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ABSTRACT

Tracing Water and Carbon Sources in Complex Geochemical Settings of the
Appalachians: An Isotopic Perspective

Andrea L. Sack

Understanding sources of water and carbon are important for tracking recharge
sources as well as assessing any changes in water quality associated with shale gas
drilling and/or coal mining in the Appalachians. Natural stable isotopes have become an
increasingly important tool for determining sources and cycling of water, carbon,
nutrients and other trace elements. This is plausible because variations in water-rock
interactions, recharge sources, recharge pathways, and residence time can impart unique
isotopic fingerprints to different water sources.

The main objective of this study was to use stable isotopes of water (520 and
8”Hizo), DIC (5°Cpic) and SO, (8%*Ssos and 8*%0s04) to delineate sources of water and
carbon in three different geochemical settings in Appalachians: natural springs, coal mine
discharges and co-produced waters produced during Marcellus shale gas drilling in the
Appalachian region. At some study sites other geochemical proxies such as major
cations, anions (i.e. Na*, Ca?*, Mg*, HCOjs, SO4*) as well as field parameters
(temperature and pH) were used in conjunction with stable isotope data to better
understand the underlying physical, geochemical and biological processes. Our data
shows that stable isotopic signatures in natural springs, coal mine discharge and co-
produced waters can be used understand sources of carbon and water at each site as well
as understanding biogeochemical transformations that lead to isotopic fractionation.
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CHAPTER 1

1.0 Introduction

Water is one of our most World population, 1750-2050

Billions

critical natural resource that is .

currently under stress. Though 70

Total world
population

s

Developing countries

% of the world is covered in s
water, only about 0.76 % of | |

Developed countries

1750 1800 1850 1900 1950 2000 2050

water is  freshwater and
Figure 1.0—World population growth. Note the sharp
increase in population (modified from Soubbotin and

available for use. While the Sheram, 2000).

amount of freshwater around the world has remained relatively constant, continually
being recycled by earth’s natural processes, the world’s population has exploded in the
past 50 years and is predicted to continue to increase (Soubbotin and Sheram, 2000) (Fig.
1.0). Within the next 15 years, it is projected that the human population’s water usage
will increase to 6250 cubic kilometers of water per year, with a majority needed to grow
food (Amano, 2011). In 2005, the United States Geological Survey (USGS) evaluated the
sources of the nation’s water and for what purposes the water was used. The two main
sources of freshwater are surface water, such as rivers and lakes, and groundwater
(USGS, 2005).

The high demand for water can have a direct impact on the quality of water and
vice versa. As stream/river impoundments and groundwater wells are being depleted due

to increased usage, various other problems also arise, for example saltwater intrusions



from excess withdrawals, polluted runoff from excess water applied for irrigation and
landscaping and altered surface water flows (EPA, 1995). These issues often result in
increased concentrations and movement of pollutants (i.e. salts, metals, nutrients,
bacteria/viruses etc.) along with disturbed natural flows. As the quality of our surface and
groundwater resources continues to deteriorate, it has become increasingly important to
develop water management strategies to maintain an adequate freshwater supply.

Surface waters and groundwaters can also play an important role in the global
carbon cycle. Rivers are an essential component in transforming and transporting carbon.
It has been estimated that rivers transport an average of 1 gigaton of carbon to the oceans
per year (Ludwig et al., 1996). Conservative estimates suggest that carbon export from
land to sea is approximately 50 % of the total amount of carbon that inland waters receive
from anthropogenic and natural sources (Cole et al., 2007). Dissolved inorganic carbon
(DIC) contributes a large fraction to the total carbon pool and originates from three main
sources: atmospheric CO,, carbonate dissolution and organic matter oxidation in the soil
and/or river itself (Brunet et al., 2005). The physical and chemical erosion of carbonate
rocks releases old sequestered carbon from the system, adding to the total DIC pool. The
weathering of silicate and carbonate rocks consume atmospheric CO, and produces
dissolved carbon which can then be transported and transformed by surface and
groundwater systems. This dissolved carbon can ultimately escape to the atmosphere via
CO; outgassing or can be transported in solution as DIC to oceans. Thus, there is a need
to understand source and fate of carbon in waters flowing through a variety of geological,
ecological and disturbed environments for better understanding the role of water in

regional and global carbon budgets.



