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Chapter 1

Motivation & Problem Statement

1.1 Motivation for this Research

The extraction of hydrocarbons around the globe, especially in the United States, has entered a
new era. Unconventional sources of hydrocarbons that were previously uneconomical have be-
come strong contributors to the hydrocarbon energy sector in the last decade due to technologi-
cal advances. The most controversial technology is High Volume Hydraulic Fracturing (HVHF).
HVHF is employed by many oil and gas companies for the extraction of fossil fuels from shale;
this is accomplished by drilling vertically to depths on the order of hundreds of meters and then
drilling horizontally parallel into a source rock layer. Once the source rock is penetrated, a slurry
of highly pressurized water, chemicals, and proppants is injected to generate permeable fractures
throughout the source rock. These fractures allow extraction of the previously trapped natural gas
for production. Approximately 40% of all of the natural gas in the United States is acquired using
HVHF methods (Beaver, 2014).

In 2013 and 2014, the United States extracted 689 and 729 billion cubic meters (bcm), of natural
gas or roughly 20% of global natural gas production each respective year (Iea, 2014). The US also
leads the world in the consumption of natural gas (EIA, 2016a). In 2010, the US accounted for
26% of global natural gas consumption. Both trends, leading in production and consumption of
natural gas, combine to highlight the importance of natural gas in the US energy portfolio.

Natural gas is often used to heat homes and to generate electricity at power plants. One of the
attractive features of using natural gas as an energy source in the generation of electricity stems
from its lower impact on the environment than the commonly used alternative source, coal. In fact,
natural gas-powered plants emit about half of the carbon dioxide emissions per unit energy than
coal-powered plants (Beaver, 2014). However, even with this advantage in the reduction of carbon
dioxide emissions, many individuals and institutions do not believe the benefits of using natural
gas outweigh the risks of natural gas extraction with HVHF methods. Increased seismic activity
near HVHF and wastewater injection sites has alarmed residents. This has been well documented
with the increase in the frequency in low magnitude seismic events near HVHF regions (Ellsworth,

1



Chapter 1. Motivation & Problem Statement

2013; Atkinson et al., 2016). Another reason for concern has been the documentation of elevated
concentration of methane near drinking wells. These elevated measurements have been attributed
to a variety of reasons but authors have speculated that faulty casings are an important factor
(Darrah et al., 2014; Jackson et al., 2014b). These wells have been shown to leak gas into the
groundwater at levels exceeding federal (EPA) and state standards (Jackson et al., 2014a). Perhaps
the most severe disadvantage of HVHF is the possibility of fugitive emissions of natural gases,
specifically methane. It is not possible for all of the methane that escapes from the fractured rock
to be extracted for consumption , and if methane leaks to the surface it may enter groundwater as
well as the atmosphere. The potential transfer of methane into the atmosphere is troubling because
it is a strong greenhouse gas (GHG). Present day concentrations of methane in the atmosphere,
approximately 1.90 parts per million (ppm), are greater than pre-industrial levels of 0.68-0.715
ppm (Miller et al., 2013). Methane accounts for roughly 18% of all climate warming attributed to
greenhouse gases, thus motiving the need to understand escaped, or fugitive methane emissions
(Denmead, 2008).

1.2 Problem Statement

Currently, several studies have begun to tackle the link between HVHF practices and point and
line sources of methane contamination (e.g. faulty well casings (Jackson et al., 2013; Maher, Santos,
and Tait, 2014)) and pipelines (Jackson et al., 2014a). However, there is less literature of methane
emissions based on measurements of gases fluxed directly from the soil. Many of the methane
emission studies are conducted at the regional level use remote sensing and top-down methods.
Top-down methods start with a measurement of methane in the atmosphere and work towards
producing an inventory of terrestrial sources of methane (e.g. ((Kort et al., 2014)). Conversely,
bottom-up methods, or ground-based studies, collect measurements from multiple locations at
the near-surface. Unfortunately, comparisons between these methods have shown poor congru-
ency (Miller et al., 2013). Top-down studies tend to yield greater estimates of methane emissions
than bottom-up measurements (Kirschke et al., 2013). Additionally, the research in this field has
continued to produce wide ranging estimates for the fossil fuel contribution of methane in the
atmosphere. Authors have suggested more ground-based measurements ought to be completed
to validate remotely sensed reports (Kirschke et al., 2013). Therefore, the problem presented is to
reduce the uncertainty in the methane emissions sourced from fossil fuel extraction.

The Marcellus and Utica shale plays have been fervently studied in the last decade to address
this problem, and for good reason; the Marcellus and Utica delivered 12.19 bcm (43,000 million
cubic feet, MMcf) of natural gas to consumers in 2013 (EIA, 2016b). Another play of interest is the
southern extension of the Marcellus, the lesser exploited Chattanooga Shale. The Chattanooga is
the most important source of shale gas in eastern Tennessee, specifically in Morgan, Anderson,
Scott, and Fentress counties. Roughly 42% of the natural gas produced in Tennessee originates

2



Chapter 1. Motivation & Problem Statement

from these four counties (TDEC, 2015). Additionally, the Chattanooga Shale play has been care-
fully eyed by many prospective oil and gas companies for expanding production (EIA, 2015).

To determine whether HVHF sites could be the missing ground source of fugitive methane, our
research focused on measuring methane emissions in regions of sustained HVHF activity through
a bottom-up process. More specifically, we tested the hypothesis that HVHF practices lead to
enhanced fluxes of methane in areas of shale gas development against the null hypothesis that
leakage is due to natural processes unassociated with HVHF.

3



Chapter 2

Introduction & Background Information

2.1 Geographic Setting

The study site is located in Morgan County in northeastern Tennessee, 19 km northwest of Oak
Ridge, TN. The county has a rugged landscape, a product of being located at the eastern edge of
the Cumberland Plateau, just west of the Appalachian Mountains. The rural nature of Morgan
County and its neighboring counties makes it ideal for HVHF development.

2.2 Geologic Setting

The geologic setting of Tennessee contains a large degree of variation moving from west to east
across the state. A coarse description of the geology of Tennessee begins with the western border.
This region is classified as the Mississippi Embayment. Moving east to Middle Tennessee, this
region is classified as the Nashville Basin, bounded on the west, south and east by the Highland
Rim. East of the Highland Rim lie the Cumberland Plateau and Valley and Ridge regions. The
Valley and Ridge physiographic region has been well studied by geoscientists due to its record
of the Taconic, Acadian, and Alleghenian Orogenies that contributed to the formation of the Ap-
palachian Mountains. The central location of this field site is near the Cumberland Forest (36◦ 2
N, 84◦ 28 W) in the Cumberland Plateau region.

The Cumberland Plateau is a subsection of the southern portion of the Appalachian Plateau
(Hatcher, 2013; Wilson and Stearns, 1958). This region extends from Kentucky, through Ten-
nessee, and into north central Alabama. Though Cambrian and Ordovician aged rocks surround
the Plateau, the rocks of primary concern are Pennsylvanian in age. These Pennsylvanian aged
rocks compose the lions share of the material that underlie the field site.

The structure of the Cumberland Plateau was organized into three sections by Wilson and Stearns
(1958), presented here from northeast to southwest: 1) Pine Mountain block, 2) Wartburg Basin
(Evenick and Hatcher, 2006), and 3) Cumberland Plateau overthrust sheet (Figure 2.1). The Pine
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Mountain block is separated from the Wartburg Basin by the Jacksboro Fault, and is bounded
to the east by the Eastern Cumberland Escarpment, which divides the region from the Valley
and Ridge province. Skipping ahead to the Cumberland Plateau overthrust sheet, similarities are
found with the Pine Mountain block in that there is a fault (Emory River Fault) of similar strike
as the Jacksboro fault that separates the sheet from the Wartburg Basin. This area is bounded by
the Sequatchie Valley Anticline to the west and the Eastern Escarpment to the east. Beds of both
the Pine Mountain block and the Cumberland Plateau overthrust sheet have been disturbed by
bedding thrusts that have moved underlying beds generally in a northwestward direction for 3
to 10 miles. This displacement of underlying beds is described in greater detail in Wilson and
Stearns (1958). The field site is located in the undisturbed Wartburg Basin, where the underlying
beds remain flat until the eastern escarpment where the beds are sharply deformed but continuous
(Wilson and Stearns, 1958).

FIGURE 2.1: Geological map of eastern Tennessee (Evenick and Hatcher, 2006).

From work completed by Evenick and Hatcher [2006], we know that the Cumberland Plateau is
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home to several stratigraphic groups (Appendix D). Near the surface, there are several Pennsyl-
vanian aged layers of primarily sandstone and coal. Of these near surface layers, there are five
layers exposed at the surface, all Pennsylvanian in age. Generally found closest to the surface is
the Redoak Mountain (Prm) formation. This is a package of alternating sandstone and shale layers
with thin coal layers interbedded in the group. Found beneath the Redoak Mountain formation is
the Graves Gap formation (Pgg) that consists of shale and sandstone layers; the Indian Bluff for-
mation (Pib) composed primarily of alternating shale sandstone and shale layers; the Slatestone
(Psl) formation composed of shale and sandstone units; and the Crooked Fork (Pcf) group, which
contains several sandstone and shale formations.

With regard to thicker packages deeper in the subsurface there are four groups of note above the
Chattanooga Shale, the primary source rock. First, lying under the Crooked Fork group is the
Crab Orchard Mountains (Pco) formation. It is roughly the same thickness as the Crooked Fork
and contains sandstone, shale, thick conglomerate layers, and several coal seams (Wilson and
Stearns, 1958). Underlying the Crooked Fork is the Gizzard (Pg) formation, which is thinner than
the previous two groups and is comprised of shale and sandstone layers.

Beneath these Pennsylvanian aged strata are two Mississippian aged packages, the Newman
Limestone (Mn) and the Fort Payne (Mfp). The Newman Limestone is a shaly limestone package
with siltstone and sandstone composing a minor portion of the unit. The Fort Payne formation
provides the foundation of the Mississippian aged material and it is a thick cherty layer roughly
31 to 82 m thick (USGS, 2016). The bottom of the Fort Payne is composed of green (Maury) shale.

Finally, underneath the Mississippian layers lies the source rock for the majority of the wells in
Morgan Co., the Chattanooga Shale (MDc). The Chattanooga is Devonian in age, and can be
characterized as a black to dark-grey thinly laminated carbonaceous shale that is roughly 5 to 8 m
thick (Evenick and Hatcher, 2006).

