, air, and water vapor in the gas 

phase). For computational studies of methane leakage from natural gas wells, the size of the 

model may be prohibitive: the scale needs to be large enough to capture deep hydrocarbon 

production zones and shallow drinking-water aquifers, typically separated by 100s to 1000s of 

meters. Meanwhile, discretization must be small enough to accurately resolve the edges of a 

migrating methane plume and potentially a wellbore. Modern computation currently cannot 

handle detailed analysis of methane migration at such large scales and small resolutions 

inexpensively. Therefore, recent advances in numerical assessment of methane migration have 

been predicated on a continually evolving understanding of how simplifying assumptions impact 

estimation of methane migration upward over 1000s of meters from hydrocarbon reservoirs to 

groundwater (Table 2.1). This section will discuss the progression of model assumptions leading 

up to the simulation of methane leakage from hydrocarbon wellbores. 

2.3.2 Models of fluid migration associated with hydrocarbon development, not including 

simulation of methane transport 
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Myers [2012] was among the first to use numerical methods to examine groundwater 

quality impacts of modern oil and gas development. He simulated transport of hydraulic 

fracturing fluids from the Marcellus Shale to a freshwater aquifer along a fully connecting, 

vertical fault. Myers found that advective transport from hydraulically fractured hydrocarbon 

reservoirs to groundwater in his model could occur in less than 10 years. This work was 

criticized for simplified assumptions pertaining to the region of the Marcellus; contested 

assumptions include the presence of the fully-penetrating vertical fault, single-phase flow in 

water-saturated, homogeneous porous media, and an upward hydraulic gradient driving flow 

[e.g., Tilley and Muehlenbachs, 2012; Digiulio and Jackson, 2016]. 

Table 2.1: Simplifying assumptions used in computational studies of fluid migration to 
groundwater from hydrocarbon reservoirs. 
Author Driving Force Dimensions Permeable 

pathway 
Homogeneous 

permeability 
Single 

Phase 
Methane 

migration 
Myers, 2012 ΔH imposed at 

boundaries 
3 Yes Yes Yes No 

Kissinger et 

al., 2013 

ΔP from injection, 
Reservoir P 

3 Yes No (layers) Yes/No Yes 

Gassiat et al., 
2013 

Reservoir P 
 

2 Yes Yes Yes No 

Birdsell et al., 
2015 

ΔH imposed at 
boundaries 

3 Yes Yes Yes No 

Nowamooz et 

al., 2015 

Buoyancy,  
Reservoir P 

3 Yes Yes No Yes 

Reagan et al., 
2015 

Buoyancy, ΔP from 
injection/production  

3 Yes Yes No Yes 

 Brownlow et 

al., 2016 

Induced ΔH 3 Yes No (layers) Yes No 

Raynauld et 

al., 2016 

Regional ΔH, Density 
effects, Topography 

2 No No (layers) Yes Yes 

Rice et al., 
2017 

Buoyancy, Reservoir 
P 

3 No  No (correlated 
random 
variation) 

No Yes 

More recent studies have provided more complex conceptual formulations, albeit still 

employing some of the assumptions used by Myers [2012]. Gassiat et al. [2013] examined 

contamination of groundwater from hydraulic fracturing at depth via transmissive faults and 

fractures in a generic sedimentary basin. Their model was loosely based on the Utica shale in the 
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St. Lawrence Lowlands, Québec, Canada. Gassiat et al. found that groundwater contamination 

could occur in less than 1000 years under specified assumptions, including the presence of a high 

permeability fault, hydraulic fracturing in the upper portion of the shale near the fault, and high 

overpressure in the shale formation. As the authors state, these results are of limited applicability 

due to use of a two-dimensional model, which implies an infinitely extensive fault, and single-

phase flow. 

Continuing the effort to constrain fluid transport from deep oil and gas reservoirs, 

Brownlow et al. [2016] focused on unintended migration along hydrocarbon wells. They used a 

three-dimensional, single-phase model to examine leakage into groundwater from abandoned 

wells in the Eagle Ford Shale play in south Texas. They included abandoned wells that were 

converted to water wells for livestock and domestic supply in their model, and concluded that 

this abandonment procedure presented increased contamination risk to groundwater resources. 

However, the assumption of single-phase flow and site-specific parameterization limits 

transferability to other sites or systems. 

The role of the subsurface porous matrix also plays a critical role in fluid migration from 

deep hydrocarbon reservoirs to groundwater. Birdsell et al. [2015] utilized a single-phase, three-

dimensional model to investigate the effects of the various phases of hydraulic fracturing 

operations (hydraulic fracturing fluid injection, well shut-in, production, and abandonment) on 

flow of fluids from the Marcellus Shale to groundwater with and without a highly permeable 

pathway. They found that inclusion of porous matrix imbibition and well suction from the 

production phase in their simulations reduced the risk of groundwater contamination by up to a 

factor of 10, as defined by the cumulative mass of a fracturing-fluid tracer reaching groundwater 

1000 years after the beginning of extraction operations. These results highlight a simplifying 
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assumption used in prior studies: neglecting imbibition. The numerical model employed single-

phase analysis with a semi-analytical, one-dimensional solution for two-phase flow used as a 

general sink term for imbibition.  

2.3.3 Models of fluid migration associated with hydrocarbon development, including simulation 

of methane transport 

Numerical models that incorporate methane migration show methane arriving at 

groundwater in greater volumes than other fluids associated with hydrocarbon development.  

Kissinger et al. [2013] were the first to simulate methane transport associated with hydrocarbon 

development in a groundwater-quality study. They explored several flow paths for hydraulic 

fracturing fluid, brine, and methane and performed simulations to estimate how these fluids 

could leak into shallower layers in North Rhine-Westphalia and Lower Saxony, Germany. Their 

results indicated that transport of substantial quantities of gas-phase methane and small quantities 

of liquid-phase contaminants to groundwater can occur if a fully connecting permeable pathway 

is assumed, with methane transport requiring low gas-phase residual saturation in the pathway. 

Kissinger et al. [2013] used three-dimensional meshes, multiphase flow (allowing them to 

determine the importance of gas-phase residual saturation), and physically plausible driving 

forces for their site, thus avoiding assumptions criticized in earlier studies with the exception of 

the fully connecting pathway. The authors stressed that their results are not sufficient to assess 

risk to groundwater due to high levels of parameter and scenario uncertainty, an important 

limitation of models intended as case studies.  

Pathways of methane migration have been the major focus of subsequent numerical 

studies. Reagan et al. [2015] used a three-dimensional, multiphase model to investigate gas and 

water migration from deep hydrocarbon reservoirs to groundwater. They focused on the relative 
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importance of transport along faults or fractures compared to transport along natural gas wells, 

and concluded that transport along wells presented the greater hazard to groundwater quality 

than transport along faults and fractures due to the larger overall volume of voids in faults and 

fractures as compared to void spaces in well annuli, even given greater intrinsic permeability of 

faults and fractures compared to wells. Gas transport through a lower-porosity connecting feature 

conveys more methane to an aquifer since less gas is stored within the feature, a conclusion that 

is supported by studies of fluid migration in fault zones and fracture networks.  Following 

Reagan et al. [2015], several authors focused on the role of the wellbore in fluid migration from 

deep hydrocarbon reservoirs to groundwater. Nowamooz et al. [2015] modeled brine and 

methane leakage rates along a decommissioned wellbore in the St. Lawrence Lowlands of 

Québec. Similar to Reagan et al. [2015], Nowamooz et al. [2015] found that cementation quality 

and hydrodynamic properties of the well annulus control travel times of methane from 

hydrocarbon production zones to groundwater. Travel times for methane in their simulations 

ranged from a few months to 30 years. The authors varied the permeability and initial gas 

saturation of the source zone Utica Shale, which is homogenous over the 1000 m radius of the 

simulated domain. They found that, for most cases, leakage at the base of a freshwater aquifer 

was sustained for the 100-year duration of their simulations. These findings are at odds with 

Reagan et al. [2015], who concluded that methane flow to groundwater was more apt to be 

transient. The differences are due largely to differences in conceptual models, specifically in 

assumed extent and permeability of hydrocarbon source zones. Rice et al. [2017] examined the 

role of multiphase analysis on methane migration from a leaking wellbore to groundwater 

without an explicitly permeable pathway, but rather through an intact matrix. They demonstrated 

that changes in parameters impacting capillarity and relative permeability strongly influence the 
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volume of methane reaching groundwater. Relative permeability of methane is dependent on 

gas-phase saturation and thus requires multiphase analysis. They also concluded that methane 

leakage from natural gas wellbores at depths potentially conducive to leakage can reach 

groundwater in less than one year, highlighting the need for hydrogeological characterization of 

formations between groundwater and hydrocarbon production zones. The major simplifying 

assumption in this study is source zone pressure sustained over the 100 year duration of the 

simulations, as in Nowamooz et al. [2015]. 

2.3.4 Concluding Remarks on Numerical Studies 

The appropriate application of simplifying assumptions dominates debates on how best to 

apply numerical techniques to investigate groundwater quality impacts of hydrocarbon 

development. For example, single-phase models are useful to reduce computational cost [e.g., 

Birdsell et al., 2015]. However, multiphase models allow more realistic consideration of gas-

phase relative permeability and analysis of density and viscosity effects associated with multiple 

interacting phases [e.g., Rice et al., 2017]. To include methane in models, multiphase analysis is 

necessary to capture gas- and aqueous-phase flow. Subsurface homogeneity is another 

simplifying assumption that persists in current studies. The importance of heterogeneity in 

permeability to single-phase transport through porous media is well-known [e.g., Bear, 1972; 

Freeze and Cherry, 1979]. For the added complexity of multiphase systems, the role of 

heterogeneity in permeability is as consequential, but less well characterized.   

A major challenge facing computational studies of subsurface flow and transport, 

including methane migration, is achieving the appropriate degree of complexity with respect to 

model structure (parameterization, dimensionality, grid resolution, etc.) and which processes are 

simulated. Decisions on which simplifying assumptions are useful should be based on study 
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goals, with additional levels of complexity systematically identified as informative [e.g., 

Freedman et al., 2017]. All models are uncertain, so the process of weeding out superfluous 

complexities should be based on comparison with observations and pre-defined error tolerances 

between observations and model output, with error tolerance also based on study goals. For 

numerical models of hydrocarbon well leakage of methane, testing model results against data is 

challenging due to spatial and temporal variability in methane concentrations in groundwater and 

the short durations of most methane concentration records. As more data become available, 

model verification procedures are expected to become more common and provide insight on 

which processes and elements of model structure are most instructive. Modeling studies 

providing insight of the relative importance of such processes and parameters will be useful 

because these systems are complex and poorly characterized, making model calibration difficult 

or impossible in most cases. More accurate models might be achieved if regulations were 

changed to require dedicated wells installed to monitor groundwater quality up- and down-

gradient from oil and gas wells, including baseline measurements before hydrocarbon 

development begins and continued monitoring after production ends [Jackson et al., 2013b]. For 

example, Soeder [2015] analyzed groundwater for major and minor cations, metals, anions, 

bicarbonate, dissolved methane and BTEX, total organic carbon, and isotopes of carbon, 

hydrogen, and strontium to provide baseline concentrations of fluids of interest to with respect to 

fluid migration from boreholes to groundwater. Current practice is to collect samples from 

domestic water wells in close proximity to drilling, which depends on existence of such wells 

and cooperation from landowners. In multiple cases, requests to sample nearby water wells have 

been refused; some landowners may view groundwater monitoring as hostile to hydrocarbon 

extraction [Soeder, 2015]. Additional data on formations separating hydrocarbon wells from 
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groundwater should also be used to inform models of methane migration due to wellbore 

leakage. Oil and gas operators regularly collect data on production zones parameters such as 

porosity and permeability. Similar measurements of the intermediate zones should be 

undertaken. Finally, additional laboratory [e.g., Zhang and Yu, 2016] and controlled-release 

experiments [e.g., Cahill et al., 2017] are needed to identify the relative importance of 

parameters (e.g., water saturation, source pressure, capillary pressure/saturation parameters) and 

processes (e.g., sorption, mobile-immobile transport) impacting methane migration from 

hydrocarbon wellbores to groundwater. 

Many of the issues and outstanding challenges discussed above will become more 

tractable as computational resources continue to improve [e.g., Hayley, 2017]. “Early” studies of 

groundwater quality impacts of oil and gas development are only five years old as of this writing. 

Continual evaluation and use of only the most necessary simplifying assumptions is a vital task 

in the progression of the state of the science of fluid migration from hydrocarbon reservoirs to 

groundwater. Toward these goals, it will be vital to strengthen interdisciplinary collaborations 

linking petrophysical, geomechanical, and hydrogeological aspects of these problems. 

