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ABSTRACT 

 

With impacts of climate change apparent worldwide, low carbon dioxide (CO2) emitting 

forms of hydrocarbon extraction could decrease CO2 emissions to the atmosphere while also 

continuing to provide reliable energy sources to our fossil fuel-dependent society.  This research 

looks to better understand two different ways of enhancing hydrocarbon (i.e., both crude oil and 

natural gas) production in oil reservoirs: miscible CO2 enhanced oil recovery (EOR) coupled with 

permanent CO2 storage, and methane production via methanogenic crude oil biodegradation, 

which converts crude oil in-situ into a cleaner-burning fuel, natural gas.  Noble gas and isotopic 

tracers were used to track the fate of CO2 injected into three different project phases of a miscible 

CO2 EOR site.  The current volumes of retained CO2 ranged from 39-61% of the total injected gas 

volume, while no major changes in noble gas isotopic composition were detected between injected 

and produced gases, suggesting no active CO2 dissolution.  However, a reasonable assumption of 

40% inaccessible pore space suggests effective storage of the retained CO2. 

Formation fluids and biomass from a methanogenic, biodegraded oil reservoir in Louisiana, 

USA, were collected to better understand how environmental parameters (e.g., salinity, 

temperature) may impact methanogenic crude oil biodegradation and reservoir microbiology. 

Overall, crude oil biodegradation and methanogenesis were not coupled across this basin; the 

greatest amount of crude oil biodegradation occurs in wells with the least extent of 

methanogenesis.  However, methanogenic archaea dominate the microbial structure of every well, 

regardless of the observed extent of methanogenesis. Significant differences in microbial 

community structure were observed between samples grouped by chloride concentration, location 

within the basin, and amount of biodegradation. The low salinity, highly biodegraded wells had a 

particularly distinct microbial structure, indicating that salinity may be a major driver of microbial 

community composition and metabolism in this reservoir.  Overall, these results suggest that low 

salinity reservoirs with moderately biodegraded crude oil and an abundance of methanogens may 

be ideal candidates for stimulating methanogenic crude oil biodegradation. 
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CHAPTER 1 

GENERAL INTRODUCTION 

Rapidly increasing carbon dioxide (CO2) concentrations in the Earth’s atmosphere, due 

mostly to the combustion of fossil fuels, is likely leading to anthropogenic climate change (IPCC, 

2011). Although most experts agree that the environment is experiencing deleterious impacts due 

to climate change, our global dependence on fossil fuels is as strong as ever. The current social, 

political, and economic state of most of the world’s countries requires that we continue to use 

fossil fuels as a bridge to affordable renewable energy and to help maintain our own national 

energy security. Therefore, in order to combat climate change while also continuing to provide 

reliable fossil fuel sources, it seems necessary to focus on technologies that can remove CO2 from 

the atmosphere, target hard-to-obtain fossil fuel sources (increasing our energy portfolio), and/or 

focus on those that use less energy (i.e., emit less CO2) to produce fossil fuels.  Two proposed 

methods that both reduce CO2 emissions to the atmosphere and provide additional fuel sources are 

geologic CO2 sequestration coupled with miscible CO2 enhanced oil recovery (EOR), and 

enhancing methanogenic crude oil biodegradation. 

Geologic CO2 sequestration involves capturing or collecting CO2 that is either currently in 

the atmosphere, or directly from a point source, and injecting it into a formation where it can be 

permanently stored (e.g., Blondes et al., 2013). However, limited data currently exist on the 

permanent storage mechanisms (i.e. fates) of CO2 during EOR operations; the injected CO2 could 

dissolve in non-producible formation fluids, travel outside the production area, or become 

stratigraphically trapped in the formation (e.g., buoyant or residual trapping) (Hill et al., 2013).  

Therefore, there is a need for research determining what happens to retained (i.e., not produced) 

CO2 during EOR in order to justify using expended oil and gas reservoirs as a reliable geologic 

CO2 sequestration target formation.  

Methanogenic crude oil biodegradation occurs when a microbial community in the 

subsurface consumes crude oil and converts the anabolic products to natural gas. Generally, 

combusting natural gas (either from shale or traditional reservoirs) is a cleaner alternative (i.e., a 

lower CO2 release per BTU) relative to coal and gasoline (e.g., Burnham et al., 2011), reducing 

CO2 emissions to the atmosphere.  This process can also target residual crude oil, eliminating the 

high energy alternatives (e.g., EOR) otherwise necessary to recover a portion of this difficult-to-
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obtain energy resource.  This process also has the potential to be stimulated, via the addition of 

nutrients, external microbial communities, or via controlling the hydrogeochemistry of the 

formation, which would produce even more natural gas from residual crude oil than occurs 

naturally.   

The overarching goals of this research are: 1) to determine if permanent CO2 storage 

mechanisms during miscible-CO2 EOR occur and can be determined using stable isotope and noble 

gas tracers; and 2) to better understand the hydrologic and microbiological controls on 

methanogenic crude oil biodegradation.  Specifically, noble gas, isotopic and geochemical tracers 

were used to both determine if CO2 was actively being stored in two different project phases that 

were being flooded with CO2 for EOR, and to determine if the currently retained volumes of CO2 

in each project phase could be justified as stored given reservoir parameters.  Furthermore, 

produced water, gas, crude oil and biomass were collected to determine the extent of crude oil 

biodegradation across 6 different oil fields along a hydrogeochemical gradient.  The relative 

amounts of crude oil biodegradation were compared to the relative extents of methanogenesis to 

determine if the two processes are coupled.  The microbial composition of the six different oil 

fields was determined, and a statistical analysis was performed to determine if differences in 

microbial community structure could be linked to changes in reservoir properties (e.g., pH, extent 

of crude oil biodegradation).  

1.1  Research Questions 

Objective 1 (addressed in Chapter 2): Determine fate of injected CO2 for enhanced oil recovery 
using chemical and isotopic tracers and mass balance 

1. Can real-time CO2 trapping be confirmed using isotopes in miscible CO2 enhanced oil 
recovery sites? 

2. Are post enhanced oil recovery reservoirs feasible for geologic CO2 sequestration (i.e., is 
there significant CO2 leakage during enhanced oil recovery)? 

Objective 2 (addressed in Chapter 3): Determine if apparent amount of methanogenesis is 
dependent on the amount of crude oil biodegradation  

1. Do areas with greater amounts of crude oil biodegradation also produce greater amounts 
of microbial methane?   

Objective 3 (addressed in Chapter 4): Determine how environmental conditions and microbial 
ecology impact the amount of both crude oil biodegradation and methanogenesis 
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1. Are significant microbial structure differences observed when environmental conditions 
(e.g., pH, extent of biodegradation) change between the sampled wells?  

2. If differences in a specific condition (e.g., amount of biodegradation) are present, which 
microbial changes can be associated with these significant differences? 

1.2  Thesis Organization 

In addition to this introductory chapter, this dissertation consists of three chapters and a 

general conclusions section. Any literature reviews, methods, data analysis, and results and 

conclusions will be presented independently of each other, within each subsequent chapter. All 

three chapters of this dissertation have been or will be submitted to journals for publication.  

Therefore, the following three chapters are modified from their submitted or to-be-submitted 

formats. The exact text in Chapters 2 and 3, which are either accepted (pending revisions) or in 

review, respectively, may be eventually modified (after revisions) when published. 

Chapter 2, entitled “DETERMINING CO2 STORAGE POTENTIAL DURING 

MISCIBLE CO2 ENHANCED OIL RECOVERY,” has been submitted to the International 

Journal of Greenhouse Gas Control (IJGGC) and has been accepted pending revisions. There are 

eight different co-authors on the IJGGC manuscript: Jenna Shelton, who devised the research plan, 

performed field work, analyzed the data, and wrote the manuscript; Jennifer McIntosh, committee 

member and Associate Professor at the University of Arizona, who assisted in editing the 

manuscript; Andrew G. Hunt, USGS Geochemist, who performed noble gas analyses and assisted 

in noble gas results interpretation; Thomas Beebe and Andrew Parker, Reservoir Engineer and 

Geologist, respectively, at Whiting Petroleum Corporation, who provided essential field 

parameters and geologic information about the study site; Peter D. Warwick, USGS Supervisory 

Geologist, who assisted in editing the manuscript; Ronald M. Drake II, USGS Geologist, who 

assisted in both field work and in editing the manuscript; and John McCray, advisor and 

Department Head at Colorado School of Mines, who assisted in editing the manuscript. Minor 

changes to Chapter 2 may be made prior to publication.  

Chapter 3, entitled “IMPACTS OF FORMATION WATER GEOCHEMISTRY AND 

CRUDE OIL BIODEGRADATION ON MICROBIAL METHANOGENESIS,” has been 

submitted to Organic Geochemistry (OG), and has been accepted pending revisions.  There are 

four different co-authors on the OG manuscript: Jenna Shelton, who devised the research plan, 

performed field work, analyzed the data, and wrote the manuscript; Jennifer McIntosh, committee 

member and Associate Professor at the University of Arizona, who assisted in research plan 
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development, field work and in manuscript preparation; Peter Warwick, USGS Supervisory 

Geologist, who assisted in editing the manuscript; and John McCray, advisor and Head of the Civil 

and Environmental Engineering Department at Colorado School of Mines, who assisted in editing 

the manuscript.  Changes to Chapter 3 may be made prior to publication. 

Chapter 4, entitled “CORRELATING OIL RESERVOIR MICROBIAL STRUCTURE TO 

FORMATION WATER GEOCHEMISTRY, CRUDE OIL BIODEGRADATION, AND 

BIOGENIC METHANE PRODUCTION” will be submitted to Frontiers in Microbiology.  There 

are six different co-authors on the CG manuscript: Jenna Shelton, who devised the research plan, 

performed field work, analyzed the data, and wrote the manuscript; Denise Akob, USGS Research 

Microbiologist, who assisted with research plan development, analyses, interpretation, and in 

editing the manuscript; Jennifer McIntosh, committee member and Associate Professor at the 

University of Arizona, who assisted in editing the manuscript; Noah Fierer, Professor at Unviersity 

of Colorado at Boulder, who assisted with statistical analyses, sample analyses, and editing the 

manuscript; John Spear, Professor at Colorado School of Mines, who assisted in editing the 

manuscript; Peter Warwick, USGS Supervisory Geologist, who assisted in editing the manuscript; 

and John McCray, advisor and Department Head at Colorado School of Mines, who assisted in 

editing the manuscript.  Changes to Chapter 4 may be made prior to publication. 
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CHAPTER 2 

DETERMINING CO2 STORAGE POTENTIAL DURING MISCIBLE CO2 ENHANCED OIL 

RECOVERY: NOBLE GAS AND ISOTOPIC TRACERS 

 

Modified from a paper accepted by International Journal of Greenhouse Gas Control 

 

Jenna L. Shelton, Jennifer C. McIntosh, Andrew G. Hunt , Thomas L. Beebe, Andrew D. Parker, 

Peter D. Warwick, Ronald M. Drake II, John E. McCray 

2.1 Abstract 

Rising atmospheric carbon dioxide (CO2) concentrations are fueling anthropogenic climate 

change.  Geologic sequestration of anthropogenic CO2 in depleted oil reservoirs is one option for 

reducing CO2 emissions to the atmosphere while enhancing oil recovery.  In order to evaluate the 

feasibility of using enhanced oil recovery (EOR) sites in the United States for permanent CO2 

storage, an active multi-stage miscible CO2 flooding project in the Permian Basin (North Ward 

Estes Field, near Wickett, Texas) was investigated.  In addition, two major natural CO2 reservoirs 

in the southeastern Paradox Basin (McElmo Dome and Doe Canyon) were also investigated as 

they provide CO2 for EOR operations in the Permian Basin. Produced gas and water were collected 

from three different CO2 flooding phases (with different start dates) within the North Ward Estes 

Field to evaluate possible CO2 storage mechanisms and amounts of total CO2 retention.  McElmo 

Dome and Doe Canyon were sampled for produced gas to determine the noble gas and stable 

isotope signature of the original injected EOR gas and to confirm the source of this naturally-

occurring CO2. As expected, the natural CO2 produced from McElmo Dome and Doe Canyon is a 

mix of mantle and crustal sources.  When comparing CO2 injection and production rates for the 

CO2 floods in the North Ward Estes Field, it appears that CO2 retention in the reservoir decreased 

over the course of the three injections, retaining 61%, 49%, and 39% of the injected CO2 for the 

2013, 2010, and 2008 projects, respectively, characteristic of maturing CO2 miscible flood 

projects.  Noble gas isotopic composition of the injected and produced gas for the flood projects 

suggest no active fractionation, while δ13C-CO2 values suggest no active CO2 dissolution into 

formation water, or mineralization.  CO2 volumes capable of dissolving in residual formation fluids 

were also estimated along with the potential to store pure-phase supercritical CO2. Using a 



6 

 

combination of dissolution trapping and residual trapping, both volumes of CO2 currently retained 

in the 2013 and 2008 projects could be justified, suggesting no major leakage is occurring.  These 

subsurface reservoirs, jointly considered, have the capacity to store up to 9 years of CO2 emissions 

from an average US power plant.  

2.2  Introduction 

Miscible carbon dioxide (CO2) flooding of depleted oil reservoirs, where CO2 is injected 

as a supercritical fluid and forms a single phase with the residual crude oil, is being more 

commonly applied for enhanced oil recovery (EOR) as primary production from major oil and gas 

reservoirs in the United States declines.  Currently, most of the CO2 used for EOR comes from 

natural sources (i.e., non-anthropogenic CO2).  The Permian Basin of Texas and New Mexico is 

one of the major areas of miscible CO2 flooding in the United States, and the operations use CO2 

primarily produced from Bravo Dome, McElmo Dome, and Doe Canyon reservoirs (e.g., Hill et 

al., 2013).  To evaluate the future supply of natural CO2 for EOR operations in the United States, 

it is important to understand the sources of CO2 (e.g., mantle or crustal derived).  These natural 

CO2 reservoirs have also been studied as potential geologic CO2 sequestration analogs (e.g., 

Lewicki et al. 2007; Gilfillan et al., 2008), as they have stored CO2 for, potentially, millions of 

years, and will likely have increased CO2 storage capacity as the reservoirs deplete.  Additionally, 

depleted oil reservoirs have been proposed as potential CO2 sequestration reservoirs, particularly 

post-EOR operations (e.g., Emberley et al., 2004; White, 2009; Hill et al., 2013). However, limited 

data currently exist on the possible fates or storage mechanisms of CO2 during EOR operations; 

CO2 could travel outside the production area, dissolve in residual oil and water, or become 

stratigraphically trapped in the formation (e.g., buoyant or residual trapping) (Hill et al., 2013). If 

CO2 migrates out of the target area, this may have negative implications for using these reservoirs 

for permanent anthropogenic CO2 storage. 

Noble gases are emerging as a useful tool for tracing CO2 fate and transport in reservoirs 

used for geologic CO2 sequestration studies (e.g., Gilfillan and Haszeldine, 2011; Holland and 

Gilfillan, 2013; Györe et al., 2015), as different sources of natural CO2 have different noble gas 

isotopic ratios.  For example, non-anthropogenic CO2 sourced from Bravo Dome has a different 

noble gas signature than CO2 sourced from McElmo Dome (Gilfillan et al., 2008).  Noble gases 

have been used mostly as a tracer of CO2 leakage from a target reservoir, and some research also 

suggests that noble gases may travel more quickly than CO2 through subsurface material, making 
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them possible pre-indicators of CO2 leakage in geologic CO2 sequestration sites (Cohen et al., 

2013; Gilfillan et al., 2014).  Noble gases fractionate during various transport and partitioning 

processes as the system moves away from equilibrium (e.g., Bosch and Mazor, 1988; Zhou et al. 

2005; Gilfillan et al., 2008, 2009; Holland and Gilfillan, 2013; Prinzhofer, 2013), and, when 

combined with other geochemical data, can therefore be used to infer if a reservoir is out of 

equilibrium and if CO2 is being stored in a reservoir. 

The goals of this research were to track the fate and transport of natural CO2 as it moves 

and is potentially stored in a miscible CO2 EOR site, while also determining if isotopes are useful 

tracers of CO2 fate and transport in active miscible CO2 flood projects, and to estimate the storage 

potential of the target formations sampled for this study in order to determine if CO2 leakage is 

occurring in these sites.  The primary objectives of this study were to: 1) verify the source and 

establish the geochemical and isotopic signature of the CO2 produced from Doe Canyon and 

McElmo Dome (because they are likely the source fields for the CO2 injected for the sampled EOR 

projects); and 2) infer if CO2 storage is occurring during CO2-miscible EOR, and attempt to 

quantify the storage amount.  Noble gases and natural gas geochemistry were used to track the fate 

and transport of CO2 from its determined source, the Paradox Basin of Colorado, to its eventual 

sink in miscible CO2 flooding sites in the Permian Basin of Texas.  CO2 gas was sampled from 

two known sources for Permian Basin EOR operations, McElmo Dome and Doe Canyon in the 

Paradox Basin, while gas and water were also sampled from four different areas, one waterflood 

and three miscible CO2 flood areas in the North Ward Estes Field of the Permian Basin in order to 

infer possible storage mechanisms for CO2 in EOR sites.   

2.3 Brief History of McElmo Dome, Doe Canyon, and the North Ward Estes Field 

McElmo Dome and the adjacent Doe Canyon (Figure 2.1) produce CO2 from the Leadville 

Limestone, a Mississippian dolomitic carbonate, which occurs between 1,800 m and 2,600 m 

below ground surface and has an average thickness of 100 m across the production area (Stevens 

et al., 2001).  CO2 has been commercially produced from McElmo Dome since 1984, and at that 

time, the produced gas composition exceeded 98% CO2 (Stevens et al., 2001).  At the time of 

sampling, the Doe Canyon gas processing facility was being expanded to facilitate additional CO2 

production from the area.  Kinder Morgan, LLC, currently operates both fields. 

Some work has been performed on the natural CO2 reservoirs in the greater Colorado 

Plateau region, mostly to assess the source of the CO2 (Gilfillan et al., 2008), and the feasibility of 
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using these natural CO2 reservoirs for anthropogenic CO2 storage (Allis et al., 2001; Shipton et al., 

2004; Gilfillan et al., 2008).  Initially, it was thought that the CO2 produced from these two fields 

formed during the thermal breakdown of the carbonate formation (Cappa and Rice, 1995).  