This thesis is designed to test the applicability of stable isotopes to investigate
sources of water and carbon in different geochemical settings of the Central Appalachian
region. The Appalachian Basin was an area of sediment accumulation and two significant
orogenies during the Paleozoic era (~ 570 to 225 mya). The Appalachian orogeny
occurred from ~ 320-220 mya, mainly during the Pennsylvanian through mid- Triassic
time periods. Coal-bearing and carboniferous rocks formed from sediments eroding these
mountains. As deformation continued, the Appalachian Basin was faulted and folded.
Erosion later created today what’s known as the Valley and Ridge Province (Appendix C,
EPA; Hobba, 1979). The complex composition and structure of the Appalachian region
gives rise to different types of waters which contribute to surface and groundwater in this
area.

The different kinds of waters being investigated in this study include water
discharging from natural springs, coal mine discharge and co-produced water from shale
gas drilling. The natural springs in the study area have been reliable sources of domestic
water and development of recreational facilities and resorts since the late 18" century
(Rader and Gathright, 1984). Some studies have also highlighted the importance of
thermal springs to produce geothermal power. A recent study suggests that certain areas
of West Virginia may have the capacity to generate about 18,890 megawatts of power,
which is about 75 % higher than previously estimated (Kuykendall, 2010). In addition to
natural springs, other discharge sources of water include mine discharge portals (Fig.
1.1). The water released from these portals is generally of poor quality due to substantial
water-rock interactions releasing dissolved metals and acidity as well as significant

biological activity occurring along the flowpaths (Gould and Kapoor, 2003). These



water-rock interactions and biogeochemical processes can also affect the cycling of

carbon on a local scale. Therefore, understanding sources of water and carbon are

important for tracking recharge
sources as well as assessing any
changes in  water quality
associated with coal mining in the
Appalachians.

Besides coal mining, other

human-induced changes can also

potentially impact the quantity and  Figure 1.1—Mine discharge portal at Iron Falls in
Allegheny County, PA. The portal was sealed in the late

quality of water in this region. One 1960s and since then has been discharging alkaline
mine drainage into the Youghiogheny river.

of these changes is the rapidly

expanding shale gas drilling in this region. Shale gas is an emerging unconventional
resource which has the potential to provide energy to meet our Nation’s growing demand.
Growing environmental concerns associated with shale gas drilling include potential
contamination of shallow fresh water sources and possible diminishing of fresh water
supplies due to withdrawals for hydraulic fracturing of shales (Blauch et al., 2009).
Hydraulic fracturing is a technique used in shale gas development where a water-sand-
chemical mix is pumped under high pressure, forming fractures in the rock which provide
pathways for gas to move to the well (Soeder et al., 2009). This process, often referred to
as hydraulic fracturing, may require 3 to 5 million gallons of water per well (Arthur et al.,
2010). Highly saline water, or brine, co-produced as a result of the drilling process is

known as flowback water. Flowback water is mixture of returning fracturing water,



which was injected in the formation for hydraulic fracturing, and brine in the
drilled/underlying/overlying formations. These brines have very high concentrations of
dissolved constituents and are commonly considered more saline than sea water. High
salinity of brines may be of concern if they leak into drinking water supplies or waters for
agricultural uses (Hoyle and Dasch, 2012).