2.3 Current Status of HVHF Activity in Tennessee and the Cumberland
Plateau

2.3.1 General energy production and consumption by Tennessee

Tennessee is a moderate producer of energy and natural gas in the US. The Energy Information
Agency (EIA) reported that the state produced 545 trillion BTU in 2013, which earned the state a
national ranking 30th in total energy production. For natural gas, Tennessee ranks slightly higher
at 25th in the nation with 149 MMcm (5,294 MMcf) of production. However, Tennessee and other
midlevel producing states pale in comparison to leaders of US producers like Wyoming, Okla-
homa, Pennsylvania, and Texas who produce roughly two orders of magnitude more natural gas
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(EIA, 2016b). With regard to consumption, Tennessee consumes about 7.94 Bcm (280 Bcf) or 1.1%
of the total share of US natural gas (EIA, 2015). The values for production and consumption are
not impressive for several reasons that can be tied to several energy indicators. First, population
tends to be an indicator of energy consumption; Tennessee, ranks near the middle of the nation
at the 20th position. Second, the gross domestic product (GDP) for Tennessee, ranked 19th, is
also near the middle of the nation. Third, Tennessee does not currently have a large capacity for
downstream fossil fuel processing.

2.3.2 Current Status of Natural Gas Within Tennessee

In Tennessee, natural gas is a distant third place behind nuclear and hydroelectric generation
in energy production. However, even though natural gas is not currently a dominant energy
player, evidence of recently increased production suggests that Tennessee could play a larger role
in natural gas development in decades to come. For instance, Figure 2.3 shows that gas production
is increasing to the highest volumes it has ever been within the state. Furthermore, much of the
state is currently being explored for more natural gas resources due to the fact that the eastern
part of the state overlies the gas-rich Chattanooga Shale (EIA, 2015). Also, unique to Tennessee,
the primary fluid used for fracturing the shale is nitrogen gas. Other chemicals and proppants
are used in the slurry, but Tennessee is one of two states (the other being Kentucky) that use
nitrogen gas instead of water as the primary fluid within their injection slurries (Hirji and Song,
2015). These factors combine to demonstrate the increased interest in natural gas production in
Tennessee.

Morgan County is home to 432 of the 1404 active gas wells in the State of Tennessee (TDEC, 2016).
Morgan Co. is home to 31% of the active wells in Tennessee, whereas 26% of active gas wells lie
in eastern neighbor Anderson Co. and 19% are drilled in northern neighbor, Fentress Co (TDEC,
2016). The rest of the active wells are scattered around eastern Tennessee. Since the advent of
widespread HVHF in the US, production in between 2006 through 2014 in Tennessee has increased
an average of 9.88 million cubic meters (344 MMcf) per year. This may be a modest increase when
compared to a top producing state like Pennsylvania (approx. 127 million cubic meters (45,000
MMcf) per year); however, the point to be underscored is that between 1991 and 2005 Tennessee
averaged an annual growth in production of only 8.87 MMcf. Thus, the proliferation of HVHF
activity has resulted in an increase in annual production of natural gas in the region.

2.4 Methane in the Atmosphere

Methane, being composed of a single carbon and four hydrogen atoms (CH4), makes up 70-90%
of natural gas (Natural Gas, 2013). Other major constituents include other alkanes such as ethane
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FIGURE 2.2: Withdrawls of natural gas in the state of Tennessee over the last two
decades. The annual withdrawls are presented in purple using the left-sided y-axis,
and the annual count of wells are presented in blue using the right-sided y-axis (EIA,
2016a).

(C2H6), propane (C3H8), and butane (C4H10). Carbon dioxide (CO2) can also be found in small
amounts (0 to 8%) as well (Natural Gas, 2013). Once methane has escaped from the subsurface
and enters the atmosphere it now becomes an important contributor climate warming. The atmo-
sphere contains roughly 4850 terragrams (Tg) of CH4 , roughly equivalent to a concentration of
1.90 ppm. The atmospheric residence time is roughly 10 years shorter for CH4 than CO2, which
can last in the atmosphere for a century. Though the atmospheric lifetime and concentration are
far less than for carbon dioxide (CO2), the 100-year global warming potential of CH4 is 25 times
greater than for CO2 (EPA, 2015). The contribution of methane to global warming makes it impor-
tant to understand the inventory of sources and sinks of CH4.

Methane in the atmosphere can have terrestrial and aquatic origins; furthermore, CH4 sources are
often generalized into two categories, natural and anthropogenic. Natural sources of methane
stem largely from wetlands, and the remaining portion sourced from geologic origins (e.g. mud
volcanoes, gas hydrates, and macro-seeps) and termites (Dale et al., 2008; Etiope and Klusman,
2010; Kvenvolden and Rogers, 2005). Anthropogenic sources of CH4 are not limited to fossil
fuels but include biomass burning, rice agriculture, enteric fermentation, and landfill emissions
(Kvenvolden and Rogers, 2005).
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The two major sinks for CH4 are the atmosphere and terrestrial surface layers. Within the atmo-
sphere, CH4 is lost in the troposphere and the stratosphere. In the troposphere, CH4 reacts with
free hydroxyl radicals to form a methyl group and a mol of water (Ehhalt and Schmidt, 1978).
Methane that escapes destruction in the troposphere will enter the troposphere where it may re-
act with hydroxyls, free chlorine, or oxygen-deuterium (O1D) compounds (Ehhalt and Schmidt,
1978). However, it is important to note that the troposphere, the largest sink for CH4, transforms
between 428-507 Tg of CH4 per year, and the stratosphere 30-45 Tg of CH4 per year (Backman,
2009). The terrestrial surface in the form of soils also contributes as sink for atmospheric CH4.
Under certain meteorological conditions (e.g. high atmospheric pressure) methane can be stored
within near-surface layers, and further consumed by microbes in the soil or stored as soil gas. The
amount of CH4 stored in the soil ranges between 26-43 Tg yr−1, which is just under 10% of CH4

that is lost each year (Backman, 2009).

There are two essential points to understand regarding methane in the atmosphere: 1) the present
concentration of methane in the atmosphere has reached a value that that has not been surpassed
in the last 800,000 years, and 2) methane traps 25 more times more solar radiation per unit of mass
than carbon dioxide (EPA, 2016). With these two points in mind, the importance in accounting for
components of the methane cycle cannot be understated

2.5 Geochemistry of Methane

Methane that is extracted for commercial use is usually thermogenic methane, though biogenic
sourced methane comprises roughly 20% of commercial natural gas (Martini et al., 2003). Ther-
mogenic CH4 is formed deep below the surface at temperatures between 160 and 220 ◦C (Stolper
et al., 2014). Thermogenic CH4, is formed by breaking down larger organic molecules through a
process called cracking. Cracking and thermogenic methane formation in general is dependent on
high temperatures and pressure.

When considering the geochemistry of CH4, especially thermogenic CH4, it is also important to
consider methane migration. Conventional sources of thermogenic methane migrate from the
source rock, a fine-grained sedimentary rock like shale that has undergone significant diagene-
sis, to another but more permeable sedimentary rock like sandstone known as the reservoir. The
source rock is connected to the reservoir through a fault, which allows the gases and oil to migrate
from source to reservoir (Chapman, 1983; Lampe et al., 2012). However, when HVHF methods are
employed, the impermeable source rock can be tapped immediately by injecting a fluid at high
pressure to fracture the rock. These fractures are understood as fracture networks and their prop-
erties like fracture width (aperture), length, and orientation occur probabilistically (Long and Bil-
laux, 1987). This differs from conventional natural gas extraction in that the source rock may leak
from the impermeable source rock through a fracture or set fractures, allowing methane and other
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light carbon gases to be transported to the surface. Transport of natural gas from the source rock
to the surface has yet to be connected to HVHF activity and is currentlt a controversial explanation
(Flewelling and Sharma, 2014), but several studies have documented natural gas ebulliating from
natural fractures and seeps in terrestrial and marine environments (Etiope and Klusman, 2010;
Klusman, Leopold, and Leroy, 2000; Kvenvolden and Rogers, 2005; Teasdale et al., 2014).

In addition to thermogenic methane, CH4 is formed at shallower depths (less than one kilome-
ter) through metabolic processes of bacteria at temperatures less than 50◦C (Rooney, Claypool,
and Chung, 1995). These processes, collectively called methanogenesis, lead to another class of
methane known as biogenic methane. Methanogenesis can be largely described as the breakdown
of large high molecular weight (HMW) carbon chains of organic material. About 90% of these
HMW chains are broken down into smaller low molecular weight (LMW) substrates via extracel-
lular hydrolysis (Megonigal, Hines, and Visscher, 2003). Through aerobic and anaerobic reactions,
CH4 is formed through the consumption of monomeric LMW substrates and carbon dioxide gas
such as volatile fatty acids (VFAs) (e.g. formic, humic, and acetate) methylated compounds (e.g.
dimethylsulphide and trimethyl amine), and carbon dioxide (Dale et al., 2008; Stolper et al., 2014;
Topp and Pattey, 1997). In anoxic and reducing marine conditions, CH4 is formed by the reduction
of CO2 by hydrogen (H2). This pathway is limited by the concentration of H2, hence the name,
hydrogentrophic methanogenesis and is present amongst 73% of methanogen species (Megoni-
gal, Hines, and Visscher, 2003). Methanogens that primarily consume the LMW substrate, acetate,
comprise only 10% of methanogens. But even though the distribution amongst methanogen taxa
is limited, the geographic distribution of this class of methanogens is high, specifically across
freshwater ecosystems (Megonigal, Hines, and Visscher, 2003; Whiticar, 1999). These acetotrophic
methanogens are associated with greater production rates of methane thus making this group
important to understand (Megonigal, Hines, and Visscher, 2003).

In contrast to the production of CH4 through methanogenesis, is the consumption of CH4 through
a process known as methanotrophy (Megonigal, Hines, and Visscher, 2003). This process occurs
close to the soil-atmosphere interface and in well-drained soils because the microbes, known as
methanotrophs, require oxidative conditions. Apart from the presence of O2 and CH4, methan-
otrophy can also be regulated by nitrogen. For some methanotrophs, ammonium ions can out-
compete CH4 as a substrate and thus prohibit methanotrophy (Megonigal, Hines, and Visscher,
2003). Furthermore, methanotrophy can be limited in environments with high concentrations of
NO2

– . But it should also be stated that there are published instances in which methanotrophy was
not depressed in nitrogen-rich environments thus increasing the difficulty of a straight-forward
generalizations (Megonigal, Hines, and Visscher, 2003). However, the important aspect to under-
stand in the context of this project is that methanotrophs consume some of the CH4 that is being
measured.

At the global scale, recent studies have shown that biogenic methane contributes between 220
and 345 Tg CH4 yr−1 to the atmosphere compared to roughly 96 Tg CH4 yr−1 from fossil fuels
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(Kirschke et al., 2013). Though the non-anthropogenic sources of CH4 are greater than anthro-
pogenic emissions, it remains important to properly balance the amount of methane entering and
exiting the atmosphere. Methane flux measurements are one method that assist in this accounting.
However, it is not only important to understand the exact amount of methane cycling between the
atmosphere and the surface but to also understand the source of the methane.

Distinguishing between natural and anthropogenic, as well as sources within their respective cat-
egories, requires an analysis of the stable carbon isotope (δ13C) composition of the gas. Generally,
biogenic methane has a δ13C isotopic range of -110 to -55h and a range of -50 and -25h for ther-
mogenic methane (Figure 2.4) (Kirschke et al., 2013; Martini et al., 2003; Schoell, 1988; Sharp, 2007).