Gilfillan et al. (2008) sampled natural CO2-producing wells from both McElmo Dome and Doe 

Canyon, where they determined that the CO2 produced from McElmo Dome was mostly mantle 

derived, as the CO2/3He ratios from all wells sampled fell between 1x109 and 1x1010, the currently 

accepted magmatic range for CO2/3He ratios (Marty and Jambon, 1987; Sherwood Lollar et al., 

1997; Ballentine et al., 2001).  However, a few of the McElmo Dome wells produced gas with 

relatively high CO2/3He ratios, in which Gilfillan et al. (2008) concluded that crustal CO2 might 

be contributing to McElmo Dome gas.  This was later supported with high 21Ne/22Ne ratios and 

low 20Ne/22Ne ratios (Gilfillan et al., 2008).  The Doe Canyon sampled gas had a CO2/3He ratio 

much lower than the accepted magmatic range, which Gilfillan et al. (2008) suggested was due to 

CO2 fractionation or loss values. 

 The EOR projects sampled for this study produce from the Guadalupian Yates and Queen 

formations of the North Ward Estes oil field, which lies on the Midland Basin of the larger Permian 

Basin (Figures 2.1 and 2.2).  The Permian Basin began producing oil in the 1920s and currently 

accounts for roughly 14% of total US oil production (Dutton et al., 2004; Texas Railroad 

Commission, 2013).  The North Ward Estes Field, as of March 2013, is the 11th largest cumulative 

oil-producing field in the Permian Basin (Texas Railroad Commission, 2013).  The Yates and 

Queen formations are similar: both produce from multiple pay zones and are heterogeneous 

siliciclastic, transitioning updip to evaporites and red beds (Dutton et al., 2004).  The Queen 

Formation is a mixed shelf clastic carbonate, comprised of mostly dolomite, sandstone, and 

siltstone, that produces oil, brine and gas from depths between approximately 910 and 1000 m 

below ground surface (Crandall, 1929; Moran, 1954, Ward et al., 1986).  The relatively less 

productive Seven Rivers Formation is encountered between the Queen and Yates formations, and 

is approximately 30 m thick.  The Yates Formation is a carbonate-siliciclastic unit with varying 

porosity, permeability, and oil production across the Permian Basin (Borer and Harris, 1991).  It 

produces crude oil, gas and brine from depths between approximately 730 and 880 m below the 

surface (Dutton et al., 2004).  

Whiting Petroleum Corporation currently operates the North Ward Estes Field.  The field 

was discovered in 1929, produces from a surface area of approximately 1.6x108 m2 (39,000 acres), 
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and was estimated to contain approximately 1.3x1011 L (1.1 billion barrels) of original oil in place 

(OOIP) (Ring and Smith, 1995).  As of November 2013, the North Ward Estes Field contained 

more than eight CO2 flood expansion areas and/or miscible CO2 floods, either in the pre-EOR 

phase (primary production supported by waterflood operations), or supporting water-alternating-

gas (WAG) operations.  Miscible CO2 flooding via WAG is currently being applied across the 

North Ward Estes Field, with 100% of the CO2 coming from the Cortez pipeline (Figure 2.1). 

2.4 Methods 

A total of 18 different locations were sampled in November of 2013 for this study (Figure 

2.1; Table A-1). They included injection wells, production wells, satellite stations (areas where 

produced water, oil and gas from numerous wells are initially piped and combined into one larger 

mixture), and processing plants (CO2 purification and compression plants) (Figure 2.1; Table A-

1). Three produced gas and water samples were collected from three CO2 processing areas in the 

McElmo Dome CO2 field. The processing plants allowed for the sampling of co-mingled Leadville 

Formation gas from various production wells.  The three processing stations at McElmo Dome 

will be identified heretofore as simply “McElmo Dome.” One produced gas sample was collected 

from the Doe Canyon CO2 processing plant. 

Four different post-primary recovery project phases in the North Ward Estes Field in Texas 

were also sampled: three projects under a miscible CO2 flood and one under a waterflood (pre-

CO2 injection).  The wells in each project area were chosen due to their proximal surficial location 

(within the same 5 spot pattern or line drive) and their stratigraphic positions (i.e., into which sands 

the wells were drilled into; Figure 2.2) so that the chosen wells were likely in communication with 

each other.  The waterflood area was used as an analog for pre-CO2 injection geochemical 

conditions for the current CO2 flooded areas, as the sites share similar lithology and therefore, 

hydrogeochemical changes due to CO2 flooding operations may be discerned.  The different EOR 

projects are identified in this study by their project start dates, which were 2008, 2010, and 2013, 

whereas the single waterflooded area is identified as “Waterflood.”   The sampling and analysis 

methods for each of the sites are described below.   

The McElmo Dome and Doe Canyon CO2 processing facilities allowed for gas sampling 

before processing, compression and distribution into the Cortez pipeline that connects to the 

Permian Basin. Isotech® gas canisters were attached to outlet points along the CO2 inlet pipeline, 

and flushed for 10 seconds 10 times before sample collection.  An Isotech® Gas Sampling 
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Manifold was then attached to the gas outlet point, and one end of Naglene PVC tubing was 

attached to the sampling port of the Manifold.  The other end of the PVC tubing was attached to 

one end of a 20mm long piece of refrigeration grade copper tubing.  The outlet end of the copper 

tube was attached to another length of Nalgene tubing, with the end of the tubing placed in a beaker 

full of Milli-Q water to prevent atmospheric gas back-flow into the copper tube.  The Isotech® 

Gas Sampling Manifold kept the inflow pressure below 100 psi, and the copper tube apparatus was 

flushed for at least 30 seconds. The gas line was shut off, and the inlet end of the copper tube was 

cold welded shut, followed by the outlet end (this allowed for the final gas pressure in the tube to 

be at atmospheric pressure).  The Isotech® canisters were shipped to Isotech® Laboratories in 

Champaign, Illinois for gas composition and compound-specific isotope analysis, and the copper 

tubes were transported to the U.S. Geological Survey’s Noble Gas Laboratory in Lakewood, 

Colorado for gas composition (including noble gases) and isotopic analysis.   

The four EOR project phases (3 CO2 floods and 1 waterflood) in the North Ward Estes 

Field were sampled for produced gas and water, and injected gas and water.  Injected and produced 

gas was collected from the wellhead in Isotech® Isotubes® (attached to the Isotech® Gas 

Sampling Manifold) that were flushed for at least 20 seconds three times prior to sample collection.  

The Isotubes® were shipped to Isotech® Laboratories for gas composition and compound specific 

isotope analysis. Noble gases were also collected via the copper tube method discussed above, and 

transported to the U.S. Geological Survey’s Noble Gas Laboratory.  

Due to the dramatic drop in temperature that occurs when pressurized CO2 is brought from 

reservoir conditions (supercritical fluid) to atmospheric pressure, produced water could not be 

sampled at the wellhead (as it was produced as a frozen slush). Therefore, produced water was 

collected at satellite stations.  It is important to note that although the water was collected at 

satellite stations, which mix fluids from multiple adjacent wells into one larger stream, we were 

able to sample fluids from individual wells before fluid combination.  This produced water was 

collected in 1-gallon (3.78 L) plastic jugs from an outlet port, filtered through 0.2 µm nylon syringe 

filters attached to 60 mL sterile BD syringes into a 30 mL HDPE bottle, and placed on ice until 

analysis. We collected injected water at the wellhead (as it was not frozen), following the same 

procedure as the produced water.   

Alkalinity for both the injected and produced North Ward Estes Field waters was titrated 

within 8 hours of sample collection using the Gran-Alk method (Gieskes and Rodgers, 1973; 
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McIntosh et al., 2004; McIntosh et al., 2010), while pH was determined in the field using a 

pH/conductivity meter and an Orion conductivity probe, calibrated daily.  Temperature of the 

produced North Ward Estes Field fluids could not be determined due to the samples being collected 

at satellite stations.  Bulk gas concentrations were measured on a quadrupole MS in the Noble Gas 

Laboratory at the U.S. Geological Survey in Lakewood, Colorado.  Stable isotopes of 

hydrocarbons and CO2 (δ13C-CO2, δ13C-CH4, δ13C-ethane, δ13C-propane) were analyzed via gas 

chromatography combustion isotope ratio mass spectrometry (GC-C-IRMS; precision ±0.3‰) 

while δ2H-CH4 was analyzed via gas chromatography pyrolysis isotope ratio mass spectrometry 

(GC-P-IRMS; precision ±5.0‰) by Isotech® Laboratories of Champaign, Illinois (Table A-2).   

For noble gas analyses, a cold welded copper tube containing a gas sample was attached to 

an ultra-low vacuum extraction line pumped down to a pressure less than 1.3x10-11 MPa.  The 

copper tube was then opened and the sample gas expanded through two co-axial dry ice ethanol 

traps (~200K), and flowed into the extraction line.  The sample gas was exposed to an aluminum 

zirconium trap at 632K to remove the reactive gases, producing a homogenized noble gas fraction 

sample.  Argon, krypton and xenon isotopes were measured on a MAP 215-50 magnetic sector 

mass spectrometer. To separate the helium and neon fractions from the argon-krypton-xenon 

components, the remaining sample was exposed to successive cryogenic traps (LN2/charcoal and 

helium cryostat).  The helium and neon fractions were successively released from the cryostat and 

measured on the MAP 215-50 for quantitative isotopic compositions.  Data for the calculation of 

isotopic compositions were compiled from calibration curves from successive aliquots of an in-

house air standard. Reported errors, ranging from 0.5% to 6.61% for the noble gas concentrations, 

represent the reproducibility of the air standards to the generated calibration curves (Hunt et al., 

2013).  

2.5 Results  

The analytical results for the 18 samples collected in November 2013 for this study are 

outlined in Tables A-1 through A-3:  Table A-1 provides sample location information; Table A-2 

provides pH, alkalinity, molecular and isotopic composition data for the gases and waters 

collected; and Table A-3 provides isotopic ratio information for noble gases. 

2.5.1 Gas Geochemistry of McElmo Dome and Doe Canyon 

Concentrations of the major geochemical elements (e.g., CH4, CO2, He) of the gas 

produced from the three processing stations of McElmo Dome were all similar to each other (Table 
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A-2).  The CO2 content for McElmo Dome produced gas averaged 98.2 mol%, with nitrogen being 

the next greatest component (1.57 mol% average). CO2/3He ratios for McElmo Dome ranged from 

4.4x109 to 4.5x109, R/Ra (3Hesample/4Hesample to 3Heair/4Heair) ranged from 0.155 to 0.164, and 
40Ar/36Ar ratios ranged from 7734 to 8347 (Table A-3).   The 20Ne/22Ne ratios for gases sampled 

from McElmo Dome ranged from 9.03 to 9.32, and 21Ne/22Ne ratios ranged from 0.072 to 0.108. 

Doe Canyon major element gas geochemistry was slightly different than McElmo Dome 

gas geochemistry, with CO2 content being 95.3 mol%; the second largest chemical constituent was 

also nitrogen, but at 3.36 mol%.  The CO2/3He ratio for Doe Canyon was 2.0x109, the R/RA was 

0.076, and the 40Ar/36Ar ratio was 7986 (Table A-3).  The 20Ne/22Ne ratio for gas sampled at Doe 

Canyon was 9.17, while the 21Ne/22Ne ratio for Doe Canyon gas was 0.062.   

2.5.2 Injected and Produced Gas and Water Geochemistry of the North Ward Estes Field  

 Gas and water are both injected and produced in the North Ward Estes Field, at varying 

rates and with varying geochemistry.  Supercritical fluid (mostly CO2) has been injected at varying 

rates throughout the lifetimes of the EOR three project phases (no gas had been injected into the 

Waterflood project as of November, 2013); the total volume of gas injected into the three EOR 

project phases over their respective lifetimes were 7.3x109 m3, 6.3x108 m3, and 7.2x107 m3 for the 

2008, 2010, and 2013 project phases, respectively (Table A-1).  The injected fluid for the 2008 

project phase is composed of mostly CO2, at an average of 97.8 mol%, with nitrogen being the 

next greatest geochemical component, at 1.08 mol% (Table A-2).  The 2010 and 2013 EOR project 

phases also injected fluid that was mostly CO2, averaging 97.7 mol% and 97.5 mol%, respectively, 

with nitrogen also being the second most abundant chemical constituent.  The δ13C-CO2 value for 

the 2008 injected fluid averages -4.4‰, the 4He content averages 1.5x10-3 cm3STP/cm3, the 

CO2/3He ratio averages 3.7x109, and the R/RA averages 0.128 (Tables A-2 and A-3).  The δ13C-

CO2 value for the 2010 injected fluid also averages -4.4‰; no noble gas geochemistry could be 

analyzed, due to the copper sample collection tubes rupturing post-collection.  The δ13C-CO2 value 

for the 2013 injected fluid averages -4.4‰, the 4He content averages 1.4x10-3 cm3STP/cm3, the 

CO2/3He ratio averages 4.1x109, and the R/RA averages 0.128 (Tables A-2 and A-3).  Water is only 

constantly injected into the Waterflood project (the other 3 project phases are water-alternating-

gas injections); the alkalinity of the injected water is 24.1 meq/kg, while the pH is 7.5.   

Total gas produced from the three EOR project phases over their respective lifetimes vary 

geochemically; total gas production volumes as of November 2013 are 4.4x109 m3, 3.4x108 m3, 
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and 2.8x107 m3 for the 2008, 2010, 2013 projects, respectively.  The 2008 project phase produced 

gas is composed of mostly CO2, but at a lower mol% that the injected gas, averaging 96.9 mol% 

(Table A-2). The 2010 and 2013 EOR project phases also produce mostly CO2 at lower 

concentrations than that injected into each project, at average concentrations of 90.4 mol% and 

96.4 mol%, respectively.  Produced gas for all three project phases produce the same average δ13C-

CO2 value as is injected, -4.4‰, -4.4‰, and -4.5‰ for the 2008, 2010, and 2013 project phases, 

respectively.  The Waterflood produces gas with a δ13C-CO2 value of -14.1‰ (Table A-2).  The 
4He content for the 2008 produced gas averages 1.4x10-3 cm3STP/cm3, the CO2/3He ratio averages 

3.8x109, and the R/RA ratio averages 0.133 (Tables A-2 and A-3).  The 4He content for the 2013 

EOR project phase averages 1.5x10-3 cm3STP/cm3, the CO2/3He ratio averages 3.6x109, and the 

R/Ra ratio averages 0.128 (Tables A-2 and A-3).  Again, the noble gas geochemistry was not 

analyzed for the 2010 project due to faulty gas collection equipment. 

Water is co-produced (along with oil and gas) from all four project phases.  The pH 

averages 7.5, 7.8, 7.3, and 7.8 for the 2008, 2010, 2013 EOR project phases, and Waterflood 

project, respectively.  The alkalinity averages 23.5 meq/kg, 32.8 meq/kg, 12.7 meq/kg, and 7.6 

meq/kg for the 2008, 2010, 2013 EOR project phases, and Waterflood project, respectively.  

Temperature of the formation water could not be determined because the fluid was produced as a 

slush, caused by the pressure drop of the CO2 as it reaches the surface.  However, the average 

reservoir temperature for the four sampled reservoirs is approximately 28°C (written 

communication, Whiting Petroleum Corporation, 2014).  The produced water chemistry from the 

Waterflood project phase likely reflects pre-CO2 injection water geochemistry for the 2008 and 

2013 projects, as no CO2 had been injected into the target sand at the time of sample collection. 

2.6   Defining the Geochemistry and Source of the natural CO2 of the Paradox Basin 

Traditionally, 13C-CO2, R/RA values, 20Ne/22Ne ratios, 21Ne/22Ne ratios and 40Ar/36Ar 

ratios have been used as diagnostic tools to determine mantle, air, and crustal components to 

natural gases, and there are recognized values for these four ratios for each (e.g., mantle, crustal) 

gas source (Mamyrin et al., 1970; Graham, 2002; Ozima and Podosek, 2002; Holland and 

Ballentine, 2006; Lee et al., 2006; Valkiers et al., 2010).  Previous research focusing on McElmo 

Dome and Doe Canyon fields suggest varying sources for the CO2 produced.  Gilfillan et al. (2008) 

used CO2/3He ratios and CO2 content as evidence for a magmatic source for the CO2 produced 

from McElmo Dome and Doe Canyon (Figure 2.3A).  Karlstrom et al. (2013) also suggested a 
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mantle source for various natural geothermal and carbonic springs throughout the Rocky Mountain 

region, relying mostly on R/RA values.  Adams et al. (2015) suggested a mixed mantle-crustal gas 

source for these two CO2 fields, using a combination of gas composition data, noble gas 

concentrations, and stable isotope signatures.   

The gas analyzed from McElmo Dome and Doe Canyon is geochemically similar to the 

gases previously sampled in the study area (Gilfillan et al., 2008; Adams et al., 2015).  The 13C-

CO2 values and corresponding CO2 content of the gas collected from McElmo Dome and Doe 

Canyon for this study suggest either alteration of marine carbonates or magmatic/volcanic sources 

for the produced CO2 (e.g., Hollland and Gilfillan, 2013).  CO2 content and CO2/3He ratios plot 

similarly to data collected by Gilfillan et al. (2008), also suggesting a mantle source for the CO2 

gas (Figure 2.3A).  However, the noble gases do not suggest a mantle-derived source.   

Using argon isotope ratios and R/RA values (Figure 2.3B), it appears that the noble gases 

from McElmo Dome and Doe Canyon are mostly crustal in origin, with all gases falling within the 

accepted range for crustal 40Ar/36Ar ratios.  The R/RA values for McElmo Dome suggest mixing 

with either the air, likely due to mixing with air saturated water or formation water, or mantle gas 

sources, as the R/RA values are larger than 0.1. Doe Canyon gas geochemistry agrees with the 
40Ar/36Ar diagnostic, being less than 0.1 and suggesting a crustal origin.  When examining the 
20Ne/22Ne and21Ne/22Ne values, the isotopic values suggest a different source (Figure 2.3C).  Both 

neon isotope ratios plot closest to the air endmember (with no other gas composition evidence of 

actual air contamination), with likely contributions from both the mantle and the crust.  This is 

likely caused by gas-formation water interactions (Gilfillan et al., 2008, 2009), and not by actual 

air addition into the system.  Generally, 20Ne/22Ne and 21Ne/22Ne values for McElmo Dome and 

Doe Canyon suggest a greater atmospheric contribution when compared to Gilfillan et al. (2008), 

as gases sampled for this study are shifted towards the air endmember, suggesting air addition or 

gas/water partitioning.  These data suggest that the bulk gas contribution (i.e., CO2) is likely 

sourced from the mantle.   However, some of the bulk gas contribution may be sourced from the 

crust, as the noble gas data suggest.  

2.6.1 Determining Volumes of CO2 Incidental Storage in the North Ward Estes Field 

To determine natural CO2 geochemistry changes from source to sink in an EOR field, we 

sampled the North Ward Estes oil field, which is currently undergoing a multi-phase miscible CO2 

flood EOR project.  The non-recycled (i.e., purchased) CO2 injected into the North Ward Estes 
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Field is piped from the Denver City Hub (Figure 2.1).  Due to the likelihood of miscible CO2 flood 

reservoirs to be sinks for injected CO2, the injection and production rates of gas for 3 different CO2 

flood projects in the North Ward Estes Field were used to determine how much CO2 is currently 

being retained in the subsurface for each miscible CO2 flood project (i.e., incidentally stored). 

