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Abstract

Fossil fuels continue to be a major component of the energy economies in North

America, accounting for „60% of electricity generation in the U.S. Recent incidences

(i.e. spills) and limited regulation of the fossil fuel industry has generated public

concern about the risks fossil fuel development pose to water resources. Previous

studies have identified negative impacts on water quality associated with the stor-

age and disposal of coal combustion residuals, oil sands process-affected water, and

oil and gas wastewater, as well as leaking of methane to groundwater in areas of

hydraulic fracturing. In addition, contamination of water resources from natural

(geogenic) sources has also been observed in many of the areas associated with fossil

fuel development. Since naturally occurring saline water is common in some re-

gions associated with fossil fuel explorations, delineating the effects of anthropogenic

contamination sources is a major challenge for evaluating the impact of fossil fuel

development on water quality.

This thesis investigates the geochemical and isotopic characteristics of wastewater

from coal combustion residual storage ponds, unconventional oil and gas exploration,

and oil sands mining, in an attempt to evaluate the use of geochemical and isotopic

tracers to identify fossil fuel-associated wastewaters in the environment. This in-

cludes the investigation of (1) halogen (Br, I) and ammonium contents of oil and

gas wastewater (OGW);(2) the lithium isotope ratios in OGW and coal combus-

tion residuals; and (3) the inorganic geochemistry and boron, strontium and lithium

iv



isotope ratios of oil sands processed-affected water (OSPW). In three case studies,

these geochemical and isotopic tools were integrated into comprehensive geochem-

ical frameworks that investigated the (1) leaking of coal ash ponds to surface and

groundwater in the southeastern United Sates; (2) geochemistry of groundwater in

an area of shale gas development in West Virginia through time and space; and (3)

evaluation of the sources of molybdenum in contaminated groundwater in southeast-

ern Wisconsin and possible links to coal ash surface disposal. These investigations

illustrate a range of situations in which isotopic fingerprinting provided a unique

geochemical tool that can successfully identify fossil fuel-related wastewater in the

environment. These studies have also demonstrated the environmental impact upon

releasing of fossil fuels wastewater to the environment. The case studies support the

use of geochemical and isotope tools as robust methods to not only identify con-

tamination of water resources by fossil fuel-related activities, but also to distinguish

wastewater contamination from naturally occurring contamination in areas of fossil

fuel development. These studies highlight the benefit of using a suite of geochemical

tools when investigating water quality impacts.
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1

Introduction

1.1 Background

Despite concerns about greenhouse gas emissions and advances in renewable energy

technologies, fossil fuels continue to be a dominant resource for electricity generation

(„60%) in the United States (EIA 2016). North America has been at the epicenter of

the unconventional shale revolution, with the development of the oil sands industry in

Alberta, Canada and the exploration of impermeable shale and tight-sand formations

in the United States made possible by the advent of horizontal drilling and hydraulic

fracturing. The Alberta oil sands make up 95% of Canada’s proven reserves, which

are now ranked third in the world (EIA 2014). In the U.S., the development of

unconventional shale and tight oil basins has increased electricity generated using

natural gas from 20% in 2000 to 30% in 2012, with projections for 50% by 2040 (EIA

2014). Although coal production has decreased during the last ten years, combustion

of coal still accounts for over 30% of electricity generation and the United States is

projected to consume at least 500 million tons of coal per year by 2040 (EIA 2017).

The development and consumption of fossil fuels in electricity generation produces
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large volumes of liquid wastewater. This wastewater can contain toxic synthetic ad-

ditives, a well as naturally occurring salts, toxic metals, organic acids, and radionu-

clides derived from interactions with the host formations or during processing and

storage of the fossil hydrocarbons with freshwater (Ahad et al., 2013; Allen, 2008;

Brown and Ulrich, 2015; Dresel and Rose, 2010; Haluszczak et al., 2013; Headley

et al., 2013; Frank et al., 2014; Ferrar et al., 2013; Kraemer and Reid, 1984; Lauer

et al., 2015; Parker et al., 2014). Hydraulic fracturing, oil sands mining and storage

of coal combustion residuals are three energy processes that generate wastewater

that can degrade water quality if released to the environment.

1.1.1 Unconventional oil and gas wastewater

The exploration and production of oil and gas resources have generated large volumes

of oil and gas wastewater (OGW) made up of flowback and produced water. An

estimated ă8% of the injected fluid returns to the surface, mixed with formation,

during the first few weeks (Kondash et al., 2017). Each unconventional shale gas

well is estimated to generate between 1.7 to 14.3 million L of wastewater during its

lifetime. (Jackson et al., 2014; Kondash et al., 2017; Vengosh et al., 2014). In most

U.S. states, OGW is injected back into deep aquifers through Class II Injection Wells,

accounting for 95% of unconventional wastewater (Clark and Veil, 2009). In other

areas where deep well injection is not available (e.g., Pennsylvania, New York) or

restricted because of proximity to fault systems, wastewater is recycled and reused

for hydraulic fracturing (Vidic et al., 2013) or treated and then discharged to surface

water (Warner et al., 2013b). Annual volumes of OGW sent to municipal facilities

rose as high as 460 ML during shale gas development in PA, however annual volumes

dropped to less than 30 ML after regulations restricting the disposal of Marcellus

wastewater at municipal facilities were enacted (Lutz et al., 2013). These facilities

now accept only conventional wastewater. Elsewhere, (e.g., New York, West Virginia)
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operators occasionally spread conventional OGW on roads for dust suppression or

deicing.

Flowback and produced water from shale gas exploration are characterized by

high concentrations of salts, anthropogenic and naturally occurring organic com-

pounds, heavy metals and naturally occurring radioactive materials (NORM) (Akob

et al., 2015; Blondes et al., 2014; Collins, 1975; Dresel and Rose, 2010; Gleason and

Tangen, 2014; Haluszczak et al., 2013; Kharaka and Hanor, 2014; Kondash et al.,

2013; Vengosh et al., 2014; Ziemkiewicz and He, 2015; Rowan et al., 2015). Therefore,

the release of wastewater from unconventional oil and gas operations can degrade the

quality of water resources (Vengosh et al., 2014; Vidic et al., 2013). There are several

mechanisms by which fluids associated with unconventional oil and gas exploration

can contaminate water resources.

Accidental spills during storage and transport of injection fluids and OGW can

impact both surface and groundwater. A study in northeastern and western PA found

that the occurrence and frequency of spills and leaks appear to coincide with shale gas

well density (Warner et al., 2013b; Vengosh et al., 2014), while two larger reviews of

reported spills in four U.S. basins found that oil and gas related spills have increased

with the number of wells and that half these spills are associated with storage and

transport of fluids, including OGW (Maloney et al., 2016; Patterson et al., 2017).

A in North Dakota observed elevated dissolved salts, heavy metals, ammonium and

NORM that were quite persistent and were still elevated above background values

up to four years following the spill events (Cozzarelli et al., 2017; Lauer et al., 2016).

Storage of OGW in surface impoundments have also been shown to impact adjacent

surface water at an injection well site in West Virgina (Akob et al., 2016; Kassotis

et al., 2016).

In 2013, about 582 ML of OGW were reported distributed to brine treatment fa-

cilities in PA (PADEP, 2013), which released the treated effluents to adjacent streams
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or rivers (Ferrar et al., 2013; Warner et al., 2013b). The discharged fluids from these

facilities were highly saline (TDS up to 124,000 mg/L), with high concentrations of

chloride, bromide, sodium, calcium, magnesium, strontium and barium compared to

the upstream river water (Ferrar et al., 2013; Warner et al., 2013b). While total ra-

dium (228Ra + 226Ra) activities in the OGW were below the industrial discharge limit

of 2.2 Bq/L (60 pCi/L), 226Ra and 228Ra activities in the sediment at the discharge

site were up to 200 times greater than sediment upstream of the discharge site or any

other PA river sediments (Warner et al., 2013b). Wilson and VanBriesen reported

elevated concentrations of Br in the Monongahela River south of Pittsburgh during

2009 to 2010 which was attributed to oil and gas disposal (Wilson and Vanbriesen,

2013). The presence of halogens (i.e. Br, Cl) in surface water treated for drinking can

produce carcinogenic disinfection byproducts (DBPs) during chlorination treatment

that can damage the quality of municipal drinking water (Parker et al., 2014).

Groundwater in areas of shale gas development are also at risk from leaking

of surface effluents (Vengosh et al., 2014) or subsurface migration of contaminated

groundwater; however, it is often difficult to elucidate the pathways in the envi-

ronment and link groundwater contamination directly to oil and gas activity. Fluids

from shale formations can migrate into shallow drinking water wells by either (a) mi-

gration through naturally occurring fractures and pathways (b) migration through

fractures formed during the fracturing process that extend to the shallow aquifers

or connect to more shallow fractures (c) leaking from faulty wells and casings or

(d) downward migration from storage ponds or other surface operations. Studies

in Pennsylvania and Texas found evidence for stray gas contamination in drinking

water wells located near shale gas wells (i.e., ă1 km) (Darrah et al., 2014; Jackson

et al., 2013; Osborn et al., 2011; Heilweil et al., 2015). However, no statistically sig-

nificant differences have been observed between inorganic water geochemistry from

active drilling areas compared to nonactive areas and historical background values
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(Vengosh et al., 2014). Instead, there is substantial evidence for natural migration

of deep hydrocarbon-rich, saline waters to shallow aquifers (Baldassare et al., 2014;

Darrah et al., 2015a; Llewellyn, 2014; Molofsky et al., 2013; Schon, 2011; Siegel et al.,

2015a,b; Warner et al., 2012). There have been isolated reports of shallow groundwa-

ter contamination, but no definitive mechanism has been determined for these cases

(DiGiulio and Jackson, 2016; Drollette et al., 2015; Llewellyn et al., 2015). Based

on available data, there has been no evidence of stray gas or fluid migration from

deep-sources through fractures induced from hydraulic fracturing.

1.1.2 Coal Ash Ponds

Coal combustion residuals (CCR) are the largest industrial waste in the U.S., with

about 110 million tons produced annually (USEPA, 2015b). About half of CCR

are disposed in surface impoundments and landfills while the other half is recycled

through beneficial reuse projects (USEPA, 2015b). During storage of CCR in the

ponds, the pond water interacts with the ash and leaches arsenic, boron, chromium,

molybdenum, antimony, selenium, vanadium, mercury, Ca, Mg, Sr, lithium, fluo-

ride, Cl, Br, sulfate, and thallium (Izquierdo and Querol, 2012; Ruhl et al., 2012).

Enrichment of many of these elements has been observed in rivers and sediments

impacted by the TVA Kingston coal ash spill in 2009 (Deonarine et al., 2013; Liu

et al., 2013; Ruhl et al., 2009, 2010; Schwartz and Hsu-Kim, 2009) and the Duke

Energy Dan River spill in 2013 (Yang et al., 2015), effluents discharged from coal

ash ponds outfalls to rivers in North Carolina (Alberts et al., 1985; Dreesen et al.,

1977; Ruhl et al., 2012; Theis and Richter, 1979), EPA damage reports (USEPA,

2015b) and laboratory leaching experiments with coal ash (Chapelle, 1980; Brubaker

et al., 2013; Izquierdo and Querol, 2012; Theis and Wirth, 1977; Schwartz et al.,

2016; Wang et al., 2009). The continuous discharge of the pond overflow to adjacent

lakes has been associated with increased metal loads to the lake ecosystem (Brandt
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et al., 2017; Ruhl et al., 2012). Se, in particular, poses a threat to aquatic ecosys-

tems impacted by coal mining and storage of CCR (Arnold et al., 2014; Brandt et al.,

2017; Lemly, 1997; Lindberg et al., 2011; Mathews et al., 2014).