FIGURE 2.3: Results of previously conducted research illustrating the carbon isotopic
value and the relation to a specific source. These aqueous samples were plotted in
either the microbial, mixed, or thermogenic zones (as determined by the δ13C-CH4)
as well as the concentration of CH4 in that sample. The color of each dot pertains to
the proximity to HVHF well. Taken from Jackson et al., 2013

Classifying the source of methane is not a cut-and-dried process. About 80% of methane in natural
gas has a thermogenic origin (Schoell, 1988). This further demonstrates that methane migration
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from the source rock, or more likely, from a leaky wellhead, to the surface is not a trivial pro-
cess. The CH4 may mix with biogenic gas along the way and therefore it is important to establish
accurate endmembers using the carbon isotope composition.

HVHF methods may increase the risk of thermogenic CH4 escaping from the source rock and into
underground potable aquifers as well as the atmosphere. The destination of CH4 flow is of pri-
mary concern for residents and legislators; understanding how CH4, and especially, thermogenic
CH4 ends up in groundwater sources or in the atmosphere as a greenhouse gas is the focus of
many environmental impact assessments of hydraulic fracturing activity.

2.6 Efforts to Quantify Methane Emissions & Isotopic Compositions

Research into quantifying methane emissions in the context of natural gas development is grow-
ing in the literature, with measurements of methane concentrations in groundwater composing
a large portion of that database. For example, the Marcellus Shale is one of the largest shale gas
plays in the United States, spanning from upstate New York southwards to the border between
Kentucky and Tennessee. The Marcellus has drawn large interest because it is the largest known
natural gas play, containing 140-1,000 trillion cubic feet (Tcf) of natural gas (Arthur, Bohm, and
Layne, 2008; Wang et al., 2014; Zhang et al., 2014). Geoscientists such as Darrah et al. (2014) have
attempted to identify and quantify fugitive methane leakage into groundwater associated with
Marcellus shale gas development. Darrah et al. (2014) examined over 100 domestic groundwa-
ter wells located within the Marcellus Shale play in New York and Pennsylvania. Using pairings
of methane isotope values and noble gases, the authors found evidence of thermogenic methane
in the groundwater, which they described as most likely due to seepage through well annuli,
faulty well casings, and abandoned wells (Darrah et al., 2014). One component missing from this
and other Marcellus Shale studies were pre-drilling measurements of methane concentrations.
Without background measurements one cannot definitively link thermogenic CH4 in aquifers to
natural gas development.

Other research conducted by Boyer et al. (2011) made measurements of methane concentrations
in groundwater prior to and after HVHF activity occurred on the Marcellus. However, no statis-
tically different amounts of thermogenic methane were found through the pre- and post-drilling
results, although confidence in the conclusions is limited by the small number of post-drilling
measurements (Boyer et al., 2011).

Additionally, other have reported measured methane concentrations in the atmosphere rather
than in groundwater. Kort et al. (2014) discovered large methane out fluxes in the Four Corners
region of southwestern United States using remote sensing techniques. The authors measured
emissions of 0.59 Tg CH4 yr−1 coming from this region, which accounts for 10% of methane emis-
sions inventory associated with natural gas systems for the United States in 2008 (Kort et al., 2014).
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Furthermore, the authors report the Four Corners region accounts for 5% of all methane emis-
sions from US fossil fuel (petroleum, natural gas, and coal) extraction (Kort et al., 2014). However,
this study used inverse techniques, and did not specify clear factors of resolving the sources of
methane between the different subsectors of the fossil fuel industry. Therefore, it would behoove
geoscientists to further the research by building a strong ground measurement program for vali-
dation (Kort et al., 2014) cited a ground validation component in their study).

To evaluate the potential for methane leakage induced by HVHF activity, more studies of methane
emissions before and after drilling are needed (Hornberger et al., 2015). Moreover, the impact
of HVHF activity on methane leakages could be better understood from the aspect of soil flux
analysis. Near-surface earth material (i.e. soil) is a reservoir that is not highlighted in methane
leakage studies. Whether the leak be a subsurface point or non-point emission, it is crucial to
understand the biogeochemical cycles and rates of exchange of gases between this reservoir and
the atmosphere in order to comprehensively understand HVHF impact on the environment.

2.7 Motivation for Field Site Location

The Cumberland Plateau was chosen for the field area (Figure 05) in this study primarily because
of its prevalence for relatively high amount of HVHF activity and potential for increased HVHF
activity in the future. Also, no previous studies have reported CH4 surface fluxes associated with
HVHF, and studies of methane leakage from HVHF wells in the Cumberland Plateau are nonex-
istent. If HVHF activity in the region is to increase, it will be essential to demonstrate that HVHF
does not increase CH4 emissions. Furthermore, this field area has sites that are HVHF-active
(test) and -inactive (control) within close proximity (2.25 km). The similar surface and, to our
knowledge, subsurface geology between test and control sites reduces the amount of confound-
ing variables. Moreover, attempts made by the University of Tennessee to lease the Cumberland
Forest for HVHF development have been met with concerns by the public regarding the potential
negative impacts of HVHF activity (Fowler, 2013; Gang, 2013). Along with the combination of
the close proximity between the two types of sites and the public interest in the area, this location
will allow for baseline measurements in non-fractured areas to be made as well as comparisons to
previously fractured areas to articulate a complete and relevant story with regard to the environ-
mental impact of the HVHF method of natural gas extraction.
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Research Hypothesis & Objectives

3.1 Hypothesis

Simply stated, the objective driving this research project is as follows: to test the idea that HVHF
practices lead to enhanced thermogenic CH4 emissions in areas of shale gas development against
the null hypothesis that CH4 emissions are due to background processes unassociated with HVHF.

3.2 Research Objectives

The primary research objective is addressed by measuring fluxes and carbon isotope compositions
of CH4 and CO2 from soil in areas in which HVHF is and is not practiced, to estimate the amount
of gas being emitted and identify the source of the gas as, biogenic or thermogenic. Ancillary
objectives include:

RO.01 : Compare methane emissions in geologically similar areas where fracking has yet to occur
and where HVHF methods is currently being practiced.

RO.02 : Assess if there is a diurnal effect on methanotrophs

RO.03 : Measure and analyze if excavating pits (30 cm) deep has any effect on the soil fluxes and/or
carbon isotope measurements. The motivation for this objective is to see how the microbial
activity may vary with depth.

To assess RO.01, the null hypothesis will be that there is no statistical difference in methane flux or
isotopic composition between HVHF and non-HVHF areas. If the null hypothesis is rejected, the
next step will be to test whether thermogenic methane emissions increase as distance to the well
head decreases. Objective RO.03 can be achieved by taking measurements during the daytime and
during the nighttime at the same location and assessing for a statistical difference between the two
datasets. Finally, RO.03 can be accomplished through a similar concept, where the measurements
taken in the same location will be compared for a statistical difference before and after excavation.
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Research Methods & Materials

4.1 Closed Loop Gas Chamber and CRDS Analysis: Soil Gas Collec-
tion Method A

4.1.1 Picarro: In situ Flux and Isotopic Analysis

In this study a Picarro G2201-i wavelength-scanned cavity ring-down spectroscopy (WS-CRDS)
analyzer was used to measure the concentrations and carbon isotope compositions of methane
and carbon dioxide. The analyzer measures the decay rate of infrared radiation at absorption
wavelengths of the molecules 13CH4, 12CH4, 13CO2, and 12CO2. An infrared laser emits light at
one of these absorptive wavelengths. As the light passes through the gas-filled cavity, some of
the light is absorbed by the gas, and the remaining light is reflected by a mirror and passes again
through the cavity. This process is repeated thousands of times in order to increase the path-length
of the laser, the amount of gas absorbed, which results in greater precision. The light intensity is
continuously measured by a detector, and the intensity decay rate is used to calculate a concen-
tration of each isotopologue and the corresponding values of δ13C-CH4 and δ13C-CO2 (Crosson,
2008). WS-CRDS technology records measurements at a high temporal frequency (approx. one
measurement every second) thus providing a large data set, which is useful for calculating a flux
with high precision.

The WS-CRDS analyzer is large but portable instrument; it has a length of 44.58 cm (17.55 in), a
width of 43.18 cm (17.00 in), and a height of 17.78 cm (7.00 in). The WS-CRDS unit is connected
to an external vacuum pump and the combined weight of the analyzer and the pump is 25.40 kg
(56.00 lbs). In order to mobilize the WS-CRDS analyzer, it was placed in a wagon and powered by
a deep cycle battery (12VDC).
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4.1.2 Eosense Autochamber

Chamber Specs and Hardware

An Eosense autochamber (eosAC) was used to quantify soil methane and carbon dioxide fluxes.
This autochamber is a dynamic closed loop chamber (also known as a non-steady-state flow
through chamber). The chamber is automated in the sense that it is automated to open or close
by the schedule put in place by to place by the user. A vacuum pump continuously draws soil
gas from the chamber to the WS-CRDS analyzer. Once analyzed, the gas is then returned to the
autochamber, completing the loop.

Deployment Procedure

The closed loop chamber method was deployed solely in the field. The collar of the chamber was
inserted into the soil to a depth of 4 to 8 cm, and then the autochamber was placed on top of the
collar in the open position. As soon as the temperature and pressure conditions for the cavity of the
WS-CRDS analyzer stabilized, the chamber was scheduled to remain open for 5 minutes to collect
ambient background measurements. Following this pre-measurement background collection, the
chamber closed for 30 minutes to seal the headspace of the chamber from the ambient environment
and collect only the gases escaping from the soil. After the 30-minute measuring period, the
chamber reopens for another 5 minutes to collect post-measurement background data.

Data Analysis Procedure

The measured chamber concentrations of methane [CH4] and carbon dioxide [CO2] were plotted
vs. time (t, sec). The resulting curves become approximately linear as t approaches zero. The
initial flux (F0, µg m−2 sec−1) was estimated by choosing the linear portion of the curve in a small
region of the profile near t0 (approx. t30 to t150 sec) and fitting a linear function using least squares
regression to estimate the slope in the limit that t −→ 0. The slope (S, ppm sec−1) is multiplied by
a conversion factor (CF ) to obtain the flux F0 (Equation 4.1).

F0 = S ∗ CF (4.1)

Errors for reported fluxes were estimated by calculating 95% confidence limits for the slope and
subsequently applying the conversion factor to match the units of the flux.