If the total gas injection and production rates (coupled with the CO2 mol% of the produced 

gas) are known, the percent of CO2 incidentally stored in each of the flooded reservoir phases in 

the North Ward Estes Field (injection and production rates provided by Whiting Petroleum 

Corporation; Figure 2.3) can be discerned using the following equations: 

 

Mole % of CO2 Retained = 100 × 
moles of CO2 Injected-moles of CO2 Produced

moles of CO2 Injected  

 

Rate of CO2 Injected or Produced 

= mol fraction CO2  * (Total Gas Rate Injected or Produced) 

 

Using the equation suggested by Melzer (2012) to obtain percent of CO2 stored, 

 

CO2 Storage %  = 100 × 
Total CO2 Injected-CO2 Produced-CO2 losses

Purchased CO2 Injected  

 

where CO2 losses are defined as both surficial losses, typically small volumes that escape the major 

processing stream or that must be flared/vented during system shut downs, and defined as 

subsurface losses, typically due to lateral escape from the target sand (Melzer, 2012), would 

require anticipated or actual CO2 losses above the surface, which was unavailable for this study.  

Therefore, simply mol% of CO2 retained in each miscible CO2 flood project will be presented.   

The cumulative (over the lifetime of the project) gas injection and production volumes for 

each project vary between project phases (Table A-1).  The values presented in Table A-1 reflect 

the cumulative (mixed) gas injection and production volumes across the entire project phase 

throughout the lifetime of the project as of November 2013.  Using these values combined with 

the average mol% of CO2 for the injected and produced gas for each project phase (2008, 2010, 

2013) and equation 1, the total CO2 injected into and produced from each project phase could be 

calculated (Table A-1).  It is important to reiterate that the injection and production volumes were 
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taken at the end of November 2013, that CO2 is still being injected into these three project phases, 

and that daily injection and production rates varied (and continue to vary) throughout the lifetime 

of each miscible CO2 flood project considered for this study. 

All three miscible CO2 projects are retaining CO2 from injection to production (typical of 

immature EOR projects; Melzer, 2012) at amounts of 39%, 49% and 61% for the 2008, 2010, and 

2013 projects, respectively (Figure 2.4).  These data agree with others, and confirm that both 

incidental retention of CO2 occurs in full-scale (i.e., non-pilot sites) miscible CO2 flood sites (e.g. 

Melzer, 2012; Hill et al., 2013), and that CO2 recovery increases over time.  Melzer (2012) suggests 

that, once CO2 miscible flood projects reach full maturity, the instantaneous retention remains 

close to 30%, and that initially, up to 100% of the injected CO2 could be retained.  Therefore, none 

of these three projects are likely mature.   

2.6.2 Isotopic Evidence for CO2 Trapping during Miscible CO 2 Flooding 

With incidental CO2 storage occurring in the miscible CO2 flood projects evaluated for this 

study, it is important to determine if permanent CO2 trapping mechanisms are occurring, or if this 

residual CO2 is migrating out of the target areas.  The major permanent CO2 trapping and storage 

mechanisms typically considered for CO2 sequestration are residual trapping, buoyant trapping, 

solubility (or dissolution) trapping, and mineralization (e.g., Baines and Worden, 2004; Gilfillan 

et al., 2009; Brennan et al., 2010; Blondes et al., 2013; Cohen and Rothman, 2015).  During 

miscible CO2 flooding projects, trapping of CO2 is typically due to dissolution into fluids that are 

trapped in inaccessible pore space or to adsorption to rock surfaces (such as shale and clay; Nuttall 

et al., 2005; Busch et al., 2008; Kang et al., 2010; Gensterblum et al., 2013; Heller and Zoback, 

2014), while CO2 loss outside of the target formation volume is also a possibility (Melzer, 2012). 

Incidental CO2 storage in miscible flood reservoirs is different than permanent CO2 storage; flood 

projects actively produce formation fluids that include part of the injected CO2, whereas formation 

fluid production may not occur in permanent geologic CO2 storage projects.  Therefore, in active 

miscible CO2 flooding projects, CO2 can only be stored (i.e., is not produced) as either a 

supercritical phase in the subsurface or dissolved in the oil and water that is trapped in areas 

inaccessible by the circulating fluids, such as dead end pores, or it could be lost by traveling outside 

of the target reservoir, where it remains in a (possibly) inaccessible part of the formation or 

adjacent formations. 
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Historically, δ13C-CO2 has been used independently or in conjunction with noble gas 

isotopes to track CO2 fate and transport in sequestration or analog sites (e.g., Raistrick et al., 2006; 

Myrttinen et al., 2012a; Gilfillan et al., 2014; Shelton et al., 2014).  For this method to be 

successful, research suggests that the injected gas must be isotopically distinct (i.e., the δ13C-CO2 

value of the injected gas must be around 10‰ different than the formation’s pre-injection δ13C-

CO2 value) from the original pre-injection formation gas (e.g., Johnson et al., 2009; Mayer et al., 

2015). This is the case for the pre-injection conditions for the current study, as the source gas (i.e., 

McElmo Dome and Doe Canyon gas), and produced gas from the Waterflood project phase have 

δ13C-CO2 values that are ~10‰ different (Table A-2). However, the current δ13C-CO2 values for 

produced and injected gas for the 2008 and 2013 EOR projects are, on average, within analytical 

error of source gas δ13C-CO2 values.   

This similarity suggests that no active fractionation mechanisms are occurring, particularly, 

that CO2 dissolution and mineralization are not occurring, as dissolution of CO2 into water would 

cause a isotopic shift in the δ13C-CO2 value of formation gas compared to injected gas (e.g., Mook 

et al., 1974, Myrttinen et al., 2012b).  The lack of fractionation could also be due to short residence 

times of the injected gas, preventing isotopic equilibrium fractionation effects, or due to the system 

simply being out of partitioning equilibrium.  Unlike δ13C-CO2 values, isotopic equilibrium of 

noble gas systems is indicated by lack of fractionation of the associated isotopes (i.e., a noble gas 

system at isotopic equilibrium will not be fractionated) (Prinzhofer, 2013).  This is also supported 

by comparing the CO2/3He values from the injected gas to the produced gas for the 2008 EOR 

project phase (Table A-3).  Dissolution (and subsequently, mineralization) would cause a decrease 

in this ratio compared to a non-dissolved gas; 3He is conservative, and CO2 concentrations in the 

gas would decrease as CO2 dissolves into the formation fluids (e.g., Gilfillan et al., 2008; 2009).  

The CO2/3He values for the injected gas and the produced gas for the 2008 project phase are similar 

(all are within analytical error).  The CO2/3He values for the 2013 project phase show a bit more 

variation when comparing the average value for the injected gas to the produced gas – the 

production wells, on average, produce gas with a lower CO2/3He ratio than the injection wells. 

This indicates that some CO2 dissolution is likely occurring.  

For this study, there are three major gas endmembers: 1) injection gas (mixture of natural 

CO2, purchased CO2, and recycled produced gas (mostly CO2) from the North Ward Estes Field); 

2) pre-injection formation gas representing background conditions; and 3) produced gas.  In the 
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North Ward Estes Field, produced gas is recycled and mixed with newly purchased natural CO2; 

this mixture is injected into all of the miscible CO2 flood projects across the field.  The pre-

injection formation gas geochemistry will be inferred from the gas geochemistry of the Waterflood 

project, which has never been under an active gas injection.  Differences in the noble gas 

concentrations in the 3 gas endmembers were examined to determine if active fractionation is 

occurring across the two project phases.  In order to assess geochemical deviations from the 

injected and produced gas in both the 2008 and 2013 projects, any isotopic variation outside of the 

standard deviation of the injected gas will be considered significant.   

When comparing the gas geochemistry for the 2008 and 2013 projects, most of the average 

values for the measured chemical constituents in the injected and produced gas, when compared 

to each other, are within analytical error of the measurement (e.g., R/RA values, 20Ne/22Ne). The 

2013 injected and produced gas is fairly uniform, albeit different CO2/3He ratios.  The gas injected 

during the 2008 EOR project phase was somewhat variable (e.g., 4He/20Ne ratios), while the 

produced gas sampled across the 2008 project was relatively uniform, with chemical constituents 

generally within error of each other (e.g., R/RA values).   This creates a problem as the injected 

gas across each miscible CO2 flood project in the North Ward Estes Field should be geochemically 

similar if sampled at the same time – the injection gas geochemistry should not vary beyond 

analytical error as it is all from the same source.  These differences suggest that the injection gas 

is not uniform, that isotopic fractionation is occurring during transport of the gas to each injection 

well (e.g. Bouchard et al., 2011), and/or that sampling or analytical errors occurred causing 

differences in the geochemical composition of the gas (e.g., some sample contamination could 

have occurred).  

The 2013 miscible CO2 flood project, the more likely of the two projects to be out of 

geochemical equilibrium (as it as a more recent flood initiation date and is likely experiencing 

some CO2 dissolution) has a fairly uniform injection gas, as shown by many noble gas 

concentration and ratio standard deviations falling within the error of the analytical measurements.  

Produced gases from the 2013 EOR project are geochemically distinct (outside analytical error) 

from the injection gas, with different 4He concentrations and 3He/CO2 ratios. The difference in 

CO2/3He is likely due to some dissolution, as discussed previously, while the difference in 4He 

content between the injected and produced gas is likely due to the injected CO2 stripping innate 

helium out of the reservoir (e.g., Györe et al., 2015).  Gases injected during the 2008 EOR project 
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are fairly variable when compared to each other (i.e., gases entering different injection wells), 

while produced gas is geochemically similar to the average composition of the injected gas.  

Therefore, the 2008 EOR project phase is likely at equilibrium, because no noble gas fractionation 

is occurring, the residence time of the gas in the system is too short to reflect any isotopic 

disequilibrium, or that simply, the volume of CO2 injected over such a short time is so large that 

there is no longer any storage capacity for it via dissolution. 

2.6.3 Estimating Incidental Storage of CO2 in the North Ward Estes Field 

As the isotopic evidence suggests little active dissolution in the two full scale miscible CO2 

flood project phases in the North Ward Estes Field, other storage mechanisms must be considered.  

A simple mass-balance approach was used to determine the amount of CO2 that could be residually 

stored in dead end (non-swept, inaccessible) pores by calculating the volume of pore space 

inaccessible by the miscible CO2 flood efforts.  Current volumes of CO2 dissolved in formation 

fluids were also estimated using the maximum solubility of CO2 in inaccessible pore-related 

reservoir fluids and the volume of those fluids residing in the subsurface.  

Volumes of CO2 unaccounted for by solubility trapping must be either sorbed to mineral 

surfaces (although this volume is likely minimal due to active pumping of the reservoir fluids), 

trapped in a pure phase (i.e., as a supercritical fluid) in dead end pores (displacing other fluids) or, 

it has traveled outside of the target reservoir.  We initially assume that all inaccessible pore space 

is filled with a mixture of water and oil at different saturations. We then estimate the possibility 

for residual trapping, assuming that part of this inaccessible pore space is also filled with pure-

phase supercritical CO2 (we assume that buoyant trapping is not occurring due to active 

production). 

2.6.3.1  Estimating Incidental Storage in Formation Water 

In order to provide estimates for CO2 incidentally stored in inaccessible formation water, 

estimates of inaccessible pore space in each reservoir were required.  Before the initiation of the 

miscible CO2 flood, both the 2008 and 2013 projects were estimated to be at 68% residual water 

saturation (written communication, Whiting Petroleum, 2015), while post miscible CO2 flood 

operations tend to leave reservoirs at ~80% residual water saturation.  Therefore, we assume that 

at least 20% of the total pore space remains unaffected (i.e., not contacted by injected CO2 and 

water) by a miscible CO2 flood EOR effort, and, of that unswept pore space, on average, 20% is 
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filled with oil.  Therefore, we will estimate that unswept pore space will fall between 20-40%, and 

that the fluids in this inaccessible pore space are 80% water and 20% oil.  

Using produced water pH, in-situ conditions, and the above mentioned unswept pore space 

estimates, the CO2 concentration in produced formation brine could be calculated for both of the 

2008 and 2013 flood projects (Table A-4).  It is important to note that the pH of the formation 

waters (measured at the surface) will change at higher pressures and temperatures (i.e., in-situ 

conditions), and that some minerals may have salted out before geochemical measurements; 

therefore, these calculations are simply an estimate for the current in-situ geochemical conditions.   

Using these values and equilibrium partitioning coefficients (temperature-dependent 

equations for KH, K1, and K2 found in Appelo and Postma, 2005) we can estimate the number of 

moles of CO2 that can be stored via dissolution trapping.  The equilibrium carbonate partitioning 

equations are as follows: 

 [CO2 aq ] =  KH × PCO2 

 [H2CO3
*] ≅ [CO2 aq ] 

 

K1= 
[H+][HCO3

- ]
[H2CO3

*]
 

 

K2= [H+][CO3
2-]

[HCO3
- ]  

 

[Total Inorganic Carbon]Reservoir = [CO3
2-] + [HCO3

- ] + [H2CO3
*] 

 

After calculating temperature-dependent K values and using the pH to calculate [H+] 

concentration, the total inorganic carbon (TIC) concentration (mol/L) of the produced water can 

be calculated (Table A-4).  To determine the amount of CO2 currently trapped in dead end pores 

filled with this formation water, the volume of water possibly retained in each reservoir was 

calculated using 
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Total Reservoir Pore Space * Percent Inaccessible Water Saturation * [TIC] 
=moles of CO2 retained in formation water 

 

where the total reservoir pore space was calculated using reservoir thickness, average porosity, 

and project surface area; and the percent inaccessible water saturation was calculated by 

multiplying the total inaccessible pore space (40-20% total pore space) by the estimated water 

saturation (80%) of that inaccessible pore space (Table A-4).   In order to convert moles of CO2 to 

volume of CO2, van der Waals equation was used, with van der Waals constants (a: 3.592 

L2atm/mol2; b: 0.04267 L/mol) for CO2 applied (Weast, 1969).   

Using the above assumptions and equations, the maximum and minimum CO2 contents 

dissolved in residual formation water for each project phase were calculated.  For the 2008 project, 

the maximum CO2 content dissolved in residual formation water is 2.9x107 m3, while the minimum 

CO2 content is 1.5x107 m3 (Table A-4). For the 2013 project, the maximum dissolved CO2 content 

is 4.7x106 m3, while the minimum CO2 content currently dissolved in residual formation water is 

2.4x106 m3 (Table A-4).  The maximum CO2 content was calculated using an unswept pore space 

value of 40%, while the minimum CO2 content dissolved in residual formation water was 

calculated using an unswept pore space value of 20%.  These unswept pore space values were 

combined with a residual water saturation value of 80% to get estimates for maximum and 

minimum CO2 stored via dissolution in residual formation water. The variation in volumes of CO2 

calculated for each miscible CO2 flood project (2008 versus 2013) stems from differences in 

project surface area, pH, the partial pressure of CO2 (which is a function of CO2 content and 

average reservoir depth), and reservoir thickness.   

2.6.3.2  Estimating Incidental Storage in Formation Oil 

Supercritical CO2 is also very soluble in oil, and forms a mixture if the minimum 

miscibility pressure is achieved in-situ.  The solubility of CO2 in oil is dependent upon the reservoir 

temperature, saturation pressure, and the viscosity (API gravity) of the oil (Welker, 1963; Simon 

and Graue, 1965; Chung et al., 1988).  CO2 dissolution will also cause the crude oil to swell by a 

factor of 1.32 at 30°C (Abedini and Torabi, 2014).  We used this swelling factor to adjust for the 

amount of volume accessible by CO2 saturated oil, meaning, we assume the oil is saturated with 

CO2 and that it will swell to 1.32 times its original volume.  We assumed, again, that the maximum 

and minimum percentages of unswept of pore space are 40% and 20%, and that of those 
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percentages, 20% is filled with residual oil (the remaining 80% is filled with residual water).  Those 

estimated pore spaces were then adjusted by the swelling factor, 1.32, to account for changes in 

volume due to CO2 mixing with oil.     

The volume of CO2 capable of dissolving in the inaccessible formation oil could be 

estimated using reservoir parameters (Table A-4), the oil-saturated inaccessible pore space, the 

swelling factor to adjust inaccessible volume (8% at 40% inaccessible pore space and 6.1% at 20% 

inaccessible pore space), and by using CO2 solubility information (0.55 CO2 mol fraction for the 

2008 project and 0.59 CO2 mol fraction for the 2013 project) from Mulliken and Sandler (1980).  

The maximum (8% of total pore space) saturation gives CO2 saturation values of 1.4x106 m3 and 

4.7x105 m3 CO2 for the 2008 and 2013 projects, respectively, while the minimum saturation (6.1% 

swelled oil saturated pore space) produces values of 7.2x105 m3 of CO2 and 2.4x105 m3 of CO2 for 

the 2008 and 2013 projects, respectively (Table A-4).  The variation seen between flood projects 

again stems mostly from differences in project surface area and reservoir thickness.   

2.6.3.3  Estimating Incidental Storage as Supercritical CO2 

It is also possible for supercritical CO2 to displace unswept fluids and fill portions of the 

unswept pore space.  Volumes of CO2 that can fill pore space as a supercritical fluid can be 

estimated assuming 1% to 40% of the total pore space is filled with supercritical CO2, and 

accounting for compressibility effects of CO2 gas as it moves to a supercritical state (using 2.3 

thousand ft3/reservoir barrel for the 2008 EOR project and 2.4 thousand ft3/reservoir barrel for the 

2013 EOR project; Jarrell, 2002).  If 40% of the pore space was available for supercritical CO2 to 

reside, 7.0x109 m3 of gas at surface conditions could be incidentally stored in the 2008 EOR 

project, while 2.2x109 m3 of CO2 gas (also at STP) could be incidentally stored in the 2013 EOR 

project.  These values, again, represent the volumes of gas that could be stored if measured at 

standard temperature and pressure, which is why they are larger than the total available pore space 

in the reservoir (Table A-4).  If only 1% of the available pore space was filled with supercritical 

CO2, the 2008 EOR project could incidentally store 1.8x108 m3 of CO2, while the 2013 project 

could incidentally store 5.6x107 m3 of CO2 (Table A-4). 