2.4 Studies on geochemical reactions of methane in groundwater systems 

Methane in groundwater sourced from natural gas well leakage can influence aquifer 

geochemistry. Kelly et al. [1985] provide an early description of the geochemical impacts of 

natural gas well leakage. They examined perturbations in groundwater chemistry caused by a gas 

well blow-out that introduced a large amount of methane into a shallow freshwater aquifer in 

Ohio. They saw elevated levels of Fe2+, Mn2+, Ca2+, sulfide, alkalinity, and pH, and lowered 

levels of dissolved oxygen, SO4
2-, and NO3

- in wells affected by methane leakage. Using 

equilibrium thermodynamic models, the authors attributed these changes to methane oxidation, 
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sulfate reduction, and reduction and dissolution of iron and manganese oxides. Changes in 

chemical variables were so considerable that the authors suggested using anomalous increases in 

pH, decreases in Eh, and complete or nearly complete reduction of SO4
2- to HS-, NO3

- to NH4
+, 

and reduction of Fe and Mn oxides leading to precipitation of Fe and Mn to inform hydrocarbon 

exploration about promising locations for drilling.  

A review of more recent studies indicates methane leakage can have a profound impact 

on groundwater chemistry, but the changes rarely present substantial health hazards [e.g., US 

EPA, 2013, 2016b]. Methane is a common component of landfill leachate, the groundwater 

quality impacts of which have been studied extensively [e.g., Grossman et al., 2002; Kjeldsen et 

al., 2002; Nikiema et al., 2007; Renou et al., 2008]. Comparisons between landfill leachate and 

gas-well leakage are approximate due to tendencies of landfill leachate towards more diffuse 

sources, different fluid compositions, and shorter transport distances to groundwater as compared 

to leaking wells. However, natural attenuation via anaerobic methane oxidation has been 

repeatedly shown to provide an important sink for landfill methane in groundwater systems [e.g., 

Christensen et al., 2000, 2001], a fate expected to be shared by thermogenic methane [e.g., Van 

Stempvoort et al., 2005a]. 

Oxidation of methane in groundwater from hydrocarbon well leakage has been related to 

bacterial sulfate reduction and sulfide production [Van Stempvoort et al., 2005a]. In addition to 

consumption of methane and sulfate, Wolfe and Wilkin [2017] observed groundwater chemistry 

variability, which they linked to methane migration from a coalbed production zone in Colorado. 

Changes included production of higher molecular weight hydrocarbons and a shift in carbon, 

oxygen, and sulfur isotopes present in groundwater. They also failed to observe mobilization of 

heavy metals from soil grains, providing evidence against the hypothesis that redox changes due 
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to methane leakage from hydrocarbon wells are associated with release of heavy metals into 

aquifers. Dissolution of aquifer solids is likely discouraged by microbial production of hydrogen 

sulfide, which stabilizes metals such as arsenic and lead in soil grains [Wolfe and Wilkin, 2017]. 

Molofsky et al. [2016] looked for groundwater quality factors that can be used to predict the 

presence of methane in the region of the Marcellus Shale. They identified three factors that, 

when combined, had strong predictive capability of methane contamination: low NO3
− and SO4

2− 

redox condition (similar to Kelly et al. [1985]), water rich in sodium, and a valley location. 

Modeling studies have sought to extend applicability of observations by examining the 

geochemical impact of methane leakage in hypothetical aquifers. For example, Schwartz [2015] 

simulated theoretical leakage of methane gas caused by hydraulic fracturing. He modeled major 

constituents of groundwater and the seven most hazardous trace elements found naturally in 

groundwater (As, Cd, Cr, Ni, Pb, Se and U). His results show depletion of the most of the 

hazardous elements due to methane leakage as acidity and oxygen fugacity decrease. Desorption 

reactions of Cr and Se from soil grains are also observed, but the author concluded that this is a 

minor risk [Schwartz, 2015]. Roy et al. [2016a] examined whether confined or unconfined 

aquifers are more susceptible to methane contamination. They found that methane oxidation 

attenuates methane concentrations from natural gas well leakage in both confined and 

unconfined aquifers, but methane contamination was more extreme in confined aquifers due to 

lack of venting to the atmosphere. The authors urged analysis of natural background aquifer 

geochemistry combined with numerical modeling for aquifer vulnerability assessment in regions 

of oil and gas development [Roy et al., 2016a]. 

2.4.1 Concluding Remarks on Geochemical Studies 
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Methane oxidation leading to attenuation of methane is likely in groundwater, often 

accompanied by sulfate reduction and the production of dissolved sulfide. It appears improbable 

that the dissolution of soil grains, by, for example, the reduction of ferric iron in iron hydroxides, 

will lead to heavy-metal mobilization [Wolfe and Wilkin, 2017]. However, Ziegler et al. [2015] 

observed As and trace-element mobilization due to the introduction of other hydrocarbons 

besides methane to sediments. The authors conclude that trace-element mobilization can occur in 

systems with biodegradation of organic matter, suggesting that mobilization of heavy metals due 

to methane encroachment warrants further study under iron-reducing conditions. Confined 

aquifers are more susceptible to stray gas contamination than unconfined aquifers [Roy et al., 

2016a; Sherwood et al., 2016], and therefore should be a focus of future geochemical studies. 

2.5 Ideas for Advancement and Four Testable Hypotheses 

In this section, we examine critical open questions and suggest important topics for future 

research to quantify risks to groundwater quality from methane leakage associated with 

hydrocarbon development. The first challenge we discuss is investigation of methane migration 

along natural pathways to better distinguish between naturally and anthropogenically induced 

methane contamination, for example, by testing whether fault and fracture networks are 

necessary for gas migration from deep reservoirs. The second challenge is improving estimates 

of when leaking hydrocarbon wells will lead to observed methane concentrations in groundwater 

and what factors influence plume size. The last issue we explore here is discovering whether 

methane concentrations in groundwater can be linked to contamination from BTEX compounds, 

which are toxic components of natural gas. For each idea, we highlight a testable hypothesis 

emerging from current work.    
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Hypothesis 1: Thermogenic methane occurring in groundwater due to natural migration 

from deep hydrocarbon reservoirs can be distinguished from thermogenic methane present from 

wellbore leakage or transport along induced fractures. 

The foremost challenge for observational studies is parsing out the origin of methane 

discovered in groundwater. Thermogenic methane that reaches groundwater via natural 

migration (i.e., via naturally occurring faults and fractures or slow migration through the matrix 

and not induced by oil and gas development) can add noise to the signal of methane sourced 

from oil and gas extraction [e.g., Raynauld et al., 2016], especially if natural and 

anthropogenically induced migration are associated with the same source formation. No 

numerical studies examine methane migration from deep hydrocarbon reservoirs to groundwater 

along exclusively natural pathways; work has been focused instead on anthropogenically induced 

methane migration [e.g., Gassiat et al., 2013; Nowamooz et al., 2015; Reagan et al., 2015]. 

Computational work exploring this phenomenon, including elucidation of the hallmarks of 

natural migration such as expected isotopic fractionation of natural gas following migration from 

deep production zones along varying flow paths [e.g., Saiers and Barth, 2012], probable shapes 

of breakthrough curves, and concentrations of methane and other natural gas components 

associated with natural migration, would be of value to observational scientists as they 

investigate plausible sources of methane in groundwater [e.g., Osborn et al., 2011; Molofsky et 

al., 2013; Flewelling and Sharma, 2014]. Identifying methane source zone parameters, including 

methane pressure and the source formation extent and permeability, will be a challenging aspect 

of this work and a topic appropriate for interdisciplinary collaborations, for example among 

hydrogeologists and petrophysics experts. 
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Hypotheses 2 and 3 deal with temporal and spatial aspects of methane migration, which 

are often related. We discuss them together below. 

Hypothesis 2: For most wellbore leakage scenarios, methane will reach groundwater 

quickly, so methane newly discovered in freshwater aquifers is unlikely to have originated from 

persistent leaks beginning decades ago.  

Hypothesis 3: At a given depth, source pressure, and mean intrinsic permeability, 

methane plume diameter will vary primarily as a function of the relative permeability of the 

porous media separating a leak source zone from groundwater; relative permeability will have a 

larger impact on plume diameter than any other porous media parameter, including 

heterogeneity in intrinsic permeability of the intervening media.   

Methane flow rates from leaking hydrocarbon wells to groundwater vary in both time and 

space. No observational studies to date have presented subsurface methane flow rates associated 

with wellbore leakage. Also, with the exception of the controlled-release experiment of Cahill et 

al. [2017], the spatial footprint of methane leakage ( e.g., processes controlling expected plume 

size) has not been explored. Computational studies presenting methane flow rates due to well 

leakage [e.g., Gassiat et al., 2013; Nowamooz et al., 2015] assume homogeneity in permeability 

and no “anomalous” transport due, for example, to mobile and immobile zones, and, therefore, 

generally can be interpreted as conservative cases (i.e., tending to minimize travels times and 

maximize concentrations arriving at aquifers). Currently, methane plume size and travel time 

distributions are not well predicted [e.g., Rice et al., 2017]. It is expected that future studies will 

focus on the influence of processes and porous media and fractured rock properties tending to 

attenuate methane concentrations and/or decrease travel times, and which would serve to 
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illuminate the connection between well integrity loss and stray gas migration (e.g., SfCP-induced 

gas migration).  

Hypothesis 4: Thermogenic methane in groundwater will serve as a precursor to BTEX 

under conditions where methane and BTEX leakage from hydrocarbon wellbores is transported 

primarily in the aqueous phase. 

Minor constituents of natural gas may include aromatics such as BTEX, with natural gas 

composition of these compounds varying by reservoir [e.g., Gross et al., 2013]. BTEX 

compounds are highly toxic, with nervous system damage or increased risk of cancer reported 

for low concentrations (maximum contaminant levels are: benzene: 5 ppb; toluene: 1000 ppb; 

ethylbenzene: 700 ppb; and xylene: 10,000 ppb) [US EPA, 2013]. BTEX in groundwater has 

been linked with surface spills associated with hydrocarbon extraction [Gross et al., 2013]; loss 

of well integrity during hydraulic fracturing operations [Digiulio and Jackson, 2016]; and, in 

modeling results of transport in aquifers, predicted to reach domestic water wells setback from 

oil and gas wells [Rogers et al., 2015]. Benzene is concerning in groundwater due to its high 

toxicity and mobility: benzene is ten times more soluble than ethylbenzene or xylenes and is 

considered highly mobile in soil (Koc = 59) [Williams et al., 2006]. However, benzene is volatile 

and degrades quickly (on the order of days) in the gas phase. The residence time of methane in 

the atmosphere is on the order of a decade [Howarth et al., 2011; IPCC, 2013]. Due to 

differences in parameters impacting environmental fate and transport, it is unknown under what 

conditions benzene and other BTEX compounds originating from oil and gas reservoirs may be 

found with thermogenic methane in groundwater. Future studies elucidating the relationship 

between BTEX and thermogenic methane in aquifers would allow the use of methane as a 

precursor for these compounds: as the majority constituent of natural gas and generally 
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conservative with regard to transport, methane concentrations from leakage are likely to be 

higher and thus easier to measure.  

2.6 Conclusions 

This review has served to highlight the most likely subsurface risk to groundwater quality 

from oil and gas development: methane leakage from hydrocarbon wells, which is more probable 

than contamination by production fluids. Methane is commonly found in groundwater, but it can 

difficult to link to oil and gas development.  Here, we outline the state of the science with respect 

to data collection and numerical modeling associated with methane migration in oil and gas 

systems. Fluid transport from deep hydrocarbon reservoirs to groundwater is a different sort of 

problem than those encountered by traditional hydrogeological models due, for example, to the 

presence of upward migration over 1000s of meters and need for multiphase analysis. Most 

studies indicate that long-term methane migration along wellbores presents a bigger threat than 

migration during active operations [Zhang and Soeder, 2016] or along faults [Reagan et al., 

2015]. Post-production wells, especially those abandoned using older, less stringent regulations 

or with unknown locations, are shown to present the greater risk to groundwater as compared to 

active wells.  

We suggest that there is a need for publicly available, standardized data of groundwater 

methane concentrations that are collected through a standard sampling protocol and controlled 

for quality. Water quality data, including detailed gas compositional and isotopic measurements 

of methane, should be linked to oil and gas databases that include construction, completion, 

remediation and violation records. Efforts should also be made to expand SfCP and SCVF 

testing and include these records in publicly available oil and gas databases, as they are easily 

measured indicators of well integrity. Regulators should also consider monitoring the soil around 
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oil and gas wells for gas migration (as done in Alberta) as a more effective method for detecting 

leakage from faulty wellbores than sampling nearby groundwater wells. Furthermore, we 

recommend that wells with deviated wellbores associated with directional drilling be constructed 

to higher standards (as has been done in the Wattenberg Field of Colorado), which include 

deeper surface casings and greater cement coverage along the wellbore, to decrease the 

likelihood of methane leakage into groundwater. In states that require well annuli to remain 

unsealed, we support efforts to prevent stray gas venting to the atmosphere by capturing or 

flaring methane emissions. We also highlight the need for locating and remediating problematic 

abandoned wells.   

We recommend modeling efforts focused on minimizing computational cost while 

capturing processes substantially impacting methane migration. For example, a lack of data on 

formations between hydrocarbon production zones and groundwater has limited modeling that 

examines hydrocarbon well leakage. We suggest modeling studies designed to identify which 

observations in these formations would be most informative, with respect to specific parameters 

and spatial and temporal discretization of measurements. Furthermore, we recommend additional 

modeling work to evaluate the role of heterogeneity in porous media properties such intrinsic and 

relative permeability, porosity, and initial aqueous saturation. Multiphase analysis allows 

simulation of methane gas transport through variably saturated media, including more accurate 

characterization of relative permeability and evaluation of density effects than single-phase 

analysis. Both single- and multiphase studies indicate that long-term transport via faulty 

wellbores, including annular transport, provides the greatest risk of groundwater contamination, 

emphasizing potentially large hazards associated with faulty legacy and post-production wells. 