The objective of carbon isotope analysis is to identify the source of the gas being emitted from the
soil. The source of the soil gas entering the chamber headspace can be identified from measure-
ments of concentration and stable carbon isotopes (δ13Cmix). At any point in time, the chamber
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headspace contains a mixture of gases sourced from the soil and atmosphere but the proportion
of soil gas increases over time. Using the principle of mass balance, a linear relationship is es-
tablished between the isotopic signature of the gas mixture in the headspace (δ13Cmix) and the
inverse concentration of the mixture in the headspace ( 1

cmix
). By applying a least squares linear

regression for this relationship, δ13Cmix vs. 1
[cmix]

, a Keeling plot is generated. Theoretically, the
Keeling plot should present a linear mixing line, where [cmix] is the measured concentration of
CH4 or CO2, and the y-intercept, produced by the linear regression, describes the source of the
soil gas δ13Cs (Equation 4.2) (Krevor et al., 2010; Pataki et al., 2003).

δ13Cmix = Slope ∗ [cmix] + δ13Cs (4.2)

The uncertainty of for the δ13Cs is expressed through a margin of error analysis at 95% confidence
level.

4.2 Static Gas Chamber: Soil Gas Collection Method B

As an alternative method, soil gas measurements were collected using the classic static (non-
steady-state non-flow through) chamber (Denmead, 2008; Pihlatie et al., 2013). The static chamber
that was used is composed of two main parts; an anchor that is pushed firmly into the ground
and an endcap on top of the anchor. Both parts are constructed from 20.32 cm (8.00 in) schedule
40 PVC pipe, with the chamber being constructed using the endcap. Two holes were drilled into
the top of the endcap, diametrically opposite of each other. One hole was constructed to be the
sampling port; this port is filled by a butyl septum (PerkinElmer), which allows for multiple with-
drawals with minimal leakage. The second hole is for essential pressure equalization (Denmead,
2008; Pihlatie et al., 2013; Pumpanen et al., 2004); this hole is filled by a threaded pipe adapter and
a 0.635cm (0.25 in) diameter stainless steel pipe. The anchor serves as a base for the cap to rest
on and as a place holder so that the same area can be measured repeatedly. The cap is placed on
top of the anchor only while samples are being collected. Similar to the autochamber, the static
chamber creates a headspace that allows for gases sourced from the soil to accumulate. Samples
of these headspace gases are drawn using a 10 mL syringe and are immediately injected into a
separate evacuated 10 mL vial for storage and transport.

The static chambers were not used to make flux measurements, but were used to measure satu-
ration concentrations of methane, ethane, and propane. The static chambers were set out at two
pairs of control and test sites for 48 to 72 hours. The sampled gas (two samples per chamber) was
transported back to laboratory for gas chromatographic analysis (Shimadzu 2010Plus). The gas
chromatograph (GC) with a flame ionization detector (FID). An autosampler withdrew 10 µL of
each sample from the storage vial and injected into the GC. The carrier gas, helium, pushed the
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sample through the mesh column towards a flame which combusts the sample. The ions of the
combusted sample are picked up by the detector and concentrations of the gases are calculated
and reported.

4.3 Comparing Soil Gas Collection Method A vs. Method B

Advantages of implementing Method A over Method B for flux measurements include higher
temporal resolution (measurement intervals of one second vs. fifteen minutes, respectively), more
precise measurements, and a greater range of detectability (Christiansen, Outhwaite, and Smukler,
2015). Additionally, Method A allows for the analysis of the isotopic composition of the gas, which
is not available with the GC in Method B. Furthermore, all of the measurements using Method
A can be made in situ, which is an advantage when considering the rapid rate of oxidation of
methane in samples containing atmospheric O2, even within a sealed and evacuated vial. Also,
the autochamber allows for multiple unattended measurements so long as an adequate power
source is available.

However, Method B permits the measurement of higher carbon number gases such as ethane
and propane, both of which are strong indicators of the presence of thermogenic natural gas.
Moreover, the static chambers are cheaper to construct and have far less restrictions on locations
of deployment, thus enhancing the spatial coverage of gas collection.

The two methods therefore have complementary strengths.

4.4 Accounting for Other Factors that could Influence Soil Gas Mea-
surements Ancillary Measurements

Apart from the differences between the two soil gas collection methods, there are several other
factors that may affect soil gas measurements.

4.4.1 Wind & Atmospheric Pressure

The microclimate at the near-surface can affect soil gas collection measurements, especially for flux
measurements. Wind is an important microclimatic factor. Short-term measurements have been
documented as being affected by large amounts of wind (Pumpanen et al., 2004). Therefore, this
study use of closed chamber systems helps to reduce the effect of wind on soil gas measurements.

Atmospheric pressure is another microclimatic component that can alter measurements at the
soil-atmosphere interface. During instances of high atmospheric pressure, atmospheric gas in the
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chamber headspace can be pushed into the soil, resulting in a measurement of negative fluxes.
The influence of atmospheric pressure was limited by making soil gas measurements at times of
low atmospheric pressure, and by making measurements at control sites immediately before or
after measurements at their paired test sites. Barometric pressure was recorded at every sampling
location.

4.4.2 Soil Characterization

In the ideal case earth materials at all levels from the source in the subsurface to the soil-atmosphere
interface would be characterized. However, the vadose zone is the only layer that contains organ-
isms that can both consume and produce CH4, and thus it requires special attention. Five soil core
samples were taken at all test-control pairs. Each core was roughly 3 cm in diameter and 5 cm in
height.

Soil bulk carbon measurements were made via a combustion module linked to a WS-CRDS an-
alyzer (Picarro G2201-i) in order to measure concentration and 13C of soil organic carbon. Soil
organic carbon concentration provides a measure of microbial activity and amount of organic de-
tritus. The soil δ13C provides information on the source of soil carbon, and can be compared with
δ13C-CH4 and δ13C-CO2 to see if these gases were produced in the soil.

The density of the soil was estimated by collecting a known volume of soil, drying the sample,
measuring its mass, and dividing that mass by the volume. This metric can constrain physical pa-
rameters of the soil such as porosity that affect rates of diffusion and mechanisms of gas transport
and therefore the magnitude of measured fluxes.

Soil moisture was measured because it can affect the redox potential in the soil. Poorly drained
soils (higher soil moisture) can become anoxic, promoting the production of biogenic CH4 through
methanogenesis. In dry and well drained environments (low soil moisture), the consumption of
methane through methanotrophy is greater. Thus, high temporal (approx. one measurement per
second) measurements of soil moisture were taken using a pair of time domain reflectance (TDR)
probes.

Finally, microbial activity, such as methanotrophy and methanogenesis, can strongly influence the
concentration and surface flux of methane. To minimize this effect, chamber flux measurements
were made in pits excavated to depths of 30 cm below the zone of intense near-surface microbial
activity.
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4.5 Project Design

The measurement sessions for this study were divided into two sessions: a fall session and a win-
ter session. The motivation behind these two sessions was to capture any seasonal, diurnal effects
(fall session only), and more HVHF wells as they became more available in the winter session.
There were a total of three treatments explored in this study. The first is the aforementioned sea-
sonality. Second, the exploration of a diurnal effect on the microbial activity and thus the soil gas
measurements. Thirdly, the comparison of measurements made on the natural landscape (unex-
cavated) against measurements made in pits (excavated).

4.5.1 Fall

The fall measurements were gathered 10 October 2015 between the hours of 09:00 and 20:00 local
time. These measurements were collected under a light rain during the early part of the measuring
session and under partly cloudy conditions for the remainder of the session. The soil temperature
at all sites was an average of 19◦C and atmospheric pressure just below standard conditions at 97
kPa.

During the fall data collection session, two control sites and one test site were measured. The
sites are listed chronologically. See Figure XX for map of sampling locations and see Table XX for
specific climatic metrics for each site.

Wilson Mountain Control Site (WMCS)

Location: 36◦ 2 52.5 N, 84◦ 29 51.1 W, elevation 402 m
This control site was located on the Slatestone formation (Psl), on top of an ultisol unit (Gilpin-
Petros complex ). It was considered as a control for the Lewis Carson 3 Site. Measurements were
conducted under a light rain and just off a spur road. For this site, only unexcavated measure-
ments were taken and this site was not repeated in the winter measuring session.

Lewis Carson 3 Site (LC3S)

Location: 36◦ 2 45.8 N, 84◦ 28 48.3 W, elevation 415 m
This test site was located on the Psl as well, and the soil is considered an ultisol unit (Gilpin-Petros
complex). Unexcavated chamber measurements were made roughly 18 m (60 feet) from the well.
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Bunkhouse Control Site (BHCS)

Location: 36◦ 3 10.5 N, 84◦ 28 51.2 W, elevation 407 m
This control site was located on the Psl and measured on the ultisol unit (Gilpin-Petros complex).
At this site, measurements were conducted in both daytime (16:35 to 17:15 local) as well as night-
time measurements (19:40 to 20:20 local). All measurements were unexcavated and made under
partly cloudy and lightly raining conditions.

4.5.2 Winter

The winter measurements took place over the course of 29 February 2016 through 01 March 2016.
These measurements were all conducted during the daytime (09:00 to 18:00 local) under clear
conditions on the first day and partly cloudy conditions on the second day. The average soil
temperature was 11C and atmospheric pressure was 97 kPa.

During the winter data collection session, two control and three test sites were measured. The
sites are listed in chronological order. See Figure XX and Table XX for site specific locations and
climatic data.

4.5.3 Lewis Carson 3 Site (LC3S)

LC3S was measured again during the winter session. However, excavated measurements were
made in addition to unexcavated measurements. Due to poor weather, a control site pair was not
measured during the winter session.

Eddie Walls Well 1 (EWW1)

Location: 36◦ 2 49.8 N, 84◦ 25 5.8 W, elevation 349 m
The EWW1 test site is located on the Crooked Fork formation (Pcf) and the soil is an entisol
(Bethesda-mines pit complex). The site was strip mined for coal three decades ago and is now
used for extracting natural gas and as land for grazing cattle. The chamber was placed 28.5 m
from the well. Both unexcavated and excavated measurements were made at this location.

Eddie Walls Well 1 Control Site (EWW1 CS)

Location: 36◦ 2 44.7 N, 84◦ 24 45.4 W, elevation 351 m
This control site on the Pcf layer, over a mix of Bethesda-mines pit and Gilpin Petros soils. Both
unexcavated and excavated measurements were conducted at this site.
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Eddie Walls Well 3 (EWW3)

Location: 36◦ 3 30.5 N, 84◦ 25 1.5 W, elevation 599 m
This test site was located on the Indian Bluff formation (Pib), on an ultisol unit (Gilpin-Petros
complex). At this site, two horizontal wells were drilled into the Chattanooga Shale. The chamber
was placed 81 meters from the western wellhead. Only unexcavated measurements were made at
this location.

Eddie Walls Well 3 Control Site (EWW3 CS)

Location: 36◦ 3 19.5 N, 84◦ 25 12.6 W, elevation 617 m
The measurements for this control site were located on the Pib, on an ultisol unit (Lily-Gilpin com-
plex). The land at this site was used for deer hunting, as evidenced by discussions with the land
owner and by the presence of deer fecal matter and carcasses. Only unexcavated measurements
were conducted at this site.
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Results

5.1 Objective 1: Quantify CH4 and CO2 Fluxes

5.1.1 Fall Measurements: Meteorological Conditions and Soil Characterization

Several measurements were made to quantify meteorological conditions. These data are generated
single data point measurements taken from a soil thermometer and atmospheric pressure gauge.
Table 5.1 displays the meteorological conditions measured at the sampling locations.