2.6.3.4  Other Mechanisms of Incidental Storage 

Additional residual CO2 could be accounted for if active dissolution into either the injected 

formation water (used for the EOR water-alternating-gas method), and/or the water that is in the 

“swept” portion of the reservoir, is occurring.  Although these fluids (and the associated dissolved 
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CO2) will eventually be produced, these fluids could serve as an important real-time sink for CO2 

and could account for some of the residual CO2 at any given point in time.  The 2008 EOR project 

is producing water with alkalinity values similar to the alkalinity value of the water that is being 

injected across the entire North Ward Estes Field; the average alkalinity for the 2008 project is 

23.5 meq/kg, while the water injected (labeled “Water Injector” in Table A-2) across the field has 

an alkalinity of 24.1 meq/kg (Table A-2).  This indicates that the producible formation water for 

the 2008 project is likely saturated in CO2 and not actively dissolving more injected CO2.  This 

evidence is further supported by CO2/3He ratios, as discussed previously; the value for that ratio 

does not change across the 2008 project, indicating lack of active CO2 dissolution.   

The average alkalinity value for waters produced from the 2013 project is lower than the 

alkalinity value of the injected water, averaging 12.7 meq/kg.  This could suggest that the injected 

water is adding a carbon source to the subsurface and that the formation water in the 2013 project 

is likely not yet saturated in CO2, or that there could be losses of inorganic carbon in the system, 

lowering alkalinity values. However, due to the difference in CO2/3He values when comparing the 

injected gas to produced gas for the 2013 project, it appears that CO2 may still be dissolving into 

the formation waters.  That dissolution could be driven by internal DIC losses, however, as stated 

previously.  Using the average alkalinity value of the Waterflood project (7.6 meq/kg; Table A-2) 

as an approximation for pre-CO2 injection reservoir hydrochemistry, the formation water of the 

2013 project (average alkalinity 12.7 meq/kg) is approximately 50% less saturated in carbonate 

species compared to the 2008 project, but still more saturated than background conditions.  

Therefore, additional CO2 (not accounted for in unswept pore space dissolution calculations) could 

likely dissolve in the formation waters of the 2013 project phase. 

2.6.3.5  Can Incidental Storage Account for Residual CO2? 

All of the residual CO2 for the 2013 EOR project, 4.3x107 m3, can be accounted for using 

a combination of the incidental storage mechanisms mentioned above.  CO2 dissolution into 

unswept formation water and oil for the 2013 EOR project could account for 5.2x106 m3 of CO2, 

approximately 12% of the CO2 currently residing in the subsurface.  If simply 1% of the total pore 

space was filled with pure-phase supercritical CO2, however, this would account for all of the 

“lost” CO2.  The 2008 EOR project would require a much larger percentage of the pore space to 

be filled with supercritical CO2 to account for the residual CO2 in the formation.  Assuming 40% 

of the pore space is unswept, and that the fluids within that pore space are saturated with CO2, this 
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would only account for 3.0x107 m3 of CO2, a little over 1% of the total residual CO2.  In order to 

account for the residual CO2, 2.8x109 m3, in the 2008 EOR project, 16% of the pore space would 

have to be filled with supercritical CO2.  Therefore, both the 2008 and the 2013 projects have the 

storage capacity to justify the residual CO2 associated with each project. 

Both of the reservoirs could potentially be used for permanent geologic CO2 sequestration 

post-EOR operations, as no major losses (e.g., CO2 leakage via faulty wellbores) could be 

quantified using mass balance.  Assuming 80% of each reservoir will be filled with supercritical 

CO2, and the remaining 20% will be filled with CO2 saturated water and oil (at 80% and 20%, 

respectively), the 2008 EOR project reservoir could store 1.4x1010 m3 of CO2 gas, while the 2013 

project could store approximately 4.4x109 m3 of CO2 (at STP).  According to the EPA (2014), 

United States coal fired power plants released, on average 3.81x106 metric tons of CO2 per 

powerplant in 2010.  This equates to 1.94x109 m3 of CO2 (assuming ideal gas behavior and STP).  

Therefore, the 2008 EOR project could sequester the emissions from one US powerplant for over 

7 years, while the 2013 EOR formation could sequester emissions from a US powerplant for over 

2 years. 

2.7 Conclusions 

This study investigated the fate of injected CO2 in active EOR projects.  McElmo Dome 

and Doe Canyon natural CO2 reservoirs were investigated both for CO2 source and to establish 

their current gas geochemistry. The source of the McElmo Dome and Doe Canyon produced gas 

is likely a mix of crustal and mantle-derived gases.  Three miscible CO2 flood project phases and 

one Waterflood project were examined for formation water and gas geochemistry and isotopic 

composition. These analyses were used to determine if the retained CO2 gas in each project phase 

is incidentally stored in the North Ward Estes Field projects, or if it has been lost to the formation, 

either on the surface or in the subsurface.  Stable isotopes of CO2 suggested that dissolution of 

injected CO2 into formation water was likely not occurring in either the 2008 or 2013 project 

phases, whereas CO2/3He values suggest that some CO2 dissolution is occurring in the 2013 project 

phase, the younger of the two.  Little variation is seen in the noble gas isotopes of the injected and 

produced gas for the CO2 flood project phases, indicating the EOR project phases are in isotopic 

equilibrium and again, that CO2 dissolution is not an important process currently for these field 

sites.  However, all three CO2 miscible flood project phases are actively retaining CO2, at values 

of 39%, 49% and 61% for the 2008, 2010, and 2013 projects, respectively. Furthermore, the 2008 
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project could potentially store 1.4x1010 m3 of CO2 gas, while the 2013 project could potentially 

store 4.4x109 m3 of CO2.  Combining these two storage volumes, over 9 years of emissions from 

an average United States powerplant could be sequestered into these two formations.  The current 

residual CO2 is likely being stored via previous dissolution into formation water and oil, and via 

residual trapping in unswept pore spaces.  

These results suggest the large capacity of depleted oil reservoirs to residually trap CO2 

during CO2 sequestration, which could have global implications for potential geological CO2 

sequestration for combating global climate change.  However, additional natural tracer studies 

focusing on CO2 leakage in miscible CO2 flood sites will be necessary before implementing full 

scale CO2 sequestration efforts in these (and other) sites.  
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Figure 2.1 Locations of the sampled areas for this study.  The upper map of Colorado shows 
locations of the four CO2 processing facilities sampled; the lower map of Texas shows wells 
sampled in the North Ward Estes Field near Wickett, Texas.  The middle map shows the location 
of the Colorado Plateau (Fenneman and Johnson, 1946), and the general location of the Cortex 
Pipeline (digitized from a Kinder Morgan website map), which transports CO2 from McElmo 
Dome and Doe Canyon to the Denver City Hub (blue circle), where the CO2 is then distributed to 
various oil fields across the Permian Basin (shown in yellow; Tennyson et al., 2012) via a large 
pipeline network (not shown). The transect across the wells sampled in the North Ward Estes Field 
corresponds to the transect presented in Figure 2.2. 
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Figure 2.2 Well logs for six wells sampled in the North Ward Estes Field.  Each log consists of Gamma Ray (GR; left side) and density 
porosity (D; right side) measurements.  The top of the Yates and Queen formations are labeled, and a stratigraphic column is presented 
on the right. The cross section extends from northeast to southwest across the field, and follows the transect outlined on Figure 2.1.  The 
dots correspond to well locations in the North Ward Estes Field (with colors correlating to Figure 2.1); distances between wells are 
indicated on the top of the figure.  Well logs provided by Whiting Petroleum; stratigraphic column modified from Dutton et al. (2004).
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Figure 2.3 McElmo Dome and Doe Canyon noble gas data from this study and from Gilfillan et 
al. (2008).  CO2/3He and CO2 content (A): this study shows a much tighter range for CO2/3He 
ratios, and generally a higher CO2 content for corresponding sites, with data plotting in mainly the 
magmatic range for CO2/3He.  The ‘Magmatic CO2’ label signifies the CO2/3He range between 
1x109 and 1x1010, while the ‘Crustal CO2’ label signifies any CO2/3He ratio larger than 1x1010.  
Argon and helium isotopes (B): data for this study is similar to data collected by Gilfillan et al. 
(2008), and generally indicates a crustal source for the gas produced, with either a slight air or 
mantle (endmember located off of the graph) component. The arrow to the left of the crustal line 
indicates that crustal CO2 values for R/RA values can also plot to the left of the line.  Neon isotopes 
(C): generally, gases collected for this study have smaller 21Ne/22Ne ratios and larger 20Ne/22Ne 
ratios when compared to Gilfillan et al. (2008), while the isotopic ratios suggest air-crust mixing 
as a source for the gas.  F132Xe and F20Ne (D): McElmo Dome and Doe Canyon gases suggest 
air/water partitioning in the reservoirs.  Air-saturated water (ASW) and air-saturated salt water 
(ASSW) are abbreviated in D. 
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Figure 2.3: Continued 
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Figure 2.4 Cumulative volumes of CO2 gas both injected and produced from the start of each 
respective project through November, 2013 (written communication, Whiting Petroleum 
Corporation).  Volumes were calculated using total gas production and injection rates multiplied 
by gas composition data collected for this study. The difference between injected and produced 
CO2 rates (i.e., CO2 retention) are also represented (labeled “Retained”), with each percent 
retention value to the right of the associated bars. 
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CHAPTER 3 

IMPACTS OF FORMATION WATER GEOCHEMISTRY AND CRUDE OIL 

BIODEGRADATION ON MICROBIAL METHANOGENESIS 

 

A paper submitted to Organic Geochemistry 

 

Jenna L. Shelton, Jennifer C. McIntosh, Peter D. Warwick, John E. McCray 

 

3.1 Abstract 

Stimulating microbial production of CH4 in organic-rich reservoirs has emerged as one 

possible technique for combating increasing energy need.  Converting residual oil to natural gas 

via methanogenic crude oil biodegradation in oil reservoirs would serve as one way to “produce” 

this difficult-to-obtain fossil fuel, yet field data supporting the direct relationship between 

methanogenesis and crude oil biodegradation are sparse. Fluids sampled from oil wells across 

north central Louisiana showed varying extents of crude oil biodegradation and methanogenesis.  

Shallow wells (393-442 m depth) produced highly biodegraded oils and fluids, suggesting low 

extent of methanogenesis, while deeper (>1208 m) wells produced minimally degraded crude oils 

and formation fluids suggesting low extent of methanogenesis.  The central field (666-857 m 

depth) produced relatively moderately biodegraded oils and fluids, suggesting high to medium 

methanogenic activity (e.g. 13C-dissolved inorganic C (DIC) values averaging +20.7‰ and 13C-

CH4 values averaging -47.2‰).   

There was little correlation between crude oil biodegradation and microbial 

methanogenesis across the whole transect; wells producing fluids with high indicators of 

methanogenesis do not co-produce crude oils that are highly degraded.  However, when wells 

without apparent methanogenesis are eliminated, there is greater extent of oil alteration in wells 

producing fluids with more abundant indicators of methanogenesis, and vice-versa. Therefore, the 

results suggest that both quality of the crude oil and salinity impact methanogenic crude oil 

biodegradation. Oil reservoirs with indicators of both a moderate extent of crude oil biodegradation 

and a high extent of methanogenesis, such as the mid-depth field, would be good candidates for 

attempting to enhance methanogenic crude oil biodegradation. 
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3.2 Introduction 

With depletion of conventional energy resources worldwide and rising anthropogenic CO2 

emissions, understanding geochemical and microbial processes in petroleum reservoirs is critical 

for assisting in the development of unconventional, lower carbon-emitting energy resources, such 

as biogenic gas.  Microbial conversion of residual crude oil to biogenic CH4, a process known as 

methanogenic crude oil biodegradation (e.g. Gieg et al., 2008; Jones et al., 2008; Berdugo-Clavijo 

and Gieg, 2014), is one potential lower CO2-emitting energy resource. When combusted, CH4 

emits less CO2 per BTU than crude oil, reducing the impact of fossil fuel use.  In addition, using 

in situ microbial populations to convert oil to CH4 could reduce the need for high energy enhanced 

oil recovery (EOR) mechanisms, such as thermal EOR or miscible CO2 flooding. The 

microorganisms may also be used to recover residual oil left in the reservoir post-EOR, which 

could be up to 40% of the original oil in place, in some cases (U.S. Department of Energy, 2010).  

Therefore, methanogenic crude oil biodegradation could provide access to a difficult-to-obtain 

energy source - residual crude oil - enhancing global energy profiles. 

Studies have hypothesized that crude oil biodegradation is coupled to microbial 

methanogenesis (e.g. Dolfing et al., 2008; Gieg et al., 2008; Jones et al., 2008). The biochemical 

alteration of organic compounds during crude oil biodegradation produces organic substrates, such 

as CO2 and acetate, that may be used by methanogens to generate CH4 via CO2 reduction or acetate 

fermentation, respectively.  Stimulating this process is of interest, as it could accelerate natural gas 

production in depleted or currently-producing oil reservoirs (e.g. Gieg et al., 2008; Jones et al., 

2008; Gray et al., 2009; Mbadinga et al., 2011).  Microbial populations in oil reservoirs not only 

convert crude oil to CH4, but also as an enhanced oil recovery tool, known as microbial EOR 

(MEOR).  In MEOR, specific in situ microbial populations are targeted to produce compounds 

such as biosurfactants, biopolymers and CO2 (e.g. Lazar et al., 2007; Pereira et al., 2013; Zhao et 

al., 2015), reducing the viscosity of the crude oil and allowing it to flow more easily to production 

wells.  Although much research has been performed on MEOR, including the microorganisms 

involved (e.g. Siegert et al., 2014), chemical additives to stimulate MEOR (e.g. Halim et al., 2015) 

and the specific biochemicals produced during MEOR (e.g. Zhao et al., 2015), comparatively, little 

research has been performed on mechanisms to enhance methanogenic crude oil biodegradation.  

There has also been relatively little research on stimulating methanogenic crude oil biodegradation 

vs. enhanced microbial coalbed CH4 production (for a recent review, see Ritter et al., 2015).   
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However, progress has been made in determining metabolic processes for the 

biodegradation of crude oil (Boll and Heider, 2010; Tierney and Young, 2010; Aitken et al., 2013), 

rate of crude oil biodegradation (Larter et al., 2006), optimum conditions for crude oil 

biodegradation (Atlas, 1975; Wenger et al., 2001; Larter et al., 2003, 2006), microorganisms 

involved in methanogenic crude oil biodegradation (Röling et al., 2003; Mbadinga et al., 2011) 

and environmental conditions that generally support microbial generation of CH4 in organic-rich 

reservoirs (Zinder, 1993; McIntosh and Martini, 2008; Doerfert et al., 2009; Potter et al., 2009; 

Oren, 2011). Furthermore, it is widely known that upstream production of methanogenic substrates 

(i.e. via biodegradation of crude oil) is likely the rate limiting step for microbial CH4 generation 

(e.g. Ritter et al., 2015) so nutrient and electron acceptor limitation is not likely to affect the 

microbes responsible for crude oil biodegradation (Larter et al., 2003).  It is unclear, however, how 

in situ environmental conditions influence both crude oil biodegradation and microbial 

methanogenesis, and how these two important processes for fossil fuel recovery may be coupled.   

To address this knowledge gap, which has implications for the stimulation of both crude 

oil biodegradation and microbial methanogenesis, this study takes advantage of an established 

gradient in formation water chemistry (e.g. salinity, pH), temperature, and extent of microbial 

methanogenesis in oil fields of varying depth within the Paleocene-Eocene Wilcox Formation 

across the northern margin of the Gulf Coast Basin (Shelton et al., 2014). The 27 oil wells sampled 

by Shelton et al. (2014) displayed different extents of microbial methanogenesis associated with 

differences in formation water salinity, temperature and depth. This study presents new 

geochemistry results from the same wells (6 different oil fields), integrated with previous water 

and gas molecular and isotopic geochemistry, to investigate the relationship between microbial 

CH4 production and indicators of oil biodegradation and oil quality, with environmental 

conditions. 

We hypothesized that (i) if crude oil biodegradation and microbial methanogenesis were 

tightly coupled, the greatest amount of crude oil biodegradation should occur in areas with the 

greatest extent of methanogenesis and (ii) if crude oil biodegradation were controlled in part by 

environmental conditions, we would expect to see the greatest extent of biodegradation in the 

lowest salinity and lowest temperature reservoirs.  Alternatively, if the ideal environmental 

conditions for crude oil biodegradation are different from methanogenesis, and/or methanogenesis 
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is not dependent on the availability of substrates generated via crude oil biodegradation, there 

might not be a discernible relationship between the two processes. 

3.3 Brief Review of Methanogenic Crude Oil Biodegradation 

In many subsurface petroleum reservoirs, both crude oil biodegradation and microbial 

methanogenesis occur, as evidenced from analysis of the oil (e.g. removal of n-alkanes, hopanes, 

steranes, etc.) and from the chemistry of the produced gas (e.g. δ13C-CH4, δ13C-CO2) and formation 

water (e.g. δ13C-DIC, alkalinity).  The co-occurrence of both processes has led to the hypothesis 

that they are coupled (Zengler et al., 1999; Anderson and Lovley, 2000; Townsend et al., 2003; 

Dolfing et al., 2008; Jones et al., 2008; Berdugo-Clavijo and Gieg, 2014).  To convert organic 

material (e.g. crude oil, coal) to natural gas, a consortium of microbes is required for the complete 

transformation of the carbon source to CH4 (Shimizu et al., 2007; McIntosh et al., 2008; Strąpoć 

et al. 2008).  The consortium needed for crude oil conversion to CH4 requires the presence of both 

methanogens and syntrophic bacteria, and these microbes have been readily identified in 

biodegraded oil reservoirs (e.g. Magot et al., 2000; Head et al., 2003; Röling et al., 2003; Aitken 

et al., 2004).  Methanogenic crude oil biodegradation has also been confirmed in many laboratory 

studies (e.g. Jones et al., 2008; Gieg et al., 2010; Berdugo-Clavijo and Gieg, 2014), with research 

focused mainly on rate of CH4 generation and characterization of the microbial population.  

However, it is unclear how in situ conditions (e.g. pH, salinity, temperature) influence 

methanogenic crude oil biodegradation, how the quality of oil (i.e. extent of crude oil 

biodegradation) may influence rate of methanogenesis and which stimulation methods may be 

most effective for enhancing the microbial conversion of oil to CH4. 

3.3.1  Crude Oil Biodegradation 

Microbial conversion of oil to organic acids and CO2 (i.e. biodegradation), has been studied 

extensively, with efforts focused on understanding metabolic pathways (e.g. van Beilen and 

Funhoff, 2007; Boll and Heider, 2010; Tierney and Young, 2010; Aitken et al., 2013; Bian et al., 

2015), rate (e.g. Larter et al., 2003; Jones et al., 2008), limitations (e.g. Larter et al., 2006; Sherry 

et al., 2014), compound class removal and formation (e.g. Bennett et al., 2006; Peters et al., 2007) 

and microorganisms required for the process to occur (e.g. Jones et al., 2008; Gray et al., 2011). 