We stress the need for interdisciplinary collaborations, for example, among petrophysical, 
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geomechanical, and hydrogeological researchers, to advance the state of the science with regard 

to numerical modeling of subsurface methane migration.  

Methane oxidation in groundwater has been observed with sulfate reduction and 

production of sulfide and multiple other changes to aquifer geochemistry, including elevated 

levels of alkalinity and pH and lowered dissolved oxygen. Mobilization of heavy metals due to, 

for example, reduction of iron in soil grains has not been observed or shown in modeling studies. 

However, trace-element mobilization has been linked to introduction of other hydrocarbons to 

aquifers. In regions with high-risk of methane leakage to groundwater, aquifer hydrogeochemical 

characterization should be accompanied by simulation of likely methane leakage scenarios. 

Looking forward, we present four new hypotheses emerging from the state of the science: 

(i) thermogenic methane occurring in groundwater due to natural migration from deep 

hydrocarbon reservoirs can be distinguished from thermogenic methane present from wellbore 

leakage or transport along induced fractures; (ii) For most wellbore leakage scenarios, methane 

will reach groundwater quickly, so methane newly discovered in freshwater aquifers is unlikely 

to have originated from persistent leaks beginning decades ago; (iii) at a given depth, source 

pressure, and mean intrinsic permeability, methane plume diameter will vary primarily as a 

function of the relative permeability of the porous media separating a leak source zone from 

groundwater; relative permeability will have a larger impact on plume diameter than any other 

porous media parameter, including heterogeneity in intrinsic permeability of the intervening 

media; and (iv) thermogenic methane in groundwater will serve as a precursor to BTEX under 

conditions where methane and BTEX leakage from hydrocarbon wellbores is transported 

primarily in the aqueous phase. These hypotheses highlight several of the greatest research needs 

in the field of methane migration due to hydrocarbon wellbore leakage, which include evaluating 
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the origin of methane in groundwater, analyzing spatial and temporal aspects of subsurface 

methane transport, and determining the impact of hydrocarbon well leakage on aquifer 

geochemistry and groundwater quality. Advances in each of these areas will be possible through 

interdisciplinary collaborations and closer integration of observation and numerical modeling. 
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CHAPTER 3 

METHANE LEAKAGE FROM HYDROCARBON WELLBORES INTO OVERLYING 
GROUNDWATER: NUMERICAL INVESTIGATION OF THE MULTIPHASE FLOW 

PROCESSES GOVERNING MIGRATION 
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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 (ϕ), initial fluid-phase saturation 

(SL), and van Genuchten n and α, (2) geostatistical variations in intrinsic permeability (ki), and 

(3) methane source zone pressure. Simulated mean ki values are 10-18 and 10-13 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 (20340 kPa). ki, initial SL, and van Genuchten’s n and α were the 
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most important variables 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. 

3.1 Introduction 

The development of directional drilling and stimulation of reservoirs by high-volume 

hydraulic fracturing (“fracking”) makes it economically feasible to recover unconventional oil 

and gas resources from shale formations [e.g., Hubbert and Willis, 1954; Allouche et al., 2000; 

USDOE, 2009; MIT, 2011]. By 2040, projections indicate that shale-gas production will grow to 

13.6 trillion cubic feet—49% of total U.S. natural gas production—and natural gas will surpass 

coal as the United States’ largest source of electricity [USEIA, 2014; USEIA, 2015]. The rapid 

development of unconventional hydrocarbon resources has been accompanied by public concern 

about potential environmental impacts, including surface water [e.g., Olmstead et al., 2013] and 

groundwater [e.g., Osborn et al., 2011; Llewellyn et al., 2015]. The greatest risk to water 

contamination is usually attributed to surface spills and poor well integrity [e.g., Watson and 

Bachu, 2009; Gorody, 2012; Jackson et al., 2014; Vengosh et al., 2014; Sherwood et al., 2016]. 

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 considered a health hazard from ingestion. However, an action level of 10 

mg/L is suggested by the U.S. Department of the Interior due to combustion hazards [Eltschlager 

et al., 2001; Vidic et al., 2013; Duncan, 2015]. 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., 
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2005], especially in confined aquifers [Roy et al., 2016b]. If uncombusted methane 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 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., Osborn et al., 2011; Warner et al., 2012; 

Llewellyn et al., 2015; Digiulio and Jackson, 2016], incomplete information on baseline methane 

and groundwater geochemistry prior to shale gas development hinders interpretation of these 

systems [e.g., Molofsky et al., 2011;  Gorody, 2012].  

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; Nowamoooz et al., 2015; Reagan et al., 2015; Gassiat et al., 2013], 

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 freshwater 

aquifers where regulations require fewer barriers. There is a lack of data on wellbore methane-

leakage rates, so examining a range of source-zone pressures is necessary to investigate the 

relative 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., Myers, 2012; Gassiat et al., 2013; Birdsell et al., 

2015; Brownlow et al., 2016; Raynauld et al., 2016]. A few recent studies explore multiphase 



 41 

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) flow 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 residual liquid saturations. 

Reagan et al. [2015] highlight the need to investigate variations in capillarity in future work.  

These studies (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 flow parameters in 

solving/simulating problems of methane migration in the subsurface. Here, we investigate 

methane leakage into low-permeability, unfractured media below a freshwater aquifer with a 

sensitivity analysis investigating the impact of multiphase flow parameters in simulating 

subsurface methane migration. Knowledge of how each specific parameter impacts the 

simulations can inform practitioners on which parameters should be measured, or carefully 

estimated, and which parameters can be set at reasonable or literature values. For example, 

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. Use of multiphase analysis allows simulation of non-wetting phase methane-gas source-

zone pressure, capillarity, and relative permeability (krg), and consideration of viscosity and 



 42 

density effects associated with multiple interacting phases. Relative permeability is especially 

important because it can vary by orders of magnitude, depending on phase saturation, even if 

intrinsic permeability (ki) is known. Thus, proportionally small changes in krg can greatly impact 

the transport of methane in models. Capillarity is important because it controls the effectiveness 

of lithological barriers. To our knowledge, this is the first study to consider natural gas wellbore 

leakage in the context of both multiphase flow and flow through heterogeneous permeable 

media; we examine the impact of multiphase parameter variation on a two-phase system of 

methane flow through media partially saturated with brine.  

To achieve our objectives, we: (1) gathered publicly available data on ki, porosity (ϕ), and 

multiphase saturation of the Pierre Shale and hydraulic fracturing regulations and practices in the 

Wattenberg Field; (2) collected ki, ϕ, 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, ϕ, SL, and parameters describing capillarity and 

relative permeability in the matrix surrounding the simulated leak zone.  

3.2 Geological Context and Conceptual Model 

3.2.1 The Wattenberg Field of Northeastern Colorado 

To link our simulations to a real-world scenario, we based our conceptual model on the 

Pierre Shale of the Wattenberg Field, in northeastern Colorado (Figure 3.1). However, 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 this region. The Wattenberg 

Field is a region of intense oil-and-gas activity with 54,000 hydrocarbon wells, approximately 
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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 fractured [Higley and 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 3.1). The Pierre Shale is generally fine-grained and largely comprised of 

clay minerals [Schultz et al., 1980]. In the area of the Wattenberg Field, it descends 

approximately 2000 m from the base of the Fox Hills Aquifer [Robson and Banta, 1995; Higley 

and Cox, 2007; COGS 2016]. Regional ki (on the order of hundreds of kilometers) for the Pierre 

Shale has been measured as low as 10-21 m2 and as high as 10-16 m2 [Neuzil, 1994; Bredehoeft et 

al., 1983]. Laboratory-scale ki (on the order of centimeters) has been measured between 10-21 and 

10-18 m2 [Neuzil, 1994]. The Pierre Shale contains several thin sandstone formations, which are 

not included in our model because they occur below the zone of interest for our study [e.g., 

Kiteley, 1977]. Evidence indicates that water resources exist in regions of the Upper Pierre in the 

Denver-Julesburg Basin, but the formation is generally under-saturated in water [CODNR, 2015]. 

For discussion of the geologic history of the Denver Basin, readers are referred to Weimer and 

Sonnenberg [1996], Ladd [2001], and Drake et al. [2012].  
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Figure 3.1: 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.]. 
 

 3.2.2 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 timescale of 100 years. Previous modeling studies 

have considered timescales 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 1000 years [e.g. Gassiat et 

al., 2013]. The studies with shorter timescales examine methane migration whereas longer 

duration studies tend to focus on transport of chemicals used in hydraulic fracturing. Our choice 

to model for 100 years represents 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 3.2). Our 

leakage depth of 20-30 m falls below the zone at which the surface casing and cement sheath are 
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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 production 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 common through time in the Wattenberg Field [Stone, 

2016].  

 
a) 

 
Figure 3.2: a) Generalized conceptual model of the Wattenberg Field in vertical cross-section. 
The red dashed box encloses our modeled domain. The green X marks where methane leakage 
occurs in our models. 
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b) 

 

Figure 3.2: 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.  

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] (Figure 3.2A and 

3.2B). Methane then leaves the annulus at the bottom of the surface casing, 20-30 m below a 

freshwater aquifer. To simplify analysis, it is assumed that: (1) leakage occurs after active 
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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. However, 

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 Conservation Commission (COGCC) 

from the annular space between the 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.  

Sensitivity to multiphase parameters is evaluated using methane flow rates at the base of 

an aquifer as sourced from a leaking wellbore. We simulate steady leakage (or source zone 

pressure) over 100 years to investigate the impact of multiphase flow parameters on subsurface 

methane migration, as varying source flow rates or pressure would change flow rates at the base 

the aquifer, complicating analysis of the influence of multiphase parameters. Realistically, a 

decline in methane source pressure may be expected as leakage continues, however [e.g., 

Fetkovich et al., 1987; Baihly et al., 2010]. We therefore highlight the first 10 years of leakage in 
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our analyses here, 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.  

3.3 Numerical simulation of methane migration 

3.3.1 Numerical Simulator 

The numerical studies were performed using the TOUGH2 simulator [Pruess and 

Moridis, 2012], with fluid property equation-of-state module EOS7C. The EOS7C module 

analyzes five mass components: water, brine, methane, tracer, and a non-condensable 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 and 

Robinson, 1976] were used to calculate gas density, enthalpy, and viscosity, with an assumption 

of local equilibrium between phases. Flow of vapor- 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 non-zero 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=1E6 Pa-1) appropriate for shale [Wu et al., 1998]. The model domain is within the 

Pierre Shale and has dimensions of 946x946x1058 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=0 is at the top of the Pierre Shale (Figure 3.3), 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=-20 and -30 m (i.e., 20 to 30 m below the base of the 
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freshwater aquifer). The model domain is discretized with 127,832 elements (58x58x38 elements 

of variable size in the x, y, and z directions, respectively). A subdomain comprising a region 

500x500x250 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 numbers near the methane source were ≈2 in the x- and y-directions 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 preliminary 

models, aspect ratios >10 were observed to increase computational expense by increasing model 

convergence times. The bottom of our model is defined as -480 m, or 480 m below groundwater.  

3.3.2 Boundary Conditions 

The boundary conditions used for the simulations are presented in Table 3.1. Elements 

above z=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=0), where liquid- and vapor-phase flow out of the domain 

are a function of both liquid- and vapor-phase head and flow. The top boundary condition is set 

as constant liquid-phase pressure and constant gas saturation at z=578 m. 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 unconstrained 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. 
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Figure 3.3: Numerical grid used for simulation. The cutaway shows finer discretization in the 
center of the model, which is near the leakage source zone.  

The low ϕ and ki of the Pierre Shale (Table 3.1) allow for slow advection and diffusion of 

liquid-phase materials, and the natural potential gradient of the vapor phase tends upward due to 

density-driven flow. Therefore, no vapor- 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 conducted with constant pressure and saturation 

and no-flow boundary conditions at the base of the model produced negligible changes in flow of 
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both vapor and liquid into the surficial aquifer, so a more computationally efficient no-flow 

boundary was applied. No-flow boundaries for vapor and liquid were also prescribed 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.  

Table 3.1: Pierre Shale parameters and model boundary conditions. 
Parameters Value/Equation Comment/Reference 

Initial gas saturation 0.4 Kevin Tanner, personal 

communication, [October 7, 
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 m-3 Oldenburg et al. [2004] 

Porosity, ϕ 0.08 Neuzil [1994] 
Tanner, personal 

communication, [October 7, 
2015] 

Diffusion coefficient of methane in the 

liquid phase, Dl
m 

 1.0E-9 m2 s-1 Pruess et al. [2012] 

Diffusion coefficient of water in the 
gas phase, Dg

w 
1.0E-5 m2 s-1 Pruess et al. [2012] 

Klinkenberg parameter 1.0E6 Pa-1 Klinkenberg [1941];  
Wu et al. [1998];  
Tanikawa and Shimamoto 
[2006];  
Wang and Reed [2009] 

Aquifer temperature (top) 12 oC USEPA [2016] 

Geothermal gradient dT/dz -0.0465 oC m-1 Higley and Cox [2007] 

Thermal conductivity 2.0 W m-1 K-1 Robertson [1988]; 
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  

* Values of van Genuchten parameters are input to TOUGH2 as λ and 1/P0, but due to the common usage of n and α, 
these values are also printed here. The relationships are λ=m=1-1/n and 1/P0 = α/ρg. 