In the case of natural springs and coal mine discharge settings, waters are
discharging to the surface but it is unknown whether they are receiving significant
contributions from fresh water recharge/precipitation or whether they are discharging old
water recharge over geological times scales. On the other hand, in the shale gas drilling
environment, the question arises whether the recovered water is freshwater put in as
“frac” water or is it the old existing brine in saline formations that is being released to the
surface as flowback water. These geochemical settings therefore offer an opportunity for
using geochemical tools to understand processes related to water cycling and water-rock

interactions that may impact the quality of the water.

1.1 Objective and Tasks

The objective of this study is to test whether stable isotopes of water (500 and
8*Hiz0), DIC (8Cpic) and SO4* (8**Ssos and §*¥0s04) can be used to delineate sources
of water and carbon in three different geochemical settings in the Central Appalachian
region i.e. natural springs, coal mine discharges and brines produced during shale gas
drilling. My working hypothesis is that variations in recharge sources, water-rock
interactions, and biogeochemical transformations will impart unique isotope signatures to

water, dissolved inorganic carbon (DIC) and dissolved sulfate at these sites.



The specific tasks which were undertaken to attain this objective included:

Collected water samples from natural springs in Pennsylvania, West Virginia
and Virginia; a coal mine discharge site located in Allegheny County, PA and
brines produced during Marcellus shale gas drilling in Greene County, PA
Analyzed samples for stable isotopes including 5020 , 82HH20, §BCpic in
the WV U Stable Isotope Laboratory

Precipitated out dissolved sulfate as BaSO, and sent it to the University of
Arizona’s Environmental Isotope Laboratory for analysis 8**Sgos and §'%0so4
Combined major cation and anion data as well as water quality parameters
such as pH and temperature from Moore 2012 and Adams 2012 with isotopic
data to better understand biogeochemical reactions in the different systems
Plotted isotope and geochemical data on different geochemical plots to

delineate sources of water and carbon at different sampling sites



CHAPTER 2

2.0 Background

2.1  Stable Isotope Geochemistry

Atoms of the same element can have different numbers of neutrons; the different
possible versions of each element are called isotopes. This variation in the number of
neutrons in the nucleus results in a different atomic mass. Environmental isotopes are
naturally occurring isotopes of elements found in abundance in our environment and are
major components of hydrological, geological, and biological systems (Clark and Fritz,
1997). Isotopes can be classified as unstable, undergoing spontaneous radioactive decay,
or as stable, which do not spontaneously disintegrate by decay. The specific elements and
their isotopes focused on in this study are oxygen, hydrogen, carbon, and sulfur.

Isotopic compositions are expressed as the difference between the measured ratio
of the heavy to light element (i.e. **C/**C ratio) in the sample and in a reference material
over the measured ratio of a reference material. This is expressed as delta notation (3) by

the equation:

§ = (22— 1) x 1000 [Eq. 2.0]

Rstandard

where R is the ratio of heavy to light isotopes in the sample and standard, respectively.
Delta values (8) are reported in permil, or parts per thousand notation (%o) difference
from the assigned IAEA reference standard. A positive & value indicates that the ratio of
heavy to light isotope is higher in the sample compared to the standard and is said to be
“enriched” in the heavy isotope. A negative & value indicates that the sample is

“depleted” in the heavy isotope with respect to the standard. The International Atomic



Energy Agency (IAEA) assigns appropriate materials as isotope reference standards to
ensure standardization of measurements between laboratories. Oxygen and hydrogen are
measured with respect to Vienna Standard Mean Ocean Water (VSMOW), carbon with
respect to Vienna Pee Dee Belemnite (VPDB), and sulfate with respect to Vienna Carion
Diablo Troilite meteorite (VCDT). The isotope ratios are determined by measuring the
mass differences of molecular compounds by use of gas source mass spectrometry.
Different physical, geochemical and/or biological processes can result in
variations in ratios of heavy to light isotopes in different substrates found in nature. These
isotopic variations are result of a process known as isotopic fractionation. Fractionation
arises due to the difference in mass of the isotopes. This slight difference in mass leads to
differences in the physiochemical properties and the reaction rates which can favor one
isotope over another. There are two main ways to fractionate isotopes in a
thermodynamic reaction: equilibrium fractionation and kinetic fractionation (Mook,
2001). Equilibrium fractionation occurs primarily in exchange reactions where the
isotopes of an element are redistributed among chemical substances or physical change of
state in a closed, well-mixed system. A good example of an equilibrium exchange

reaction is between carbon dioxide and water in a closed system:

C'%0, + H,'®0 «> C'*0, + H,™0 [Eq. 2.1]

where 0 of the water exchanges with the oxygen in the CO, molecule. During
equilibrium fractionation processes, the heavier isotope preferentially accumulates in the
species or compounds with a higher oxidation state and the denser phase. Unlike

equilibrium fractionation, Kinetic fractionation is usually associated with incomplete or



unidirectional chemical, physical or biological processes. This type of fractionation
generally imparts a larger difference and occurs at a much faster rate. During kinetic
fractionation, the lighter isotope will react faster since they form weaker bonds within a
compound. One example of kinetic fractionation is the processes of CO, degassing where
CO; is lost to the atmosphere, consequently shifting the isotopic signature of the DIC
remaining in solution to more enriched values.

As a consequence of fractionation processes, water and solutes develop a unique
isotopic composition which is often indicative of their source and/or the biogeochemical
processes they have undergone. Kinetic reactions such as biological processes frequently
impart larger fractionation than the equilibrium reaction (Kendall and Caldwell, 1998).
Different fractionation processes result in wide range of isotopic variations and hence can
be used to understand geological, biological, physical and geochemical processes

occurring in nature.

2.1.1 Carbon isotopes

Carbon has two naturally-occurring stable isotopes; *?C and **C. Naturally
occurring environmental isotopes of carbon provide means of understanding carbon
sources and a multitude of biogeochemical reactions. The international standard for
carbon isotope measurement is Vienna Pee Dee Belemnite (VPDB), where the PBD was
the internal calcite structure from a marine fossil Belemnitella americana from the
Cretaceous Pee Dee Formation in South Carolina. This standard has been utilized for
measurements of all carbon-containing compounds including CO,, dissolved inorganic
carbon species (DIC), dissolved organic carbon species (DOC), cellulose and other fixed-

C solids, organic liquids, methane and other hydrocarbons (Clark and Fritz, 1997).
9



The many species and forms of carbon each have varying §'°C in nature (Fig.

2.0).

3'3C %0 VPDB
8
-
o
-

Figure 2.0—Natural variations in 5°C in a range of compounds. Values show a
wide range from -75 to +20%. (modified from Clark and Fritz, 1997; Mook, 2001).

The atmospheric CO, has an average '*C value of ~ -8.0 %o, but changes slightly
with latitude and seasons (Mook and Tan, 1991). Plant carbon becomes more depleted in
13C than atmospheric CO, due to fractionation associated with CO, diffusion and CO,
fixation. The amount of depletion depends on the photosynthetic pathway by which the
plant undergoes. For example, C3 plants have an average 5"3C value of ~ -26 %o (Park
and Epstein, 1961) while C4 plants have an average 5"°C value -14 %o (Mook and Tan,
1991). In C3 plants, CO; is reacted with ribulose biphosphate (RuBP) by the enzyme
ribulose biphosphate carboxylase/oxygenase (RuBisCO). RuBisCO preferentially fixes
12C0, over °CO,, resulting in isotope fractionation during carboxylation. C4 plants
follow a different pathway in which CO, is first incorporated through the carboxylation

of phosphoenolpyruvate (PEP) by the enzyme phosphoenol-pyruvate carboxylase (PEP

10



carboxylase). PEP carboxylase is a more efficient enzyme than RuBisCO and does not
discriminate as much, thus C4 plants are more enriched in **C than C3 plants (O’Leary,
1981).