The extent of biodegradation is generally controlled by the geochemistry of the oil and associated 

formation water, such as the formation fluid temperature (< 80 °C) and salinity (generally, an 

increase in salinity decreases the extent of crude oil biodegradation), presence of nutrients such as 
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P, K and N, amount and composition of oil in the reservoir and surface area of the oil-water contact 

(Atlas, 1975; Wenger et al., 2001; Larter et al., 2003, 2006).  

The geochemical alteration to crude oil during biodegradation is well established, with 

biodegradation scales often used when investigating and comparing extent of crude oil alteration 

(e.g. Peters et al., 2007).  These scales can be useful for determining relative extent of 

biodegradation between similarly sourced oils, and provide a guideline for relative rates of 

compound removal. However, the scales generally suggest sequential removal of specific classes 

of compounds (e.g. n-alkanes before n-isoalkanes), when, in actuality, all are likely removed at the 

same time, just at different rates (Larter et al., 2006). American Petroleum Institute (API) gravity 

values and the proportion (%) of S in a crude oil can provide a simple way of comparing relative 

extent of biodegradation, with lower API gravity values indicating more alteration, and higher 

values of %S a greater extent of alteration (Hunt, 1979; Evans et al., 1971; Connan, 1984; Meredith 

et al., 2000; Wenger et al., 2001).  A more in-depth approach for comparing oil alteration considers 

molecular changes to the petroleum, such as change in concentration of n-alkanes, steranes, 

hopanes, and heavy aromatic compounds (Peters and Moldowan, 1993; Wenger et al., 2001), 

usually expressed as ratios of one compound class to another, such as pristane/phytane (Pr/Ph) 

values.  

3.3.2 Microbial Methanogenesis 

Microbial methanogenesis is the conversion of organic acids (such as acetate) and CO2 to 

natural gas.  It has been studied extensively in coal reservoirs (Strąpoć et al., 2008; Jones et al., 

2010; Bates et al., 2011; Ritter et al., 2015), shale reservoirs (Martini et al., 2003; Osborn and 

McIntosh, 2010; Wuchter et al., 2013; Meslé et al., 2015) and crude oil reservoirs (Dolfing et al., 

2008; Jones et al., 2008; Gieg, 2011; Shelton et al., 2014).  Methanogenesis in hydrocarbon 

reservoirs is typically identified via a set of geochemical indicators, CH4 production and microbial 

community.  Indicators of microbial methanogenesis include alkalinity  > 10 meq/kg in associated 

formation water, positive values of both 13C-CO2 (> 0‰) and 13C-DIC (> +20‰), 13C-CH4 

values between -100‰ and -50‰, low acetate concentration (< 1 mM) and relatively high CO2 

concentration (> 1 mol%; e.g. Whiticar et al., 1986; Martini et al., 1998; Larter et al., 2005; 

McIntosh and Martini, 2008; Osborn and McIntosh, 2010; Schlegel et al., 2011).  The “ideal” 

conditions for methanogenesis have also been investigated.  Methanogenesis has been observed in 

formation water with Cl- concentration up to 4 M (Zinder et al., 1993; Potter et al., 2009), while 
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Oren (2011) suggested 1.5 M Cl- as the salinity limit for hydrogenotrophic methanogenesis.  The 

maximum tolerable temperature for methanogens is ca. 80 C, with the suggested ideal temperature 

from 40 to 50 C (Zinder et al., 1993; Doerfert et al., 2009).   

However, methanogens have also been found in environments outside these common 

temperature and salinity limits (e.g. Jones et al., 1983, 1989; Chapelle et al., 2002; García-

Maldonado et al., 2015). Many factors, such as CH4 oxidation, CO3
2- dissolution and freshwater 

recharge can influence the hydrogeochemistry (e.g. pH, alkalinity, isotope geochemistry) of a 

methanogenic formation, leading to a masked geochemical signature (Martini et al., 2003, 2008; 

Osborn and McIntosh, 2010).  Therefore, many researchers also rely on the microbiology (and 

associated genes) of the reservoir to determine if it is indeed methanogenic.  Methanogens typically 

dominate the archaeal signature of a methanogenic, oil-producing reservoir (e.g. Gieg et al., 2008; 

Berdugo-Clavijo and Gieg, 2014).  

Nutrient-poor systems (typical of deep petroleum-producing formations) also support 

methanogenesis, despite exhibiting typically higher temperatures and salinity values (e.g. Head et 

al., 2003; Schlegel et al., 2011).  Some critical nutrients and trace metals required for the growth 

of methanogens and crude oil biodegradation-facilitating microorganisms are P, Cu, and K (e.g. 

Head et al., 2003; Bekins et al., 2005).  Due to the slow rate of crude oil biodegradation (avg. 10-

6 to10-7 1/yr in the degradation zone), it appears that rate of biodegradation may control rate of 

microbial CH4 generation in anaerobic, nutrient poor reservoirs (Larter et al., 2003).  

Few studies have examined the potential for biogenic CH4 generation via crude oil 

biodegradation in the Gulf Coast Basin (Warwick et al., 2008; Shelton et al., 2014), as most focus 

on coalbed CH4 generation (e.g. Doerfert et al., 2009; Jones et al., 2010; McIntosh et al., 2010; 

Orem et al., 2010). Although a study by Warwick et al. (2008) focused on coalbed gas generation, 

the authors found biodegraded crude oils when sampling, and suggested methanogenesis as the 

source of the biodegradation.  Shelton et al. (2014) found that CO2 injection for EOR did not 

stimulate a “methanogenesis hot-spot” in north central Louisiana, which prompted the study here, 

to see if an increase in biodegradation may control CH4 production in the same study area.  

3.4 Methods 

Six different oil fields spanning a hydrogeochemical gradient across north-central 

Louisiana were sampled for crude oil and co-produced formation water (Figs. 3.1 and 3.2; Table 

A-5).  Additional produced water data and all of the produced gas data from Shelton et al. (2014) 
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supplemented the oil and water data collected here. Co-produced oil and brine were collected from 

the wellhead in a 5 gallon (8.93 l) Nalgene carboy; temperature was measured immediately and 

the two fluids were allowed to partition.  Oil samples were collected from the top of the oil-water 

mixture in the carboy into pre-combusted 60 ml amber glass bottles with no headspace, and the 

bottles were placed on ice and shipped to the U.S. Geological Survey’s Organic Geochemistry 

Laboratory in Lakewood, Colorado.  Brine samples were taken from a spigot at the bottom of the 

carboy and filtered through 0.2 µm nylon syringe tip filters attached to sterile 60 ml BD syringes.  

The brine was filtered into either deionized water-washed or acid water-washed bottles and 

preserved if necessary (e.g. HNO3 was added to the cation sample bottle), stored with no headspace 

on ice and shipped to the University of Arizona for analysis.   

 Alkalinity was titrated within 8 h of sample collection following the Gran-Alk protocol 

(Gieskes and Rogers, 1973), while pH and temperature were measured in the field using a Thermo 

Scientific Orion conductivity probe and an Oakton Acorn Temp 6 thermometer, respectively.  

δ13C-DIC was analyzed with a ThermoQuest Finnigan Delta Plus XL continuous flow gas ratio 

mass spectrometer (precision at least 0.3‰ relative to Vienna Pee Dee Belemnite) at the 

Environmental Isotope Laboratory at the University of Arizona.  Anions were measured with a 

Dionex ICS-3000 ion chromatograph with a precision of ± 2%, while cations were measured using 

inductively coupled plasma atomic emission spectrometry (ICP-AES) with a precision of ± 1%, at 

the University of Arizona Department of Hydrology and Atmospheric Sciences.   

All oil analyses were performed at the U.S. Geological Survey Organic Geochemistry 

Laboratory.  API gravity was determined using an Anton Parr DMA 4500 density meter, and S 

content with a Flash 2000 Elemental Analyzer.  The saturated, aromatic, resin and asphaltane 

(SARA) fractions were determined gravimetrically, while whole oil and saturated and aromatic 

extracts were analyzed using gas chromatography (GC) with an Agilent 6890 Flame instrument 

with flame ionization detection (FID).  Biomarkers (e.g. hopane, gammacerane) were analyzed 

using GC-mass spectrometry (GC-MS; JEOL GCMate).  The carbon isotope composition (δ13C) 

of the whole oil and saturated and aromatic components was determined using a HP 6890 gas 

chromatograph and ThermoFisher MAT 253 isotope ratio mass spectrometer.  Detailed procedures 

for each of the analyses can be found on the U.S. Geological Survey Denver Geochemistry 

Laboratory website 
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(http://energy.usgs.gov/GeochemistryGeophysics/GeochemistryLaboratories/GeochemistryLabor

atoriesMethods.aspx). 

3.5  Confirming Source of Wilcox Oils 

In order to compare the extent of crude oil biodegradation of oils from different reservoirs, 

it is important to first establish the origin of the oil to ensure the sampled oils share a similar source, 

so that any geochemical differences can be attributed to alteration. Two different marine and 

terrigenous crude oil sub-families exist in the Louisiana portion of the Wilcox Group, historically 

differentiated by their Pr/Ph values, C28-bisnorhopane/oleanane ratio, and δ13C values of saturates 

and aromatics (Sassen et al., 1988; Sassen, 1990).  The oils here fall within Wilcox subfamily I 

due to the majority of the Pr/Ph values falling between 1.73 and 2.23, C28-bisnorhopane/oleanane 

values > 2 (Fig. 3.3A), similarity of isotopic composition (Table A-6) and linear correlation 

between Pr/C17 and Ph/C18 (Fig. 3.3B).  Therefore, the sampled oils likely share the same source, 

and were geochemically similar when they charged the reservoir rock.  The variability in Pr/C17 

and Ph/C18 values indicates differences in extent of biodegradation; samples with higher values of 

Pr/C17 and Ph/C18 have been more biochemically altered than samples with comparatively lower 

ratios, as n-C17 and n-C18 are more easily biodegraded than Pr and Ph, respectively.  Pr, Ph, n-C17 

and n-C18 were not found in oils from the Crossroads, Salt, and Tullos Urania fields (Table A-7), 

suggesting the oils were extensively biodegraded. 

3.5.1 Oil Geochemistry and Biomarkers 

The API gravity values of the oils ranged from 18° to 40° API, indicative of heavy to 

minimal biodegradation; however, API gravity values could not be calculated for the Crossroads 

and Salt fields due to low sample volume, eliminating some possible variability outside of these 

values (Table A-6).  The S values ranged from 0.20 to 0.03%, with the larger values generally 

observed in up-dip, shallower fields.  Generally, the API gravity value decreased with increasing 

S, indicative of degraded oil (Peters and Moldowan, 1993). 

Another common method for comparing relative extent of biodegradation (as well as oil 

source, as mentioned in Section 3.4.1) is to compare Pr/C17 and Ph/C18 values (Fig. 3.3B).  Smaller 

values indicate less biodegradation, as C17 and C18 are typically removed first (e.g. Peters et al., 

2007).  The oils separated into three groups of relative extent of biodegradation, based on Fig. 

3.3B: minimally biodegraded wells, moderately biodegraded wells, and highly biodegraded wells 

(samples with complete removal of the graphed compounds, not shown).  
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Bulk saturate, aromatic, resin and asphaltene (SARA) composition varied across the 

transect.  The saturate composition ranged from 58% to 82%, with the lower values in the up-dip 

portion of the transect.  The aromatic composition ranged from 15% to 28%, while the resins and 

asphaltenes ranged from 2.6% to 12.3% (Table A-6).  As saturates are typically the first compound 

class removed during crude oil biodegradation (e.g. Peters et al., 2007), the SARA composition 

can be indicative of relative extent of biodegradation.  Comparing the four compound classes, the 

oils fall into two distinct groups (Fig. 3.4), where the highly biodegraded oils group separately 

from the minimally and moderately biodegraded oils, which group together on Fig. 3.4.   

 The three groups were apparent from GC analysis (Fig. 3.5), again falling into the same 

groups.  Acyclic isoprenoids and n-alkanes have been completely removed in the Crossroads, Salt 

and Tullos Urania fields (highly biodegraded group; Peters and Moldowan, 1993).  Minimal 

alteration of low molecular weight n-alkanes and acyclic isoprenoids is apparent in some of the 

wells sampled in the Olla Field (moderately biodegraded group), represented by sample O6 in Fig. 

3.5.  Little to no alteration of n-alkanes and acyclic isoprenoids exists in wells from the Nebo-

Hemphill, Cypress-Bayou, and some from the Olla Field (minimally biodegraded group), 

represented in Fig. 3.5 with the gas chromatogram of well NH1.   

As stated above, there is a generally accepted biodegradation removal scale, with ease of 

biodegradation decreasing in this order: n-alkanes (different susceptibility according to chain 

length), alkylated benzenes and polyaromatics, alkyl biphenyls and alkyl diphenyl methanes, 

hopanes and steranes, diasteranes, non-hopanoid triterpanes, and aromatic steroids (Peters et al., 

2007).  None of the oils showed any alteration of diasteranes, non-hopanoid triterpanes, or 

aromatic steroids (Table A-7).  As shown in Fig. 3.5, n-alkanes are completely degraded in the up-

dip, high biodegradation fields (Crossroads, Salt, and Tullos-Urania), while biodegradation of n-

alkanes is present in some wells sampled in the Olla Field (moderately biodegraded group).  This 

is also apparent from the ratio of n-C10 to n-C30; n-C10 is removed before n-C30, so the smaller the 

values of the ratio the greater the extent of biodegradation (Fig. 3.6A).  Some of the oils exhibited 

alteration of polycyclic aromatic hydrocarbons, with biodegradation most notable in the up-dip 

fields (highly biodegraded group) and little to no biodegradation of these compounds in the down-

dip (Olla, Nebo-Hemphill, Cypress-Bayou) fields (Fig. 3.6A). Hopanes and steranes were only 

altered in the up-dip, highly biodegraded oil fields, while diasteranes, non-hopanoid triterpanes, 

and aromatic steroids are not altered in any of the oil fields (Figs. 3.6B and 3.6C). 
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In summary, the crude oil geochemistry suggests three biodegradation groups across the 

transect: highly biodegraded, moderately biodegraded, and minimally biodegraded.  Considering 

the high molecular weight hydrocarbons (e.g. steranes), the oils fall into two groups: highly 

biodegraded and minimally biodegraded, including both the above moderately and minimally 

biodegraded samples. Using a biodegradation scale to assess extent of biodegradation, in this case, 

would omit differences in the lightly to non-altered oils, where differences are only apparent from 

n-alkane and isoprenoid removal.  Therefore, these three biodegradation groups are relative to each 

other, and are used below to compare extent of biodegradation with abundance of indicators of 

microbial methanogenesis.   

3.5.2 Extent of Microbial Methanogenesis 

 The wells also grouped according to extent of methanogenesis, as indicated by formation 

fluid geochemistry and stable isotope composition (data in Shelton et al., 2014).  Parameters used 

to rank the samples by extent of methanogenesis include alkalinity concentrations, 13C-DIC and 

13C-CO2 values, and produced CH4 volume (Table A-8). Generally, low methanogenesis wells 

produced fluids with alkalinity < 14.0 meq/kg, 13C-DIC < +10‰, 13C-CO2 values < +10‰, and 

produced CH4 values too low to quantify. Medium methanogenesis wells produced fluids with, 

generally: alkalinity between 14.0 meq/kg and 40.0 meq/kg, 13C-DIC between +10.0‰ and 

+22.0‰, 13C-CO2 between +10.0‰ and +16.0‰ and produced CH4 values between 8600 m3/day 

and 180,000 m3/day.  High methanogenesis wells produced fluid with alkalinity > 40.0 meq/kg, 

13C-DIC > +22.0‰, 13C-CO2 > +16.0‰ and produced CH4 values > 180,000 m3/day. Wells 

were assigned based on the majority of parameters falling within a given category.  The rankings, 

along with those discussed in Section 4.2 for relative extent of biodegradation (Table A-9), were 

used to determine relationships between biodegradation and extent of methanogenesis. 

3.5.3 Relating Extent of Biodegradation to Indicators of Microbial Methanogenesis 

There appears to be little correlation (0.03 < R2 < 0.23) between extent of biodegradation 

and extent of methanogenesis when all the sampled fields across the transect are included (Fig. 

3.7).  The up-dip oil fields – Crossroads, Salt, and Tullos Urania – have the most biodegraded oil, 

consistent with their relatively low temperature and low salinity, ideal for crude oil biodegradation 

(e.g. Head et al., 2014), yet there is relatively little accompanying methanogenesis and no gas was 

detected.  The Olla Field, in the middle of the transect, has minimally and relatively moderately 

biodegraded oil associated with medium to high extent of methanogenesis.  The deepest fields with 
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the highest salinity (Nebo-Hemphill and Cypress-Bayou; >1500 mM Cl-) have the least extent of 

biodegradation and also the least extent of methanogenesis. 

When eliminating the up-dip portions of the transect (high biodegradation, low 

methanogenesis) from the data set and reanalyzing for correlation between extent of 

biodegradation and extent of methanogenesis, a better correlation (0.28 > R2 > 0.32) is observed 

(Fig. 3.8).  The remaining wells exhibit all levels of methanogenesis (high, medium, low), but with 

only moderate or minimally biodegraded oils.  Furthermore, the extent of biodegradation is, 

overall, fairly minimal (as discussed in Section 3.4.2), with all of the alteration observed in either 

the n-alkane or isoprenoid composition.  However, in the Olla Field (the only methanogenic field 

across the transect), wells classified as highly methanogenic usually (88% of the time) produce 

moderately biodegraded oil (as opposed to minimally biodegraded), while medium 

methanogenesis wells more often (91% of the time) produce less biodegraded oils than their high 

methanogenesis counterparts, further suggesting better correlation than the individual R2 values 

indicate.   

3.5.3.1 Limits of crude oil biodegradation and methanogenesis  

Methanogenesis in the up-dip oil fields may be limited by the quality of the oil in-situ 

combined with a slow rate of biodegradation, and/or the presence of sulfate reducing bacteria. The 

lack of n-alkanes and severe extent of biodegradation in the up-dip fields (e.g. Figs. 3.5 and 3.6A) 

may lead to a slower rate of biodegradation as n-alkanes are biodegraded at a faster rate than more 

complex hydrocarbons (Larter et al., 2006). Alternatively, methanogenesis may be occurring in 

the up-dip oil fields, but at a relatively slower rate and/or be masked by the “resetting” of the 

geochemical and isotopic indicators of methanogenesis via introduction of new water with a 

different signature (e.g. freshwater recharge at the shallow basin margin), as shown in coal beds at 

the margin of the Powder River Basin (Bates et al., 2011).  For instance, if relatively dilute 

freshwater were mixed with older brines in the up-dip oil fields, it could lower the alkalinity and 

13C-DIC values (alkalinity values of local, shallow groundwater are typically ca. 5 meq/kg; 

Welch, 2009), making it appear as if there was limited methanogenesis.  However, if this were the 

case, some CH4 should have been detected and produced with oil samples in these fields.  Microbial 

CH4 could have been produced in the past in association with extensive oil biodegradation and 

migrated out of the sample area, but there are no apparent indicators that this was the case. It is 

also unlikely that the heavy biodegradation signature in the up-dip oil fields is due to water washing 
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rather than microbial activity, as water washing typically only affects low molecular weight 

hydrocarbons (C15-; Lafargue and Barker, 1988). Isoprenoids, hopanes, and steranes (non alkanes 

and typically C15+) are degraded in the crude oil produced from these three up-dip oil fields.   