TABLE 5.1: Meteorological conditions for fall sampling locations.

Location Soil Temperature (◦C) Atmospheric Pressure (atm.)
BHCS 18.6 0.96
WMCS 17.9 0.96
LC3S 19.5 0.96

The soil was also characterized through a variety of measurements. Table 5.2 illustrates the soil
type, carbon content, stable carbon isotope composition δ13C, soil moisture content, and soil den-
sity.

TABLE 5.2: Soil characterization for fall sampling locations. Note that BCHS is not
listed due logistical constraints on making measurements.

Location Soil Type Complex Carbon
Content
(%)

δ13C (h) Soil Moisture
Content (% H2O)

Soil
Density
(g cm−3)

WMCS Ultisol 2.86 -28.5 49 1.10
LC3S Ultisol 1.90 -27.2 30 1.47
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5.1.2 Fall Measurements: Concentration-Time Profiles

The primary research objective was to measure the rate of CH4 and CO2 exchanged at the soil-
atmosphere interface. In making these measurements, the ancillary objective RO.02 was to assess
if there is a diurnal effect on methanotrophs by making measurements at the BHCS site both
during the day and at night in order to assess the impact of the diurnal signal on the chamber
measurements.

(A)

(B)

FIGURE 5.1: Autochamber-Picarro [CH4] versus time measurements taken at the
control site, BHCS, during October 2015. (A) shows the DAY measurements and
(B) shows the NIGHT measurements. The x- and y-axis have been scaled equally
for both graphs and for all proceeding concentration-time profiles. The Background
Reference Concentration represents the mean value of the pre- and post-background
measurements (black dots).

From visual inspection of the these two graphs (Figure 5.1), it is clear that the difference between
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making measurements during the day and at night are inconsequential. A paired difference t-test
confirms this by supporting the null hypothesis of no significant difference between day and night
treatments at the BHCS site (p < 0.001).

The concentration profile for WMCS (Figure 5.2) was fairly flat and was mostly indifferent from
the background reference concentration throughout the measurement period. This difference is
expressed quantitatively through the mean and standard deviation for the [CH4] values for the
closed chamber period (2.011 ± 0.001 ppm) and the pre- and post-measurement (2.012 ± 0.005

ppm) measurements.

FIGURE 5.2: [CH4] versus Time at the control site, WMCS.

The fall measuring session also illustrated elevated emissions of CH4 at the test site (LC3S) versus
the two control sites (WMCS and BHCS). This was evident across two types of measurements.
First, the pre- and post-measurement of CH4 at the three sites showed a higher atmospheric con-
centration at LC3S than at WMCS or BHCS (Figure 5.3). The median background [CH4] for LC3S is
significantly different at the 95% confidence level and greater in magnitude than the background
measurements for WMCS and BHCS (both day and night).

The second piece of evidence that demonstrated an elevated [CH4] at the test site in comparison
to the control sites comes in the form of the concentration profiles. The control sites exhibited a
decrease in [CH4] over time (negative fluxes, Figures 5.1 and 5.3), whereas the test site presented
an increase in [CH4] over time (positive flux, Figure 5.4).

More specifically, the test site exhibits an increase in [CH4] during the first 120 seconds of the
measuring period but for the remaining 2275 seconds the profile exhibits a decrease in [CH4] over
time similar to the control sites (Figure 5.4).

The trends in CO2 measurements across both the test and control sites were indistinct from one
another. The primary difference between the different locations is the range in [CO2] values. The
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FIGURE 5.3: Boxplot of pre- and post-background for measurements made during
October 2015. The red line within the boxplot represents the median value. The
notches provide a point of comparison between the medians. If notches do not over-
lap, the result is that the medians are significantly different at the 95% confidence
level.

FIGURE 5.4: The fall measurement for CH4 profile for the LC3S test site. Leg 01
exemplifies a sharp increase in CH4, and Leg 02 illustrates a steady decrease in [CH4]
with time. Time was shifted by 200 seconds for this site.

control sites tended to exhibit greater ranges (> 900 ppm) in measured [CO2] than the test site
(approx. 300 ppm) (Figures 5.5-5.7).

5.1.3 Fall measurements: Flux Results Summary

From the concentration measurements, the initial flux (F0) of each gas was calculated at each
sampling location. This initial flux provides information on the maximum rate at which each gas
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(A)

(B)

FIGURE 5.5: The fall measurement CO2 profile at the BHCS location, where (A) rep-
resents the DAY measurements and (B) shows the NIGHT measurements. Note that
the y-axis has been scaled to the same magnitude for both profiles in order to ex-
press the differences in the ranges of [CO2]. The y-axis for the remaining [CO2]-time
profiles in this section also scaled identically.

escapes from the subsurface into the atmosphere.

5.1.4 Winter Measurements: Meteorological Conditions and Soil Characterization

Measurements of the meteorological conditions and the soil characterization metrics for the winter
session are presented in Tables 5.4-5.5.

The values within parentheses represent temperatures taken with the soil thermometer. The other
value indicates the mean temperature from the TDR probes.
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FIGURE 5.6: The fall measurements for the [CO2]-time profile at the WMCS location.

FIGURE 5.7: Fall measurements for the LC3S location.

TABLE 5.3: Flux measurements for both the control and test sites in October 2015.
The same initial flux was used for both legs at LC3S. The uncertainties represent a

95% confidence interval.

Location CH4 Initial Flux (F0, µg m
−3 s−1) CO2 Initial Flux (F0, µg m

−3 s−1)
WMCS -1.8E-04 ± 1.3E-04 4.2E+01 ± 3.8E-01
BHCS (DAY) -1.6E-03 ± 1.6E-04 8.7E+01 ± 3.1E-01
BHCS (NIGHT) -2.0E-03 ± 1.4E-04 6.7E+01 ± 3.8E-01
LC3S (Leg 01) 1.9E-01 ± 1.3E-01 2.1E+01 ± 4.9E-02
LC3S (Leg 02) -1.6E-03 ± 5.0E-04 Same as Leg 01

It is important to note that the soil thermometer temperature measurements represent conditions
at the beginning of the pre-background measurements. Using a soil thermometer, the soil tem-
peratures for LC3S, EWW1, and EWW1 CS were 7.9, 13.5, and 15.3◦C at the beginning of each
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TABLE 5.4: Meteorological conditions for all winter sampling locations. EWW3 is
lacking an atmospheric measurement due to equipment failure, and only the soil

thermometer measurement was available for EWW3 CS.

Location Soil Temperature (◦C) Atmosphere (atm.)
LC3S Feb2016 13.4 (7.9) 0.96
EWW1 20.5 (13.5) 0.97
EWW1 CS 16.1 (15.3) 0.97
EWW3 16.1 Not measured
EWW3 CS (8.4) 0.93

of the measuring sessions, respectively (Table 5.4). However, the soil thermometers, at best, can
only provide a low frequency account of any changes in temperature during the measurement.
To better account for any change in meteorological conditions, two TDR probes and a data logger
were used to calculate the soil temperature (and soil moisture) at a greater frequency, roughly one
measurement every minute. These data are averaged and presented in Table 5.4 and are presented
in a time series format as well (Figure 5.8).

Bulk soil measurements are presented in Table 5.5; these data were again collected through meth-
ods previously described in the “Research Methods section. All data presented are mean values
of at least two samples.

TABLE 5.5: Bulk soil characterization for all winter sampling locations.

Location Soil Type Carbon
Content
(% C)

δ13C (h) Soil Moisture
(% H2O)

Soil Density
(g cm−3)

LC3S Feb2016 Ultisol 1.97 -28.0 21 1.05
EWW1 Entisol 5.02 -23.8 12 0.77
EWW1 CS Ultisol 5.38 -25.3 19 1.03
EWW3 Ultisol 2.22 -27.6 11 0.73
EWW3 CS Ultisol 4.64 -27.7 25 0.67

The pre- and post-background of the wintertime measurements demonstrated median values that
were not significantly different at the EWW1 test and control sites (Figure 5.9). On the other hand,
the pre- and post-background measurements showed that EWW3 CS had a significantly greater
median background [CH4] than EWW3. For LC3S, the winter measurements yielded significantly
lower [CH4] than in the fall.

5.1.5 Winter Measurements: Concentration Profiles

The winter measurement session produced more concentration profiles than the fall session be-
cause measurements were made at more sites, and because both unexcavated and excavated mea-
surements were conducted at the LC3S, EWW1, and EWW1 CS sites. Time values on the x-axes
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(A)

(B)

FIGURE 5.8: Soil moisture and soil temperature for LC3S. The unexcavated measure-
ment is presented in (A) and the excavated measurement as (B). The TDR data for
the remaining measured sites are located in Appendix A.

show different numerical values for the excavated measurements, but they all span roughly 2400
seconds.

Visual inspection reveals a large difference in the [CH4] vs. time profiles between the two treat-
ments at the LC3S site (Figure 5.10). Over time, the excavated measurements show an order of
magnitude greater range of [CH4], 0.16 ppm, over the same period as the unexcavated measure-
ments, 0.01 ppm. Direct test-control comparisons could not be made for LC3S during the winter
session due to the fact weather and logistical reasons prevented measurements at a corresponding
control site.

At the control site, EWW1 CS, the [CH4] versus time profiles for the unexcavated and excavated
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FIGURE 5.9: Boxplot of pre- and post-background measurements for the unexca-
vated winter sampling locations. A boxplot of the excavated sites is located in Ap-
pendix B.

experiments are also visually distinct during the first 300 seconds (Figure 5.11). In the unexca-
vated treatment, measured [CH4] are similar to the mean background concentration throughout
the measurement period. In contrast, for the excavated experiment [CH4] exhibits a decrease and
then returns to background concentrations.

At EWW1, the concentration profile for the unexcavated treatment showed a large increase in
[CH4] and return to background levels during the first 300 seconds (Figure 5.12). With the excep-
tion of the large spike and decrease, the measurements between the two treatments were fairly
similar.

To compare the [CH4] values between the test and control sites, EWW1 and EWW1 CS, a paired
difference t-test was applied to both treatments. The mean difference between the unexcavated
measurements at EWW1 and EWW1 CS was 0.098 ± 0.148 ppm and 0.067 ± 0.028 ppm (1σ) for
the excavated measurements. Both of these mean differences were statistically significant in com-
parison to the null mean difference of zero (p << 0.001 ppm).

At EWW3, there were no excavated measurements, thus, leaving only test-control comparisons to
present. At EWW3 [CH4] showed a continuous increase at the test site and continuous decrease
at the control site. At the control site, EWW3 CS, [CH4] decreased without interruption but the
concentration range (0.01 ppm) was greater than for the test site. At the test site, [CH4] increased
steadily without interruption until the chamber reopened, however, the range was small (0.1 ppm)
(Figure 5.14).