Previously, the U.S. Environmental Protection Agency (EPA) permitted dis-

charge of CCR effluents through outfalls regulated by the National Pollutant Dis-

charge Elimination System (NPDES), and yet the leaking of unlined ponds is prohib-

ited. The EPA has now installed new regulations to limit the discharge of coal ash

effluents (refs). This is due to increasing public concern that coal ash contaminated

effluents are migrating to nearby drinking water aquifers. There has been historical

evidence for leaking of coal ash ponds but very little research directly linking ground-

water contamination to coal ash storage (Buszka et al., 2007). In addition, there is

a need for specific criteria to demonstrate impact of CCR on water resources.

1.1.3 Oil sands process-affected water

The Alberta oil sands make up 95% of Canadas proven reserves, which are now

ranked third in the world (USEIA, 2014). Oil sands operations use mostly recycled

water during the bitumen extraction process in Alberta, but 10-15% is sourced from

the Athabasca River system (Allen, 2008). Currently, operations use approximately

370 million m3 of water from the Athabasca River each year to extract bitumen from

the oil sands formations. Following extraction, the resulting brackish, alkaline oil

sands process-affected water (OSPW) contains high levels of organic acids, specifi-

cally napthanic acids, which are acutely toxic to aquatic biota (Ahad et al., 2013;

Brown and Ulrich, 2015; Frank et al., 2014; Headley, 2004; Jones et al., 2011; Savard

et al., 2012; Scarlett et al., 2013; Tollefsen et al., 2012). The OSPW is therefore

subjected to a zero-discharge policy and stored in tailings ponds that contain over

840 million m3 of OSPW and oil sands tailings (Allen, 2008; Ferguson et al., 2009;

Gosselin et al., 2010; Holden et al., 2013; Jasechko et al., 2012).
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Previous studies have suggested that OSPW can migrate locally to the subsurface

(Abolfazlzadehdoshanbehbazari et al., 2013; Ahad et al., 2013; Holden et al., 2013;

Savard et al., 2012) and more wide spread water quality changes have been observed

(Kelly et al., 2010); however, the presence of natural saline groundwater that mixes

with shallow freshwater and discharges to surface water in the Alberta Oil Sands

region (AOSR) (Cowie et al., 2015; Gibson et al., 2013; Gue et al., 2015; Jasechko

et al., 2012) complicates the ability to detect OSPW in the environment. While

previous studies have attempted to distinguish the geochemistry of the different

fresh and saline water sources at the local scale (Gibson et al., 2011; Savard et al.,

2012), there are still significant gaps in understanding the regional variations in the

geochemical and isotopic fingerprints of the different water sources in the oil sands

mining region.

1.2 Geochemical and Isotopic Tracers

Geochemical characteristics of contaminated sources have been used as tracers of

anthropogenic impacts on water resources. Fossil fuel-impacted waters, in partic-

ular, are quite geochemically distinct from fresh surface and shallow groundwater.

However, studies have shown that traditional tracers, such as ionic ratios (Br/Cl,

Na/Cl) and water isotopes (δ2H and δ18O) may be similar between fossil fuel waters

and naturally occurring contamination sources, such as brines that migrate natu-

rally to shallow aquifers (Warner et al., 2012) or surface geological units that can

release similar trace elements through water-rock interactions (Vengosh et al., 2016).

Furthermore, when multiple industries are interacting in the same region, it is often

difficult to elucidate the primary source or relative contributions.

Recent work has highlighted more non-traditional stable isotopes systems as ro-

bust indicators of fossil fuel-related contamination. Boron, strontium, and lithium

are highly enriched in fossil fuel-related wastewater, and all three isotope systems

7



have wide ranges of ratios in the earth system, which makes them promising tracers

of contamination.

Boron has two stables isotopes, 11B and 10B, which are reported as

δ11B “
11BSample{

10BSample

11BStandard{
10BStandard

x1000 (1.1)

Boron isotope ratios have previously been helpful in identifying anthropogenic con-

tamination sources (Barth, 1998; Chetelat and Gaillardet, 2005; Vengosh et al., 1994;

Widory et al., 2005) and δ11B values have been described for oil and gas produced

waters (Warner et al., 2014), coal ash leachates (Buszka et al., 2007; Davidson and

Bassett, 1993; Ruhl et al., 2014; Williams and Hervig, 2004) and OSPW (Gibson

et al., 2011; Williams et al., 2001).

Strontium isotopes, reported as 87Sr/86Sr or

εSWSr “

87SrSample{
86SrSample

87SrStandard{86SrStandard
x10000 (1.2)

are also commonly used as tracers of surface processes (Böhlke and Horan, 2000; Capo

et al., 1998; Hunt et al., 1998). Both 87Sr/86Sr and εSWSr have been characterized for

oil and gas produced waters (Capo et al., 2014; Chapman et al., 2012; Warner et al.,

2012), coal mining and CCR(Brubaker et al., 2013; Hamel et al., 2010; Ruhl et al.,

2014; Spivak-Birndorf et al., 2012; Vengosh et al., 2013; Williams and Hervig, 2004),

and OSPW (Gibson et al., 2011).

Lithium isotopes (δ7Li) reported as

δ7Li “
7LiSample{

6LiSample

7LiStandard{6LiStandard
x1000 (1.3)

are a new development for tracing earth systems processes (Tang et al., 2007; Tomas-

cak, 2004). Some preliminary works has reported δ7Li variations in oil and gas pro-
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duced water and flowback from the Marcellus region (Phan et al., 2016; Warner et al.,

2014).

Boron, lithium and strontium in produced water from shale formations are derived

originally from evaporated seawater that has interacted with shale. For boron and

lithium, the isotope ratios in seawater are enriched in the heavier isotope („39‰

and „31‰, respectively) (Nir et al., 2015; Tang et al., 2007) and the 87Sr/86Sr

ratio of seawater is 0.7092 (Hess et al., 1986). Following evaporation, water-rock

interactions with the shale alters the isotope ratios to values found in formation

brines. Conceptual diagrams of the isotope ratio changes during the formation and

extraction of the oil and gas reservoirs are presented in Figure 1.1,Figure 1.2, and

Figure 1.3. During release to the environment the Li and B isotope ratios can

be affected by adsorption/desorption or precipitation (for B), while the Sr isotopes

should be conserved.

Higher isotope ratios of boron and lithium are found in conventional oil and gas

brines from sandstone formations, which further supports water-rock interactions in

the shale layer as the source of higher concentrations and lower isotope ratios in

the Marcellus brines. This also emphasizes that unconventional brines that are not

sourced from evaporated seawater or formed in shale formations may have isotope

ratios that differ from values reported here and further evaluation of the range of

isotopes in both conventional and unconventional brines is needed.

Strontium isotope ratios in oil and gas brines are elevated compared to seawater

values (ă0.7100), with lower values in shale formations like the Marcellus (0.7106

to 0.7114) compared to conventional Devonian produced waters (ą0.7160). The

very radiogenic 87Sr/86Sr ratios found in the oil and gas wastewaters would not

have originated from the formation lithology. Rather the evaporated seawater has

interact with more radiogenic sources or radiogenic fluids have migrated into the oil

and gas lithologies (Capo et al., 2014; Chaudhuri et al., 1987; Moldovanyi et al.,

9
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Figure 1.1: Processes controlling the evolution of B isotope values during the
formation of oil and gas formation and during and after production.

1993; Osborn et al., 2012a; Stueber et al., 1987; Chapman et al., 2012). Similar to

boron and lithium, 87Sr/86Sr ratios in Marcellus flowback changed with time and the

produced water was more radiogenic than the initial flowback. This likely reflects

mixing of injected freshwater characterized by lower 87Sr/86Sr ratios with the brine

pore fluids that are more radiogenic (Capo et al., 2014).

δ11B values in coal combustion residuals are generally quite depleted compared

to natural waters (-17 to +8‰), which makes them easily identifiable and distinctive

from oil and gas brines. Strontium isotope ratios in coal ash are typically radiogenic

(0.7095 to 0.7125), with values that can overlap with oil and gas brines (Ruhl et al.,
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Figure 1.2: Processes controlling the evolution of Li isotope values during the
formation of oil and gas formation and during and after production.

2014). The boron, lithium and strontium in coal is enriched in the coal ash after

carbon in removed during combustion and is highly leachable from the coal ash (Ruhl

et al., 2014). During leaching in the ponds, the isotope ratios are conserved and the

isotope ratios in outfalls from coal ash ponds reflect ratios in the stored coal ash.

The geochemistry of oil sands process-affected water has only been presented in

a couple studies, and the boron isotopes were positive (22-25‰) while the 87Sr/86Sr

ratios had a large range from 0.7082 to 0.7122 (Gibson et al., 2011). However,

the source of high salinity and elevated trace elements, along with the observed

isotope ratios, is not well understood. Previous studies have tried to assess the use
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Figure 1.3: Processes controlling the evolution of Sr isotope values during the
formation of oil and gas formation and during and after production.

of boron and strontium isotope ratios to distinguish OSPW from surface water and

groundwater but the sample set was small and the results inconclusive (Gibson et al.,

2011).

Typically, two or more isotope systems are coupled when applying isotopes as

tracers, which provides more robust separation of water source signatures (Klopp-

mann et al., 2009; Hogan and Blum, 2003; Hunt et al., 1998; Millot et al., 2007;

Petelet-Giraud et al., 2009; Widory et al., 2004). There have been a few studies

applying a multi-isotope approach to identifying fossil fuel-related wastewater in the

environment. Warner et al. (2013a) measured the B/Cl, Li/Cl, δ11B and δ7Li values
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in effluents discharging from brine treatment plants accepting OGW and at a flow-

back spill site in West Virginia to test these tracers in the environment and found

that the values in the wastewater are distinctive from natural waters and largely

conserved during release to water resources (Warner et al., 2014). Ruhl et al. (2014)

found that boron isotopes in waters impacted by coal ash spills and coal ash pond

discharges were generally depleted in the heavier isotope compared to background

or upstream water; however the 87Sr/86Sr ratios of the leachates were not always

distinct from the background water (Ruhl et al., 2014). Buzska et al. (2007) was

successfully able to show that groundwater impacted by coal ash had δ11B values

similar to coal ash leachates, confirming that boron isotopes could distinguish coal

ash contamination in groundwater (Buszka et al., 2007). Gibson et al. (2011) com-

pared the boron and strontium isotope ratios in OSPW to groundwater seeps and

the Athabasca River near Fort McMurray in Alberta, Canada to identify leaking of

OSPW to the river but the dataset was small and the results largely inconclusive

(Gibson et al., 2011).

1.3 Objectives

This thesis aims to expand our understanding of geochemical and isotopic variations

in different fossil fuel-associated wastewaters and the use of these fingerprints to iden-

tify contamination of water resources. The study is divided into two components (1)

development of novel geochemical and isotopic analyses of fossil fuel-affected water;

and (2) demonstration of their applicability in case studies in which the geochem-

ical and isotopic fingerprints are used to identify possible fossil-fuel contamination

in the environment and distinguish between natural occurring sources from fossil

fuel-related contamination.

This in-depth research investigation was driven by the following hypotheses:
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What are the geochemical and isotopic 
fingerprints of fossil fuel-associated water? 