Alternatively, methanogenesis in the up-dip wells could be inhibited by the presence of 

sulfate-reducing bacteria (SRB; e.g. Lovley and Chapelle, 1995; Muyzer and Stams, 2008); SRB 

can outcompete methanogens when SO4
2- concentration is > ca. 2 mM (Megonigal et al., 2005).  

Interestingly, SO42- concentration is below the detection limit in formation waters in the up-dip 

fields (Shelton et al., 2014).  This may suggest that methanogenesis is just beginning to take over 

as the major metabolic process, and that most of the biodegradation occurred in the presence of 

SRB (Rueter et al., 1994; Townsend et al., 2003; Gieg et al., 2008; Sherry et al., 2013) or other 

organisms. Future microbial analyses of these up-dip fields could assist in determining the 

dominant metabolic processes responsible for the high extent of biodegradation. 

High salinity concentration (between 1600 mM and 2000 mM Cl-) in the down-dip fields 

(Nebo-Hemphill and Cypress-Bayou fields) likely limits both the extent of biodegradation and of 

methanogenesis. Although it is generally agreed that salinity can negatively impact crude oil 

biodegradation, there has yet to be a thorough analysis of exactly how salinity impacts crude oil 

biodegradation (i.e. thresholds established) in oil reservoirs (Head et al., 2014).  Our results suggest 

that a threshold exists between ca. 750 - 1100 mM Cl- which would limit biodegradation. For 

example, wells producing water with Cl- concentration less than the suggested threshold would 

produce more heavily biodegraded oils than those producing fluids with Cl- concentration greater 

than the suggested threshold. It would be beneficial to collect samples from wells in this field area 

producing fluid with Cl- concentration between 750 and 1100 mM to determine if there is a drastic 

cut off in extent of biodegradation.  

Biodegradation in the down-dip oil field could also be inhibited by dissolution of volatile 

hydrocarbons into the formation water.  Studies have shown that when alkanes < C9 are present in 

an oil column, they can inhibit (Martinez et al., 2008) or limit (Sherry et al., 2014) rate of oil 

biodegradation.  These low molecular weight hydrocarbons were present in the down-dip oil fields 

here.  However, produced oil from minimally biodegraded wells in the Olla Field (the only 

methanogenic field) also contains these low molecular weight volatile hydrocarbons, and yet still 

have produced fluid indicative of methanogenesis.  Therefore, this is likely not inhibiting 

methanogenesis in the down-dip, low methanogenesis and minimally biodegraded oil fields.  
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3.5.3.2 Coupling methanogenesis and crude oil biodegradation in central field 

When the three heavily biodegraded, “non-methanogenic” up-dip fields and the two non-

methanogenic, non-biodegraded down-dip fields are eliminated, there is slightly better correlation 

between biodegradation and methanogenesis (Fig 3.8).  We hypothesize that the correlation occurs 

due to environmental conditions supporting both methanogenesis and possibly biodegradation.  

Salinity, pH and temperature values in these centrally located fields fall within accepted ranges for 

methanogenic crude oil biodegradation to occur (Section 3.2); however, salinity may be limiting 

biodegradation slightly (Section 3.4.4.1).  

The fact that these two processes are likely coupled may enhance efforts for stimulating 

methanogenic crude oil biodegradation or exploiting microorganisms in the subsurface to convert 

crude oil to natural gas, specifically in post-primary production reservoirs.  As most research on 

enhancing methanogenic crude oil biodegradation has been laboratory-based microcosm studies 

on ensuring the process occurs (e.g. Gieg et al., 2010; Berdugo-Clavijo and Gieg, 2014), additional 

work to characterize microbial communities across the transect would help further constrain 

limitations, ideal conditions and coupling of methanogenesis and crude oil biodegradation.   

Given that the central fields show the greatest extent of methanogenesis and medium extent 

of biodegradation, and that these processes may indeed be coupled, future stimulation efforts 

targeted in these areas, or similar types of environmental settings would likely be the most 

successful.  Trying to stimulate more crude oil biodegradation in already heavily biodegraded areas 

with limited methanogenesis (such as the up-dip wells) would likely not lead to much more 

secondary oil recovery, as the easily biodegradable oil fractions have already been removed.  

Similarly, trying to enhance methanogenesis and crude oil biodegradation in high salinity down-

dip areas would potentially require decreasing the formation water salinity, which has been shown 

to be unsuccessful in stimulating methanogenesis in laboratory studies from the Antrim Shale, 

Michigan Basin (Waldron et al., 2012). 

3.6 Conclusions 

Methanogenic and/or biodegraded oil-producing wells across a hydrogeochemical gradient 

were sampled for crude oil and produced water to determine if an increase in crude oil 

biodegradation correlates with an increase in apparent extent of microbial CH4 generation.  All oil 

samples shared the same original source, as indicated by the isotopic composition of the oil, Pr/C17 

and Ph/C18, and bisnorhopane/oleanane, and likely had the same initial chemistry.  Examination 
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of the molecular composition and presence of biomarkers suggested the oils fit into three different 

groups based on the level of biodegradation: highly biodegraded, moderately biodegraded, and 

minimally biodegraded.  However, there was only evidence of biodegradation of more complex 

compounds (e.g. steranes and hopanes) in the highly biodegraded group, while differences between 

the moderate and minimally biodegraded samples were only apparent in the lower complexity 

compounds, such as n-alkanes.  The extent of biodegradation generally correlated with the 

hydrogeochemistry and depth of the formation, where lower salinity, lower temperature wells (up-

dip, shallow wells) produced highly biodegraded oils, while the most saline, highest temperature 

wells (down-dip, deeper wells) produced exclusively minimally biodegraded oils.  Centrally-

located wells, in the middle of the transect, with average salinity, temperature, and depth produced 

moderate or minimally degraded oils.  There were also differences in the extent of microbial 

methanogenesis, as indicated by formation water and gas geochemistry, across the transect, with 

the greatest apparent extent in the middle of the transect where geochemical conditions were most 

ideal for methanogenesis.   

Poor correlation between biodegradation and methanogenesis existed across the entire 

transect, with methanogenesis limited up-dip, and both methanogenesis and biodegradation limited 

down-dip.  High salinity of formation water (> 1500 mM Cl-) likely limited biodegradation and 

methanogenesis down-dip, while poor oil quality or sulfate-reducing conditions may limit 

methanogenesis in the shallow, up-dip fields. When only the wells with apparent methanogenesis 

were considered, better correlation between crude oil biodegradation and microbial CH4 

generation emerged. The central oil fields at mid-depth (667 m - 857 m) had moderate to minimal 

extent of crude oil biodegradation and the greatest extent of methanogenesis, with evidence these 

two microbial processes were coupled.  These fields, and other oil reservoirs with similar 

environmental conditions, would be the best targets for future stimulation efforts to biologically 

convert oil to CH4.  
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Figure 3.1 Location of the sampled wells.  Select Parishes are displayed and wells are grouped by 
oil field, with depth contours (in feet; 1 foot = 0.3048 m) to the top of the Wilcox Group also 
shown.  The transect in the inset map is that on the large map. 
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Figure 3.2 Hydrochemistry across the transect. Depth corresponds to the perforated depth. A: 
Temperature profile with depth across the six oil fields sampled.  B: Chloride profile with depth 
across the six oil fields. 
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Figure 3.3 Geochemical indicators of crude source and correlation for the Louisiana Wilcox 
Group.  Data from the Crossroads, Salt, and Tullos-Urania fields are not shown due to complete 
degradation of Pr, Ph, n-C17 and n-C18.  A: Pr/Ph between 1.73 and 2.23 and C28 bisnorhopane/C30 
oleanane > 2 indicate Wilcox Subfamily I (represented by the area outlined by the dotted lines). 
B: Linear correlation between Pr/C17 and Ph/C18 suggests similarity of source, while differences 
are due to biodegradation.  There are 3 groups of oils with similar extents of biodegradation, with 
2 shown on B. The symbol represents the oil field the sample came from, while the color represents 
the extent of biodegradation. 
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Figure 3.4 Ternary diagram showing bulk saturate, aromatic, resin and asphaltene (SARA) 
composition for the oils.  Samples fall into two distinct groups, one with higher saturate 
composition and lower aromatic composition (Group 1), and the other with lower saturate 
composition and higher aromatic composition (Group 2). The first encompasses all samples shown 
on Fig. 3.2B (minimal and moderate biodegradation), while the second encompasses the samples 
not shown on Fig. 3.2B (heavy biodegradation).   
 

 

Figure 3.5 Saturate gas chromatograms showing different extent of oil alteration across the 
transect.  Each of the three chromatograms (CR1, O6, NH1) are representative of the three oil 
groups defined in Fig. 3.2: High Biodegradation, Moderate Biodegradation and Minimal 
Biodegradation.  The greatest extent of alteration is in the Crossroads, Salt and Tullos Urania 
fields, while little to no alteration is seen in the Nebo-Hemphill Field and some wells producing 
from the Olla Field. 
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Figure 3.6 Representation of molecular composition of oils.  The shape of each point corresponds 
to the associated oil field, while the color corresponds to the extent of biodegradation.  A: Most 
samples have altered alkanes (with samples plotting at 0 indicating complete biodegradation), and 
a majority have little to no alteration of polycyclic aromatic hydrocarbons. B: Alteration of 
hopanes and steranes occurs in the heavily biodegraded field.  No alteration is present in the 
moderately and minimally biodegraded fields; all differences in composition are simply natural 
variability. C: Little to no alteration of aromatic steroids across the transect, only natural variability 
exists. 
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Figure 3.6: Continued 
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Figure 3.7 Crude oil biodegradation and extent of methanogenesis are not well correlated across 
the transect. Arrows represent general direction for correlation between biodegradation and 
methanogenesis; the type of correlation between the represented parameters (e.g. linear, 
exponential) is unknown. R2 values for applicable trend lines are also presented. A: Positive 13C-
DIC values indicate methanogenesis; smaller n-C10/n-C30 values indicate greater relative crude oil 
biodegradation. B: Large alkalinity values indicate methanogenesis, and a larger 2-
methylnaphthalene/naphthalene ratio indicates greater biodegradation; the data follow no 
discernable trend. 
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Figure 3.8 Better correlation between extent of biodegradation and extent of methanogenesis exists 
when the non-methanogenic oil fields (5 of 6) are eliminated. R2 values for different types of trend 
lines are expressed on each graph, as is an arrow indicating the direction of general correlation 
between extent of biodegradation and extent of methanogenesis. A: Extent of methanogenesis, 
represented by 13C-DIC values, generally linearly correlates with extent of biodegradation, 
represented by Ph/C18. B: Pr/C17, a measure of relative crude oil biodegradation, generally 
correlates with alkalinity values, an indicator of extent of methanogenesis.   
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CHAPTER 4 

LINKING OIL RESERVOIR MICROBIAL STRUCTURE TO FORMATION WATER 

GEOCHEMISTRY, CRUDE OIL BIODEGRADATION, AND BIOGENIC METHANE 

PRODUCTION 

 

Modified from a paper to be submitted to Frontiers in Microbiology 

 

Jenna L. Shelton, Denise M. Akob, Jennifer C. McIntosh, Noah Fierer, John R. Spear, Peter D. 

Warwick, John E. McCray 

 

4.1 Abstract 

Stimulating in situ microbial communities found in expended oil reservoirs to produce 

natural gas has become a potentially viable strategy for recovering additional resources after 

traditional recovery operations are completed. Yet, little is known about what geochemical 

parameters drive microbial population dynamics in biodegraded, methanogenic oil reservoirs. This 

study investigated if microbial community structure was significantly impacted by the following 

factors: extent of crude oil biodegradation; extent of biogenic methane production; and the 

formation hydrochemistry. Twenty-two different wells producing from the Paleocene-Eocene 

Wilcox Group in north central Louisiana, USA, were sampled for microbial community analysis 

and geochemical analysis of produced water and crude oil. Archaea dominated the communities 

in the majority of the wells sampled, ranging from 30 to 85% of total reads. Methanogens, 

including hydrogenotrophic and methylotrophic organisms, were numerically dominant in every 

well, accounting for, on average, over 98% of the total archaea present in each well.  The dominant 

groups of bacteria were Pseudomonas, Acinetobacter, Enterobacteriaceae, and Clostridiales, 

which have been identified in other microbially-altered oil reservoirs. A statistical comparison of 

microbial community structure to formation fluid (gas, water, and oil) geochemistry revealed that 

relative extent of biodegradation, chloride concentrations, and spatial location within the Gulf 

Coast basin were the major drivers of microbial diversity.  Archaeal populations were independent 

of the extent of methanogenesis, and interestingly, were closely correlated to the amount of crude 
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oil biodegradation; therefore, microbial community structure is likely not a good sole predictor of 

methanogenic activity, but may be a good predictor of extent of crude oil biodegradation. 

However, if the shallow (producing from depths between 393 – 472 m), highly biodegraded, low 

salinity (Cl- concentrations between 559 – 776 mM) wells are eliminated from the statistical 

analysis, no environmental parameters produced significantly different microbial populations. 

This result suggests that the microbial community structure of the 5 shallow up-dip wells was 

different than the 17 deeper, down-dip (producing from between 667 – 1588 m) wells, and that the 

17 down-dip wells had statistically similar microbial communities despite significant changes 

environmental parameters across those 17 wells. Together, this suggests that no single microbial 

population is a reliable indicator of a reservoir’s ability to degrade crude oil to methane, and that 

geochemistry may be a more important indicator for selecting a reservoir suitable for microbial 

enhancement of natural gas generation. 

4.2 Introduction 

Increasing demands for energy combined with diminishing economically accessible 

reserves will require novel energy-efficient technologies for unconventional hydrocarbon 

production.  There are large, historically non-viable estimated global reserves of both heavily 

biodegraded (i.e., microbially altered) crude oil and residual crude oil (crude oil that remains in 

situ after traditional extraction mechanisms). However, these reservoirs are increasingly being 

considered a potentially viable contribution to the energy mix as lighter, easier-to-produce crude 

oils diminish (Hein et al., 2013).  One suggested mechanism to “produce” this hard-to-obtain oil 

is through enhancing in situ microbial communities to metabolize the oil to natural gas via 

methanogenic crude oil biodegradation (Parkes, 1999; Gieg et al., 2008; Jones et al., 2008; Meslè 

et al., 2013; Head et al., 2014). However, significant technical barriers to commercial development 

remain, including identification and manipulation of the most relevant factors controlling this 

bioconversion.  

A consortium of microorganisms, most notably, methanogens and syntrophic bacteria, 

perform methanogenic crude oil biodegradation by breaking down crude oil into methanogenic 

substrates (e.g., formate, acetate, CO2), and subsequently, converting the resulting substrates to 

natural gas.  The process has been confirmed in laboratory studies; microbial communities 

collected from deep methanogenic oil reservoirs can, in laboratory settings, consume crude oil and 

produce methane (e.g., Gieg et al., 2008; Berdugo-Clavijo et al., 2012; Berdugo-Clavijo and Gieg, 
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2014). Subsurface communities capable of converting oil to natural gas are well described, but 

their structure (abundance and diversity) varies between studies (e.g., Dahle et al., 2008; Pham et 

al., 2009; Shartau et al., 2010; Yamane et al., 2011; Kryachko et al., 2012; Li et al., 2012; Meslè 

et al., 2013; Berdugo-Clavijo and Gieg, 2014).  Most studies are also performed on a small scale 

(i.e., a small number of samples from a hydrogeochemically similar setting), while the large data 

sets rarely compare microbial communities across hydrogeochemical gradients, and are therefore 

unable to explore how environmental conditions may impact methanogenic crude oil 

biodegradation under fairly constant lithological conditions (e.g., Kirk et al., 2015). In addition, it 

is difficult to analyze the impact of hydrochemical conditions across samples collected from 

varying lithologies, because lithology has a causative impact on hydrochemistry.  Results from 

different studies are also difficult to compare and analyze due to varying methods of gene 

sequencing and sample collection.   

The current study looked to expand on what is currently known about the microbiology of 

methanogenic crude oil biodegradation; specifically, we sampled across a lithologically similar 

environmental gradient exhibiting varying extents of methanogenesis and crude oil 

biodegradation.  We characterized microbial communities in produced waters from 22 different 

oil wells from 6 different oil fields situated across a transect, producing from the Wilcox Group of 

north central Louisiana, USA. Previous work (Warwick et al., 2008; McIntosh et al., 2010; Shelton 

et al., 2014, 2016 (under review)) established the amount of crude oil biodegradation, relative 

amount of certain indicators of microbial methanogenesis, and the formation gas and water 

geochemistry across north-central Louisiana.  This unique environmental gradient allowed us to 

compare microbial community composition in wells producing fluids from the same lithologic 

formation, but also across a formation fluid geochemistry, crude oil biodegradation, and 

methanogenic gradient, in hopes of determining conditions (e.g., microbiological or 

hydrogeochemical) best fit for methanogenic crude oil biodegradation.  

4.3. Study Site 

 Twenty-two oil wells (Table A-12), spanning 6 oil fields across a ~65 km transect 

producing from the Paleocene—Eocene Wilcox Group were sampled for this study. The sampled 

wells spanned a wide range of geochemical parameters, including temperature, pH, and salinity 

(Table A-10), and formation fluids with varying extents of both crude oil biodegradation and 

microbial methanogenesis (McIntosh et al., 2010; Shelton et al., 2014, 2016 (under review)). One 
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oil field sampled, the Olla Field, has been previously suggested by coauthors to be a microbial 

methanogenesis hot spot in the region (McIntosh et al., 2010), later attributed to ideal geochemical 

conditions for microbial methanogenesis (Shelton et al., 2014).  

4.3.1 Field and Analytical Methods 

Formation oil, water, and gas were collected over two different sampling campaigns in 

August 2011, and July 2012, while biomass and formation water and oil were collected in August 

2014. Each well will be identified via it’s oil field and a sample number (Table A-12). The up-dip, 

shallow (393 to 472 m) wells from the Crossroads, Salt, and Tullos Urania fields are identified as 

CR, S, or TU wells, respectively.  The mid-depth (667 to 1044 m), centrally-located wells from 

the Olla and Nebo-Hemphill fields are identified as O or NH, respectively.  The deep (1063 to 

1588 m), down-dip wells from the Cypress-Bayou Field are identified as CB. 