At LC3S, the [CO2] versus time profile define a linear trend with a positive slope. This behavior
is largely similar to the observations made during the fall measuring period. Similar to the [CH4]
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(A)

(B)

FIGURE 5.10: [CH4] vs. Time profile for the unexcavated (A) and the excavated
(B) measurement at LC3S. Both the x- and y-axis are scaled identically to reflect the
differences between the unexcavated and excavated treatments. This is true for all
other [CH4] vs. time plots.
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(A)

(B)

FIGURE 5.11: [CH4] vs. time profile for EWW1 CS for both the unexcavated (A) and
the excavated (B) treatments.
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(A)

(B)

FIGURE 5.12: [CH4] vs. time profile for EWW1 for both the unexcavated (A) and the
excavated (B) treatments.

profiles, the CO2 profiles show a far greater range in the [CO2] for the excavated treatment relative
to the unexcavated treatment.

The CO2 profiles for EWW1 CS, were not too dissimilar in the [CO2] range but the shape of the
profiles were different. The CO2 in the unexcavated treatment was emitted at a linear rate without
interruption (Figure 5.16A). However, the profile for the excavated treatment increased to maxi-
mum [CO2] of 868 ppm in the first 700 seconds and remained steady at that concentration for the
remainder of the closed measuring period (Figure 5.16B).

At EWW1, the CO2 profiles for both treatments were the most unique among all measured CO2

profiles. The [CO2] ranges for the unexcavated (314 ppm) and excavated (318 ppm) treatments
were similar. However, visual inspection of the two graphs (Figure 5.17) shows a rough and jerky
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FIGURE 5.13: [CH4] vs. Time for the EWW3 CS site. Only unexcavated measure-
ments were made at this site.

FIGURE 5.14: [CH4] vs. Time for the EWW3 CS site. Only unexcavated measure-
ments were made at this site.

profile over the entire course of the measuring period, which is highly irregular with respect to all
measured profiles regardless of gas or treatment.

5.1.6 Methane Flux Results Summary: Fall & Winter

Using the CH4 profiles, the initial flux was calculated as per the description in the “Research
Methods section (Equation 4.1). The results of these initial fluxes are presented in Tables 5.6-5.7.

Initial flux estimates for test and control sites are presented in Table 5.8. A paired difference two
tailed t-test analysis demonstrates no significant difference between test and control sites (p =

0.272). However, the power of the performed t-test was 0.16, which is far lower than the desired
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(A)

(B)

FIGURE 5.15: [CO2] vs. Time profiles at the LC3S location. X- and y-axis have been
scaled identically to provide an easier comparison between the unexcavated profile
(A) and the excavated profile (B).

power of 0.80. Using this data, the number of samples needed to provide a t-test with the desired
power is 79 test-control pairs.

5.2 Objective 2: Quantify the Isotopic Composition of CH4

5.2.1 Fall Measurements: Keeling Plots

The second objective of this study was to collect isotopic data for the CH4 and CO2 escaping from
the soil. The isotopic data is used to identify the source of the escaped gas by plotting the inverse
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(A)

(B)

FIGURE 5.16: [CO2] vs. time profiles at the EWW1 CS location, where the unexca-
vated profile is (A) and the excavated profile (B).

concentration of the gas versus the stable carbon isotope composition. As described in detail in the
“Research Materials and Methods section, this relationship is known as a Keeling plot. Fitting a
least squares linear regression to the data yields a y-intercept value for δ13C that is used to identify
the source using known ranges of various sources (Table 5.9).

The δ13C of the CH4 source (y-intercepts) for the control plots demonstrated mixed results. For
WMCS, BHCS (DAY), and BHCS (NIGHT), the y-intercepts were −346 ± 431h, −28 ± 54h, and
−59±53h (uncertainty represents a 95% confidence interval), respectively. The large uncertainties
in the values of the y-intercepts and the impossibly low value for WMCS make comparisons with
known source isotopic composition ranges (Table 5.9) inconclusive.

At the test site LC3S the δ13C of the CH4 source was−45±18h (Figure 5.19). Though this value is
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(A)

(B)

FIGURE 5.17: [CO2] vs. time profiles at the EWW1 location, where the unexcavated
treatment is shown (A) and the excavated treatment shown in (B).

within the thermogenic zone, the confidence interval is too large to be confined solely within the
thermogenic zone (Table 5.9).

5.2.2 Winter Measurements: Keeling Plots

The measurements made during the winter session produced Keeling plots for both unexcavated
and excavated treatments for LC3S, EWW1, and EWW1 CS; for the measurements conducted at
EWW3 and EWW3 CS, only the unexcavated treatment was measured.

For test site LC3S, the results for the Keeling plot measurements were in stark contrast between
the two treatments (Figure 5.20). The unexcavated measurements produced a value of +95±143h
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TABLE 5.6: ∗Initial flux results of CH4 for control and test sites during both sessions.

Location Season Initial Flux
(F0, µg m

−3 s−1) [UnEx]
Initial Flux
(F0, µg m

−3 s−1) [Ex]
WMCS Oct 2015 -1.8E-04 ± 1.3E-04 Not measured
BHCS (DAY) Oct 2015 -1.6E-03 ± 1.6E-04 Not measured
BHCS (NIGHT) Oct 2015 -2.0E-03 ± 1.4E-04 Not measured
LC3S Oct2015 Oct 2015 +2E-01 ± 1E-01 Not measured
LC3S Feb2016 Feb 2016 +1.0E-03 ± 2.7E-04 +2.7E-02 ± 5.3E-04
EWW1 CS Feb 2016 +3.1E-04 ± 1.4E-04 -1.1E-02 ± 1.8E-04
EWW1 Feb 2016 Measurements were not

meaningful
Measurements were not
meaningful

EWW3 CS Mar 2016 -8.6E-04 ± 1.7E-04 Not measured
EWW3 Mar 2016 +2.2E-04 ± 1.4E-04 Not measured

∗For LC3S Oct 2015, only Leg01 was reported in the table. Leg 02 was measured to
be -1.6E03.

TABLE 5.7: ∗Test-control pairs for measurements of CH4 initial flux for both seasons.

Location Control (µgm−3 s−1) Test (µgm−3 s−1)
LC3S Oct2015 (Unexcavated) -1.3E-03 ± 9.7E-04 +1.9E-01 ± 1.3E-01
LC3S Feb2016 (Unexcavated) +3.1E-04 ± 1.4E-04 +1.0E-03 ± 2.7E-04
LC3S Feb2016 (Excavated) -1.1E-03 ± 1.8E-04 +2.7E-02 ± 5.3E-04
EWW3 (Unexcavated) -8.6E-03 ± 1.7E-04 +2.2E-04 ± 1.4E-04

∗The control site paired with LC3S Oct2015 is an average of WMCS, BHCS (DAY),
and BHCS (NIGHT). A control site for LC3S Feb2016 was not measured due to lo-

gistical reasons; therefore, the test site was paired with EWW1 CS.

TABLE 5.8: Initial flux results of CO2 for control and test sites during both sessions.

Location Season Initial Flux
(F0, µg m

−3 s−1) [UnEx]
Initial Flux
(F0, µg m

−3 s−1) [Ex]
WMCS Oct 2015 +4.2E+01 ± 3.8E-01 Not measured
BHCS (DAY) Oct 2015 +8.7E+01 ± 3.1E-01 Not measured
BHCS (NIGHT) Oct 2015 +6.9E+01 ± 3.8E-01 Not measured
LC3S Oct2015 Oct 2015 +2.1E+01 ± 4.9E-02 Not measured
LC3S Feb2016 Feb 2016 +1.8E+01 ± 8.8E-02 +2.2E+02 ± 2.2E00
EWW1 CS Feb 2016 +2.7E+01 ± 2.2E-01 +8.5E+01 ± 6.0E-01
EWW1 Feb 2016 Measurements were not

meaningful
Measurements were not
meaningful

EWW3 CS Mar 2016 +8.2E+01 ± 6.6E-01 Not measured
EWW3 Mar 2016 +4.5E+01 ± 5.2E-01 Not measured

for the δ13C-CH4 intercept, whereas, the δ13C-CH4 intercept for the excavated measurement was
−38 ± 10h (Table 5.10). The result of the excavated measurement is important as the isotopic
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TABLE 5.9: Stable carbon isotopic composition ranges for classification of CH4
sources.

Classification of Source Stable Carbon Isotope Range ( δ13C,h)
Biogenic Between -110 and -60
Mixed Between -60 and -50
Thermogenic Between -50 and -25

composition (including its confidence levels) falls within the thermogenic zone (Figure 5.26). Fur-
thermore, Figure 20 depicts δ13C data for CH4 and CO2 measured in unexcavated and excavated
experiments at LC3S.

At EWW1 CS, the δ13C-CH4 intercept for the unexcavated treatment was +76 ± 159h and the
excavated treatment was −89 ± 26h. When the confidence intervals are taken into account, the
δ13C-CH4 intercept for the excavated treatment lies within the biogenic zone (Table 5.10, Figure
5.26).

For test site EWW1, the Keeling plots highlight similar δ13C-CH4 intercepts, −39± 3h and −36±
16h, for the unexcavated and the excavated treatments, respectively (Figure 5.22). Measurements
at this site across both treatments are within the thermogenic zone (Table 5.10, Figure 5.26). In
comparison to the excavated treatment at the control site, the δ13C-CH4 composition of the source
at the test site is more enriched in 13C signaling the presence of CH4 from a thermogenic source.

The δ13C-CH4 intercepts for the control site provided a value that corresponded with a biogenic
signature, and the test sites at EWW3 had very large uncertainties, making source classification
inconclusive (Figure 5.24). Only unexcavated measurements were conducted at these sites, where
the control, EWW3 CS, presented a δ13C-CH4 composition of −62 ± 13h and for the test site,
EWW3, +15± 128h (Figure 5.25).
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TABLE 5.10: Summary of δ13-CH4 compositions for sources measured at all control
and test sites. Values within the parenthetical indicate the range of the 95% confi-

dence interval.