Oil Sands Coal Ash Hydraulic  
Fracturing 

Conventional 
OGW 

WV 
groundwater 
and surface 

spills 

Discharge/
spills in PA, 

WV 

AOSR, 
Canada 

Br/I, NH4+/Cl,  δ11B, δ7Li,  
87Sr/86Sr  

δ11B, δ7Li,  
87Sr/86Sr   

Leaking to 
surface water 

and 
groundwater 

Can we use these fingerprints to identify and trace fossil fuel-affected 
water in the environment? 

Figure 1.4: Schematic diagram of questions and objectives in this thesis.

1. Fossil fuel-related wastewater is characterized by ionic and isotope ratios that

are distinct from natural waters and conserved during mixing of contaminated

water with freshwater.

2. Some of the enriched elements and compounds in fossil fuel wastewater are

problematic for human and ecological health, although environmental condi-

tions (pH, redox, dilution) can influence the degree to which these constituents

are conserved when wastewater is released to the environment.

3. Boron, strontium and lithium isotopes of fossil fuel-related wastewater have

values that are unique from other saline and freshwater sources.
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4. There are likely to be naturally occurring sources of groundwater or surface

water contamination in areas of fossil fuel development that can have similar

geochemistry but different isotope values from anthropogenic contamination.

5. Surface water and groundwater can be impacted through different mechanisms

of contamination and using the geochemical and isotope fingerprints can be

used to delineate these sources.

The specific objectives of this study were:

1. Characterize new inorganic constituents of oil and gas wastewater and evaluate

their release to the environment via disposal and accidental releases

2. Characterize the lithium isotopes variations in fossil fuel resources and associ-

ated wastewater

3. Characterize the geochemical and isotopic fingerprints of OSPW and regional

saline and freshwater sources to evaluate their use as tracers of OSPW migra-

tion to the environment

4. Establish the baseline inorganic and isotope geochemistry of groundwater in

an area prior to shale gas exploration and evaluate the changes groundwater

geochemistry during and after drilling.

5. Use geochemical and isotopic fingerprints of CCR to identify leaking from coal

ash disposal in both surface impoundments and through beneficial reuse in

uncapsulated earth works

6. Investigate the source of high molybdenum in groundwater in an area of his-

torical unencapsulated storage of CCR using geochemical and isotopic tools.
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2

Iodide, Bromide, and Ammonium in Hydraulic
Fracturing and Oil and Gas Wastewaters:

Environmental Implications

Reprinted with permission from Environmental Science & Technology, 2015, 49 (3),

pp. 1955-1963. Copyright 2015 American Chemical Society.

(Supplemental Material in Appendix A)

2.1 Introduction

The exploration and production of oil and gas resources has generated large volumes

of oil and gas wastewater (OGW) from thousands of wells in the U.S. The estimated

volume of produced water generated annually in the USA varies between 3.18 billion

m3 and 3.97 billion m3 (Clark and Veil, 2009; Wanty and Kharaka, 1997).This vol-

ume has further increased due to the rapid development of unconventional oil and

gas production (e.g., shale gas and tight sand oil). The wastewater produced from

hydraulic fracturing includes flowback fluid, fluids that return to the surface imme-

diately following hydraulic fracturing and produced waters, which are brought to the
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surface at slower rates but over longer time-scales during gas and oil production.

Each unconventional shale gas well is estimated to generate between 3,500 and 7,200

m3 of wastewater during its lifetime (Jackson et al., 2014; Vengosh et al., 2014). In

Pennsylvania, where the Marcellus shale has been extensively exploited, the total

volume of OGW was estimated as 3000-5000 million liter (ML) per year in 2011 and

2012 (Lutz et al., 2013). Given the accelerated rate of shale gas drilling, the overall

OGW generated in the USA is expected to rise.

In most states, OGW is injected to deep saline aquifers. However, an estimated

22,000 ML of produced water is annually discharged to surface water in the USA,

mostly (56%) in Alabama (Lutz et al., 2013). In other areas where deep injection

is not available (e.g., Pennsylvania, New York) or restricted because of proximity

to fault systems, wastewater is recycled and reused for hydraulic fracturing (Vidic

et al., 2013), or treated and then discharged to surface water (Warner et al., 2013b).

Elsewhere, (e.g., New York, West Virginia) operators occasionally spread wastewater

on roads for dust suppression or deicing. Unfortunately, illegal disposal, leaking from

surface impoundments, and accidental spills of OGW often occur in areas of extensive

shale gas development (Vengosh et al., 2014).

Since the beginning of shale gas exploration and hydraulic fracturing, OGW from

unconventional oil and gas operations in Pennsylvania has been treated at publicly

owned treatment works (POTWs), municipal wastewater treatment plants (WWTP),

or commercially operated industrial brine treatment plants (Wilson and VanBriesen,

2012). Maloney and Yoxhiemer (2012) reported disposal of 390 ML during 2011

(Maloney and Yoxtheimer, 2012), and Lutz et al. (2013) reported „ 1750 ML and

„ 1200 ML in 2010 and 2011, respectively (Lutz et al., 2013). Since 2011, OGW man-

agement in Pennsylvania has changed substantially (Wilson and VanBriesen, 2012).

In May 2011, OGW disposal through POTWs and WWTP was terminated, but

brine treatment facilities continue to receive OGW and are exempt from the salinity
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and water quality restrictions (e.g., TDSă500 mg/L) for discharged effluents. In ad-

dition, the volume of flowback and hydraulic fracturing fluids from unconventional

shale gas wells sent to brine treatment sites has decreased and several of the brine

treatment sites reported accepting only produced waters from conventional oil and

gas operations. Data from 2013 indicate that 1206 ML of OGW was reused for hy-

draulic fracturing operations, which consists of 67% of the total OGW volume (1788

ML) generated in PA during 2013 (Figure A.1). About 582 ML of OGW was dis-

tributed to brine treatment facilities, including three facilities that are investigated

in this study (Figure 2.1). Traditionally, brine treatment included lime and Na2SO4

addition (Veil, 2010), which removes metals such as barium and radium but not

halides such as chloride and bromide(Ferrar et al., 2013; Vengosh et al., 2014). In

contrast, thermal evaporation/distillation treatment can remove all dissolved salts

but as of 2014 was implemented at only one site in PA (Vengosh et al., 2014). At all

of the brine treatment sites (Figure 2.1), treated effluents are released to adjacent

streams or rivers.

OGW management is an engineering challenge because it is typically character-

ized by elevated levels of salinity (e.g., Williston Basin, North Dakota with TDS up to

400,000 mg/L) (Gleason and Tangen, 2014), anthropogenic (chemicals injected dur-

ing drilling or fracturing) and naturally-occurring organic compounds, heavy metals,

and naturally-occurring radioactive materials (NORMs) (Haluszczak et al., 2013;

Kharaka and Hanor, 2014; Vengosh, 2014; Vengosh et al., 2014), which all pose en-

vironmental and human health risks upon release to the environment. As observed

near the Josephine treatment plant site in PA, NORMs from OGW have accumu-

lated in stream sediments (Ferrar et al., 2013; Warner et al., 2013b). An additional

risk following the release of high salinity OGW to surface water is the increase in

halide concentrations downstream of discharge sites. When impacted surface waters

are used as source waters by downstream drinking water treatment plants, reactions
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Figure 2.1: Map of the location of the outfalls from the Franklin (marked as
F), Hart (H) and Josephine (J) facilities in Pennsylvania, associated surface water
sampling sites, and the spill site in Tyler Country, West Virginia investigated in
this study. The map also presents the location of other oil and gas water pollution
facilities (red squares), unconventional wells, and major waterways in the study area.
Data for the locations of oil and gas treatment facilities were originally available
from the Pennsylvania Department of Environmental Protection (PADEP) (PADEP,
2013), and also from the Pennsylvania spatial data clearinghouse (PSU, 2014).

of disinfectants with halides can form carcinogenic disinfection byproducts (DBPs)

(Jones et al., 2012; Richardson et al., 2007). Previous studies have addressed the

environmental implications of high Br´ in OGW. For example, elevated Br- concen-

trations resulting from OGW discharges along the Monongahela River (Wilson and

Vanbriesen, 2013) and Clarion River (States et al., 2013) increased DBP concentra-

tions, especially brominated species, in municipal drinking water in Pittsburgh, PA

(States et al., 2013). Brominated DBPs tend to be more cyto- and genotoxic than
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their chlorinated analogues (Jones et al., 2012; Richardson et al., 2007).

While several studies have reported elevated iodide (I´) (Collins, 1969; Hitchon

et al., 1977; Kharaka and Hanor, 2014; Moran et al., 1995; Osborn et al., 2012b; Wil-

son and Long, 1993; Worden, 1996) and ammonium (NH`4 ) (Collins, 1975; Collins

et al., 1969; Kuhn et al., 1998; Lüders et al., 2010; Ridgway et al., 1990; Vengosh,

2014; Williams et al., 1995) concentrations in produced waters from conventional oil

and gas wells, their concentrations in fluids from unconventional oil and gas explo-

ration (i.e. shale gas) have not been previously reported. In addition, the environ-

mental implications of disposal of iodide´ and ammonium-rich effluents to surface

waters have not been systematically evaluated. Disposal or release of ammonium-

rich OGW effluents to the environment can have direct negative impacts on aquatic

organisms (Ankley et al., 1990; Camargo and Alonso, 2006; Randall and Tsui, 2002)

while the addition of iodide- and bromide-rich effluents would increase the risk of

forming toxic DBPs in drinking water utilities downstream from disposal or acciden-

tal spill sites (Parker et al., 2014; Richardson et al., 2008, 2007).

Iodinated DBPs are often more cyto- and genotoxic than their chlorinated or

brominated analogues (Jones et al., 2012), but are not typically monitored or regu-

lated (Krasner et al., 2006; Parker et al., 2014). When present at high concentrations

in source waters of drinking water utilities practicing chlorine disinfection, NH`4 could

convert chlorine to chloramines, altering the efficacy of disinfection and the array of

DBPs produced (Sun et al., 2009; Wang et al., 2007; Wu et al., 2010; Yang and

Shang, 2004). In addition to impacts of ammonium on the disinfection process,

haloacetamides are an emerging class of unregulated nitrogen-containing DBPs that

can form when ammonium-rich waters are introduced during disinfection and have

been shown to be toxic (Mitch and Sedlak, 2004; Muellner et al., 2006; Plewa et al.,

2007). Chlorine disinfection treatment simulations using blends of natural surface

water with hydraulic fracturing flowback fluids have shown that OGW contribution
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as low as 0.01% by volume would increase the total concentrations of trihalomethanes

(THMs) and haloacetonitriles (HANs), and would shift speciation towards the more

toxic brominated or iodinated species (Parker et al., 2014). Similarly, small contribu-

tions of hydraulic fracturing fluids promoted the formation of bromate during ozona-

tion and of N-nitrosodimethylamine during chloramination (Parker et al., 2014). The

results from these experiments show that even small contributions of I´, Br´ and

NH4` can alter the total concentrations and speciation of DBPs in drinking water.

Here we present, for the first time, a systematic evaluation of I´ and NH`4 concen-

trations in unconventional hydraulic fracturing flowback fluids from both the Mar-

cellus and Fayetteville shale formations, combined with data from produced waters

from conventional oil and gas wells from the Appalachian Basin. We also evaluate

halides and NH`4 in effluents from three OGW treatment sites in PA, surface waters

downstream from the disposal sites, and flowback from an accidental spill site in WV

(Figure 2.1). The objectives of this study are to evaluate the sources of halides and

NH`4 in OGW from both conventional and unconventional oil and gas exploration

and to quantify the contribution of these contaminants to the environment from

direct and accidental release of OGW.