Formation water and oil were collected directly from the wellhead into a 5 gallon Nalgene 

carboy, where the temperature of the brine/oil mixture was taken while the mixture partitioned, 

using an Oakton Acorn Temp 6 Thermometer.  Once separated, the water was released from a 

spigot at the bottom of the carboy into sterile 60mL BD Luer-Lok syringes, and filtered through 

attached 0.2μm nylon syringe filters into 30mL HDPE bottles.  The HDPE bottles were pre-cleaned 

and the collected fluids were preserved according to associated analysis (e.g., Shelton et al., 2014), 

filled with no headspace, capped, put on ice, and shipped to either the University of Arizona or the 

U.S. Geological Survey where they were kept at 4°C until analysis.   

Produced water was collected in 2L pre-combusted, sterile glass bottles for collecting 

microbial biomass.  Nalgene tubing was inserted into the bottle after the oil/brine mixture was 

allowed to partition, and was filtered through sterile 0.22μm SterivexTM GP filter units (Millipore) 

using a GeoPump.  The volume of filtered water was recorded, and triplicate filters were taken for 

each well.  Filters were immediately frozen on dry ice and shipped to Colorado School of Mines, 

where they were kept at -80°C until DNA extraction.  Alkalinity was titrated within 8 hours of 

sample collection following the protocol outlined in Gieskes and Rogers (1973), and pH was 

recorded in the field using a Thermo Scientific Orion conductivity probe.  The δ13C-DIC of 

produced water was measured at the University of Arizona’s Environmental Isotope Laboratory 

using a ThermoQuest Finnigan Delta Plus XL continuous flow gas ratio mass spectrometer 

(precision at least ±0.3‰).  Anions were measured using ion chromatography US Geological 

Survey Energy Resources Program Geochemistry Laboratory in Lakewood, Colorado.   
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4.3.2 Microbial Community Analysis 

DNA extractions, amplifications, and Illumina MiSeq 16S iTag sequencing was performed 

at the Fierer Lab at University of Colorado, Boulder and the University of Colorado Next 

Generation Sequencing Facility.  DNA was extracted using a MO BIO PowerSoil® DNA Isolation 

Kit (Mo BIO Laboratories, Carlsbad, CA) following the manufacturer’s given protocol, with slight 

modifications for the Sterivex GP filter units: the Sterivex filter units were opened and slices of 

the filter were added directly to the bead tubes.  Extracted DNA was amplified using the 515-F 

(GTGCCAGCMGCCGCGGTAA) and 806-R (GGACTACHVGGGTWTCTAAT) 16S rRNA 

gene primer pair (Fierer et al., 2012); the primers also included Illumina adapters and reverse 

primers (adapted with error-correcting 12-bp barcodes unique to each sample).  PCR was 

performed with a GoTaq Hot Start PCR Master Mix in a 250 μL reaction, with thermal cycling 

consisting of initial denaturation at 94C for 3 min, followed by 35 cycles (45 sec) of denaturation 

at 94C, annealing at 50C for 30 sec, extension at 70C for 90 sec, and a final extension at 72C 

for 10 minutes. Successful amplification was verified with gel electrophoresis (2% agarose gel), 

and the amplified DNA was sequenced using the Illumina MiSeq 16S iTag next generation 

sequencing platform, running the 2 x 250 bp chemistry.   

Downstream processing was performed using the UPARSE pipeline (Edgar, 2013), where 

forward reads were demultiplexed using an in-house custom Python script 

(https://github.com/leffj/helper-code-for-uparese). Quality filtering was conducted using a maxee 

value of 0.5 (filtering out ca. 10% of the nucleotides).  Prior to determining and assigning 

phylotypes, the sequences were dereplicated and singleton sequences were removed. Taxonomic 

units were mapped to the raw sequences at the 97% similarity threshold using the Green-genes 

13_8 (http://greengenes.secondgenome.com) database.  Any sequences that matched phylotypes 

representing chloroplasts or mitochondria were removed, along with sequences matching those 

found in the blank sample (i.e. sequencing contaminants).  The samples were then rarefied 

randomly at 3700 sequences per sample using the biom package in R (McDonald et al., 2012; 

www.r-project.org). Sequence reads for each well were deposited to the National Center for 

Biotechnology Information Short Read Archive (SRA) under BioProject PRJNA310850 and 

BioSample accession numbers SAMN04457226-SAMN04457247. 

 

 

https://github.com/leffj/helper-code-for-uparese)
http://www.r-project.org)/
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4.3.3 Microbial Community Statistics 

The 22 sampled wells were binned according to each of the following environmental 

parameters in order to determine how changes in these environmental parameters impacted 

microbial community structure: oil field and well depth; temperature, pH, 13C-DIC values, 

alkalinity, chloride concentration, 13C-CO2 values, 13C-CH4 values, extent of methanogenesis, 

extent of crude oil biodegradation, and methane production volumes (Table 3).  The samples were 

typically binned into 4 categories, Lowest, Low, Medium, and High, while the thresholds for these 

bins were determined so that a relatively even number of samples (e.g., 5-6 samples in each of the 

4 categories) were placed in each bin. The binning process was aided by natural cut-offs for many 

of the environmental parameters (e.g., chloride concentrations increased from 776 mM to 1154 

mM between two different oil fields). were binned (e.g., High, Medium, Low, Lowest) according 

to environmental parameter.  Extent of methanogenesis and extent of crude oil biodegradation 

rankings for each well were assigned using indicators of methanogenesis (e.g., 13C-DIC values) 

and crude oil geochemistry (e.g., pristine/phytane values), respectively (see Shelton et al., 2016 

(under review) for methodology). 

 In order to fully understand taxonomical differences in this study, the microbial structure 

was analyzed for statistical trends three different ways, analyzing: total community, just the 

Archaea identified, and just the Bacteria identified. Any well with missing data for a specific 

geochemical analysis was omitted from any statistical analyses performed using that parameter. 

All statistical analyses were conducted using the vegan package (Oksanen et al., 2015) in R 

(www.r-project.org).  

4.4. Produced Fluid Geochemistry 

Formation water temperatures ranged from 22.4C to 48.5C across the sampled transect, 

with the coldest water produced from the Crossroads Field and the warmest water produced from 

the Olla Field (Table A-10).  The pH ranged from 6.7 to 7.7, with the lowest pH found in the Olla 

Field and the highest pH found in the Crossroads Field.  Alkalinity values ranged from 4.7 meq/kg 

to 56.4 meq/kg, with alkalinity values less than 13.4 meq/kg outside of the Olla Field.  Chloride 

concentrations ranged from 558 mM to 2056 mM, generally increasing with increasing well depth 

along the transect.  The 13C-DIC values of produced water ranged from -2.2‰ to +24.1‰, with 

the highest values found in the Olla and Nebo-Hemphill fields.  The 13C-CO2 and 13C-CH4 

values were taken from Shelton et al. (2014), as gas samples were not collected for this study.  

http://www.r-project.org)/
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Daily gas production volumes were supplied by XTO Energy (written communication), and were 

converted to daily methane production volumes (Table A-10) using gas composition data 

presented in Shelton et al. (2014).  

4.4.1 Differences in Microbial Community Composition Across the Transect 

 The total number of reads per well varies acorss the transect, an average of 21,795 reads 

per well (range: 3,925 - 66,965 reads, Table A-11). The wells contained sampled for this study 

contained 2,668 unique operational taxonomic units (OTUs), with 4.8% of the total OTUs 

identified at the species level (128 OTUs out of 2668). The average community richness was 

250.45, while the average Shannon diversity was 2.98. Although Archaea generally dominate 

across the transect, most of the species richness in each well is due to the bacterial populations, as 

the bacterial richness across the transect averaged 236.31, while the archaeal richness averaged 

12.5.  The average Shannon diversity across the transect is also due to the diversity of the Bacteria 

identified; the average Shannon diversity for Bacteria was 4.29, while the average Shannon 

diversity of the Archaea was 0.52. 

Archaea, on average, are identified at a higher percent abundance in the 22 sampled wells, 

ranging from 8.3 - 86.7% total abundance in each well (Figure 4.2; Table A-11). A methanogen, 

regardless of the percent abundance of Archaea, was always the dominant OTU in each well, and 

methanogens, on average, represented 98.6% of the archaeal population (Figure 4.6).  Bacteria 

were generally dominated by Proteobacteria (with Alphaproteobacteria or Gammaproteobacteria 

found at the highest abundance), Firmicutes, Bacteroidetes, and Actinobacteria (Figure 4.6).  

However, only 8 bacterial phyla were identified, on average, at greater than 1% abundance across 

the transect. 

When comparing the sampled wells at the OTU level, trends in taxonomical composition 

become apparent.  Only 18 different OTUs were present at greater than 10% abundance in any 

well sampled, 5 of which are methanogens (Figure 4.3). Methanococcus spp. dominated the 

microbial structure of the 5 shallow, low salinity (up-dip) wells, which were also characterized by 

low temperatures and high extent of crude oil biodegradation. Methanothermococcus spp. was the 

most abundant microorganism in 15 of the wells (Figure 4.3), which were characterized by a wide 

range of temperatures and chloride concentrations (Table A-10). Methanococcus spp. requires 

much lower growth temperatures than Methanothermococcus spp., likely explaining the shift in 

dominance from Methanococcus spp. to Methanothermococcus spp. between the cooler down-dip 
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fields and the warmer up-dip fields (Whitman and Jeanthon, 2006; Figure 4.4).  Methanococcaceae 

generate methane from either formate or CO2/H2 (Liu and Whitman, 2008), confirming previous 

conclusions that methanogenesis in this region is generally hydrogenotrophic (Warwick et al., 

2008; McIntosh et al., 2010). 

The remaining two wells were dominated by either Methanohalophilus halophilus or 

Methanolobus spp. The dominance of Methanohalophilus halophilus in well O6 was surprising 

based on the preferred high salinity growth for the organism - 1200 mM (Kendall and Boone, 

2006) - and also because well O6 was not the most saline well sampled. Methanolobus spp., which 

is present at the highest % abundance in well NH2, is a methylotrophic methanogen that cannot 

use H2/CO2, acetate, or formate to grow (Kendall and Boone, 2006). Again, no preferential growth 

conditions for Methanolobus spp. would justify the presence of Methanolobus spp. in well NH2 

over other wells across the transect. 

When the wells are clustered according to the Bray-Curtis distance between samples, which 

represents how similar (samples cluster together) or different (samples cluster away from each 

other) the microbial compositions of each well are compared to each other, two major groups are 

apparent (Figure 4.2).  The 5 up-dip, low-salinity, highly biodegraded wells (located in the CR, S, 

and TU fields) clustered away from the remaining 17 wells, which spanned all ranks of 

methanogenesis (high, medium and low).  There were no obvious trends when comparing the 

Bray-Curtis cluster dendrogram to the % abundance of Archaea and Bacteria across the transect, 

meaning that the compositional differences driving this clustering are present in a more specific 

taxonomic rank (e.g., species level).  There is also no obvious environmental connection to the 

wells with the highest relative amounts of Bacteria - wells O32 and CB3 – as these wells had 

produced fluids with fairly different salinity, temperature, and alkalinities. 

4.4.2 Statistical Analyses of Microbial Community Structure 

After Bray-Curtis distance revealed two major groups of similar microbial communities 

across the transect, additional statistical analyses were performed to better understand why these 

groups clustered away from each other.  NMDS ordination analyses (also using Bray-Curtis 

distance) also found that the up-dip, shallow wells (CR, S, TU) clustered together.  However, they 

only clustered together when the data was analyzed against 3 of the 11 different environmental 

parameters, binned chloride concentration, extent of crude oil biodegradation, and oil field/depth 
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(Figure 4.4), indicating that these parameters may be driving microbial community compositional 

differences across the transect. 

The Kruskal-Wallis test showed that microbial community richness (i.e., number of OTUs 

present in each sample) was significantly different (p values <0.05; Table A-14) between groups 

of samples binned by spatial location within the reservoir (i.e., oil field/depth), pH, and extent of 

crude oil biodegradation. The number of identified OTUs in the shallow, high pH, highly 

biodegraded samples was generally greater than those identified in the deeper, lower pH, and low 

biodegradation wells.  However, average sample diversity was statistically similar between all 

groups of binned samples by environmental parameters (Table A-14).  

When analyzing bacteria and archaea independently of each other, the Kruskal-Wallis test 

produced different results. Bacteria richness was significantly different when wells were binned 

by spatial location within the reservoir, pH, 13C-CH4 values, and extent of crude oil 

biodegradation, while again, the Shannon Diversity Index was similar across all environmental 

parameters analyzed. Archaea richness was significantly different when samples were binned by 

spatial location within the reservoir, chloride concentrations, and extent of crude oil 

biodegradation, while the Shannon Diversity Index was impacted when wells were binned by 

alkalinity values, 13C-CO2 values, and extent of crude oil biodegradation. 

 When using the ANOSIM test (and the Bray-Curtis distance), spatial location within the 

reservoir, chloride concentrations, and extent of crude oil biodegradation all gave significant p 

values (equal to 0.001), and statistical R values greater than or equal to 0.5 (Table A-14).  This 

means that for those three categorizes, there is a statistical difference between the average 

community composition of the binned wells analyzed for each of the categories (i.e., the wells 

binned by high chloride concentrations have an average microbial community composition that is 

different than those binned by low chloride concentrations).  The adonis test produced a similar 

result, with extent of crude oil biodegradation, chloride concentrations, and spatial location within 

the reservoir having significantly different (p value equal to 0.001) average microbial community 

compositions across the binned environmental parameters (Table A-14).  

 The ANOSIM and adonis tests were repeated for just the bacteria identified in each well 

and just the archaea identified in each well.  When just analyzing the bacteria found in each well, 

the adonis test resulted in three significant groupings - spatial location, extent of crude oil 

biodegradation, and chloride - and the ANOSIM test only resulted in one significant grouping -by 
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chloride concentration (Table A-14).  When just analyzing the archaea, the adonis test also found 

the same three significant groupings, but the ANOSIM test identified two different significant 

groupings – extent of crude oil biodegradation and alkalinity.  This suggests that both the archaea 

and bacteria found in each well may be driving the amount of crude oil biodegradation found in 

each well, and also may be impacted by well depth and chloride concentration.  In addition, the 

archaea may impact alkalinity concentrations, independently of the Bacteria.  

4.4.3 Microbial Community Differences between the Up-dip and Down-dip Samples 

 Due to the sample clustering identified using the NMDS tests (e.g., the 5 down-dip wells 

clustered away from the 17 other wells), these 5 samples were removed from the statistical 

analysis.  The adonis and ANOSIM tests were run again to determine if those 5 up-dip samples 

were driving the microbial community differences across the transect, or if there were still 

microbial community structure differences in the remaining 17 wells (i.e., is the variability 

identified exclusive to the 5 down-dip samples?). When removing those 5 samples, 

hydrogeochemical differences were still abundant across the remaining 17 samples; the remaining 

17 wells span 3 different oil fields, all extents of methanogenesis (high, medium and low), 

produced fluids with temperature values from 24.4 to 48.5C, pH values between 6.7 and 7.4, 

13C-DIC values from +0.2 to +24.1 per mil, alkalinity values between 4.7 meq/kg to 56.4 meq/kg, 

and chloride concentrations between 1154 mM to 2056 mM (Table A-10).  After removing those 

5 samples and re-running the adonis and ANOSIM tests, no environmental parameters were 

associated with significantly different microbial structures (p values <0.05; Table A-14). This 

indicates that the major microbial community variations are found in the 5 up-dip samples, and 

that the remaining 17 samples have statistically similar microbial communities when binned by 

environmental parameters.   

 When analyzing the average order-level taxonomy of the two groups of samples (5 up-dip 

wells versus the 17 down-dip wells), there were some major differences in microbial structure 

(Figure 4.5).  Thirty-five different orders were identified at, on average, greater than 0.5% 

abundance in either of the two groups of samples.  Methanococcales was the dominant order in 

both groups of samples; however, Methanococcus spp. domainted the up-dip wells while 

Methanothermococcus spp. dominated the down-dip wells (Section 4.3.2).   No other identified 

orders were found at greater than 10% abundance in both groups.  Some specific orders were found 

at a much higher % abundance (or are only present) in the up-dip wells, and vice-versa.  Most 
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notably, greater than 90% of the identified sequences of [Cloacamonales], Bacteroidales, 

Chromatiales, Desulfobacterales, Desulfovibrionales, Desulfuromonadales, Methanobacteriales, 

OPB11, PL-11B10, Spirochaetales, and YLA114 were found in the up-dip oil fields, while greater 

than 90% of the identified sequences of Halanaerobiales, Oceanospirillales, and Synergistales 

were found in the down-dip wells (Figure 4.5). 

  All of the orders containing sulfur-utilizing bacteria were found in much higher abundance 

in the up-dip, low salinity, highly biodegraded, non-methanogenic wells. These include 

Desulfobacterales, Desulfovibrionales, Desulfuromonadales, Chromatiales, and 

Syntrophobacterales.  This would confirm a hypothesis made in Shelton et al. (under review) that 

these up-dip highly biodegraded wells are non-methanogenic due to sulfate reduction being the 

initial crude oil biodegradation pathway in these wells.  Bacteroidetes have been identified in other 

crude oil and methane producing reservoirs, while novel microorganisms similar to Bacteroidales 

have also been identified in biodegraded reservoirs (Wang et al., 2011; Purwasena et al., 2014), 

suggesting that Bacteroidales may be able to degrade crude oil. One family of 

Syntrophobacterales, Syntrophorhabdaceae, have been shown to degrade organic compounds to 

acetate, in a syntrophic relationship with an H2 utilizer (Qui et al., 2008; Kuever, 2014).  Another 

species within the order of Syntrophobacterales, Desulfobacca acetoxidans, was identified as a 

sulfate reducer that competes for acetate with methanogens in sludge (Göker et al., 2011). 

Methanobacteriales is a methanogenic order of bacteria within the archaea (archaebacteria), which 

are typically identified as CO2/H2 utilizers (Bonin and Boone, 2006; Whitman et al., 2006), and 

have also been identified in methanogenic petroleum reservoirs or enrichment cultures (e.g., Wang 

et al., 2011; Mayumi et al., 2013). 

A recent study by Hu et al. (2016) discussed the role of candidate phyla in the 

biodegradation of crude oil, finding that the phylum OP9 (termed Atribacteria) dominated samples 

that exhibited the most crude oil biodegradation (while candidate phyla in the other, less-

biodegraded samples ranged from 0-0.4% abundance in each sample).  Carr et al. (2015) also found 

Atribacteria (consisting of both OP9 and JS1 candidate phyla) in a methane-rich environment and 

suggested that it produced methanogenic substrates such as acetate and CO2. Although the 

microbial structure of the highly biodegraded samples in this study do include many candidate 

phyla, OP9 is not identified; OP9 is identified in the methanogenic, mid to low biodegradation 

samples.  The absence of Atribacteria in the highly biodegraded samples may suggest a lack of 
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syntrophy between fermentative bacteria and methanogens in these wells, which could be limiting 

methane production. 