3.3.3 Material Properties 

Mean ki, ϕ, and brine saturation are assigned based on reported values for the Pierre Shale 

[Neuzil, 1994; Tanner, personal communication, October 7, 2015]. Here, we use a relatively 
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conservative value for the Pierre Shale with a mean ki of 10-18 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 ϕ [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 α and the residual phase saturations. 

van Genuchten n is a shape parameter relatable to pore-size distribution [e.g., Freeze and Cherry, 

1979]. The pressure at which a pore empties or fills is related to pore radius by                where r is pore radius (m), σ is the surface tension (kg s2), α is the contact angle 

(degrees), and Pcap (Pa) is capillary pressure. This relationship can be used to convert a measured 

curve describing saturation as a function of capillary pressure [e.g., van Genuchten, 1980] to a 

curve describing saturation as a function of pore radius [Nimmo, 2004]. The parameter n occurs 

in both the capillary-pressure functions and the relative-permeability model (Table 3.1 and 

Equations 1a & 2a, below).  

The capillary pressure function is:         

                                                                      (1a) 

where 



 53 

                  .     (1b) 

The relative permeability model is:         

                  
             

 
                             (2a)  

and                                                      (2b) 

with                                          (2c) 

where             and where nw=non-wetting phase and w=wetting phase. α (cm-1) and n 

are van Genuchten parameters. S* and S# are mobile phase saturations. Slr refers to residual liquid 

saturation, and Sls refers to 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 ϕ 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 experience 

pulsed migration of the non-wetting phase [Gorody, 2012]. Also, increasing n tends to increase 

available void space for the non-wetting phase, which results in higher krg.  
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The van Genuchten α (Equation 1a) is a scaling parameter related to methane-entry 

pressure (also called “displacement” or “bubbling” pressure) [Freeze and Cherry, 1979]. Lower 

values of α are associated with higher entry pressure. For the leakage scenarios modeled here, 

decreasing α effectively makes it more difficult for methane from the leak to displace the 

aqueous phase. Increased SL associated with lower α decreases krg, resulting in a correlative 

relationship between α and the amount of methane reaching the base of the aquifer. Due to the 

impact of α 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 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., 

Nowamoooz et al., 2015]. Subsequent analysis indicated minimal sensitivity to irreducible water 

saturation. 

3.3.4 Source Zone Properties 

To perform our analysis 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.  
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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 for unconventional 

wells [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]. Also, increased 

annular pressure may not lead to incidents of groundwater contamination, especially in newer 

hydrocarbon wells [Watson and Bachu, 2009; Sherwood et al., 2016; Lackey et al., 2017]. 

Determining a rate for hypothetical methane leakage depends on factors such as annulus 

pressure, formation 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 

[Watson and Bachu, 2009; Roy et al., 2016b]. 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 bottom 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 groundwater. We include a 
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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 apportioned 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 corresponded to the maximum pressure for 

which casings commonly used in the Wattenberg Field are rated [Schlumberger, n.d.]. 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 simulations. The difference is much smaller than the lateral extent of the 

computational domain (x, y = 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 annual region. 

3.3.5 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 500x500x250 m (x, y, z) zone surrounding the 

leak source zone. Mean ki was maintained with no random variation for elements outside the 
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leakage zone. The homogeneous outer elements were 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 and 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 10-13 and 10-18 m2 with 

variances 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 realizations have demonstrated physically meaningful 

results with small decreases in uncertainty with additional realizations [e.g., Goovaerts, 1999; 

Maxwell et al., 2008; Navarre-Sitchler et al., 2013].  

3.3.6 Simulation Strategy 

Our sensitivity metric is flow of methane (m3/d) arriving at the base of the aquifer (z=0) 

(Figures 3.5, 3.6, and 3.8). The first part of our sensitivity analysis focuses on hydrogeological 

characteristics of the porous media, specifically ki, van Genuchten n and α, initial SL, and ϕ. 

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 materials [Bear, 1972] (Table 

3.2). 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.  
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Table 3.2A: Hydrogeological parameter values used in the Pierre Shale sensitivity analysis. 
 Pierre Shale 

(Base Case A) 
Lower shale 

parameter values 
Higher shale 

parameter values 

Homogeneous ki(m
2
) 1E-18 1E-19***  1E-17***  

van Genuchten-Mualem 

λ (−)/n 

0.518**/2.07 0.493**/1.97 0.530/2.13 

van Genuchten 1/P0  

(Pa
-1

)/α (cm
-1

) 

3.55E-6** /3.48E-4 4.57E-7** /4.48E-5  1.91E-5 /1.88E-3 

Initial SL (%) 60 80 40 

ϕ (%)  8 6*** 20*** 

 

Table 3.2B: Hydrogeological parameter values used in the silt/layered clay sensitivity analysis. 

Pierre Shale parameter values from Table 3.2A are also used with silt/layered clay as the base 

case. 

 Silt/layered clay  

(Base Case B) 

Sand 

Homogeneous ki(m
2
) 1E-13  1E-10  

van Genuchten-Mualem λ (−)/n 0.083*/1.09 0.627*/2.68 

van Genuchten 1/P0 (Pa
-1

)/α (cm
-

1
) 

8.15E-5* /8.00E-3 1.48E-5* /0.145 

Initial SL (%) 60 80 

ϕ (%)  20 30 
*These values are based on class averages for sand and clay from Schaap et al. [1999]. 
**No data were available on van Genuchten parameters for the Pierre Shale, so these values were 
calculated using ϕ and ki data applying the method of Huet et al. [2005].  
***These values fall within the range of reported ki and ϕ for shale [Neuzil, 1994]. The method of 
Huet et al. [2005] is applied to find values for the van Genuchten parameters. 
 

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 10-13 or 10-18 m2 everywhere 

in the domain. Subsurface pressure output from the homogenous simulation was used as the 

initial condition for simulations where correlated, random variations in ki were applied to the 

leakage source zone. Finally, a continuous flow of methane was applied in the leak source zone. 
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Two three-dimensional correlations lengths were used: X, Y=50 m; Z=20 m and X, Y=200 m; 

Z=80 m. For each correlation length, a variance of 1 and 5 m4 was applied. For each combination 

of correlation length and variance, 25 permeability maps were generated with a mean ki of 10-18 

m2. The simulations with a variance of 1 m4 were repeated with a mean ki of 10-13 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 10-18 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. 

3.4 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 freshwater aquifer is impacted by (1) changes in multiphase flow 

parameters related to storage, capillarity, and relative permeability (i.e., ϕ, initial phase 

saturation, and van Genuchten n and α), (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 non-wetting phase pressure.  

3.4.1 Pierre Shale Scenario 

The Pierre Shale scenario features homogeneous ki of 10-18 m2 and a source-zone 

methane flow rate of 7E-4 kg/s (Table 3.2). Figure 3.4 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 
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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 3.5), with initial flow 0.005 m3/d and the 

remainder due to wellbore leakage.  

 

Figure 3.4: 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. 
 

3.4.2 Sensitivity Analysis 

3.4.2.1 Hydrogeological Characteristics 

The most important parameter with respect to methane plume propagation is ki, as 

determined by methane flow rate at the base of the aquifer (Figure 3.5A and 3.5B). The scenario 

where the ki was varied from the silt/layered clay parameter set to the ki of the Pierre Shale 

shows a methane flow rate similar to the Pierre Shale scenario (Figure 3.5B). 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 ϕ, 

initial SL, and van Genuchten parameters.  

The influence of van Genuchten n on methane flow rates varies with the base case 

considered. For the relatively small range in the Pierre Shale sensitivity analysis (Figure 3.5A 

and Table 3.2A), the impact of varying n is negligible (green lines for n fall under the black line 
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for the Pierre Shale in Figure 3.5A). However, there is substantial variation in the methane flow 

rate when n was varied over a larger range in the higher permeability silt/layered clay scenario.  

Time to breakthrough and volume of methane reaching groundwater varied with n (Figure 3.5B) 

due to the inclusion of n in both the capillary pressure model (changing saturation at a given 

capillary pressure) and relative permeability model (changing permeability at a given saturation). 

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 125m3/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 ϕ followed by varying van Genuchten α. The 

Pierre Shale sensitivity analysis shows substantial changes only when initial SL and ϕ are varied, 

with compressibility of the gas-phase combined with low ki limiting the impact of lowering SL on 

methane flow rates.  Values of ϕ are inversely correlated with methane flow rates, which is as 

expected due to increased storage and lower mobile-phase velocities at higher ϕ. Initial SL is 

inversely correlated with methane flow rates, which occurs due to decrease in relative 

permeability for the gas phase when more of the aqueous phase is present (Equation 2). Lower 

values of α require higher methane gas-phase pressure to displace the aqueous phase. The effects 

of varying α are noticeable in our models at the edges of the plume as methane displaces pore 

water. Effects of varying α 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 3.5).  
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Figure 3.5: Hydrogeological sensitivity analyses, 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 α and n), (ii) krg (van Genuchten n), (iii) ki, (iv) 
ϕ, 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. 
 
3.4.2.2 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 3.6A) and increasing correlation length in ki (Figure 3.6B). Also, from 
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Figure 3.6C, 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 methane flow rate with increased correlation length in ki. Here, the 

correlation lengths in these simulations are 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 3.7). 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 Figure 3.5 and Figure 3.6 indicates that ki variation has a greater 

impact at the base of the aquifer at later times as compared to variation of van Genuchten α, 

initial SL, and ϕ. However, the range of flow rates shown in these plots covers approximately 

±1.5E4 m3/s, which is slightly less than the variation in flow rates caused by changing van 

Genuchten n and is approximately seven times less than the perturbation in methane flow caused 

by varying ki (Figure 3.5). The implication of this analysis is that having data on ki and relative 

permeability of formations underlying freshwater aquifers and overlying hydrocarbon production 

zones is fundamental to assessing aquifer vulnerability to methane leakage, while information on 

ki variation is less critical.  
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Figure 3.6: Geostatistical sensitivity analysis. The left-hand column (a,c,e) shows flow rates from 
simulations with lower correlation lengths (CX=CY=50 m; CZ=20 m) than those in the right-hand 
column (b,d,f) (CX=CY=200 m; CZ =80 m). Simulations in the top row include a relatively low 
variance of 1 m4 and mean ki associated with the Pierre Shale (10-18 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 3.5 (10-13 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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Figure 3.7: Plan view of methane concentrations at the base of the aquifer at 100 years for one 
realization of ki with correlation lengths, Lc (a) X,Y=50,50; Z=20 m, and (b) X,Y=200,200; 
Z=80 m. 
 

3.4.2.3 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 3.8A). 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 non-linear below about 10,000 kPa (Figure 3.8B). In models that include a gas 

phase, both storage and compression could lead to this effect, in addition to non-linear behavior 

associated with capillary pressure and relative permeability relationships. Our initial condition 

includes methane present in the pore space, so the non-linear behavior seen here is due to 

methane gas compression, associated with increased gas concentration between the leak source 

and groundwater. Given the same ϕ, gas compression accounts for a greater proportion of the 

methane leaving a lower-pressure source, which contributes to the observed non-linear 

relationship between source strength and mass of methane reaching groundwater (Figure 3.8B). 
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For all modeled scenarios, methane reaches groundwater in less than one 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 produces 

millions of kilograms of methane to be transferred to groundwater (Figure 3.8B) in the case of 

persistent long-term leaks. The non-linear behavior between mass and source zone pressure 

indicates that higher pressure 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 3.8C). 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. 

 

  
 
 

       a)                       b) 

 
Figure 3.8: 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 star marks the highest annular pressure 
recorded in the Colorado Oil and Gas Conservation Commission data for the Wattenberg Field.  
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       c)  

 

Figure 3.8: Source zone sensitivity analysis. c) Impact of varying source pressure on the lateral 
extent of the methane plume at the base of the aquifer at 100 years. 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 20340 kPa, the highest pressure for which many casings 
are rated in Wattenberg Field [Schlumberger, n.d.].  
 