2.2 Analytical Techniques

2.2.1 Sample Collection

Five types of water samples were used in this study (Figure 2.1): (1) 44 produced

waters from conventional oil and gas wells in the Appalachian Basin (31 from the

Silurian and 13 from Upper Devonian; Figure 2.2.1); (2) hydraulic fracturing flowback

and produced waters from the Marcellus Formation in Pennsylvania (n= 25) and

the Fayetteville Formation in Arkansas (n=6); (3) effluents of treated oil and gas

wastewater discharged to surface waters from the Josephine, Hart, and Franklin

brine treatment facilities in western PA (Figure 2.1,Figure A.2), including effluents
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Figure 2.2: Stratigraphic column of the geological formations in the Appalachian
Basin. Produced waters in this study were collected from formations marked in red.

collected repeatedly from Josephine site between 2010 and 2014 (n=12); (4) surface

waters collected downstream from the Josephine, Hart and Franklin brine disposal

sites (n=13); and (5) fluids from an accidental spill site in Tyler County, West

Virginia (n=5). On January 2, 2014 a tank from an unconventional well pad, located

in Tyler County, WV, burst and released fluids. The fluids migrated beyond the

well pad containment and into the adjacent stream, Big Run Creek. A sample was

collected on January 3, 2014 from a pool of water adjacent to the well pad. Further

samples from the pool and downstream surface water from Big Run Creek and Middle

Island Creek were collected on January 6, 2014 and February 23, 2014.
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2.2.2 Chemical Analysis

Chloride and bromide (detection limits = 0.1 and 0.02 mg/L, precision =˘0.5%,

and ˘0.6%, respectively) were analyzed by ion chromatography on a ThermoFischer

Dionex IC at Duke University. Total iodine in brines was measured using isotope

dilution-inductively coupled-mass spectrometry (ID-ICP-MS) on a VG PlasmaQuad-

3 ICP-MS. For low salinity samples, iodine was measured directly by ICP-MS. For

high salinity waters, samples were spiked with a „ 20 ppm iodine spike solution

with an enriched 129I/127I ratio of 6.2 ˘` 0.1 (compared to the natural abundance

ratio of 10-12). The concentration iodide in the spike was determined by ID-ICP-MS

at Duke University using a 1000 ppb SCA iodide standard diluted to 25 ppm as

the ID spike. The 129I/127I ratio in the spike was measured at Duke University by

ICP-MS. Seronorm Trace Elements Serum L-1 was used as an independent iodide

standard. Serum L-1was spiked, left to equilibrate for 24 hours and included in the

ID-ICP-MS runs. Samples were diluted in an ammonium solution, but the use of a

basic matrix solution limited the effectiveness of the trace element internal standard.

Additionally, the high salinity of flowback and produced waters is problematic for

direct iodine analysis by regular ICP-MS due to signal enhancement from the high

sodium matrix.

The use of the isotope dilution technique allowed 129I to act as an internal stan-

dard and any influence from the sodium signal was removed by normalization to the

internal standard. Further information on the isotope dilution technique is provided

in Appendix A. The detection limit of the ICP-MS measurement was determined

by dividing three times the standard deviation of repeated blank measurements by

the slope of the external standard. The ICP-MS detection limit for iodine was 0.3

ppb. Analytical precision was calculated as the relative percent difference (RPD) of

the results of duplicate sample measurements. The analytical precision of iodine was
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˘5%. IC analysis was also performed on a subset of 12 OGWs to determine whether

the iodine measured by ID-ICP-MS was present as iodide (which affects DBP forma-

tion) or iodate (which does not affect DBP formation). Although iodate could not

be quantified due to co-elution with chloride, the iodine concentrations measured by

IC agreed with those measured by ID-ICP-MS (average and maximum percentage

differences were 2.1% and 10.1%), indicating that iodide was the predominant form

of iodine.

Total ammonium nitrogen (TAN) was measured by Flow Injection Analysis (FIA)

on a Hach Lachat, at the Duke University River Center. Samples were diluted to a

chloride concentration less than 5 ppt. TAN was analyzed via QuickChem©Method

10-107-06-1-J: Ammonia (Phenolate) in Potable and Surface Waters. Nitrate was

analyzed via QuickChem©Method 10-107-04-2-D: Nitrate/Nitrite in Waters by Hy-

drazine Reduction. Ammonia was calculated from the combined NH`4 + NH3 given

by FIA using the partition coefficient and pH measured at the time of sample collec-

tion (Emerson et al., 1975). The detection limit for QuickChem©Method 10-107-

06-1-J was 0.01 mg/L. The analytical precision was ˘0.8%.

2.3 Results and Discussion

2.3.1 Occurrence of bromide, iodide and ammonium in flowback and produced wa-
ters

Measurements of chloride (Cl´), bromide (Br´) and iodide (I´) concentrations in hy-

draulic fracturing flowback waters from the Marcellus Shale (n=23) and Fayetteville

Shale (n=5), produced waters from the Marcellus Shale (n=2) and the Fayetteville

Shale (n=1), and conventional oil and gas produced waters from the Silurian forma-

tions (Medina, Oneida, Herkimer, and Vernon formations; n=31) and Upper Devo-

nian formations (n=13) of the Appalachian Basin (Figure 2.2.1) resulted in a wide

range of Br- and I´ concentrations (Figure 2.3,; Figure 2.1). While Br´ in the Ap-
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Figure 2.3: Bromide (A), iodide (B), and ammonium (C) versus chloride con-
centrations in hydraulic fracturing flowback fluids (Marcellus and Fayetteville) and
conventional produced waters from multiple formations in the Appalachian Basin.
Note the consistently high Br/Cl ratios of most of the Appalachian brines, except for
produced waters from the Vernon Formation and a few samples from the Herkimer
Formation. In contrast, iodide does not correlate with chloride, while the NH4/Cl
ratios vary between the different geological formations. The data suggest that high
Br´, I´, and NH`4 concentration in oil and gas produced waters reflect natural vari-
ations and sources within the formations and not the method of extraction.
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palachian brines was highly correlated with Cl´ (r2 = 0.8, ă0.05; Figure 2.3), I´ had

no correlation with Cl´ (r2=0.09; p=0.61; Figure 2.3). I´ varied between geological

formations within the Appalachian Basin; the highest concentrations (18-36 mg/L)

were in produced waters from the Upper Devonian formations, while Herkimer and

Vernon formations had the lowest I´ contents (0.1 to 12 mg/L; Figure 2.4). Selective

measurements of iodide species (by IC) show comparable results to the total mea-

sured iodine (by ICP-MS) in the formation waters, indicating that the iodide is the

predominant species.

The Br´ and I´ concentrations in the unconventional flowback and produced

waters from the Marcellus Formation were similar to levels found in conventional

Upper Devonian produced waters, but higher than those in the Silurian formations

(Figure 2.3, Table A.2). Flowback and produced waters from the Fayetteville Shale

in Arkansas had higher I´ (2.4-54 mg/L), but lower Br´ (95-144 mg/L) and Cl´

(5,000-12,000 mg/L) relative to flowback waters from the Marcellus Formation (0-19

mg/L, 31-1,000 mg/L and 6,000-100,000 mg/L, respectively) (Warner et al., 2013a).

The relatively high I´ in flowback waters from the Fayetteville Shale is consistent

with high I´ contents (70-1400 mg/L) reported for conventional brines from the

Mississippian and Pennsylvanian age formations of the Anadarko Basin in northern

Oklahoma (Collins et al., 1969), which is associated with the Fayetteville Shale. The

similarity in I´ concentrations between Marcellus flowback fluids and conventional

Appalachian produced waters (Figure 2.3) indicate that the hydraulic fracturing

process does not introduce an additional source of I´. Instead, I´ variations are

likely related to natural geogenic variations within the host formations. The lower

values of Br´ and I´ in Marcellus flowback waters compared to produced waters

from the same region are likely a result of dilution with low-bromide and -iodide

freshwater injected during the hydraulic fracturing process.

Similar to I´, NH`4 concentrations in both unconventional Marcellus flowback
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Figure 2.4: Box and whisker plots of iodide (A) and ammonium (B) concentrations
(mg/L) in produced water and hydraulic fracturing flowback fluids collected from se-
lected Appalachian Basin formations. Boxes represent the 25th quartile median, and
75th quartile, whiskers the 5th and 95th percentile, outliers (see Upper Devonian) are
shown as individual circles. Upper Devonian-age formations are grouped together,
while Middle Devonian (Marcellus) and Lower Silurian (Vernon, Herkimer, Oneida,
and Medina) are shown individually.
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fluids and Appalachian conventional produced waters (Figure 2.3) vary between ge-

ologic formations and are not related to the extraction process, conventional or un-

conventional. The highest NH`4 concentrations were found in produced waters from

the Lower Silurian Oneida Formation (63 to 432 mg/L), while the lowest concentra-

tions were in the Upper Devonian Formations (12 to 28 mg/L; Figure 2.4). Data

from the Fayetteville flowback show relatively low NH`4 contents (7-22 mg/L). Unlike

I´, NH`4 correlated linearly to Cl´ within each formation (e.g., Oneida Formation,

r2=0.77, pă 0.05; Herkimer Formation, r2=0.55, p=0.03; and Marcellus flowback

fluid,r2=0.71, pă 0.05; Figure 2.3). Produced waters from both basins were elevated

in NH`4 compared to flowback waters, most likely a result of dilution of formation

waters with low NH`4 freshwater during the hydraulic fracturing. Consequently, our

data indicate that NH`4 occurrence in both unconventional and conventional OGW

is geogenic in nature and has no association with nitrogen chemicals that could be

added to the hydraulic fracturing fluids. The preservation of NH`4 in the brines is

likely related to the highly reducing conditions, high salinity, and acidity of the for-

mation waters. In addition, we found that elevated I´ in oil and gas wastewater is

not directly associated with elevated NH`4 . This is demonstrated in the Appalachian

Upper Devonian produced waters and Fayetteville flowback fluid with the highest I´

but with lowest NH`4 contents.

2.3.2 Geochemical evaluation

Both Marcellus unconventional flowback fluids and Appalachian conventional pro-

duced waters show high correlations between Cl´ and Br´, with Br/Cl ratios higher

than the seawater ratio of 1.5x10´3 in most of the flowback and produced water

samples (Figure 2.5). This confirms previous hypotheses that most of the formation

waters in the Appalachian Basin originated from remnants of seawater that were

evaporated beyond halite saturation and later diluted by meteoric water (Haluszczak
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et al., 2013; Warner et al., 2012). Yet some formation waters from the Upper Sil-

urian Vernon and Herkimer formations had lower Br/Cl ratios that were associated

with Na/Cl ratios higher than the seawater ratio of 0.86. The combination of Na/Cl

ratios close to unity and relatively low Br/Cl ratios indicate that these brines are

mixing with formation waters originated from halite dissolution in the Upper Silurian

formation.

In contrast to Br´, I´ was not correlated with Cl´ (Figure 2.3), except in brines

from the Oneida Formation (r2 = 0.8). The I/Cl ratios show iodide enrichment, up to

3-fold relative to the I/Cl ratios projected for evaporated seawater (Figure 2.5). Since

I´ variation in evaporated seawater has not been reported, we modeled the projected

I/Cl variations using enrichment factors calculated for Br´ (data from Vengosh et al.