OPB11, PL-11B10, [Cloacamonales], and YLA114 are all found, on average, at greater 

than 0.6% abundance in the up-dip, highly biodegraded samples, and found at less than 0.05% 

abundance in the down-dip, less biodegraded samples, suggesting that they may serve an important 

role in degrading hydrocarbons.  OPB11, a candidate order of the class Anaerolineae, may degrade 

organic matter: Anaerolineae are hypothesized to consume hydrocarbon intermediates 

(Kleinsteuber et al., 2012), while members of the Anaerolineae class have been identified as 

organic matter degraders (Hug et al., 2013).  PL-11B10, an order of the phylum Spirochaetes, may 

also degrade organic matter, as Spirochaetes was identified as a dominant phylum in production 

waters from a biodegraded, low-salinity petroleum reservoir (Grabowski et al., 2005). The phylum 

WWE1, which includes the order [Cloacamonales], was recently identified in fluids collected from 

coalbed methane wells (Kirk et al., 2015), and was previously suggested to be a cellulose degrader 

found in anaerobic sludge digesters (Limam et al., 2014), likely indicating a hydrocarbon 

degrading role for [Cloacamonales] in this study.  The order YLA114 is found in the 

[Parvarchaeota] phylum, and little information exists on the presence of [Parvarchaeota] in 

methanogenic, biodegraded crude oil reservoirs.   

4.4.4 Factors Driving Microbial and Metabolic Differences across the Transect 

These results indicate that the amount of methanogenesis, which varies widely across the 

sampled transect, is not impacted by either the bacterial or archaeal communities present in each 

well.  This may suggest that although “who’s there” may not influence the amount of 

methanogenesis, that other factors (possibly salinity) may control whether or not certain 

communities are active and will generate methane.  However, the extent of crude oil 

biodegradation may indeed be impacted by the methanogens present, as indicated by the results of 

the ANOSIM and adonis tests. This evidence would further confirm that methanogenic crude oil 

biodegradation both occurs and that these processes are linked in subsurface petroleum reservoirs 

(e.g., Jones et al., 2008; Gieg et al., 2010; Shelton et al., under review), and that archaea may play 

a major role in physically degrading the hydrocarbons, not just in generating methane. 

Current research also suggests that there may not be major differences in the microbial 

communities present in biodegraded versus non-biodegraded reservoirs (Sette et al., 2007; Oliveira 

et al., 2008), and that the major difference may be the relative abundance of the populations present 
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(i.e., species evenness).  This conclusion is not in agreement with the findings from this study.  

Bacterial richness is much higher on average in the oil fields exhibiting higher amounts of crude 

oil biodegradation (up-dip fields) than ones exhibiting minimal crude oil alteration (down-dip 

fields).  Furthermore, there are significantly different microbial community structures between the 

highly biodegraded and moderately/minimally biodegraded areas of the reservoir, indicating 

different microbial communities (and differences in their abundance) surrounding these wells.  

However, this could be due to the hydrochemistry of the reservoir, as the more degraded fields are 

associated with lower temperature and more dilute fluids than the deeper oil fields.. 

Salinity has been shown to be a major driver of microbial community presence and 

metabolism, affecting both crude oil biodegradation and microbial methanogenesis (e.g., Potter et 

al., 2009; Oren, 2011; Head et al., 2014).  Shelton et al. 2016 (under review) suggested that chloride 

concentrations were driving differences in the amount of crude oil biodegradation across the 

transect sampled in this study.  Salinity was shown through the ANOSIM and adonis tests to also 

drive microbial community differences in this study. There are two major changes in salinity 

concentrations across the transect: between the shallow wells and the mid-depth wells, and 

between the mid-depth well and the deep wells. 

However, it is important to note that, even though major differences in microbial 

community structure exist between the 5 up-dip, low salinity, highly biodegraded wells locations 

and the remaining 17 down-dip well locations, and that salinity, spatial location, and extent of 

crude oil biodegradation are the environmental factors linked to those community differences, 

there are still differences in those three environmental factors in the remaining 17 wells.  The 

down-dip wells produce from three different oil fields spanning 921 m of depth, produce formation 

water with chloride concentrations between 1154 mM to 2056 mM (Table A-10), and produce 

crude oil that is either moderately or minimally biodegraded. Therefore, it is difficult to say that, 

“salinity is driving microbial community differences across the transect,” because there are major 

salinity differences present down-dip, with fairly similar average microbial communities present 

along that gradient.   

It is more prudent to hypothesize that a salinity threshold exists between 776 mM and 1154 

mM that impacted the microbial community structure in this formation.  Crude oil biodegradation 

may be limited at this hypothesized threshold, because there is a major difference in crude oil 

biodegradation between wells producing water with these different chloride concentrations.  It is 
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difficult to determine if methanogenesis is limited at lower salinity values, as we hypothesized that 

sulfate reduction may be ending in the 5 down-dip, low salinity wells, with methanogenesis 

beginning to occur around these well locations.  High concentrations of salinity may not impact 

microbial community structure, as indicated by the results of this study, but merely microbial 

function (i.e., metabolism and roles).  Both crude oil biodegradation and microbial methanogenesis 

are limited in the most-saline field sampled, the field with wells producing formation water with 

chloride concentrations > 2000 mM.  As the microbial community structure in the highly-saline 

fields is statistically similar to the structure of centrally located methanogenic field, it is fair to 

assume that salinity is driving that lack of function, and not microbial community 

presence/absence.   

4.5 Conclusions 

Archaea, on average, dominate the microbial community composition in each sampled 

location, while a methanogen, regardless of the % archaea, was the dominating microbial species 

in each sampled well location.  Statistical analyses performed on the total community structure 

suggested that chloride concentrations, spatial location within the Gulf Coast Basin (i.e., well depth 

and surficial location), and the extent of biodegradation have the most influence on (or are 

influencing) the microbial community structure across the transect. The statistical variability 

between microbial structure and environmental parameters is due mostly to processes occurring in 

5 specific well locations, where the shallowest wells produce fluids with the lowest chloride 

concentrations and highest extent of crude oil biodegradation.  After removing the data from these 

5 wells from the statistical analyses, no significant differences in microbial community structure 

exist when the remaining 17 wells are binned by environmental parameters, even though 

environmental gradients still exist (i.e., changes in salinity, temperature and pH are prevalent). 

Therefore, we hypothesize that either 1) a chloride threshold (between approximately 800-1000 

mM) exists, resulting in a dramatic shift in the microbial community structure between the 5 up-

dip well locations and the 17 down-dip well locations; and/or 2) the major difference between 

these two groups of sample locations is due to differences in crude oil biodegradation, likely 

stemming from variation in metabolic (sulfate reduction versus methanogenesis).  Furthermore, 

this salinity threshold may also be driving the high amounts of crude oil biodegradation observed 

in the low salinity, up-dip well locations, leading to the conclusion that salinity is the major driver 

in controlling microbiology across the transect. Salinity may also not impact microbial community 
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structure beyond this threshold, as indicated by the lack of major difference in microbial 

community structure in the down-dip wells. Variations in methanogenesis across the transect are 

not linked to statistically different microbial communities, and therefore, as hypothesized in 

Shelton et al. 2016 (under review), are likely due to ideal hydrogeochemistry and oil quality.  

This research has implications for enhanced production of natural gas by accelerating 

methanogenic crude oil biodegradation.  Although methanogens are abundant, non-diverse, and 

found in every well sampled for this study regardless of the apparent extent of methanogenesis, 

extent of methanogenesis still varies across the transect.  This implies that engineering reservoirs 

to favor specific methanogen populations may be futile when trying to accelerate methanogenic 

crude oil biodegradation, because hydrogeochemical conditions of the reservoir may be impeding 

on the methanogens’ ability to convert organic substrates to natural gas.  Crude oil biodegradation 

is likely limited by either salinity or by microbial ecology, as both change drastically between the 

5 up-dip, low-salinity, highly biodegraded samples and the remaining 17 down-dip, higher salinity, 

low biodegradation samples.  Methanogenesis seems to be more halotolerant than crude oil 

biodegradation, however the hypothesized switch from sulfate reduction to methanogenesis in the 

shallow, up-dip fields would need to be further investigated to determine if methanogenesis will 

occur in this low-salinity, low oil quality environment.  
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Figure 4.1 Map of well locations sampled for this study.  Contours on the map indicate depth (in 
feet) to the top of the Wilcox Group in the region, and Louisiana parishes (i.e., counties) are 
labeled.  The black line (i.e., the transect) is approximately 65 km long. 
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Figure 4.2 Cluster dendrogram paired with a bar chart indicating the relative percent abundance of 
Archaea and Bacteria in each sampled well. Percent abundance of Archaea ranges from 8.3% to 
86.7%.  Wells are clustered according to Bray-Curtis distance. The 5 up-dip wells (CR, S, and TU) 
cluster away from the remaining 17 down-dip wells.  
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Figure 4.3 Heat map representation of most abundant (i.e., >10% in at least one well) microbial 
taxa across the transect. Darker colors indicate greater percent abundance than lighter colors. The 
taxa found in greatest abundance across the transect are Methanohalophilus halophilus, 
Methanothermococcus spp., Methanococcus spp., and Methanolobus spp. 235 OTUs were 
identified at >1% abundance in at least one well sampled.    
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Figure 4.4 NMDS ordination plots for wells clustered by (A) chloride concentration and (B) 
samples clustered by extent of crude oil biodegradation.  The distance between two points 
represents similarity between their microbial community structure, with greater distance indicating 
a greater difference in average microbial community composition. The colors of both the points 
and the associated polygons (or lines) correspond to the group the samples are clustered into (e.g., 
Medium versus Low), and the size of the point corresponds to the sample richness. Both plots 
indicate that 5 samples (to the right) generally cluster away from the remainder of the samples (to 
the left). 
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Figure 4.5 Bar chart showing the taxonomical orders identified at greater than 0.5% abundance across the transect.  Each bar represents 
the average relative percentage each order is identified in either the up-dip 5 wells or the down-dip 17 wells, compared to each other.  
For instance, 100% of the sequences of Methanosarcinales were identified in the 17 down-dip wells, while no sequences of 
Methanosarcinales were identified in the 5 down-dip well. 
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Figure 4.6 A: Distribution of Archaeal sequences classified at the order level for each well 
sampled, with normalized % abundances shown. All represented taxa are present at > 1% 
abundance in at least one well sampled.  Most notably, a methanogen is present at > 98.6%, on 
average, in every well sampled. B: Distribution of Bacterial sequences classified at the class level 
for each well sampled.  Normalized % abundances are shown for classes present at > 1% 
abundance. 
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Figure 4.7 Bar chart expressing the relative percent abundance of all taxonomical orders 
identified at, on average, >0.5% abundance in the 5 up-dip wells and the 17 down-dip well
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CHAPTER 5 

GENERAL CONCLUSIONS 

 This research addressed how alternate methods of hydrocarbon extraction may be used to 

decrease the amount of CO2 emissions to the atmosphere, while also retaining a robust energy 

profile.  Although the research presented is focused in two different study areas in the Gulf Coast 

and Permian Basins, the results of this study could be applied in various other EOR and 

methanogenic oil reservoirs across the world, such as elsewhere in the Permian Basin, or in 

Alaskan oil fields.  This section will not repeat all of the specific conclusions reported in the 

previous chapters, but will reiterate and examine broad conclusions based on the research 

presented in this dissertation. 

 CO2 emissions to the atmosphere from the combustion of fossil fuels are, undoubtedly, 

causing global anthropogenic climate change.  Regardless of the scientific evidence, there have 

minimal efforts in the United States to reduce our dependence on fossil fuels and switch to more 

renewable (e.g., nuclear, solar) power.  However, ways to both mitigate the effects of climate 

change and still provide the country with fossil fuels would be beneficial to our society; two ways 

to do this would be to either 1) couple fossil fuel extraction with CO2 sequestration, or the 

permanent geologic storage of CO2; or 2) to use low-energy fossil fuel extraction mechanisms 

combined with the conversion of crude oil to natural gas, a lower CO2 per BTU fuel source than 

crude oil.  Both of these options have their challenges, most notably ensuring the permanent 

sequestration of the CO2 injected in a fossil fuel reservoir, and accelerating the conversion of crude 

oil to natural gas on human time scales, respectively.   

This research suggests that both processes may be feasible. Chapter 2 suggests minimal 

losses of injected CO2 in an EOR formation, indicating permanent geologic CO2 storage would 

likely be possible in the North Ward Estes Field, and possibly in EOR fields across the globe, 

dependent on local geology.  The volume of CO2 that could be stored in these formations is also 

substantial, equating to 9 years of CO2 emissions from the average U.S. power plant.  However, 

one of the major challenges that must be addressed is the fact that most EOR operations in the U.S. 

operate using natural CO2 instead of anthropogenic CO2, which would not curb CO2 emissions to 

the atmosphere.  Furthermore, most oil fields using EOR are not located near major power plants, 

which would present additional challenges in capturing and using anthropogenic CO2 for EOR. 
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Chapters 3 and 4 suggest the coupling of crude oil biodegradation and microbial 

methanogenesis, and hydrogeochemical and microbiological limitations to the methanogenic 

crude oil biodegradation.  These data could be used to help determine target reservoirs for 

enhancing methanogenic crude oil biodegradation. Active crude oil biodegradation and conversion 

of intermediates to microbial methane is occurring in the study site examined in Chapters 3 and 4, 

suggesting the process is possible, naturally occurring in-situ, and that accelerating this process 

may also be possible by targeting reservoirs with specific oil quality, hydrogeochemistry, and 

Bacterial populations.  This could assist in global energy profiles, as this process could extract 

residual crude oil that may be difficult to obtain in some reservoirs (and would likely be left in the 

ground without this process). 

5.1 Recommendations for Future Research 

 Future research on these topics would likely be focused on pilot studies in other areas. Pilot 

studies in post-EOR fossil fuel reservoirs, where CO2 is actively being retained and not produced 

back out of the formation, would be necessary to ensure permanent storage of CO2.  Noble gases 

and isotopic tracers, as identified in this study, would be beneficial in pilot studies to track the 

movement of CO2 in the subsurface.  As stated in section 5.1, most CO2 used for EOR operations 

is naturally sourced and is non-anthropogenic CO2.  Further studies must be conducted to 

determine if noble gas and isotopic tracers would be useful if using anthropogenic CO2 as opposed 

to natural CO2. 

 Additional fluid samples from methanogenic and biodegraded crude oil reservoirs may 

help better determine the correlation between crude oil biodegradation and methanogenesis.  

Plotting additional samples and attempting to determine an actual correlation (e.g., develop an 

equation or model to predict the processes given certain environmental parameters) could be 

extremely useful in selecting oil fields to stimulate methanogenic crude oil biodegradation. Pilot 

studies will also be necessary in the future to ensure that methanogenic crude oil biodegradation 

can be stimulated in situ.  Furthermore, additional research will be needed to determine if heavily 

biodegraded oils can be targeted using this process, and if any microbiological changes to the 

subsurface may occur after EOR processes, as methanogenic crude oil biodegradation could be 

exploited in post-EOR reservoirs to extract any residual crude oil.  Unpublished results from this 

study suggest no major microbiological community changes between miscible CO2-flooded 

reservoirs and non-flooded reservoirs, although many studies currently published suggest the 
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opposite.  As most work performed on this topic is laboratory based, additional field work 

collecting formation water, crude oil, and biomass from hydrogeochemically distinct and 

biodegraded methane-producing reservoirs would be useful in determining coupled mechanisms 

(e.g., increases in 13C-DIC with decreases in n-alkane content) for crude oil biodegradation and 

microbial methanogenesis, and to better establish microbiological and hydrogeochemical 

limitations to stimulating methanogenic crude oil biodegradation.  

Collecting samples from wells producing fluids with chloride concentrations between 800 

mM and 1100 mM would be useful in determining if a salinity threshold exists in the site sampled 

for this study.  Re-sampling the entire transect in a different way, so that DNA concentrations are 

high enough to perform qPCR would be useful in order to determine if actual abundance of 

microorganisms is impacting the metabolic processes observed across the transect.  It is also 

difficult to determine which microorganisms identified are active and which may be inactive; for 

instance, the DNA of non-functioning microorganisms could have been collected.  The sequencing 

performed in this study can only detect “who is there,” and not necessarily if the microorganisms 

are alive and functioning.  Therefore, collecting samples for laboratory experiments (i.e., culturing) 

may be useful to determine which microorganisms are functioning in the reservoir.  
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APPENDIX A 

SUPPLEMENTARY FILES 
 

The tables that are included in this Appendix are all those that are referenced in Chapters 

2 through 4.  Due to the size of the tables, they could not be inserted into the text.  Therefore, they 

are included as supplementary files to that the context and the nature of the information presented 

would not be skewed due to scaling each table to one page within this dissertation. 

 

Spreadsheets All tables referenced in this dissertation are 
included as supplemental files, listed below.  
All are Excel spreadsheet that include 
information necessary to the research 
presented within. 

Table A-1.xlsx Information for wells sampled in Chapter 2 
including well location, sample date, and API 
number. 

Table A-2.xlsx Gas geochemistry and isotopic data for the 
wells sampled in Chapter 2. 

Table A-3.xlsx Noble gas isotopic data for the gases sampled 
in Chapter 2. 

Table A-4.xlsx Table of the parameters used for all CO2 
dissolution and storage calculations and 
estimates in Chapter 2. 

Table A-5.xlsx Information for wells sampled in Chapter 3, 
including well location, API number, and well 
depth. 

Table A-6.xlsx Crude oil geochemistry data for crude oils 
collected from sampled wells in Chapter 3. 

Table A-7.xlsx Relevant crude oil constituents and 
biomarkers identified in crude oils collected 
for Chapter 3. 

Table A-8.xlsx Relevant produced water and gas 
geochemistry data for fluids sampled in 
Chapter 3. 

Table A-9.xlsx Biodegradation and methanogenesis rankings 
for wells sampled in Chapter 3. 

Table A-10.xlsx Relevant produced fluid hydrogeochemical 
and isotopic parameters for wells sampled in 
Chapter 4. 

Table A-11.xlsx Basic taxonomic data for microbial 
communities identified in production waters 
in Chapter 4. 
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Table A-12.xlsx Information about wells sampled in Chapter 
4, including well location, sample date, and 
major microbial communities identified in 
each well location. 

Table A-13.xlsx Subset of hydrobiogeochemical data used for 
statistical analyses in Chapter 4. 

Table A-14.xlsx Results from statistics performed in Chapter 
4. 

 