3.5 Conclusions 

In these simulations, methane from hydrocarbon wellbore leakage can reach groundwater 

in less than one year assuming low-permeability, unfractured media Multiphase parameters, i.e., 

those that influence capillarity and relative permeability, are important for these models: 

accurately parameterizing multiphase processes 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 impact the flow rate and volume of methane that reaches groundwater 

from a leaking natural gas well. ki is the most important matrix parameter in terms of the 

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. 
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Multiphase analysis, including accurate multiphase parameterization, is better equipped 

to describe persistent contamination problems related to methane leakage as compared to single-

phase models. For example, gas-phase methane trapped due to stratigraphy and/or at residual gas 

saturation could act as a continued source of aqueous-phase methane until the trapped methane is 

completely 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. In addition, dissolved methane may be 

present long after gas-phase methane is no longer detectable in the headspace of a well [Jackson 

et al., 2013]. In this scenario, when water is brought to the surface, dissolved methane will 

exsolve with concentrations on the order of 30 mg/L for every 10 m of water depth [Gorody, 

2012]. After reaching an aquifer, gas-phase methane would migrate differently than the aqueous 

phase. If effective permeability is significantly impacted by increased gas-phase saturation, 

water-well yield may decline. In our simulations, we see the impact of krg alteration due to 

variation in multiphase parameters on methane transport. The same models using only single-

phase analysis would be expected to over-estimate the amount of fluid reaching groundwater by 

ignoring decreases in effective permeability from variations in saturation [Saiers and Barth, 

2012]. 

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. Application of available technology 
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to evaluate the ki of formations between groundwater and hydrocarbon production zones 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 since 

non-wetting phase methane gas source pressures and multiphase parameters, which influence 

capillarity and relative permeability, play a fundamental role in determining volumes and flow 

rates of methane reaching groundwater and, thus, aquifer vulnerability to methane leakage.  
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Abstract  

In this study, three-dimensional, multiphase, numerical simulations in the TOUGH2 EOS7C 

code are used to evaluate migration of methane leakage from a hydrocarbon wellbore. The 

objective is to assess the impact of dual-domain mass transfer (DDMT) processes in shale below 

a freshwater aquifer to inform conceptual models of methane leakage from legacy and 

abandoned wells regarding methane migration to groundwater. The conceptual model used here 

includes a methane gas-phase leak from a hydrocarbon wellbore 20-30 m below groundwater; 

multiphase, buoyant transport through shale partially saturated with brine; and, after methane 

leakage reaches groundwater, multiphase transport through freshwater under varying 

groundwater flow gradients. Results of the simulations suggest that DDMT controls the flow rate 

of methane reaching overlying groundwater from wellbore leakage due to (i) long-time 

secondary storage of methane in less-mobile pore space and (ii) larger methane-plume diameters  
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at the groundwater interface. These factors combine to increase methane flow rates by an order 

of magnitude across the base of the aquifer 100 years after leakage begins compared to models 

without DDMT. In the simulated freshwater aquifer, increased methane flow rates lead to longer-

lasting gas-phase methane plumes, which control the distribution of methane throughout the 

aquifer. The dissolution of persistent gas-phase plumes leads to a bimodal aqueous-phase 

methane breakthrough curve in a simulated water well 100 m downstream from the assumed 

methane leakage. Peaks in methane concentration in the downstream well appear decades after a 

one-year pulse of methane leakage; without DDMT, a single peak occurs at the same time as the 

first peak associated with DDMT, and at a lower concentration. The major implication of this 

result is that DDMT of methane leakage below groundwater can explain newly discovered 

methane concentrations in water wells that are attributable to older methane leakage events. 

Therefore, remediation of abandoned or legacy wells with wellbore integrity loss is necessary to 

prevent future incidents of groundwater contamination. 

4.1 Introduction 

Production of hydrocarbon resources from shale, including natural gas, has increased due 

to the development of directional drilling and high-volume hydraulic fracturing [e.g., Hubbert 

and Willis, 1954; Allouche et al., 2000; USDOE, 2009; USEPA, 2015; USEIA, 2016]. Projections 

indicate dramatic increases in U.S. natural gas production (from 27.2 trillion cubic feet (Tcf) in 

2015 to 42.1 Tcf in 2040) led by production from shale-gas and tight-oil plays (from 13.6 Tcf in 

2015 to 29.0 Tcf in 2040), with net electricity generation from natural gas surpassing coal by 

2030 [EIA, 2016]. The rapid expansion of unconventional energy development has generated 

public concern over potential environmental and human health repercussions, including risks to 
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water quality from poor well integrity [e.g., Watson and Bachu, 2009; Osborn et al., 2011; 

Gorody, 2012; Jackson et al., 2014; Vengosh et al., 2014; Llewellyn et al., 2015; Lefebvre, 

2017]. Methane, the principal component of natural gas, is a more likely groundwater 

contaminant from hydrocarbon-well leakage than production or formation fluids due to its 

buoyancy and environmental abundance [e.g., Nowamooz et al., 2015; Reagan et al., 2015]. 

Although methane is not regarded as a health hazard via ingestion [USEPA, 2002], it can present 

a combustion or hypoxiation risk [e.g., Eltschlager et al., 2001; Vidic et al., 2013; Duncan, 

2015] and functions as a greenhouse gas if released to the atmosphere [e.g., Howarth et al., 

2011]. Methane may also serve as a precursor to toxic minor constituents of natural gas, such as 

benzene, toluene, ethybenzene, and xylenes (BTEX) compounds [e.g., USEPA, 2002; Williams et 

al., 2006; Gross et al., 2013; Rogers et al., 2015; Digiulio and Jackson, 2016].  

Legacy wells, installed before modern regulations, and abandoned wells, which may have 

undocumented locations, present the greatest threats of wellbore-integrity loss leading to 

groundwater contamination by methane and other compounds [e.g., Watson and Bachu, 2009; 

Kang et al., 2014, 2016; Boothroyd et al., 2016; Sherwood et al., 2016; Bachu, 2017; Lackey et 

al., 2017]. Methane concentrations recently measured in water wells have been attributed to 

leakage from legacy or abandoned hydrocarbon wells [e.g., Sherwood et al., 2016]; however, 

simulations indicate that methane transport from hydrocarbon wellbores to the base of aquifers 

can occur quickly, on the order of months even through a low permeability, intact overburden 

[e.g., Kissinger et al., 2013; Rice et al., 2017]. The implication is that either leakage at legacy 

wells has begun recently or that methane migration has been delayed. Processes with the 

potential to retard or attenuate methane migration include multiphase migration [Rice et al., 

2017], which can lower effective permeability for a given phase by orders of magnitude [e.g., 
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Mualem, 1976], methane oxidation [Van Stempvoort et al., 2005b; Roy et al., 2016], and dual-

domain mass transfer (DDMT), which allows storage of solutes in less-mobile pore space for 

long periods of time [e.g., Coats et al., 1964; van Genuchten and Wierenga, 1976; Becker and 

Shapiro, 2000; Haggerty et al., 2000, 2001].   

No previous studies have simulated DDMT of methane in the context of water-quality 

impacts of hydrocarbon leakage. However, an enormous body of work presents evidence of the 

impact of preferential flow paths coupled with matrix diffusion on solute transport and transfer 

processes [e.g., Berkowitz and Scher, 1995; Haggerty and Gorelick, 1995; Jardine et al., 1999; 

Berkowitz, 2002; Berkowitz et al., 2002; Zinn and Harvey, 2003; Schumer et al., 2003; Dentz et 

al., 2004; Liu et al., 2007; Edery et al., 2014, 2015].  Shale is of particular interest in the study of 

DDMT because it is likely to contain substantial immobile pore space [e.g., Jardine et al., 1999;  

Lin, 2006; Kuntz et al., 2011; Zaheer et al., 2017]. Dual-domain models to describe transport in 

shale are ubiquitous in the petroleum engineering and hydrogeology literature. In hydrocarbon 

reservoirs, the presence of natural or induced fracture networks and a “tight” (i.e., low 

permeability) shale matrix contribute to flow of hydrocarbons in the fractures [e.g., Bello et al., 

2008; Du et al., 2010; Ozkan et al., 2010; Brohi et al., 2011; Li et al., 2011; Yan et al., 2016], 

which is analogous to our conceptual model of methane leakage migrating through fractured 

shale. 

In this study, we evaluate the impact of DDMT on a two-phase (gas and aqueous) system 

of methane migration through an under-saturated porous reservoir into the overlying 

groundwater aquifer system. We focus on dual-porosity transport in the reservoir due to our 

interest in methane storage in less-mobile pore space, leading to delayed methane seepage and 

transport to the aquifer.  We simulate methane transport from a hypothetical leaking hydrocarbon 
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well that migrates upward through shale toward groundwater and subsequent transport in a 

confined aquifer, where water-quality impacts of methane leakage are expected to be more 

severe as compared to an unconfined aquifer [Roy et al., 2016]. Our conceptual model is based 

on the Pierre Shale and the Laramie-Fox Hills Aquifer, which overlay the hydrocarbon 

production zone in the Wattenberg Field. The Wattenberg Field is a densely drilled and highly 

productive oil and gas region of the Denver-Julesburg Basin in northeastern Colorado, where 

methane leakage through shale to groundwater has been repeatedly linked to wellbore-integrity 

loss [Sherwood et al., 2016; Lackey et al., 2017]. Numerical studies of methane flow and 

transport were conducted using TOUGH2 EOS7C, a three-dimensional, multiphase (vapor and 

aqueous), multicomponent (methane, water, salt), numerical model [Pruess et al., 2012] capable 

of handling DDMT. The strategy was to simulate: (i) methane leakage and DDMT through a 

porous reservoir below a groundwater aquifer in a domain partially saturated with brine and 

parameterized based on the Pierre Shale; and (ii) methane transport in a freshwater aquifer from 

this methane sourced from the reservoir. Our goal was to evaluate the impact of DDMT on 

methane transport in the reservoir, with respect to (i) the persistence of a gas-phase plume in the 

aquifer and (ii) the concentration of methane in a down-gradient observation well.  

4.2 Conceptual model, numerical model, and simulation strategy 

Our simulations of methane transport associated with hydrocarbon-wellbore leakage are 

based on the numerical studies described in [Rice et al., 2017] with important differences:  

(1) In addition to theoretical methane leakage into the Pierre Shale, which separates the 

hydrocarbon production zone from groundwater, we simulate transport in a confined section of 

the Laramie-Fox Hills Aquifer (Figure 4.1, Table 4.1), a productive aquifer that is part of the 

Denver Basin Aquifer System.  
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(2) The methane source zone was injected as a pulse for one year at a source pressure of 

8E6 Pa, the highest annular pressure recorded in the Wattenberg Field between 2010 and 2015—

data that became available due to a state policy that took effect in 2010 [Lackey et al., 2017]. The 

current study thus serves as a data-based “worst-case scenario” estimate of methane transport 

from leakage below groundwater. We chose this approach rather than using the mean annular 

pressure, which is not representative of the hazard presented to groundwater resources from the 

methane leakage because most of the data show low pressure values (75% of recorded pressures 

are <7 kPa) [Lackey et al., 2017]. The methane-source pressure returned to ambient, hydrostatic 

conditions for the remainder of the 100-year simulation following the pulse.  

(3) DDMT was simulated for methane migration in the Pierre Shale. Methane leakage is 

temporarily stored in the Pierre Shale by (i) methane gas-phase compression and (ii) increased 

dissolved methane concentrations. In the shale, pores are initially 60% saturated with brine. The 

remaining 40% is gas, which is comprised of methane and water vapor. The density of methane 

in the gas-phase initially is defined by the ambient pressure and temperature at a given depth. A 

Henry’s Law formulation describes the concentration of dissolved methane as a function of gas-

phase concentration. As methane leakage occurs, gas-phase density of methane increases, first in 

the fractures, then in the adjacent shale pores. Dissolved methane concentrations increase to 

remain in equilibrium with gas-phase concentrations. After the methane plume migrates through 

the fractures, methane is transported from the shale back into the fractures. Gas-phase density in 

the shale pores decreases. Dissolved methane concentrations in shale pores also decrease to 

remain in equilibrium with gas-phase concentration. 
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Figure 4.1: Vertical cross section of the simulated domain, not to scale. The “confined aquifer” 
refers to the Laramie-Fox Hills aquifer and “intermediate shale formation” refers to the Pierre 
Shale. We conduct simulations in two steps, as illustrated here: (1) Methane leakage occurs into 
shale below a freshwater aquifer, within the green-dashed box in this figure. Depth of leakage is 
the base of the hydrocarbon well surface casing. Methane leakage undergoes DDMT as it 
migrates upwards towards groundwater and encounters a confining layer at the base of a 
confined aquifer. We assume methane migrates through the confining layer at a place of known 
weakness, the location that the confining layer is pierced by the hydrocarbon production well. (2) 
Methane leakage migrates with groundwater, within the red-dashed box in this figure. 
Groundwater flow occurs from left to right of the figure. The red-dashed box is a different width 
than the green-dashed box because groundwater flow moves the methane plume toward the right, 
and less space is needed upgradient. We do not simulate DDMT in the confined aquifer. 
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4.2.1. Mathematics of modeled DDMT 

We use the multiple interacting continua (MINC) method to simulate DDMT [Pruess and 

Narasimhan, 1982; Pruess, 1983, 2010; Pruess et al., 2012] within the reservoir. The MINC 

method is a continuum-fracture model, where the fracture continua and matrix continua exist 

separately (i.e., not in the same representative elementary volume) everywhere in the domain. 

Exchange between continua is accounted for via user-defined spatial characteristics (e.g., nodal 

distances) and numerical approximation of pressure and concentration gradients at the mobile-

immobile zone interfaces.  