The §'°C of bicarbonate in seawater has a value of ~ +1 to +1.5 %o and is
explained by the equilibrium fractionation between atmospheric CO, and bicarbonate at
15 to 20 °C. The resulting calcite precipitating in equilibrium with oceanic bicarbonate
should therefore have &°C value of +2 to +2.5 %o according to the well-defined
fractionation between calcite and bicarbonate (Table 2.0). For example, at 25 °C, the
equilibrium fractionation between COs(q) and COy) is -1.1 %o, therefore the aqueous

species will be 1.1 %o lighter than the gaseous species.

T(¢O Slsccoz(aq)-coz(g) 813CHcoa-coz(g) 813Cco3-coz(g) £°Ceacoscoz £ CcacosHcos
0 -1.2 10.9 11.35 14.4 3.6
10 -1.1 9.6 9.2 12.7 3
15 -1.1 9 8.6 11.8 2.8
20 -1.1 8.5 8.1 11.1 2.6
25 -1.1 7.9 7.6 10.4 2.4
50 -1 5.5 5.2 7.4 1.9

Table 2.0—Temperature dependent fractionation of **C in CO,-DIC reaction (modified from
Clark and Fritz, 1997).

The DIC constitutes a large fraction of the carbon pool in natural waters. Analysis
of DIC and the stable isotope ratio of DIC (813CD|C) have been applied extensively in
natural and polluted streams to identify sources and to investigate inorganic carbon
dynamics (Mook and Tan, 1991; Fonyuy and Atekwana, 2008; Finlay, 2003; Brunet et
al., 2005; Aravena et al., 1992; Palmer et. al., 2001; Atekwana and Richardson, 2004;

Helling et al., 2001; Sharma and Baggett, 2011; Sharma and Frost, 2008).

11



When COy( diffuses into water, it forms four

main species of DIC: dissolved or

aqueous CO,, carbonic acid or hydrated CO, (H,COs), bicarbonate or dissociated

carbonic acid (HCOg3') and carbonate or the second dissociation species of carbonic acid

\H' = pH-rangoof & 0};_
°, anatural waters 2 K
[] '4 -
1}=C0, . 6.4 HC?" 10?. CO]’ l

g 0.1
O
= 1
5 0.0

0.001
0.0001 manfrdnnnnn

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH

Figure 2.1—Distribution of carbonate species in pure water
as a function of pH at 25° C (modified from Schulte et al.,
2011).

(COs%). A majority of the
dissolved CO, is in the form of
solvated CO; (COyq) rather than
H,COs3; (Drever, 1997). Their
distribution and relative
concentrations are a function of

pH (Fig. 2.1).

Dissolution of CO»(g) in water takes place according to the following reactions

which each have an isotopic fractionation associated with each step (Clark and Fritz,

1997):
CO, diffusion into water: COy(g) > CO; (ag) [Eq. 2.2]
CO; hydration: COy(ag) + H20 <> H,CO3 [Eqg. 2.3]
1% dissociation of carbonic acid: H,COs* <> H' + HCO3’ [Eq. 2.4]
2" dissociation of carbonic acid: HCO5 <> H+ + CO5* [Eqg. 2.5]
The sum of these species makes up the total DIC in water:

COpaq) + H2CO3* + HCO3 + CO3” = DIC [Eq. 2.6]
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The fractionation factors under equilibrium conditions are temperature-dependent
and the carbon isotope signature of different carbonate species can be predicted using
these well-defined relationships (Table 2.0).

The carbon isotope composition of DIC in freshwater is ultimately controlled by
the sources of carbon to the system as well as the isotopic fractionation involved between
the solid, dissolved and gaseous phases (Mook and Tan, 1991). Groundwaters infiltrate
through the soil which dissolves and hydrates soil CO,(). The infiltrating CO(y) is then

able to dissolve calcite and produce bicarbonate by the following equation:

CaCOjs + HCO3 — Ca?* + 2HCO3 [Eq. 2.7]

Bicarbonate produced from the dissolution of calcite defines one of the major
sources of DIC in natural waters. Dissolution of carbonates consumes acidity, resulting in
a rise in pH and the

redistribution of DIC species.