(1992) and McCaffrey et al. (1987) and extrapolated the expected I´ concentration

relative to the I´ content in modern seawater (0.06 mg/L) (Vengosh et al., 1992;

McCaffrey et al., 1987). We assume that I´, like Br´, behaves conservatively during

evaporation of seawater and salt precipitation(Vengosh et al., 1992; McCaffrey et al.,

1987), and thus the enrichment determined for Br´ can be applied for I´. The I/Cl

data reported here for flowback and produced waters from the Marcellus and Fayet-

teville shale formations show high I/Cl relative to the modeled evaporated seawater

(Figure 2.5). Similar elevated levels of I´ and I/Cl were reported for oil and gas

brines from Northern Appalachia (I´ range of 1.6-110 mg/L) (Osborn et al., 2012b),

Texas (1-100 mg/L) (Moran et al., 1995) and Alberta, Canada (40-80 mg/L)(Hitchon

et al., 1977), as well as formation waters from different basins in the US (n=550)

reported by Worden (1987) (Worden, 1996). Thus it seems that the I´ in formation

waters is derived from a secondary process rather than a single, primary source. The

large I´ variations between different formations observed in this and previous stud-

ies (Worden, 1996) likely reflect the ranges in I´ concentrations in organic matter

from the host formations rather the original brine. Iodine is known to accumulate
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Figure 2.5: I/Cl versus Br/Cl (molar, log scale) ratios of flowback and produced
waters investigated in this study as compared to the projected evaporated seawater
curve calculated from Vengosh et al. (1992), assuming iodide is conservative during
evaporation of seawater. The I/Cl ratios of most of the flowback and produced waters
were several orders of magnitude higher than the projected I/Cl in evaporated sea-
water for a given Br/Cl ratio, reflecting the net enrichment of iodide in the formation
waters due to release of I´ from organic matter in the formations. Diluted Marcellus
flowback waters had lower Br/Cl and I/Cl ratios, reflecting dilution of the Marcellus
brines with Br- and I-free fresh water. Produced waters from the Upper Silurian
Vernon and Herkimer formations had also lower Br/Cl and I/Cl ratios that could be
derived from contribution of salts originating from dissolution of halite minerals.
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in marine organic matter during early stages of sediment deposition and subsequent

diagenesis releases iodine from organic matter to formation water as iodide (Moran

et al., 1995; Osborn et al., 2012b; Worden, 1996). At the same time, our data show

that the I/Cl ratios are associated with Br/Cl (Figure 2.5), which indicates that the

original source of the brines (i.e., degree of evaporation of the original brine, or halite

dissolution) also plays a role on the abundance of I´ in the brines.

In contrast to I-, NH`4 contents were highly correlated to Cl- but with different

NH4/Cl ratios for different formation waters (Figure 2.3). The high NH`4 concen-

trations and the linear correlations with Cl´ shown in this study are consistent with

data reported for formation waters from Fordoche Field in the Louisiana Gulf Coast

Basin (Williams et al., 1995). It has been suggested that NH`4 in oil brines has

evolved from the release of nitrogen during thermal decomposition of organic matter

(Williams et al., 1995). The high correlation of NH`4 with Cl´ within the formation

fluids (Figure 2.3) suggests that nitrogen mobilization from organic matter occurred

during early stages of brine evolution and subsequent changes in both Cl´ and NH`4

concentrations were due to dilution by meteoric water. The preservation of NH`4

in the brines is most likely related to the highly reducing conditions, high salinity,

and acidity of the formation waters. Most of the brines samples we analyzed had

pHăl7.5, in which NH`4 is the predominant nitrogen species. Likewise, high salin-

ity would increase the stability of NH`4 (see speciation discussion below). Our data

show that brines from different geological formations have distinctive NH`4 levels,

from which the Oneida brines were distinguished by the highest NH`4 concentrations

(mean = 281˘117 mg/L; Figure 2.4).

Previous studies have shown that shale rocks have typically high NH`4 content

(range of 1031 to 1345 ppm), relative to other rocks types (e.g., sandstone with a

range of 30 to 287 ppm) (Ridgway et al., 1990). Thus, one would expect also high

NH`4 for formation water from shale formations. However, our data do not show
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Figure 2.6: Concentrations of iodide versus bromide in formation waters from the
Appalachian Basin. Note that formation water from the Upper Devonian formations
have typically (but not always) high I/Br ratios relative to formation waters from
the Middle Devonian (Marcellus) and Silurian formations. See Figure 2.2.1 for the
stratigraphic location of the geological formations.
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differential enrichment of NH`4 in flowback fluids from shale formations relative to

conventional oil and gas produced waters. Overall, while the Br/Cl ratio was consis-

tent for all of the Appalachian brines, which reflects an origin from common parent

brine, the I/Cl and NH4/Cl ratios varied among brines from different geological for-

mations in the Appalachian Basin (Figure 2.3). The deviations of I/Br ratios have

been used to identify flow of formation waters to overlying drinking aquifers in New

York (Lu et al., 2014).Our data indicate that the Upper Devonian formation waters

have typically high I/Br and low NH4/Cl ratios relative to formation waters from the

Middle Devonian (Marcellus) and Silurian (Vernon, Herkimer, Oneida, and Medina)

formations (Figure 2.3, Figure 2.6). This distinction could be used to further eluci-

date the migration of deep formation waters into shallow aquifers in the Appalachian

Basin (Lu et al., 2014; Warner et al., 2012).

2.3.3 Environmental implications

In this study we examined the discharge of OGW effluents from three brine treatment

facilities in western Pennsylvania (Josephine, Franklin, and Hart) and flowback water

spilled in Tyler County, WV (Table A.2, Table A.2). The annual volume of treated

OGW effluents discharged from the three brine treatment facilities varied from a

maximum of 150 ML (Franklin site in 2010 and 2011) to about 50 ML (Franklin

and Josephine sites in 2013; Figure 2.7, Figure A.2). Treated effluents collected from

the outfalls of each facility and downstream surface waters (Figure 2.1,Figure A.2)

contained elevated Cl´, Br´, I´, and NH`4 compared to upstream samples, which all

had I- and NH`4 concentrations below the detection limits (Figure 2.8, Table A.2,

Table A.2). The data from the most recent Josephine effluent, collected in June

2014, were consistent with historical data (collected between 2010 and 2013) (Fig-

ure 2.9), indicating a long-term and continuous discharge of OGW effluents with

high Cl´, Br´, I´, and NH`4 to surface waters. The latest data available from the
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Figure 2.7: Total effluent discharged (cubic meters) for the three brine
treatment facilities per year (2010-2013). Total volumes based on data re-
ported to the Pennsylvania Department of Environmental Protection (PADEP)
for fluids from both conventional and unconventional fluids. Data available:
https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Welcome/
Agreement.aspx
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Franklin site (Figure A.2) indicate continuous discharge of saline effluents in August

2014 (Table A.2, Table A.2). Linear relationships for both I´ versus Br´ and NH`4

versus Cl´ were observed in downstream surface waters affected by the discharge of

the treated OGW (Figure 2.8). Surface water downstream from the Josephine site

had linear correlations between NH`4 and Cl´ (r2=0.99; pă 0.05) and I´ and Br´

(r2=0.91; pă 0.03). While halides are expected to mix conservatively, our data indi-

cate that NH`4 also behaves conservatively without any retardation, oxidation (abi-

otic or biotic) or outgassing of NH3. This implies that there is no natural apparent

attenuation of these contaminants when OGW enters streams, and, unlike radionu-

clides or heavy metals, halogens and ammonium will be transported downstream

from discharge sites. Likewise, fluids collected from an accidental spill of hydraulic

fracturing fluids (Tyler spill site in WV) showed similarly elevated concentrations of

Cl´, Br´, I´, and NH`4 and fit to the same linear relationships (Figure 2.8).

Nitrogen dissolved in water is composed of the non-ionized form (NH3) and the

ammonium cation (NH`4 ) that, together, comprise Total Ammonia Nitrogen (TAN)

(USEPA, 2013). Previous data have suggested that the TAN toxicity to aquatic

organisms is attributed specifically to the NH3 species rather than NH`4 (Emerson

et al., 1975; USEPA, 2013). The equilibrium between the two species is controlled by

pH, temperature and salinity; higher pH and temperature induce a higher fraction of

NH3, while higher salinity would reduce the fraction of NH3 (Emerson et al., 1975;

USEPA, 2013). The US Environmental Protection Agency (EPA) acute and chronic

ambient water quality criteria for protecting freshwater organisms from potential

effects of TAN are 17 mg/L and 1.9 mg/L, respectively, at pH=7 (USEPA, 2013).

The effluents discharged from the Josephine (TAN = 60 to 100 mg/L), Hart (43

mg/L) and Franklin (12 mg/L) facilities had TAN values far exceeding the chronic

EPA water quality standard and even the acute level in effluents from the Josephine

and Hart outfalls. The pH of the effluents was typically high, between 8.1 (Franklin)
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Figure 2.8: Iodide versus bromide (A) and ammonium versus chloride (B) (log
scale) in effluents discharged from three brine treatment sites in PA and effluents from
a spill in WV compared to contaminated surface waters from the three disposal sites
(See Figure 2.1 and Appendix A for samples location). Upstream values for bromide,
iodide and ammonium were all below detention limit and therefore not included in
the figures. Note the linear relationships between I´ and Br´and between NH`4 and
Cl´, reflecting the conservative behavior of all elements during disposal and mixing
with surface waters.
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Figure 2.9: Time series measurements of Cl´, Br´, I´, and NH`4 in Josephine
effluents since 2010. Data was generated from multipe fieldtrips to Josephine outfall
sites between 2010 and 2014. The lastest data available is for June 2014.

to 9.4 (Josephine), reflecting alkaline conditions that are part of the treatment for

NORMs in OGW (Warner et al., 2013b). The relatively high pH of the NH`4 ´rich

effluents generates a larger fraction of the unionized ammonia (NH3) species in the

solution.

Modeling of the NH3 species distribution based on the ammonia dissociation

constant (at 25oC pKNH4 =9.2448, (Emerson et al., 1975)) indicates a large NH3

fraction at high pH (e.g., 61% at the Josephine site), which yields expected net NH3
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concentrations of up to 40 mg/L (Figure 2.8). Although the 2013 EPA ambient

water quality criteria for ammonia only reports values for waters at pH=7, previous

reports from 2009 and 1999 had lower criteria for pH=8 (e.g., TAN of 19 mg/L vs 2.9

mg/L for acute exposure and 0.91 mg/L vs 0.26 mg/L for chronic exposure) (USEPA,

2013). In addition, mixing of OGW with freshwater would significantly reduce the

salinity, and increase the fraction of NH3 in the mixed water. Our results can explain

a possible cause for widespread and massive death or distress of aquatic species

from unauthorized disposal of hydraulic fracturing fluids as observed in Acorn Fork

Creek in southeastern Kentucky in 2007 (Papoulias and Velasco, 2013). Likewise,

severe damage and mortality to ground vegetation was reported from an experimental

release of hydraulic fracturing fluids in a forest in WV (Adams, 2011) and may be

explained by the elevated concentrations of halogens and ammonium observed in

this study. Overall, the direct impact of OGW disposal to the aquatic life in each

of the disposal sites (Figure 2.1) and spill cases depends on the dilution factor and

the relationships between the volume of the effluents and the downstream stream

and river system. Our data clearly show that both conventional and unconventional

OGW release to the environment is associated with significant contributions of I´

and NH`4 to impacted streams.

In addition to direct contamination of surface waters and aquatic ecosystems,

elevated halides and ammonium in waterways could increase the risk of forming toxic

DBPs in drinking water utilities downstream from areas of treated OGW disposal

or accidental spills (Collins, 1969; Parker et al., 2014; Richardson et al., 2008, 2007).