For all our models, flow is simulated via a multiphase expression of Darcy’s Law. For 

phase 1 (e.g., gas),                                                                      (1) 

where     is mass flux of phase 1 [kg s
-1

 m
-2];   [kg m

-3] is the density;    [m s
-1] is the Darcy 

velocity; k [m2] is intrinsic permeability; kr1 [−] is relative permeability;    [Pa s] is dynamic 

viscosity; and p1 [Pa] is the fluid pressure [e.g., Helmig, 1997; Pruess et al., 2012].  

A general equation for flow of fluid phase 1 in the mobile zone is obtained by inserting 

Equation (1) into a conservation of mass formulation: 

                                                                       (2a) 

and flow of phase 1 in the immobile zone can be expressed: 

                                                                        (2b) 

where subscript M refers to the mobile zone; subscript IM refers to the immobile zone;    [−] is 

porosity  in the mobile region,          , where VV_M [m
3] is the volume of voids in the mobile 

region and VM [m
3] is the total volume of the mobile region;      [−] is porosity  in the immobile 
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zone,              , where VV_IM [m
3] is the volume of voids in the immobile region and VIM [m

3] 

is the total volume of the immobile region;    [−] is the saturation of phase 1;    [m s
-1] is a 

source or sink term for phase 1;      [kg m
-2

 s
-1] is a transfer term for the exchange between the 

mobile and immobile zones and is controlled by the solution of local flow equations [e.g., 

Oldenburg et al., 2004; Tatomir et al., 2011; Pruess et al., 2012]; and f1 [kg m
-2

 s
-1] is multiphase 

diffusive flux, which, for component k in phase 1, is                                                                                             (3)  

where      is tortuosity with porous media- (  ) [−] and saturation- (          ) [−] dependent 

terms;     [m2
 s

-1] is the diffusion coefficient of component k in phase 1; and     [−] denotes the 

mass fraction of component k in phase 1 [Oldenburg et al., 2004; Pruess et al., 2012].   

Transport between cells in the immobile zone occurs only when dual-permeability flow is 

considered. In MINC systems, dual-porosity flow is simulated as a restricted case of dual 

permeability flow, where flow is allowed only in and out of immobile zones and not between 

immobile cells. Therefore, for dual-porosity flow, the gradient operator in Equation (2b) allows 

transport only orthogonal to the mobile zones.  

Total effective porosity in a MINC system is               where    refers to total 

porosity and     and      refer to mobile and immobile porosity, respectively. Mobile and 

immobile porosity are averaged over the computational domain, including both mobile and 

immobile continua, and thus have different denominators than    and      Domain averaging 

occurs as             and               where VV_M [m
3] is the volume of voids in the mobile 

region, VV_IM [m
3] is the volume of voids in the immobile region, and VT [m3] is the total volume 

of the domain [m3], including both mobile and immobile regions. In dual-permeability systems, 

where flow and transport occurs between immobile zone cells and all of the immobile domain is 
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accessible to methane leakage,       . Therefore,                 . For the dual-

porosity formulation used here, flow and transport are not allowed between matrix cells. It is still 

accurate that,       .  However, only the portion of the immobile zone that interacts with the 

mobile region is accessible to methane leakage.  Total effective porosity, excluding the regions 

of the immobile zone not in contact with the mobile region, becomes:                        ). 

4.2.2 Numerical model of methane transport  

In shale, the likely volume fractions occupied by mobile and immobile zones covers a 

wide range [e.g., Jaynes et al., 1995; Jardine et al., 1999].  Here, we conduct a sensitivity 

analysis varying the proportion of the domain occupied by mobile zones. Toward our goal of 

exploring a scenario appropriate for fractured shale, our DDMT simulations included a relatively 

low proportion of mobile (5%) to immobile (95%) zones [e.g., Seyfried and Rao, 1987; Jaynes et 

al., 1988, 1995]. The methane then migrates from the reservoir to the aquifer above.  Our initial 

condition includes methane in the pore space, and we assume that sorption is negligible because 

available sites are already occupied. Also, we assume that continuum flow (i.e., use of the Darcy 

equation) is justified despite the small size of pores in shale. This assumption would be invalid 

for molecules larger than or similar in size to shale-pore diameters.  The diameter of methane is 

approximately 0.4 nm [Mao and Sinnott, 2001]. Pore diameters in the Pierre Shale are 

approximately 2-100 nm, with most pores falling towards the larger end of this range [Kuila and 

Prasad, 2013], so use continuum assumptions are likely justified. Details of the modeling 

parameterization are below. 

4.2.2.1 Domain discretization 
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A computational domain with an extent of 1000 x 1000 x 578 m (XYZ) was employed, 

with a total of 49,600 computational elements for the shale reservoir. Refinement was used in the 

center of the domain surrounding the leak source zone, and elements increased in size near 

boundaries. Utilization of the MINC method to simulate DDMT required generation of a 

secondary mesh to simulate the immobile domain and doubled the number of elements in the 

domain.  

To increase computational efficiency, groundwater-flow simulations in the aquifer above 

the reservoir were conducted separately from the simulations of methane leakage in the shale 

reservoir noted above. The domain for the groundwater-flow simulations was 1000 m x 500 m x 

100 m (XYZ). Uniform discretization was used throughout the domain with cubes 10 m on each 

side (XYZ), with a total of 50,000 elements. This discretization was selected following 

sensitivity analysis of the impact of varying grid sizes on methane migration. Use of smaller grid 

cells produced negligible impact on simulated methane concentrations as a function of time or 

location.  

4.2.2.2 Boundary and Initial Conditions 

Groundwater-flow simulations in the aquifer were comprised of two stages. The first 

established steady groundwater flow. In the second, methane leakage occurred.  

Stage 1: Initialization of steady groundwater flow in our multiphase model 

Achieving aqueous, single-phase flow in our multiphase aquifer model required slightly 

different boundary and initial conditions from those used to simulate groundwater flow in single-

phase models (i.e., fixed-pressure boundary conditions and fully saturated initial conditions). 

Fixed-pressure conditions in TOUGH2 EOS7C refer to the gas phase. Therefore, to create 

uniform, horizontal groundwater flow in the multiphase model, we set fixed pressures on the 



 81 

upstream and downstream boundaries and we set the capillary pressure model to “no capillary 

pressure”. With no capillary pressure, for all saturations,                where   is 

pressure [Pa] and the subscript nw refers to the non-wetting phase (e.g., gas); w to the wetting-

phase (e.g., water); and cap to the capillary pressure. Head gradients were set to produce “fast” 

and “slow” groundwater velocities of 0.01 and 0.001 m d-1, respectively (Table 4.1). No-flow 

conditions were set on the remaining boundaries. Methane concentration at the inflow boundary 

was set at zero. The right, outflow, concentration boundary was set to allow methane to exit the 

domain. The models establishing groundwater flow were initialized with a small methane-gas 

saturation of 1E-9 (-) to help with model convergence. This concentration exits the domain at the 

right, outflow boundary before methane leakage began in the second stage of the simulations.  

Stage 2: Methane leakage 

The aquifer domain was assumed to be initially fully saturated with fresh water at the 

beginning of the leakage simulations, using initial conditions of pressure from the simulations 

described in Stage 1. The capillary pressure model was changed to the van Genuchten function 

and parameterized based on analysis of materials comprising the Laramie-Fox Hills aquifer 

(Table 4.1). We do not undertake the enormous data collection necessary to make specific 

predictions for this region. Instead, we employ parameterizations appropriate for the Wattenberg 

Field to link our parametric sensitivity analysis to a realistic scenario of methane migration from 

leaking hydrocarbon wells through a shale reservoir to an aquifer. Simplifying assumptions 

include homogeneity of properties such as intrinsic permeability and negligible bacterially driven 

methane oxidation.  Also, no effects of dissolved gas on liquid density are included in EOS7C. 

The domain contains seven wells, including a leaking production well and six observation wells, 
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with one observation well upstream of leakage and five downstream. Leakage occurs along the 

production well in the bottom 10 m of the aquifer.   

Table 4.1: Pierre Shale and Laramie-Fox Hills Aquifer parameters and model boundary 
conditions. 

Laramie-Fox Hills   

Parameters Value/Equation Comment/Reference 

Initial gas saturation 0 assumed aquifer is saturated 
with water 

Initial Pressure 8.5E4 Pa Average value for atmospheric 
pressure in northeastern CO at 
Wattenberg Field elevations 

Intrinsic permeability, ki  1.45E-15 m2 [Musgrove et al., 2014] 
Porosity, ϕ 0.32 [Robson, 1987] 

van Genuchten parameter, λ (n)* 0.187 (1.23) characterization of aquifer 
materials by Musgrove et al. 
[2014] with retention 
parameter values attributed to 
material (sandy clay) using the 
method of 
Schaap et al. [2001] 

van Genuchten parameter, 1/P0 (α)* 2.75E-4 (0.027 cm-1) characterization of aquifer 
materials by Musgrove et al. 
[2014] with retention 
parameter values attributed to 
material (sandy clay) using the 
method of 
Schaap et al. [2001] 

Residual water saturation, Slr 0.1 characterization of aquifer 
materials by Musgrove et al. 
[2014] with retention 
parameter values attributed to 
material (sandy clay) using the 
method of 
Schaap et al. [2001] 

Boundary Conditions  

Upstream (left) Fixed pressure  

(slow gwv:3.18E6 Pa at the top; fast 

gwv:3.14E7 Pa at the top) 

Fixed methane concentration (0) 

Pressure increased with depth 
to allow steady groundwater 
flow (i.e., fixed head boundary 
conditions were used) 

Downstream (right) Fixed pressure 
(8.5E4 Pa at the top) 

Pressure increased with depth 
to allow steady groundwater 
flow (i.e., fixed head boundary 
conditions were used) 

Bottom, top, remaining lateral 

boundaries  

No-flow boundary assumed confined aquifer 

Pierre Shale 
Parameters Value/Equation Comment/Reference 

Initial gas saturation 0.4 Kevin Tanner, personal 

communication, [October 7, 
2015] 
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Table 4.1 Continued 
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 m-3 Oldenburg et al. [2004] 

Porosity, ϕ 0.08 Neuzil [1994] 
Tanner, personal 

communication, [October 7, 
2015] 

van Genuchten parameter, λ (n)* 0.499 (2.00) Neuzil [1994]; 
Huet et al. [2005] 

van Genuchten parameter, 1/P0 (α)* 3.83E-9 (3.76E-5 cm-1) Neuzil [1994]; 
Huet et al. [2005] 

Residual water saturation, Slr 0.2 Based on typical maximum gas 
saturations reported for shales, 
e.g., Séjourné et al. [2013] (in 
Nowamooz [2015]) 

Geothermal gradient dT/dz -0.0465 oC m-1 Higley and Cox [2007] 

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  

Common to Pierre Shale and Laramie Fox-Hills 
Parameters Value/Equation Comment/Reference 

Residual gas saturation, Sgr 1.0E-4 i.e., negligible 

Capillary pressure model Pcap=-P0((S*)
-1/λ -1)1-λ 

S*=(Sl-Slr)/(Sls-Slr) 

van Genuchten [1980] 

Relative permeability model; krl refers 

to relative permeability for the liquid 

phase, and krg refers to relative 

permeability for the gas phase. Sl refers 

to liquid saturation, and Sg refers to gas 

saturation, both of which change 

through time as the simulation 

progresses. S* and S# are mobile 

saturations. 

krl=S*
0.5(1-(1-S*

1/λ)λ)2  

krg=(1-S#)
2(1-S#

2) 

S*=(Sl-Slr)/(Sls-Slr) 

S#=(Sl-Slr)/(1-Slr-Sgr) 

Corey [1954]; 
Mualem [1976]; 
van Genuchten [1980] 

Diffusion coefficient of methane in the 

liquid phase, Dl
m 

 1.0E-9 m2 s-1 Pruess et al. [2012] 

Diffusion coefficient of water in the 
gas phase, Dg

w 
1.0E-5 m2 s-1 Pruess et al. [2012] 

Klinkenberg parameter 1.0E6 Pa-1 Klinkenberg [1941];  
Wu et al. [1998];  
Tanikawa and Shimamoto 
[2006];  
Wang and Reed [2009] 

Aquifer temperature (top) 12 oC USEPA [2016] 

Thermal conductivity 2.0 W m-1 K-1 Robertson [1988]; 
Pruess et al. [2012] 
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4.3 Results and Discussion 

In this section, results from the simulations of leakage in shale below groundwater are 

presented first. We evaluate how migration of a one-year pulse of methane from a leaking 

wellbore to a freshwater aquifer is influenced by consideration of DDMT within the reservoir. 

Then, we present results from the simulations of methane transport in a confined aquifer.   

4.3.1. Migration of methane leakage below groundwater with DDMT 

To provide context for our dual-domain models, we first consider the relationship 

between total effective porosity and the flow rate of methane reaching the base of an aquifer 

through time in a single-domain (i.e., 100% mobile) system. Decreasing total effective porosity 

increases methane flow rate near the beginning of the simulations by decreasing available 

storage and increasing average linear velocity along the flow path between the leak source and 

the aquifer (Figure 4.2). However, due to buoyancy, methane in pore space from leakage that 

occurs in the first year of the simulation continues to migrate upwards through the duration of the 

simulation. Therefore, given equivalent aqueous saturation, scenarios with higher total effective 

porosity have higher flow rates of methane reaching groundwater near the end of the simulation 

(Figure 4.2).  