Location Unexcavated (h) Excavated (h) Classification of Source
WMCS -346 (-777, -85) Not measured Mixed (Unexca-

vated)
N/A

BHCS (DAY) -28 (-82, +26) Not measured Mixed (Unexca-
vated)

N/A

BHCS (NIGHT) -59 (-113, -5) Not measured Mixed (Unexca-
vated)

N/A

LC3S Oct2015 -46 (-63, -28) Not Measured Mixed (Unexca-
vated)

N/A

LC3S Feb2016 +95 (-49, +239) -38 (-48, -29) Mixed (Unexca-
vated) Thermogenic

(Excavated)
EWW1 CS +76 (-83, +235) -89 (-115, -64) Mixed (Unexca-

vated) Biogenic (Ex-
cavated)

EWW1 -39 (-42, -36) -36 (-52, -20)
Thermogenic
(Unexcavated)

Thermogenic
(Excavated)

EWW3 CS -62 (-77, -49) Not measured
Biogenic (Unex-
cavated)

N/A

EWW3 +15 (-114, +143) Not measured Mixed (Unexca-
vated)

N/A
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(A)

(B)

(C)

FIGURE 5.18: Keeling plots for the control sites during the fall measurement session,
presented, from top to bottom, WMCS, BHCS (DAY), and BHCS (NIGHT). The left
panel shows a full view of the data in which the regression is allowed to extend to
the point where the regression crosses the y-axis (y-intercept) at x = 0. The right
panel is a close-up view of the data. 42
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FIGURE 5.19: Keeling plot for the test site during the fall measurement session, LC3S.
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(A)

(B)

FIGURE 5.20: Keeling plots for winter measurements at LC3S, where the unexca-
vated treatment is (A) and the excavated treatment (B).
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(A)

(B)

FIGURE 5.21: δ13C isotopic results at test site LC3S for both CH4 and CO2, where
the unexcavated measurements are presented in (A) and the excavated treatments
is presented in (B). The green star represents the approximate composition of the
atmosphere.
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(A)

(B)

FIGURE 5.22: Keeling plots for the control site, EWW1 CS, showing the unexcavated
treatment on top and the excavated treatment on bottom.
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(A)

(B)

FIGURE 5.23: Keeling plots for the control site, EWW1 CS, showing the unexcavated
treatment on top and the excavated treatment on bottom.
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FIGURE 5.24: Keeling plot for control site, EWW3 CS. Measurements reflect an un-
excavated treatment.

FIGURE 5.25: Keeling plot for test site, EWW3. Measurements reflect an unexcavated
treatment.
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FIGURE 5.26: Stable carbon isotope compositions by location. Only the conclusive
signatures are presented.
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Discussion

6.1 Fall Measurements: Concentrations & Fluxes

Due to the presence of microbes in the soil, it was important to better understand whether a di-
urnal cycle had an effect on the microbial activity. At the BHCS location, the DAY and NIGHT
treatments exhibited similar CH4 fluxes (Table 5.2). Furthermore, a paired difference t-test demon-
strated that the two treatments were not significantly different. These results lead to the conclusion
that diurnal changes in the activity of methanotrophs are insignificant, which reduces concern for
making the majority of measurements during daytime hours.

The concentration-time profiles for all of the CH4 measurements were telling of methanotrophic
behavior. Each of the profiles, excluding Leg 01 LC3S, exhibited a negative slope, thus indicat-
ing consumption of atmospheric CH4 over time. Generally, methanotrophic activity is common
in warm and well drained soils. As a result, CH4 fluxes in temperate forests are generally neg-
ative (Topp and Pattey, 1997). Both the control and test sites recorded warm temperatures and
were moderately drained. These factors, particularly the temperature, contributed to the methan-
otrophic activity.

Flux estimates reinforce the presence of methanotrophy and provide details about site to site vari-
ation (Table 5.9). The control sites WMCS and BHCS (both DAY and NIGHT) had negative fluxes,
but the flux was an order of magnitude lower for WMCS (Table 06). This may have been due to
the light rainfall during measurement of WMCS and the soil temperature was slightly lower than
at BHCS (Table 02).

However, the most important finding is the differences in flux results between the control and
test sites. The positive flux measurement (Leg 01) at LC3S was two order of magnitudes greater
than at BHCS and three orders of magnitude greater than at WMCS. But this positive flux only
lasted 130 seconds, and was followed by a negative flux indicative of methanotrophic behavior
(Leg 02). In comparison, [CH4] observed at the control sites decreased steadily from the time at
which the chamber closed until the chamber was reopened. One reason for the large CH4 flux
for Leg 01 could be a macropore. A macropore enhances the flux by acting as both a reservoir
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and as a conduit for gas to escape from the subsurface to the atmosphere. The explanation of the
delayed methanotrophic activity in Leg 02 after the initial positive flux is explained through the
idea of equilibration. Methanotrophy was activated after the CH4 saturated the headspace of the
chamber and thus provided the methanotrophs an opportunity to consume CH4 escaping from
the soil.

The first conclusion that can be drawn from the fall session CH4 flux measurements is that there is
definitely an excess of methane at the test site relative to the control sites. This excess is evidenced
by both the greater background [CH4] (Figure 5.3) and the greater initial CH4 initial flux (Table
5.6) measured at the test site relative to the control sites. The positive flux at LC3S indicates
that methanotrophy can falter or be delayed, thus permitting gas to escape from the soil into
the atmosphere. This delayed reaction by the methanotrophs was clearly exhibited at the LC3S
location through Leg 01.

Measured [CO2] demonstrated a greater range at the control sites than the test site. Furthermore,
the CO2 fluxes for control sites were two to four times higher than the test site (Table 5.3). These
observations support the idea that there is an excess amount of CH4 in the soil at the test site that
is not consumed and transformed into CO2. Instead, the CH4 escapes and thus the amount of CO2

is relatively lower at the test site compared to the control sites. On the other hand, higher soil
[CO2] at the control sites may result from higher organic carbon content (mean %C = 2.86) than
at the test site (1.90 %C). A greater amount of organic material in the soil would result in more
microbial and root respiration, thus increasing the amount of CO2 measured in the soil.

6.2 Winter Measuurements: Concentration Profiles & Fluxes

The concentration-time profiles for LC3S unexcavated and excavated experiments were very dif-
ferent (Figure 5.10). The excavated treatment showed a range (0.16 ppm) in [CH4] that was an
order of magnitude greater than the unexcavated treatment (0.01 ppm). Due to the fact that the
majority of methanotrophic reactions require O2, the distance from the soil-atmosphere interface
at which the measurement takes place is important. In the excavated treatment taking place 30 cm
beneath the original ground surface, where there was likely less O2 and thus less methanotrophic
activity, resulting in higher measured [CH4].

Dissimilar results were also found between the unexcavated and excavated treatments at EWW1
and EWW1 CS. However, the concentration-time profiles are irregular (Figures 5.11-12), making
interpretations more uncertain. The difficulty in interpreting the [CH4]-time profiles at EWW1
may be due to the rocky soil matrix where the measurements took place. When soil is homoge-
neous, permeable and fine-grained, chamber concentration-time profiles show a high initial slope
(flux) that gradually decreases to zero as the saturation concentration is reached (e.g. Figure 5.14
for CO2). The soil at EWW1 was heterogeneous, consisting of clasts 2-6 cm in length contained
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within a finer-grained matrix. This textural heterogeneity would increase spatial variability in
permeability, biological activity, and fluxes. The resulting [CH4]-time profiles were too irregular
to glean useful information on the effects of methanogenesis and/or methanotrophy.

For the control versus test site comparison of the [CH4] for the excavated treatments at EWW1,
the primary expectation that could be made is a greater [CH4] and flux would be measured at the
test site due to subsurface leakage from the well. The data agreed with the first expectation in
that the mean concentration of [CH4] at the test site is 1.94 ± 0.03 ppm, whereas the mean at the
control site is 1.87 ± 0.02 ppm. The data for EWW1 also suggests an agreement with the second
expectation in that the test site showed a small positive initial slope, but the control site showed a
negative slope, causing [CH4] to decrease before recovering to the background value.

The unusual concentration-time profile observed at the EWW1 test site made the flux estimate
meaningless. At the control site, EWW1 CS, the flux results showed a small positive flux (3.1E-04
± 1.4E-04 µg m−2 s−1) for the unexcavated treatment and a flux (-1.1E-02 ± 1.8E-04 µg m−2 s−1),
two orders of magnitude greater, but negative for the excavated treatment. These results at first
glance indicate that the positive flux in the unexcavated treatment was caused by methanogenesis,
and the negative flux in the excavated treatment by methanotrophy. But on closer inspection, the
small positive flux (3.1E-04± 1.4E-04 µg m−2 s−1) for the unexcavated measurement does not pro-
vide a great deal of confidence in concluding methanogenesis. The small flux and the addition of
the large spikes (likely due to the enteric fermentation from the cows surrounding the field site) of
background CH4 detracts from methanogenesis. Furthermore, the negative flux for the excavated
treatment only persists for 500 of the 2100 (24%) seconds of the closed-chamber portion of the
measurement before returning to background. This non-continuous behavior detracts from pro-
ducing a confident conclusion of methanotrophy. In the end, addressing the CH4 measurements
in the context of microbial activity is inconclusive based on the presented data.

Due to the fact that LC3S lacked a geologic-specific control and EWW1 lacked useable flux values,
EWW1 CS was used as the control site for LC3S. In evaluating the fluxes, it is first important to
note that the excavated flux for LC3S was an order of magnitude greater than the unexcavated
treatment (Table 5.6). Removal of methanogens in the top 30 cm of soil explains this result. Flux
values are one order of magnitude greater for the test site LC3S than for the control site EWW1 CS
for each respective treatment (Table 5.6). This result demonstrates that the rate of emissions at the
test site is greater than at the control site, in which the difference can be presented as conceivably
connected with HVHF activity.

There were no excavated measurements made at the EWW3 site, but the differences observed be-
tween unexcavated treatments at the test and control sites are worth discussion (Figure 5.13). The
test site showed an increase in [CH4] of 0.01 ppm over time, whereas the control site showed a
larger (0.1 ppm) decrease in [CH4] over time . This decrease in [CH4] exemplifies the presence
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of methanotrophic activity at the control site. It is also important to consider that the mean back-
ground [CH4] was greater at the control site (2.04 ± 0.03 ppm) than at the test site (1.96 0.003
ppm). The greater background concentration of CH4 at the control site may have resulted from
the observed decomposing deer carcasses and deer fecal matter. From the concentration profiles,
the CH4 flux magnitude was 10 times lower at the test site than the control site (Table 5.2). The
large negative flux at the control site likely was due to greater methanotrophic activity. In the end,
it can be stated for EWW3 that the test site showed a positive flux of methane from the subsur-
face into the atmosphere, but the flux magnitude was an order of magnitude less than the flux of
methane from the atmosphere into the subsurface at the control site.

6.3 Fall Measurements: Stable Carbon Isotope Analysis

Keeling plots served as the primary tool for analyzing the δ13C data. In using a Keeling plot, two
assumptions are made: 1) the observed gas is a mixture of background (i.e. atmospheric) and
soil gases, and 2) the isotopic compositions of the two endmembers are static. Due to the fact
that a Keeling plot compares the isotopic composition of the measured species versus the inverse
concentration with a least squares regression, one can expect the first assumption to hold true
because the isotopic compositions of the two endmembers would not change during the course
of the measurement. The second assumption was not likely violated due to the fact that spatial
coverage at site was very limited and the δ13C signatures are static over time, thus reducing the
likelihood that the isotopic compositions of the endmembers were static from a site to site basis.