Soil CO,
At a pH less than 6.4, COxg) O13C =-23%o
is the dominant species and HLQ,7
d13C=-15.1%0
the  major  fractionation |~
. CO 2 (aq) &= -0.4%0
processes is the gas-aq CO,, $13C=-24.1%
T + 1700
7 S
which imparts a fractionation Co>
) d13C=-15.5%
factor of 1.1 %o. Values of CaCoO, ’

013C=-14.6%o

8Cpic at these conditions

.

will be depleted (-24 to -22  Figyre 2.2 Fractionation of **C during equilibrium exchange of
carbon between the different species at 25°C (modified from Clark
%0) since the total DIC will  and Fritz. 1997).
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be primarily composed of COyq), Which is the lightest component of the DIC. At a pH
between 6.4 and 10.3, bicarbonate (HCOj3") will be the dominant species (Fig. 2.1). The
dominant fractionation process at these conditions is between CO@q)-HCO3™ which
results in a 9 %o enrichment above COxg), and thus a higher 8*Cpc signature compared
to CO;, source (Fig. 2.2).

Ambient groundwaters have an average carbon isotope composition of -11 to -16
%o. This is a result of the contribution of different end-members to the total dissolved
inorganic carbon in the system. One end member is soil CO, which has an average §'°C =
-26 %o in C3 vegetation dominated areas like the study area. Soil CO, is a product of root
respiration and oxidation of organic matter. The isotopic signature of soil CO, is a
function of the source and the fractionation involved in the process of CO; diffusion. The
process of CO, diffusion into the plant enriches the soil CO; by ~ 4.4 %o in C3 plants
relative to the source (Aravena et al., 1992). The other major end-member contributing to
the total DIC is much more positive (813C ~ +1 %o) and 1s derived from carbonate rock
dissolution (Fig. 2.0). The extent by which dissolution occurs is a function of the
concentration of soil CO, and the mineralogy of the sediment (Aravena et al., 1992).
Although these values are representative of typical groundwater systems, literature values
of 8Cpic values in the range of +10 to +30 %o in organic rich systems where bacterial
processes, such as methanogenesis, preferentially remove the lighter carbon (**C) and add
back **C-enriched CO, to the DIC pool (Whiticar et. al, 1986; Simpkins et. al, 1993;
Cheung et al., 2010; Laughrey and Baldassare, 1998; Borjesson et al, 1997; Sharma and
Frost, 2008; Atekwana, 1996). Additionally, groundwaters in thickly-vegetated drainage

basins with low carbonate content in the soils have reported values as negative as -28 %o.
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This extremely negative signature was attributed to large amounts of biogenic soil CO,
with low 8*3C (Mook and Tan, 1991).

The interaction between groundwater and organic matter has an important effect
on the carbon isotope composition of the dissolved inorganic carbon in groundwater.
Kinetic processes such as oxidation of organic matter and microbial processes change the
chemical composition and oxidation state of dissolved constituents, which is then
accompanied by large shifts in isotopic signatures. There are two main processes which
organic matter can be oxidized in the soil environment, either by dissolved oxygen in
groundwater or by dissolved sulfate, discussed further in the sulfate isotopes section.

Organic carbon oxidation by dissolved oxygen proceeds by the following reaction:

CH,0 + O, <> CO, + H,0 [Eq. 2.8]

The resulting CO, (added to the total DIC) will be isotopically-depleted in **C
since the typical 8"°C value of soil/aquifer-derived organic carbon is ~ -26 %o.
Furthermore, the produced CO, has the potential to dissolve carbonates which would
increase the concentration of DIC.

A second process involving chemical interactions between 