The I´ and Br´ concentrations in all the surface water samples downstream of oil

and gas treatment facilities show a linear relationship with an I/Br (molar) ratio of

0.026, which reflects the ratio in OGW from the disposal sites (Figure 2.8). The I/Br

ratio in the OGW would affect the speciation of DBPs formed during chlorine, ozone

or chloramine disinfection (Jones et al., 2012). For example, an order of magnitude
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Figure 2.10: Modeling of the ammonium (NH`4 ) and ammonia (NH3) distribution
in solution as a function of the pH. The calculations were based on a dissociation
constant of pKNH4 =9.2448 (25oC), following Emerson et al. (1975). The pH values
and expected distribution of NH`4 and NH3 in effluent from three brine treatment
sites are included. NH3 was calculated from TAN concentrations in effluents from
three brine treatment facilities.

higher I/Br ratio (mean=0.2; n=6) was observed in the Fayetteville flowback and

produced waters, which would result in a larger ratio in potentially affected natural

waters from contamination of Fayetteville OGW. Similarly, high NH3 in surface water

could also affect chlorine disinfection in downstream drinking water treatment plants.

If the surface water ammonia concentration exceeds 0.5 mg-N/L (35 µM), addition

of a typical dose of chlorine (2.5 mg/L as Cl2 or 35 µM) would result in de facto

chloramination; chloramines tend to be weaker disinfectants than chlorine and alter

DBP formation patterns. For produced waters with higher ammonium such as the

Lower Silurian Oneida Formation (63-432 mg/L NH`4 ), these effects would be seen

when at a contribution of as little as 0.15-1% OGW.

Likewise, the NH4/Cl (weight) ratios of the contaminated waters mimic the
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NH4/Cl ratios in OGW effluents from the treatment sites (1 to 3x10´3; Figure 2.8).

We use these relationships to predict the possible occurrences of Br´, I´ and NH`4

in affected waters. We use the threshold of Cl=250 mg/L, which is the typical upper

limit for drinking water. In the case of Josephine treatment site where the average

of Cl´ content of the effluents was 75,000 mg/L, a contaminated water with Cl=250

mg/L is equivalent to a fraction of 0.003 (0.3 percent) of OGW mixed with river wa-

ter (Cl=30 mg/L). At that chloride level, the Br´ content would be 2 mg/L, I´=0.06

mg/L, and NH`4 =0.25 mg/L.

The issue of disposal of OGW is not restricted to the Marcellus shale. Elevated

levels of halides and ammonium were also recorded in other shale plays in the USA,

such as produced waters from the Bakken formation with Cl-, Br-, and NH`4 mean

values of 154,32072,000 mg/L, 724˘339 mg/L, and 2098˘966 mg/L, respectively

(Blondes et al., 2014). In addition, high levels of halides, and possibly ammonium,

are expected to occur in many of the highly saline and anoxic formation waters

around the world. For example, formation waters from the Sichuan Basin, which

consists of about 40% of Chinese shale gas reserves, also contain elevated bromide

concentrations, up to 2,460 mg/L (Shi et al., 2014). Consequently, the management

of OGW, particularly in areas of future shale gas development in different parts of

the world (e.g., China, Canada, South Africa, Australia) should prevent disposal

to surface water without adequate treatment and minimize leaking of OGW to the

environment. This issue is more urgent in countries such as the EU and China where

deep-well injection is not allowed.

In conclusion, this study shows high concentrations of halides (Cl´, Br´, I´)

and NH`4 in unconventional flowback and produced waters from the Marcellus and

Fayetteville shale plays, as well as conventional oil and gas produced waters from

the Appalachian Basin. Our data show that high concentrations of I´ and NH`4 in

formation waters reflect geogenic variations within the host geological formations.

40



The occurrence and distribution of these elements in freshwater contaminated by

these wastewaters directly mimics the composition of the OGW effluent due to their

conservative behavior during the release to natural waters (Boelter et al., 1992; Pa-

poulias and Velasco, 2013). In addition to the direct impacts to aquatic ecosystems,

the disposal and/or accidental release of OGW with elevated levels of halides and

NH`4 can promote the formation of toxic brominated and iodinated DBPs in down-

stream drinking water utilities. Due to the elevated concentrations in both hydraulic

fracturing flowback and produced waters and conventional produced water, halting

the disposal of hydraulic fracturing fluids alone will not reduce the risks associated

with discharge of OGW to surface waters. The relatively high frequency of spills

associated with the intensity of shale gas development Vengosh et al. (2014) and

reports of an overall increase of the salinity in watersheds associated with hydraulic

fracturing activities (Olmstead et al., 2013), combined with data presented in this

study, suggest that the release of OGW to the environment is one of the major risks

associated with the development of hydraulic fracturing.

Finally, it is important to note that oil and gas development in the US is ex-

empted from several federal environmental regulations, including exemptions of hy-

draulic fracturing from the Safe Drinking Water Act and of oil and gas exploration

and production wastes from the hazardous waste portion of the Resource Conser-

vation and Recovery Act. Consequently, state governments are responsible for the

operation of OGW and different states have different regulations (Wiseman, 2014).

In Pennsylvania, OGW is released to the environment from brine treatment sites

without any restriction on the TDS of the effluents. Yet our data indicate that brine

treatment for both conventional and unconventional OGW is insufficient to remove

halides and ammonium. As far as we are aware, iodide and ammonium are not

regulated, nor monitored in any of the OGW operations in the US. Consequently,

the data presented in this study contribute to the growing body of information that
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shows there are significant environmental and ecosystem impacts of current OGW

disposal practices in the U.S. and that regulatory action is needed to address these

concerns.
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3

Lithium isotope fingerprints in fossil fuel-related
wastewater from the United States

(Supplemental Material in Appendix B)

3.1 Introduction

Lithium isotopes are an emerging tool for studying earth surface processes (Tang

et al., 2007; Tomascak, 2004). Recent developments in isotope mass spectrometry

(MC-ICP-MS and TIMS) have allowed for more precise (˘0.5‰) measurements of

Li isotopes ratios (δ7Li) even in samples with low concentrations of lithium (Millot

et al., 2004; Tomascak, 2004; You and Chan, 1996). Lithium has two stable isotopes,

7Li and 6Li, with a large mass difference. Li isotopes are reported in delta formation,

δ7L and the values are reported in unites of per thousand (per-mil), ‰. The large

mass difference results in a wide range of δ7Li ratios found in the earth system.

For the last decade, there has been significant contributions to characterize the

Li isotope variations in geological materials and water sources, including forma-

tion brines (Bottomley et al., 1999; Chan et al., 2002; Eccles and Berhane, 2011;

Macpherson et al., 2014; Millot et al., 2011), hydrocarbon sources (Williams et al.,
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2013, 2015), geothermal systems (Millot et al., 2007, 2010b, 2012), and hypersaline

lakes (Boschetti et al., 2013; Tomascak, 2004). Lithium isotopes have been applied

extensively to study past and present weathering processes in river systems around

the world due to the fractionation of Li isotopes during secondary mineral formation

(Huh et al., 2001; Millot et al., 2010a; Misra and Froelich, 2012; Pistiner and Hender-

son, 2003; Vigier et al., 2009; Von Strandmann et al., 2013). Lithium isotopes have

also been used to trace groundwater interactions and movement through a variety

of environments (Hogan and Blum, 2003; Meredith et al., 2013; Négrel et al., 2010,

2012), as well as anthropogenic contamination of groundwater (Kloppmann et al.,

2008, 2009).

Li is abundant in hydrocarbon sources, with concentrations up to 100 mg/kg in

oilfield brines and 300 mg/kg in coal (Collins, 1975; Swaine, 2013; Williams et al.,

2013, 2015). A few studies have measured lithium isotope ratios in oil and gas brines

in Israel, the North Appalachian Basin, the Gulf Coast Sedimentary Basin, and the

Fayetteville Shale(Chan et al., 2002; Macpherson et al., 2014; Phan et al., 2016;

Warner et al., 2014). Macpherson et al. (2014) found that the δ7Li values in oil

and gas brines from Upper Devonian and the Middle Devonian Marcellus Shale were

similar to produced waters from them Gulf Coast Sedimentary Basin, ranging from

+4.2 to +16.6 ‰. They found that the produced water from these basins had lower

δ7Li ratios and higher concentrations of Li than expected from seawater and residual

evaporated seawater that typically form oil and gas formation brines. The lower

δ7Li suggests a possible exogenous source of lithium to the formation waters , likely

from water-rock interactions with isotopically light shale (δ7Li „-0.7‰)(Macpherson

et al., 2014). Work by Williams et al. (2013,2015) report light Li isotope values in

hydrocarbon source shales in the Colorado and Baltic Basin (-30 to +4‰ derived

during digenesis of illite and release of isotopically light fluids into the formation

during gas generation (Williams et al., 2015). Equilibrium fractionation between the
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isotopically light illite and marine porewater (+33‰) could yield formation waters

in the range reported by Macpherson et al. (2014) and others (Chan et al. (2002);

Phan et al. (2016); Warner et al. (2014); Williams et al. (2013, 2015)).

Warner et al. (2014) and Phan et al. (2016) reported similar ranges of δ7Li ratios

(+6 to +10‰ and +9.2 to +15.0‰) in flowback and produced waters from uncon-

ventional shale gas wells from the Marcellus Shale. They also found that flowback

and produced water from the Marcellus Formation were lower than produced water

from conventional oil and gas Upper Devonian wells (17-20‰), which differs from

the study by Macpherson et al. (2014) (Phan et al., 2016; Warner et al., 2014).

Warner et al (2014) attributed this difference to mobilization of 6Li from the shale

to the water due to higher burial temperatures, which is supported by similar values

in flowback and produced water from hydrualically fractured Fayetteville shale (5-

10‰) (Warner et al., 2014). They also suggested that freshing of the shale during

the hydraulic fracturing process could lead to the release of 6Li from the shale clay

minerals (Warner et al., 2014). Both studies found that δ7Li ratios of flowback and

produced waters from the Marcellus Shale increase with time, which supports the

hypothesis that the fracking process allows freshwater to leach lithium from the shale

rock with low δ7Li values, causing lower δ7Li values in flowback water until equilib-

rium is reached when the well is extracting formation water with slightly higher δ7Li

signature (Kondash et al., 2017; Warner et al., 2014). Phan et al (2016) found a 4‰

difference in Marcellus wells between northeastern PA and southeastern PA, which

they attributed to different degrees of weathering in the basin (Phan et al., 2016).

In spite of the growing research on the impact of unconventional oil and gas

operations (USEPA, 2015a; Jackson et al., 2014; Vengosh et al., 2014), there is still

a large national and international debate about the impacts of fossil fuel exploration

on the quality of drinking water sources. The shale gas boom and rapid growth of

unconventional oil and gas exploration, along with recent major coal ash spills, have
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triggered a social, political and scientific interests in understanding the environmental

and human health risks associated with fossil fuel development. One of the keys to

addressing these questions is to develop robust geochemical monitoring tools that

can identify and distinguish between contamination sources. There has been a few

efforts to assess the use of lithium isotopes to identify oil and gas wastewater in

the environment (Warner et al., 2014).While the lithium isotope signature of brines

has been explored previously, there is no available studies that we know of that

consider the lithium isotope variations in coals and coal combustion residues and the

comparison between the different waste products of fossil fuels exploration.

46



Table 3.1: Types and sources of samples analyzed for lithium isotope ratios in this study.