The isotopic composition of the source for the control plots, as determined by the Keeling plots,
were varied. For the control site, WMCS, the δ13C-CH4 signature was very negative but the un-
certainty was also very large as well (Table 5.12). Similarly, the δ13C-CH4 signature for the BHCS
(NIGHT) control site also produced an unusual result with a great amount of uncertainty (Table
5.12). Likewise, the BHCS (DAY) measurement produced an unusual result but this value loses its
significance because the uncertainty is too great to classify the measurement into a particular zone
(Table 5.12). The high degree of uncertainty for all of these sites makes it impossible to classify
the sources into a specific zones category (i.e. biogenic, thermogenic, and mixed). This is also true
when making the comparison between the control sites and the test site (LC3S Oct2015); though
the δ13C-CH4 measurement for LC3S is within the thermogenic zone the uncertainty is too great
to conclusively claim that the source of the CH4 is thermogenic (Table 5.12).

6.4 Winter Measurements: Stable Carbon Isotope Analysis

The test site, LC3S demonstrated uncertain results through the unexcavated treatment due to the
high degree of uncertainty that expanded across two different zones. However, for the excavated
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treatment the Keeling plot clearly demonstrated that the source of the CH4 at LC3S is thermogenic
(Table 5.12). Though the unexcavated treatment was uncertain, the conclusiveness of the δ13C-
CH4 signature using the excavated treatment shows that there is thermogenic gas present at the
site and that using the excavated method improves the detection of the source of the subsurface
gases.

EWW1 shows δ13C-CH4 values with a low uncertainties plotting within the thermogenic zone for
both treatments (Figure 5.22 and Table 5.12). The fact both treatments produced a conclusive result
may speak to a lack of microbial activity at this site. The absence or scarcity of microbes would
reduce the likelihood of a detectable difference between the δ13C-CH4 signatures between the two
treatments.

Keeling plot intercepts for EWW1 CS show a wide difference between the unexcavated (+76 ±
156h) and excavated treatments (-89± 25h) (Figure 5.21 and Table 5.12). Although the excavated
treatment δ13C-CH4 has a large uncertainty, the error bars lie within the biogenic zone (Table 5.6).

The EWW3 site yielded uncertain results due to the wide margin of error regarding the δ13C-CH4

value. The lack of a certain δ13C-CH4 signature at EWW3 may suggest the necessity of excavating
a pit to reduce the microbial activity.

At the control site, EWW3, a conclusive biogenic source was found. Though it is important to note
that the upper limit of the confidence interval is on the positive boundary of the biogenic zone.
An excavated treatment may be useful in reducing the uncertainty.

In addition to the Keeling plots, δ13C-CH4 results in combination with δ13C-CO2 can provide more
information regarding the classification of the source of the emitted gas. In assessing the relation-
ship between δ13C-CO2 versus δ13C-CH4, it is possible to determine the pathway of methane for-
mation. In a freshwater system, there are two primary pathways towards the generation of CH4

from CO2 (Figure 5.26).

The winter session measurements taken at LC3S are a good illustrator of this concept. The ma-
jority of the δ13C-CO2 versus δ13C-CH4 data plotted within the methyl fermentation field for the
unexcavated treatment, whereas the bulk proportion of the data plotted in the methane oxidation
field for the excavated treatment (Figure 5.19). Methyl fermentation reflects the production of
CH4 through the consumption of organic matter, primarily acetate (in freshwater systems), by mi-
crobes in the soil. The byproduct of this form of methanogenesis is carbon dioxide. Using the δ13C
compositions of CH4 and CO2, one can confirm that this form of methanogenesis is taking place,
simultaneously confirming the production of biogenic gas. On the other hand, the methane oxi-
dation pathway indicates that the CO2 being produced is a product of CH4 that was consumed by
methanotrophs. Thus the source of CH4 for these methanotrophs may be atmospheric, biogenic,
or thermogenic. The isotopic data at LC3S eliminates the former two possibilities with the Keeling
plot results (Tables 5.9 and 5.11), thereby leaving the only remaining possibility of a thermogenic
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source. In other words, the CH4 that was oxidized most likely was sourced from thermogenic
methane leakage at the test site.

In general, δ13C-CO2 signatures for all of the sites were near the value of δ13Csoil regardless of
treatment. For unexcavated treatments this is consistent with CO2 being produced by respira-
tion/decomposition of plant organic matter, since most soil gas carbon isotope compositions plot
in the methyl fermentation field (Figure 5.19). Another factor to consider is the effect that plant
respiration, specifically by roots and shoots, could have on the fractionation between bulk soil
and CO2. The small amount of δ13C fractionation is expected due to the fact that the fractiona-
tion constant (α) for aerobic oxidation (i.e. methanotrophy) αCH4-CO2 is roughly equal to 1.039
(Templeton et al., 2006). Also, it was clear that the Keeling plots for the δ13C-CO2 signatures were
associated with far less uncertainty than the δ13C-CH4. This was largely due to the greater range
and magnitude of [CO2] values as compared to [CH4].

6.5 Summarizing Remarks

The theme of uncertain results through the majority of the unexcavated measurements with the
certain results through the excavated treatments is important to understand because it demon-
strates the need to make soil gas measurements at depth instead of at the natural surface. Of
course, the next step to better understand how the surface CH4 signal is affected by subsurface
processes is by measuring [CH4 ] and δ13C-CH4 at a series of depths below the soil-atmosphere
interface. By collecting this data, an advection-diffusion model can be properly calibrated for CH4.

Combining the flux results of LC3S with the corresponding isotopic data yields strong evidence of
the presence of not only excess CH4 in the subsurface but that the dominant source of the CH4 is
thermogenic. Furthermore, it is clear from the differences between the unexcavated and excavated
treatments observed at multiple sites that future measurements should incorporate measurements
using at least the excavated treatment, if not both. Finally, implementing calculations such as
minimum detectable flux and geospatial analysis will increased the comprehensiveness of these
results so that richer conclusions can be made to further the understanding of the relationship of
HVHF activity and methane emissions.
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Appendix A

Appendix: Soil Moisture & Soil
Temperature Data

The following are graphs of soil moisture and soil temperature data. Data is unavailable for the
fall and EWW3 CS.

(A) LC3S Feb 2016 (Unexcavated)

(B) LC3S Feb 2016 (Excavated)

FIGURE A.1: Soil moisture and temperature data for LC3S Feb 2016. All measure-
ments were collected with a time-domain reflectometer instrument that logged these
metrics on a minute-by-minute basis.
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Appendix A. Appendix: Soil Moisture & Soil Temperature Data

(A) EWW1 CS (Unexcavated)

(B) EWW1 CS (Excavated)

FIGURE A.2: Soil moisture and temperature data for EWW1 CS.
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Appendix A. Appendix: Soil Moisture & Soil Temperature Data

(A) EWW1 (Unexcavated)

(B) EWW1 (Excavated)

FIGURE A.3: Soil moisture and temperature data for EWW1.
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Appendix A. Appendix: Soil Moisture & Soil Temperature Data

FIGURE A.4: Soil moisture and temperature data for EWW3.
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Appendix B

Appendix: Pre- and Post-background
Data

TABLE B.1: Summary of pre- and post-background concentrations and isotopic com-
positions at all sites. Uncertainty is presented as 2σ.

Location PrePost Mean
[CH4] (ppm)

PrePost Mean
δ13C-CH4 (h)

PrePost Mean
[CO2] (ppm)

PrePost
Mean δ13C-
CO2 (h)

WMCS 2.01 ±0.01 -47 ±5 425 ±16 -11 ±5
BHCS (DAY) 1.97 ±0.01 -46 ±5 449 ±22 -11 ±2
BHCS (NIGHT) 1.98 ±0.02 -48 ±5 455 ±30 -11 ±1
LC3S Oct2015 2.1 ±0.3 -47 ±5 417 ±12 -9 ±1
LC3S Feb2016 (UnEx) 1.92 ±0.02 -46 ±5 408 ±3 -9 ±2
LC3S Feb2016 (Ex) 1.92 ±0.01 -46 ±5 424 ±35 -10 ±2
EWW1 CS (UnEx) 1.91 ±0.04 -47 ±5 408 ±15 -9 ±1
EWW1 CS (Ex) 1.89 ±0.01 -47 ±5 430 ±31 -10 ±2
EWW1 (UnEx) 1.92 ±0.07 -46 ±5 403 ±3 -9 ±1
EWW1 (Ex) 2.0 ±0.2 -46 ±5 407 ±13 -9 ±1
EWW3 CS (UnEx) 2.08 ±0.04 -46 ±4 436 ±56 -10 ±2
EWW3 (UnEx) 1.97 ±0.08 -46 ±4 421 ±28 -10 ±2
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Appendix C

Appendix: CO2 Keeling Plots

The following graphs are CO2 Keeling plots for the both seasons.

Summary of δ13C-CO2 compositions all sites.

TABLE C.1: Summary of δ13-CO2 compositions for sources measured at all control
and test sites. Values within the parenthetical indicate the range of the 95% confi-

dence interval.

Location Unexcavated (h) Excavated (h)
WMCS -30.18 (-30.33, -30.04) Not measured
BHCS (DAY) -28.05 (-28.14, -27.95) Not measured
BHCS (NIGHT) -28.11 (-28.22, -27.95) Not measured
LC3S Oct2015 -29.59 (-29.85, -29.34) Not Measured
LC3S Feb2016 -24.37 (-24.80, -23.95) -24.06 (-24.14, -23.98)
EWW1 CS -22.65 (-22.90, 22.40) -24.82 (-25.00, -24.82)
EWW1 -23.84 (-24.16, -23.51) -17.64 (-17.89, -17.34)
EWW3 CS -27.30 (-27.41, -27.69) Not measured
EWW3 -27.93 (-28.17, -27.69) Not measured
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Appendix C. Appendix: CO2 Keeling Plots

(A) BHCS (DAY)

(B) BHCS (NIGHT)

(C) WMCS

FIGURE C.1: Keeling plots for the control sites during the fall season (Oct 2015).
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Appendix C. Appendix: CO2 Keeling Plots

(A) LC3S Oct2015

FIGURE C.2: Keeling plots for the test site during the fall season (Oct 2015).
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Appendix C. Appendix: CO2 Keeling Plots

(A) Unexcavated

(B) Excavated

FIGURE C.3: CO2 Keeling plots for the LC3S Feb 2016 site.
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Appendix C. Appendix: CO2 Keeling Plots

(A) Unexcavated

(B) Excavated

FIGURE C.4: CO2 Keeling plots for the control site EWW1 CS.
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Appendix C. Appendix: CO2 Keeling Plots

(A) Unexcavated

(B) Excavated

FIGURE C.5: CO2 Keeling plots for the test site EWW1.
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Appendix C. Appendix: CO2 Keeling Plots

FIGURE C.6: CO2 Keeling plots for the control site EWW3 CS.
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Appendix C. Appendix: CO2 Keeling Plots

FIGURE C.7: CO2 Keeling plots for the control site EWW3 CS.
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Appendix D

Appendix: Stratigraphic Column

FIGURE D.1: Stratigraphic column for subsurface layers at eastern Tennessee region
(Evenick and Hatcher, 2006).
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