In a model with DDMT in the reservoir, with the same total effective porosity as the 

single-domain system described above, methane flow rate to the base of the aquifer increases at 

all times simulated here (Figure 4.2). Two non-exclusive hypotheses may explain this effect: (i) 

gas-phase methane flow in the mobile zones decreases aqueous saturation, increasing relative 

permeability for methane gas along the advective flow path, and (ii) given the same source zone 

pressure, dual-domain plumes are larger because the immobile region acts as a sink for methane, 

which increases methane flow from the source into the reservoir by increasing the pressure 



 85 

gradient between the source zone and the mobile region. Accordingly, we examined aqueous 

saturation in our simulations. Differences in mobile-zone saturation were small (62% for the 

100% mobile scenario and 63% for the 5% mobile scenario) but plume sizes increased 

substantially (Figure 4.3), supporting the second hypothesis. Also, in Figure 4.2, increasing 

immobile-zone porosity increases methane flow rate to the aquifer near the end of the simulation 

as methane stored in immobile pores is released back into the mobile zone and migrates upwards 

towards groundwater. 

 
Figure 4.2: Solid lines show methane flow rates at the base of an aquifer, with methane transport 
occurring through porous media with no immobile zones. A higher mobile porosity (20%, red 
line) is associated with a high flow later in the simulation as compared to a lower mobile 
porosity (8%, blue line) for cases without an immobile domain. Black lines show flow rates 
through porous media that is 95% immobile. Adding immobile pore space increases flow rates 
throughout the duration of the simulation. A larger immobile porosity (20%, dotted line) is 
associated with an almost order of magnitude increase in flow rate 100 years after leakage begins 
as compared to a smaller immobile porosity (8%, dashed line).  
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Figure 4.3: A close-up slice plot through the methane leakage source zone one year after leakage 
begins. The relative size of methane plumes is shown, given DDMT, with 5% of the domain 
mobile (left), and a fully mobile domain (right). 
 
4.3.2. Migration of methane leakage in groundwater 

In this section, we examine methane transport in a confined aquifer with methane sourced 

from a hydrocarbon well leaking for one-year in the reservoir below groundwater. In these 

simulations, persistence of the gas-phase methane plume controls the distribution of methane 

throughout the aquifer. The gas-phase plume is larger and lasts longer when a larger volume of 

methane is leaked into groundwater due to DDMT in the reservoir (Figures 4.4 and 4.5, for 

example comparing the difference between the first and second panels in Figure 4.4b). At 100 

years, the mass fraction of methane in the aqueous phase for the 0.001 m/d groundwater velocity 

scenarios are generally similar in shape to the still-present gas-phase plumes (Figures 4.4 and 

4.5) with attenuation in the direction of groundwater flow. For the 0.01 m/d groundwater-flow 

scenarios, methane is dissolved and moves with groundwater (Figures 4.4 and 4.5).  

The multiphase nature of the plume leads to methane storage near the source of leakage 

in the aquifer. The aqueous plume forms as the gas-phase plume dissolves, so scenarios with a 

persistent gas-phase plume will have a long-lasting aqueous-phase plume near the source of 

leakage.  However, as groundwater velocity increases, the gas-phase plume dissolves faster. This 
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means that long-lasting aqueous-phase plumes will also tend to be more localized, instead of 

moving far downstream to groundwater receptors such as domestic wells (Figure 4.5).   

Persistence of the gas-phase methane plume in groundwater leads to a bimodal methane 

concentration breakthrough curve at a downstream observation well (red curve on Figure 4.7), 

which is unexpected in these models because they have a single input pulse. In these simulations, 

methane concentrations include both gas-phase and dissolved methane. However, no gas-phase 

methane migrates as far as the observation well (100 m downstream from the leaking well) 

(Figure 4.6). Therefore, Figure 4.7 shows only dissolved methane, which can be pumped up to 

the surface along with water and potentially exsolve and effervesce in structures resulting in a 

combustion hazard or escape to the atmosphere where it acts as greenhouse gas. The bimodal 

curve occurs in the scenario with a larger leaked volume of methane and fast groundwater. The  

Figure 4.4: a) Slice plots through the center of leakage are shown indicating the change in 
aquifer saturation due to methane leakage 10 years after leakage begins, with gwv as 
groundwater velocity. 
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Figure 4.4: b) Change in aquifer saturation due to methane leakage 100 years after leakage 
begins. At ten years after leakage from the hydrocarbon well begins, methane is present in the 
gas-phase for both groundwater-flow velocities with DDMT below groundwater. Methane 
dissolves in groundwater (i.e., is present only in the aqueous phase) for the scenario with single-
domain (100% mobile) transport below groundwater and a faster groundwater velocity (0.001 
m/d) (Figure 4.6a). At 100 years after leakage begins, the gas-phase plumes for the slower 
groundwater flow scenario have grown in size both vertically and in the direction of groundwater 
flow. However, for the faster groundwater-flow scenario, methane has dissolved for both the 
single- and DDMT below groundwater scenarios (Figure 4.6b).    
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Figure 4.5: Slice plots through the center of leakage are shown for methane mass fraction in the 
liquid phase in an aquifer 100 years after leakage begins below the aquifer, with gwv as 
groundwater velocity. 
 

observation well is screened in the bottom 10 m of the aquifer 100 m downstream from the 

leaking production well. The well is within the set-back distance according Colorado regulations 

[COGCC, n.d.], which is 150 m (500 ft). We focus on this well because, for the specified 

parameters, the bimodal effect is not seen further downstream. The first peak is due to migration 

of the aqueous-phase plume (Figure 4.5 and 4.6).  After the aqueous plume migrates 

downstream, the methane-concentration gradient between the gas- and aqueous-phases increases 

(Figure 4.6). The remaining gas-phase methane dissolves into the aqueous phase, leading to the 

second peak (Figure 4.6 and 4.7). The bimodal curve is produced by the larger leaked volume of 

methane associated with DDMT in the reservoir into groundwater in these models. A steeper 

decline in methane concentration is visible after the second peak, as compared to the decrease 
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after the first peak, because the gas phase is now fully dissolved and no longer contributing to the 

simulated concentration at this well (Figure 4.7). This effect depends on groundwater moving 

fast enough to advect the aqueous phase independent of gas-phase transport, and thus is not seen 

in the simulations with slower groundwater velocity (Figures 4.5 and 4.7). If the same well 100 

m downstream from a leaking hydrocarbon well is screened near the top of the aquifer, these 

models indicate zero methane concentration for most cases (Figure 4.6). The exception is the 

scenario with the larger, longer-duration leak associated with DDMT in the reservoir and slower 

groundwater velocity, where low concentrations of methane (0.014 kg m-3, which is 

approximately half the concentration in same scenario in the bottom 10 m of the aquifer at 100 

years (Figure 4.7)) appear in the last 10 years of the simulation.  

The solubility of methane is approximately 0.03 kg/m3 [30 mg/L] at 101325 Pa and an average 

groundwater temperature appropriate for northern Colorado of 12oC [USEPA, 2016]. Therefore, 

methane dissolved in groundwater that is pumped to the surface with concentrations over 0.03 

kg/m3 will exsolve and effervesce [e.g., Gorody, 2012], which includes concentrations 

approximately 70-100 years after leakage begins for the slower groundwater scenario and 7-100 

years for the faster groundwater velocity scenario (Figure 4.7), with 100 years as the end of the 

simulation. Methane is a flammable gas and, given an ignition source, can combust at 

concentrations between 5% and 15% volume in air [e.g., Duncan, 2015]. The highest methane 

concentration at the downstream water well in our simulations is about 120 kg/m3. Assuming a 

unventilated house with average water use of 1.5 m3/d [Berezow, 2013; USGS, 2016], 180 kg of 

methane would escape per day. At 20o C and 101325 Pa, the volume of 180 kg of methane is 270 

m3. Assuming a 2,500 ft2 house (230 m2), which is approximately the size of the average new 

American single-family home [Berezow, 2013; USCB, 2017], with 10 ft (3 m) ceilings, the 
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volume of methane in air would be 270 m3/ 690 m3 = 26%, which exceeds the upper explosive 

limit for methane of 15%. This analysis assumes a perfectly airtight house, no methane losses 

between the aquifer and the tap, groundwater pumping occurring at the time of peak methane 

concentration at the location of the water well, and source pressure at the highest level measured 

in the Wattenberg Field, and thus presents an extreme case. However, under the assumptions 

used in these simulations, the potential for volumes of methane associated with explosive 

hazards to enter houses via exsolution from contaminated groundwater is indicated.  

4.4 Conclusions 

 Multiphase, three-dimensional, numerical simulations were conducted to evaluate gas- 

and aqueous-phase methane migration (i) in a shale reservoir with DDMT and (ii) in a freshwater 

aquifer to investigate hydrogeological conditions that could result in groundwater contamination 

from a hydrocarbon well. Methane source pressure was set at the highest value recorded in the 

Wattenberg Field of the Denver-Julesburg Basin between 2010 and 2015. Key findings include: 

 (1) Anomalous (dual-domain) migration of methane leakage in the reservoir leads to 

greater volumetric methane flow rates through time at the base of an aquifer due to (i) larger 

methane plume diameters; and (ii) methane migration later in the simulations as methane stored 

in less-mobile pore space returns to the advective flow path. As a result, a gas-phase methane 

plume forms and persists longer in a confined aquifer as compared to simulations without 

DDMT in the reservoir, with the gas-phase plume lasting for 43 years with DDMT and not 

forming (i.e., methane is only in the aqueous-phase) without DDMT, in the scenario with 

groundwater velocity of 0.01 m/d.  

            (2) Persistent gas-phase methane plumes in groundwater lead to long-lasting aqueous-

phase methane plumes and the potential for bimodal methane breakthrough in downstream wells. 
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Figure 4.6: At 40 years after leakage begins below the aquifer, slice plots through the center of 
leakage are shown for (a) aqueous saturation; (b) methane concentration; (c) mass fraction of 
methane in the aqueous-phase; and (d) mass fraction of methane in the gas phase. Groundwater 
velocity is 0.01 m/d, and methane leakage is the larger, longer-duration pulse associated with 
DDMT below groundwater. The green line indicates an observation well 100 m downstream 
from the well leaking methane. At this simulated time, the gas-phase methane plume has not yet 
fully dissolved (top panel), which causes two centers of high concentration in the methane plume 
(second and third panels). 
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Figure 4.7: Simulated aqueous-phase methane concentrations are shown at an observation well 
100m downstream from a leaking well screened in the bottom 10 m of the aquifer, 90-100 m 
below ground surface for (a) 0.001 m/d and (b) 0.01 m/d groundwater velocities. Migration of 
the aqueous-phase methane plume followed by dissolution and migration of the remaining gas-
phase plume causes the bimodal shape of the methane concentration curve in (b). 
 

Bimodal curves occur due to migration of the aqueous-phase methane plume downstream from 

the leaking well followed by dissolution and migration of the remaining gas-phase plume. 

DDMT in the reservoir increases volumetric methane flux in these simulations, triggering a 

bimodal methane breakthrough curve in a downstream well. A second, higher concentration peak 

appearing decades later would not be predicted by models that neglect DDMT in the shale.  

(3) In these simulations, DDMT in the reservoir and multiphase migration of methane in 

a confined aquifer result in occurrence of methane in water wells from wellbore leakage 

occurring decades ago and below groundwater. Two peaks in methane concentration at a well 

100 m downstream from leakage occur 40 and 65 years after leakage begins for a methane 
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leakage event that was one year in duration; without DDMT in the shale, only the peak at 40 

years occurs. Specific predictions with respect to methane breakthrough are closely tied to 

groundwater velocity, which controls methane dissolution rate and advection of the aqueous-

phase plume downstream.  

Neglecting DDMT in reservoirs below aquifers leads to the potential to miss peaks that 

reach downstream water wells decades after leakage ends and, therefore, to underestimate the 

hazards associates with methane leakage from hydrocarbon wells. DDMT within reservoirs leads 

to larger methane plume diameters at the groundwater interface and longer, higher concentration 

tails in the transport curve, resulting in larger volumes of methane introduced to groundwater as 

compared to leakage scenarios without DDMT.  In these simulations, systems with DDMT in the 

reservoir can have recently measured methane concentrations in water wells that are attributable 

to old leakage from legacy or abandoned hydrocarbon wells. We conclude that older wells with 

integrity loss must be remediated to avert groundwater contamination incidents that may not be 

measurable for decades to come. Due to the potential for DDMT to delay methane migration, 

this study can be used to inform conceptual models of leakage from legacy and abandoned wells. 