Sample Type Location Source
Coal and CCRs

Coal Appalachian Basin TVA
Fly Ash Appalachian Basin TVA and University of Kentucky
Fly Ash Illinois Basin University of Kentucky
Fly Ash Powder River Basin University of Kentucky

Coal ash pond effluents North Carolina Lakes Duke University (Ruhl et al., 2014)
Oil and Gas Brines

Flowback and Produced Water Marcellus Shale, PA University of Southern California
Produced Water Bakken Formation, ND Duke University (Lauer et al., 2016)
Produced Water Kern Oil Field, CA USGS
Produced Water Fayetteville Shale, AR USGS (Warner et al., 2013a)
Flowback Water Piceance Basin, CO University of Missouri
Flowback Spill Marcellus Shale, WV Duke University
Pipeline Spill Bakken Formation, ND Duke University (Lauer et al., 2016)
Surface Spill Bakken Formation, ND Duke University (Lauer et al., 2016)

Brine Treatment Plant Effluents Southwestern PA Duke University (Warner et al., 2013b)
Coal Mine Drainage Southwestern PA Duke University

Oil Sands Process-Affected Water Alberta, Canada, Canadian Geological Survey and University of Alberta
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This study aims to characterize the lithium isotope variations of coals and coal

combustion residuals (CCRs) from U.S. basins, as well as variations in produced

waters from different major U.S. unconventional oil and gas plays, including oil sands

process-affected waters (OSPW) from the Alberta Canada oil sands operations. We

also compared the lithium isotope variations in different wastewaters that are being

released to the environment through direct disposal (e.g., coal ash ponds), disposal

after treatment (brine treatment effluents) and accidental spills. We hypothesize that

the lithium isotope signatures of the different waste sources will be conserved during

release to the environment and that we can use the lithium isotopes as a tool to

elucidate source of water contamination. Furthermore, in our study we integrate the

lithium isotope data with other geochemical tracers such as boron isotopes and thus

apply the combined multi-isotope system to identify fossil fuels related wastewaters

and their impact on the environment.

3.2 Methods

3.2.1 Sample Collection

Samples collected in this study are summarized in Table 3.1. All field samples col-

lected by Duke University were filtered in the field using a 0.45 micron filter in clean

HDPE bottles isotopes and anions and into acid-washed HDPE bottles and acidified

with 10% nitric acid for trace elements and cations. All samples shared by another

institution were filtered upon receipt through a 0.45 micron filter in clean HDPE

bottles isotopes and anions and into acid-washed HDPE bottles and acidified with

10% nitric acid for trace elements and cations.

Coal and CCRs were leached with DI water, shaken for 24 hours following EPA

Method 1316:Liquid-solid partitioning as a function of liquid-to-solid ratio in solid

materials using a parallel batch procedure. After 24 hours, the samples were filtered

through 0.45 micron filters into clean HDPE for isotopes and anions and into acid-
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washed HDPE bottles and acidified with 10% nitric acid for trace elements and

cations.

3.2.2 Chemical Analysis

Chloride concentrations were measured on a ThermoFischer Dionex ion chromato-

graph (IC) X-2100 using a IonPac AS18 cation exchange column. Li concentra-

tions were measured on a VG PlasmaQuad-3 inductively coupled plasma mass-

spectrometer (ICP-MS) calibrated to the National Institute of Standards and Tech-

nology water 1643e standard. The detection limit of the ICP-MS for Li was 0.6, which

was calculated as three times the standard deviation of repeated blank measuements

divided by the slope of the external standard.

Prior to analysis, Li was purified by ion chromatography using a cationic resin

and HCl acid media (0.2 N). Lithium isotopes were measured by using a ThermoFis-

cher Neptune multi-collector -ICP-MS at BRGM, France and by thermal ionization

mass spectrometry (TIMS) in positive mode using a ThermoFischer Triton at Duke

University. 7Li/6Li ratios were normalized to the L-SVEC standard solution (NIST

SRM 8545) or CIAWW IRMM-016 Li carbonate and presented as δ7Li. Li was

separated from the sample solution prior to analysis using cationexchange

δ7Li “
7LiSample{

6LiSample

7LiStandard{6LiStandard
x1000 (3.1)

Long-term replicate measurements of NIST SRM 8545 standard yielded a precision

of 0.5‰ for MC-ICP-MS and 0.9‰ for TIMS.

Boron isotopes were analyzed on the TIMS at Duke University as BO´
2 ions in

negative mode. Long-term replicate measurements (n=60) of NBS SRM-951 stan-

dard yielded a precision of 0.6‰. The 11B/10B ratio was normalized to NIST NBS

SRM0951 (Dwyer and Vengosh, 2008) and presented as
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δ11B “
11BSample{

10BSample

11BStandard{
10BStandard

x1000 (3.2)

3.3 Results

All data is summarized in Appendix B.

Leachable lithium contents in CCRs range from 0.2 to 42.4 mg/kg, with the higher

concentrations in the Illinois, (10.2˘9.7 mg/kg) and Appalachian Basins (10.6˘5.1

mg/kg) and low values in the Powder River Basins (0.6˘0.3 mg/kg) (Figure 3.1).

The CCR lithium contents were significantly higher than the leachable lithium in coal

(0.11˘0.04 mg/kg ). Lithium isotopes were measured in leaching solutions extracted

from CCRs and coals originated from the Appalachian Basin, Illinois Basin, and

Powder River Basin. The δ7Li values vary from -7 to +12.8‰, with an average of

+1.6 for all CCR leachates. CCRs from the Powder River Basin (n=3) had elevated

δ7Li (mean = +7.6˘5.4‰) relative to the Appalachian (n=7) and the Illinois Basins

(n=7) (+0.3˘ 6.6‰ and -0.1˘1.2‰, respectively; Figure 3.1). Similar to the trend

found in the oil and gas brines, CCRs with lower Li concentrations have higher δ7Li

values. Leaching of unprocessed coals (n=3) from the Appalachian Basin yielded

a mean δ7Li of +6.0˘6.1‰. The δ7Li values in the outfalls collected from the six

coal ash ponds in North Carolina ranged from -6.2 to +8.7‰, which fall within the

expected range for leaching of CCRs (Figure 3.2).

Lithium concentrations in oil and gas brines were quite variable and ranged from

0.4 µg/L to 81.4 mg/L. Flowback and produced water from the Marcellus Shale

had the highest concentrations of lithium (44.4˘16.5 mg/L) while the Bakersfield

produced waters had the lowest concentrations (2.5˘3.7 mg/L), which varied more

than the other basins as well. Lithium in the brines was positively correlated with

Cl concentrations (r2=0.55, pă0.01) across all OGW brines, which has been ob-
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Figure 3.1: Range of lithium isotope ratios in coal ash from different basins in
the U.S. Box plot represents the median (bold line), the top and bottom of the
box present the first and third quartiles, respectively and the whiskers represent
the maximum and minimum values. Coal ash from the Powder Rive basin has
elevated δ7Li (mean = 7.6‰, n=3) compared to the Illinois (mean=-0.1‰, n=7)
and Appalachian (mean = 0.3‰, n=7) basins. Total range of lithium isotopes is
-7.0 to +12.8‰.

served in previous studies of lithium in oil and gas brines from sedimentary basins

(Macpherson et al., 2014). The correlation was stronger (r2=0.92, pă0.01) when ex-

cluding the Bakken formation brine (Figure 3.3), Brines from the Bakken formation

had lower Li/Cl ratios (2.3 ˘ 0.7x10´4 compared to the other basins (9.2˘5.5x10´3)

(Figure 3.3).

Lithium isotope ratios across the basins ranged from 5.0 to 17.6 ‰, which are

similar to ranges reported previously in oil and gas brines (Figure 3.4) (Macpherson
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Figure 3.2: Comparison of lithium isotope ratios in coal, all CCRs, Appalachian
CCRs and outfalls from coal ash ponds in North Carolina as well as coal mine
drainage from Pennsylvania. Box plot represents the median (bold line), the top and
bottom of the box present the first and third quartiles, respectively and the whiskers
represent the maximum and minimum values. The mean CCR δ7Li values were lower
than the mean ratios in coal. The pond outfalls had δ7Li values very similar to the
CCR leachate signature, particularly for Appalachian CCRs. Pennsylvania coal mine
drainage had much higher δ7Li ratio.

et al., 2014; Phan et al., 2016; Warner et al., 2014). Some of the Bakersfield brines

from California were higher than previously reported values for oil and gas brines (up

to 17.6‰), which were also associated with the lowest concentrations of lithium (0.4

to 0.8 mg/L). The Bakersfield brines also had the largest range (12.6 ‰. In general,

we see a downward trend in the δ7Li with increasing Li (r=-0.39, pă0.05; Figure 3.5),

as observed in previous (Macpherson et al., 2014). Lithium concentrations and δ7Li

ratios increased in flowback and produced water from two Marcellus Shale wells over
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Figure 3.3: Variations in Li concentrations of oil and gas brines with Cl concen-
trations. Li was positively correlated with Cl for all brines (r2=0.55, pă0.01). The
Bakken brines have a lower Li/Cl ratio (purple dotted line) that the other basins
(orange dotted line) and the Li-Cl relationship is much stronger when the Bakken
brines are removed (r2=0.92, pă0.01)

time (Figure 3.6), which follows observations from Warner et al. (2014) and Phan

et al. (2016).

Lithium concentrations in spilled wastewater from North Dakota (Bakken for-

mation brines) and West Virginia (Marcellus Shale brines) were generally 0.5 to 1

magnitude lower than the brines. Li/Cl ratios in the spilled wastewaters were also

lower (1.7x10´4) compared to 2.3x10´4 in Bakken brines and („5.2x10´4) compared
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Figure 3.4: δ7Li is U.S. oil and gas brines analyzed in this study. Bakersfield
produced waters had the highest δ7Li ratios and the largest range of isotope values.
However, overall the brines were between 5 and 20‰.

to „9.6x10´4 in Marcellus flowback and produced water). The decrease in Li/Cl

was associated with higher δ7Li in the spilled fluids compared to the brines (8.8 to

25.4‰ in the North Dakota spill samples and 11.3 to 14.4‰ in the West Virginia

spill sample (Figure 3.7). Effluents discharging from brine treatment plants in Penn-

sylvania that treat oil and gas wastewater mimicked the δ7Li values in oil and gas

brines (3.1 to 15.1‰) (Figure 3.7) although some were higher than the values for

Marcellus brines measured in this study (6.2 to 11.0‰), they are within the range of

values reported for the Marcellus Shale in previous studies (Macpherson et al., 2014;

Phan et al., 2016).
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Figure 3.5: δ7Li variations with Li concentrations for all oil and gas brines.
There is an inverse relationship between the δ7Li values and Li concentrations (r=-
0.39, pă0.05concentrations). This relationship has been observed in previous sudies
(Macpherson et al., 2014).

Part of our investigation included saline coal mine drainage (CMD) from southern

Pennsylvania that had had Cl concentrations ranging from 230 to 2100 mg/L and

Br/Cl ratios (2.7x10´13˘ 0.4x10´3) similar to that of oil and gas brines (ą1.5x10´3)

(Dresel and Rose, 2010; Haluszczak et al., 2013; Warner et al., 2012). Li/Cl ratios

in CMD were an order of magnitude ore more lower than Marcellus shale brines and

the δ7Li value in drainage from two of the mines (Emerald and Clyde) (Figure 3.7)
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Figure 3.6: Timeline of δ7Li ratios in flowback and produced water from two
unconventional wells in the Marcellus Shale region of Pennsylvania. δ7Li ratios values
increase with time after fracking, as observed in previous studies (Phan et al., 2016;
Warner et al., 2014).

is higher (17.8‰) than values reported for Marcellus flowback and produced wa-

ters, but similar to values found in Upper Devonian conventional oil and gas brines

(Warner et al., 2014).