  



 95 

CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

This dissertation used multiphase, multicomponent numerical models to evaluate 

sensitivities associated with wellbore methane leakage that migrates upward toward 

groundwater. Chapter 2 provided context for the modeling work to follow and employed a 

synthesis of the literature to give science-based policy recommendations and testable hypotheses 

for future research work. Hypotheses focused on the origin of methane in groundwater, the 

impacts of relative permeability and heterogeneity in permeability on methane migration, and the 

potential for methane to serve as a precursor for BTEX compounds. Chapter 3 examined the 

importance of multiphase parameterization in analyzing methane leakage. This study showed 

that non-wetting phase methane-gas source pressures and multiphase parameters, which impact 

capillarity and relative permeability, strongly influence volumes and flow rates of methane 

reaching groundwater. Chapter 4 investigated the effects of dual domain mass transfer (DDMT) 

below groundwater on methane migration in aquifers. Simulations with DDMT had larger 

methane plume diameters at the groundwater interface and higher flow rates later in the 

simulation, which led to more persistent methane plumes in groundwater, over the 100-year 

duration of the models, as compared to simulations without DDMT below groundwater. As a 

result, peaks in methane concentration appeared in a simulated well 100 m downstream from 

leakage decades after leakage ceased, leading to the conclusion that leakage from legacy wells 

provide a current threat to groundwater quality, even when well have long since been 

remediated. 

The studies comprising this dissertation focus on the role of the zone separating 

hydrocarbon production zones from groundwater in evaluating aquifer vulnerability to methane 
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leakage. In this intermediate zone, processes with the potential to retard or attenuate methane 

migration (e.g., multiphase migration and dual-domain transport) are emphasized due to more 

probable leakage associated with older (i.e., legacy or abandoned) wells. A larger implication of 

these studies is the need for greater characterization of intermediate zones, especially in regions 

with numerous older wells. Also, this work challenges intuitive assumptions about flow and 

transport based on experience with aqueous-phase models. In these simulations, gas-flow 

mechanisms such as compressibility, density and viscosity effects, and slip-flow behavior, as 

well as DDMT of methane gas, are shown to be fundamental in analyzing groundwater-quality 

impacts of methane leakage from hydrocarbon wellbores.  

Future work on the groundwater-quality impacts of methane leakage from hydrocarbon 

wells would be advanced by additional publically available databases with data on groundwater 

quality and well integrity. In combination with more information on intermediate zones, these 

data could allow case studies of methane leakage, with, for example, predictions on methane 

flow rates specific to a given region.  Also, numerical studies on methane migration from 

hydrocarbon reservoirs to groundwater along natural pathways are currently absent from the 

literature and would assist researchers in determining the origin of methane in groundwater. 

Controlled-release studies linking methane source-zone attributes, especially methane pressure 

and geometric characteristics of leak zones, to expected plume sizes would be valuable to assess 

the physical scope of methane leakage in real-world (i.e., not idealized, numerical) settings. 

Finally, observational and numerical studies examining the probability of methane serving as a 

precursor to benzene and other minor constituents of natural gas would serve to elucidate a 

problem with potentially grave implications for public health. 
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APPENDIX A 

ANNOTATED MATLAB SCRIPT FOR POST-PROCESSING TOUGH2 EOS7C OUTPUT  

The following code will produce a semi log plot of volumetric methane flow rates through time 
across a user-specified surface from the TOUGH2 output file, “conn.csv”. The user must (i) 
navigate to the TOUGH2 output file of interest; (ii) supply the number of output connections per 
time step from the TOUGH2 output file “conn.csv”; and (iii) supply cell numbers corresponding 
to the first and last cells of the surface of interest from the TOUGH2 output file “conn.csv”. 
Code was created in MATLAB R2015a. The “Load TOUGH2 output” section is modified from a 
MATLAB-generated script for loading data. 
 
 
 
%%Load TOUGH2 output%% 
 
tic 
 
%% Initialize variables. 
%% If your file is not in the current folder, use the following line to  
%navigate to the file location,  
%e.g. filename = ['C:\Users\YourName\conn.csv']  
filename = ['conn.csv'];  
delimiter = ','; 
 
%% Read columns of data as strings: 
% For more information, see the TEXTSCAN documentation. 
% The following line specifies which columns from the TOUGH2 output file are 
% loaded. Here "TIMEs" and "FLOgaskgs" are selected to load methane flow 
%across cell connections through time. 
formatSpec = '%s%*s%*s%*s%*s%*s%*s%*s%s%[^\n\r]'; 
 
%% Open the text file. 
fileID = fopen(filename,'r'); 
 
%% Read columns of data according to format string. 
% This call is based on the structure of the file used to generate this 
% code. If an error occurs for a different file, try regenerating the code 
% from the Import Tool. 
dataArray = textscan(fileID, formatSpec, 'Delimiter', delimiter,  'ReturnOnError', false); 
 
%% Close the text file. 
fclose(fileID); 
 
%% Convert the contents of columns containing numeric strings to numbers. 
% Replace non-numeric strings with NaN. 
raw = repmat({''},length(dataArray{1}),length(dataArray)-1); 
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for col=1:length(dataArray)-1 
    raw(1:length(dataArray{col}),col) = dataArray{col}; 
end 
numericData = NaN(size(dataArray{1},1),size(dataArray,2)); 
 
for col=[1,2] 
    % Converts strings in the input cell array to numbers. Replaced non-numeric 
    % strings with NaN. 
    rawData = dataArray{col}; 
    for row=1:size(rawData, 1); 
        % Create a regular expression to detect and remove non-numeric prefixes and 
        % suffixes. 
        regexstr = '(?<prefix>.*?)(?<numbers>([-]*(\d+[\,]*)+[\.]{0,1}\d*[eEdD]{0,1}[-
+]*\d*[i]{0,1})|([-]*(\d+[\,]*)*[\.]{1,1}\d+[eEdD]{0,1}[-+]*\d*[i]{0,1}))(?<suffix>.*)'; 
        try 
            result = regexp(rawData{row}, regexstr, 'names'); 
            numbers = result.numbers; 
             
            % Detected commas in non-thousand locations. 
            invalidThousandsSeparator = false; 
            if any(numbers==','); 
                thousandsRegExp = '^\d+?(\,\d{3})*\.{0,1}\d*$'; 
                if isempty(regexp(thousandsRegExp, ',', 'once')); 
                    numbers = NaN; 
                    invalidThousandsSeparator = true; 
                end 
            end 
            % Convert numeric strings to numbers. 
            if ~invalidThousandsSeparator; 
                numbers = textscan(strrep(numbers, ',', ''), '%f'); 
                numericData(row, col) = numbers{1}; 
                raw{row, col} = numbers{1}; 
            end 
        catch me 
        end 
    end 
end 
 
 
%% Replace non-numeric cells with NaN 
R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),raw); % Find non-numeric cells 
raw(R) = {NaN}; % Replace non-numeric cells 
 
%% Allocate imported array to column variable names 
TIMEs = cell2mat(raw(:, 1)); 
FLOgaskgs = cell2mat(raw(:, 2)); 
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%% Clear temporary variables 
clearvars filename delimiter formatSpec fileID dataArray ans raw col numericData rawData row 
regexstr result numbers invalidThousandsSeparator thousandsRegExp me R; 
save('filename.mat','name_column1','name_column2'); 
 
toc %along with 'tic' on line 1, 'toc' prints time taken for loading and saving 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%%Plot TOUGH2 EOS7C output for methane flow across an XY surface%% 
clear 
load filename.mat 
 
rho_m=0.53; %density of methane in kg/m3 at 38.5 C and 8.5E4 Pa 
repM=144720;  %output connections per time step-- get this number from the conn.csv file 
 
%Sum flow across a surface for each time step and convert the corresponding 
%time to years 
time=name_colum1; 
flo=name_column2/rho_m; 
for ii=1:(length(flo)-1)/repM 
    plot_flo(ii)=-1*sum(wkeep(flo,(131921-130321),[(130321+1+repM*(ii-1)),1]),1); %130321 
and 131921 correspond to the first and last cells of the surface of interest-- get these numbers 
from the conn.csv file   
    plot_t(ii)=time((repM-1000)*ii)/(60*60*24*365.25); 
end 
 
%Plot it! 
figure 
semilogy(plot_t,plot_flo) 
ylabel(‘Methane Flow (m^{3}/d’) 
xlabel(‘t (year)’) 
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APPENDIX B 

IMPACTS OF VARYING VAN GENUCHTEN α AND n ON CAPILLARY 

PRESSURE/SATURATION AND RELATIVE PERMEABILITY CURVES 
 

While conducting the numerical work described in Chapters 3 and 4 of this dissertation, it was 

often useful to consult plots of van Genuchten capillary pressure/saturation and relative 

permeability relationships with variable α and n. These are provided here (Figures A2.1, A2.2, 

and A2.3). The code used to make the plots in MATLAB R2015a is at the end of this appendix. 

The capillary pressure function is:         

                                                                      (1a) 

where                   .     (1b) 

The relative permeability model is:         

                  
             

 
                             (2a)  

and                                                      (2b) 

with                                          (2c) 

where Pcap (Pa) is capillary pressure, where             and where nw=non-wetting phase 

and w=wetting phase. α (cm-1) and n are van Genuchten parameters. S* and S# are mobile phase 

saturations. Slr refers to residual liquid saturation, and Sls refers to maximum liquid saturation. krl 
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is relative permeability for the liquid phase, and krg is relative permeability for the gas phase. Sgr 

is gas-phase residual saturation. 

  In the following plots, porosity = 0.08, Slr = 0.2, and Sls = 1, values that are appropriate 

for the Pierre Shale. θ=S*ϕ where θ is water content and ϕ is porosity. van Genuchten α and n are 

varied across a range starting with values for the Pierre Shale and ending with values for sand. 

 

Figure B.1: The van Genuchten capillary pressure/saturation relationship is shown with α varied 
and n kept at a constant value. Because α is inversely correlated with air-entry pressure, lower 
values of α are related to higher values of capillary pressure at a given value of water content. 
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Figure B.2: The van Genuchten capillary pressure/saturation relationship is shown with n varied 
and α kept at a constant value. 
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Figure B.3: The van Genuchten relative permeability model is shown with n varied (α does not 
appear in the relative permeability equations). For gas-phase relative permeability, varying n 
does not produce new curves. However, gas-phase relative permeability is sensitive to changes in 
n. When n is varied, saturation changes at a given pressure (Figure A2.2). Therefore, changing n 
results in moving along the single curve plotted here.      
 

Code to make Figures B.1, B.2, and B.3. 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Capillary Pressure/Saturation 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
theta_r=0.016;%(--) 
theta_s=0.08;%(--) 
rho_w=1000;%(kg/m3) 
g=9.81;%(m/s2) 
 
phi=0.05*exp(0.001:0.5:19.6);%(cm) 
alpha=0.005:0.02:0.15;%(cm-1) 
alpha_PS=3.48E-4; 
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alpha_sand=0.145; 
n=1.2:0.2:2.8; 
n_PS=2.07; 
n_sand=2.68; 
 
%alpha 
for ii=1:length(alpha) 
    for i=1:length(phi) 
        theta(i,ii)=theta_r+(theta_s-theta_r)/(1+(alpha(ii)*phi(i)^n_PS))^(1-1/n_PS); 
    end 
end 
figure 
semilogy(theta,phi,'LineWidth',2) 
ylim([1E-1 1E7]) 
legendCell=strcat('alpha=',strtrim(cellstr(num2str(alpha')))); 
legend(legendCell) 
set(gca,'FontSize',16,'FontName','Ariel') 
title('Varying \bf \alpha, \it n \rm\bf=2.07') 
ylabel('Capillary Pressure (cm))') 
xlabel('Water Content (--)') 
 
%n 
for kk=1:length(n) 
    for i=1:length(phi) 
        thetan(i,kk)=theta_r+(theta_s-theta_r)/(1+(alpha_PS*phi(i)^n(kk))^(1-1/n(kk))); 
    end 
end 
figure 
semilogy(thetan,phi,'LineWidth',2) 
ylim([1E-1 1E7]) 
legendCell=strcat('n=',strtrim(cellstr(num2str(n')))); 
legend(legendCell) 
set(gca,'FontSize',16,'FontName','Ariel') 
title('\bf Varying \it n \rm, \bf\alpha=3.48E-4') 
ylabel('Capillary Pressure (cm))') 
xlabel('Water Content (--)') 
 
 
clear 
%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Relative Permeability 
%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
Slr=0.21; 
Sls=1; 
Sgr=1E-4; 
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n=1.2:0.2:2.8; 
lambda=1-n.^-1; 
Sl=0.21:0.001:1; 
Sg=1-Sl; 
Ss=(Sl-Slr)/(Sls-Slr); 
Sp=(Sl-Slr)/(1-Slr-Sgr); 
 
for jj=1:length(n) 
    for j=1:length(Sl) 
        RPliq(j,jj)=(Ss(j)^0.5)*(1-(1-Ss(j)^(1/lambda(jj)))^lambda(jj))^2; 
        RPgas(j,jj)=((1-Sp(j))^2)*(1-Sp(j)^2); 
    end 
end 
 
figure 
plot(Sl,RPliq,'LineWidth',2) 
hold on 
plot(Sl,RPgas,'LineWidth',2) 
set(gca,'FontSize',16,'FontName','Ariel') 
ylim([0 1]) 
ylabel('Relative Permeability (-)') 
xlabel('Liquid Saturation (-)') 
legendCell=strcat('n=',strtrim(cellstr(num2str(n')))); 
legend(legendCell) 
 