The lithium concentrations in OSPW were lower than Lower Cretaceous forma-

tion waters, including the oil sands host McMurray formation and Devonian for-

mation waters (16.0 mg/L) in the region of oil sands mining. However the Li/Cl

ratios of OSPW (5.9˘3.5x10´4) were similar to Lower Cretaceous formation waters
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Figure 3.7: δ7Li ratios in flowback and produced water from the Marcellus Shale
and the Bakken formation compared to spilled and released wastewaters in their
respective oil and gas regions.

(3.8˘3.0x10´4) but an order of magnitude higher than the Devonian formation brines

(3.2˘2.8x10´4). The δ7Li ratios in OSPW are higher than Alberta Basin Devonian

brines (10.8˘‰), which are similar to oil and gas brines, and lower than Canadian

Shield Devonian brines (35.1˘2.0‰)(Bottomley et al., 1999; Eccles and Berhane,

2011)(Figure 3.8).
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Figure 3.8: δ7Li ratios in oil sands process-affected water (OSPW) compared to
δ7Li values reported in formation water around the AOSR.

3.4 Dicussion

Figure 3.10 summarizes the δ7Li values reported for the different fossil fuel sources

and associated wastewater analyzed in this study compared to values reported for

natural water summarized by Tomascak (2004) and Tang (2007). Oil and gas brines

have lithium isotope ratios on the lower end of values reported in rivers and saline

groundwater, but is significantly lower than typical lake water and seawater. The

OSPW values were within the ranges of rivers, lakes and saline groundwater, but

higher than those of oil and gas brines. The δ7Li values of coal leachates overlapped
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with the oil and gas brines, but the CCRs leachates were overall lower than the

oil and gas brines and the OPSW, and most freshwater sources reported in the

literature Tang et al. (2007); Tomascak (2004). Overall, the data show that the

lithium isotope variations of the three types of fossil fuel-related wastewaters are

mostly distinct, although there could be overlap between CCRs leachates and oil and

gas wastewater. The overlap of oil and gas brines and OPSW with environmental

waters could present a challenge for identifying contamination in rivers with lower

δ7Li values or in regions also impacted by saline groundwater with similarly low δ7Li,

if Li isotopes tool was solely used for such a distinction.

In contrast, CCR leachates form the Powder River Basin (n=3) in western US had

higher δ7Li values (2 to 13 ‰) than the Appalachian and Illinois basins (n=6, δ7Li

= -2 to + 1 ‰). The Appalachian and Illinois basins are both Pennsylvanian aged

foreland/marine deposits with similar Li concentrations. The Powder River Basin is

younger (Tertiary) and an inland/alluvial deposit with much lower Li concentrations

(Lyons and Rice, 1986). The preliminary data is this study suggests that different

depositional environments could result in different Li concentrations and isotope

ratios in the coal and its combustion by-products.

Surface spills of oil and gas wastewater were found to be enriched in the heavier

Li isotope compared to the oil and gas brines from which they were originated (Fig-

ure 3.7). In addition, spill water had lower Li/Cl ratios relative to the original oil

brines (Figure 3.12), which could be related to geochemical interactions of Li in the

spill water with clay minerals in soil and sediments, such as absorption. During Li

adsorption, 6Li is preferentially fractionated into the solid phase while the residual

solution becomes enriched with 7Li and thus the residual water becomes high in δ7Li

(Figure 3.7, Figure 3.11) (Lauer et al., 2016). This is particularly evident in the

greater fractionation in the small surface spill (δ7Li = 25 ‰) than in the larger pipe

line spill (7Li = 9 to 16 ‰). The boron isotope ratios in spills originated from the
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Bakken formation water (express as δ11B =41.8‰) were also are elevated compared

to the Bakken brines (25.9‰), which suggests that the fractionation is driven by

processes such as absorption could affect both boron and lithium isotopes ratios in

spill water. On the same time, Sr isotopes ratios, which are not fractionated during

adsorption processes, were identical in the spill waters as compared to the Bakken

brines (Lauer et al., 2016). These results suggest that the release of oil and gas brines

could modify the original lithium isotope ratios through secondary processes such as

adsorption onto clay minerals in soil and sediments. Nonetheless, the use of both

boron and lithium combined with variations of Li/Cl and B/Cl ratios can help to

evaluate these processes and delineate the nature of the spilled fluid source.

The effluents discharging from brine treatments in PA had δ7Li ratios similar

to the Marcellus wastewater from PA (Figure 3.7). The range of δ7Li ratios in the

effluents was greater than the values found in Marcellus produced water. Many of

these facilities treated a combination of unconventional and conventional wastewater,

but stopped treating shale gas wastewater from the Marcellus formation since 2011.

A conventional brine source likely explains some of the higher δ7Li ratios in the

post-2011 effluents from the brine treatment plants in PA. A time series of δ7Li

values in effluents from the Josephine Plant show a decrease in values over time

(annually from May 2011 to August 2016) (Figure 3.9), which shows that they are

changes in the make-up of the treated water, but does not necessarily support that

conventional wastewater is the primarily source in recent years, since the Upper

Devonian conventional brines have higher δ7Li values Figure 3.7). However, since

these plants report that they only treat conventional brines, it may be possible

that the treatment process induce changes in the lithium isotope ratios, which lower

the over all δ7Li value of the conventional wastewater so that the effluents have δ7Li

values that more closely resemble the shale gas wastewater. The additional of NaSO4

in order to remove NORM (warner et al., 2013) could introduce additional source of
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Figure 3.9: Timeseries of δ7Li values measured in effluent discharging from the
Josephine Plant brine treatment plant.

Li. The other two treatment facilities whose effluent was evaluated in this study had

also higher δ7Li values (12.4˘3.1‰), which could be derived from original brines of

the Upper Devonian brines.

Coal mine drainage in some areas in Pennsylvania can be anomalously saline for

drainage from coal mining activities (Cravotta, 2008; Cravotta and Brady, 2015).

We investigated CMD in southern PA that contain high levels Cl and Br, which

resemble the composition of oil and gas brines. CMD collected in this study had
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Cl concentrations ranging from 230 to 2100 mg/L and Br/Cl ratios (2.7x10´13 ˘

0.4x10´3) similar to that of oil and gas brines (ą1.5x10´3) (Dresel and Rose, 2010;

Haluszczak et al., 2013; Warner et al., 2012)). The source of the high dissolved salts

in the CMD has been attributed to natural saline groundwater discharging through

the mines (Cravotta, 2008; Cravotta and Brady, 2015). Alternatively, storage of

oil and gas brines in the abandoned mines has been suggested to explained the high

salinity of the CMD in southern PA. The δ7Li ratios in a CMD drainage sample from

PA was 17.8 ‰, which is higher than any values measured in Marcellus wastewater

(Figure 3.7) and much higher than leachates of Appalachian coal with δ7Li values

less than +7‰. However, it is within the range reported by Warner et al. (2014) for

Upper Devonian brines and thus indicate that the source of the salinity in the CMD is

related to naturally occurring saline groundwater (Figure 3.7). We therefore suggest

that the migration of saline groundwater from Devonian formations through the coal

aquifers in southern PA could result in high salinity and the high δ7Li signature of

the saline CMD (Figure 3.7).

3.4.1 Lithium as an environmental tracer

A nonparametric Wilcoxen-pairwise test found that the lithium isotopes in the dif-

ferent fossil fuel wastewaters (CCR leachates, OGW and OSPW) had significantly

different δ7Li values (pă0.01) from each other, with OSPW being the highest and

CCR leachates being the lowest (Figure 3.10); however the range of δ7Li values in oil

and gas brines overlapped with both OPSW and the CCR leachates (Figure 3.10).

δ7Li values of CCR leachates were significantly lower from the Marcellus flowback

and produced waters and the effluents from the PA brine treatment plants (pă0.05)

in the Wilcoxen-pairwise test.. The Appalachian CCR leachates were also all lower

than the Marcellus Flowback spill in West Virginia.

Its important in these areas where there is oil and gas wastewater and coal ash
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Figure 3.10: Li isotope ranges in fossil fuel wastewaters compared to ranges re-
ported for other water sources. Adapted from Tomascak (2004)
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Figure 3.11: Li and B isotope ratios in oil and gas wastewater and CCRs from the
Appalachian Region and the Western U.S. Both Li and B had lower isotope ratios
in CCRs from the respective regions compared to oil and gas brines and released
wastewaters.
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pond releases to the environment to identify tools that can distinguish between the

different types of contamination. While the ash ponds in North Carolina are not near

disposal or releases of oil and gas wastewater, coal combustion plants in southwestern

Pennsylvania and northwestern West Virginia also have surface impoundments that

store CCRs (USEIA, 2014; EarthJustice, 2017) and these plants are also burning

Appalachian coal. The consistency of the North Carolina ash pond effluents with

values found in Appalachian CCRs suggests that plants in Pennsylvania and West

Virginia that burn Appalachian coal will also discharged water from CCR impound-

ments with low δ7Li values similar to the range found in Appalachian CCRs (-7 to

+ 7 ‰). Since these values are significantly lower than the δ7Li ratios in released

Marcellus wastewater, they can be used to differentiate between the two sources of

contamination (Figure 3.11).

In the western region of the U.S., there are far fewer coal-fired power plants,

but there are plants in North Dakota in the Bakken oil field area and a few plants

in Colorado and Arkansas (USEIA, 2014; EarthJustice, 2017). The only significant

difference in δ7Li values from CCR leachates was in produced water from the Fayet-

teville Shale at a 90% confidence. The range of lithium isotope ratios in the CCR

leachates overlaps with values measured in the Bakken brine pipeline spill in ND,

particularly for CCRs from the western Powder River coal basin that will be burned

more in the western states. This highlights the importance of considering the regional

variations in the δ7Li ratios of fossil fuel wastewaters (Figure 3.11).

Rather than using a single tracer, the integration of lithium and boron isotopes

provides a unique tool for distinguishing fossil fuel related contamination in the

environment (Ruhl et al., 2014; Warner et al., 2014) since both coals and CCRs have

lower δ7Li and δ11B values compared to oil and gas wastewaters and oil sands process-

affected water (Figure 3.13). Multi-isotope systems are more robust for identifying

different sources in the case where neither isotope is sufficient at separating all the
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possible sources. In such a case, integration with boron isotopes helps to resolve the

difference between oil and gas wastewater and CCR leachates in the Appalachian

Basin and Western regions (Figure 3.11).

We can also see that the surface spills in North Dakota are very enriched in 11B

compared to the oil and gas produced waters but enriched to a lesser degree in 7Li

(Figure 3.12). While absorption of the oil and gas sourced Li and B to sediments can

enrich the residual water in the heavier isotopes, other processes such as evapora-

tion can fractionate boron isotopes significantly while Li is highly conserved during

evaporation (Vengosh et al., 1992). This could explain the different degrees of frac-

tionation of B and Li isotopes in spilled water in North Dakota, which is a known

evaporative environment Lauer et al. (2016). The West Virginia spill samples, on the

other hand, are only enriched in 7Li compared to the Marcellus flowback that is the

source of the spill water, while the δ11B ratios are not different from the Marcellus

flowback (Figure 3.12). This suggests that the enrichment might be due to different

processes in the two spills.

The Li and B isotope ratios in river and groundwaters vary worldwide, with

values ranging from +6 to +37.5 ‰ and +2 to +20 ‰, respectively (Huh et al.,

2001; Lemarchand et al., 2002; Tang et al., 2007; Tomascak, 2004). Some oil and

gas brines, particularly from the Bakersfield area, have δ7Li and δ11B that fall in

the range measured in rivers (Figure 3.13). Some OSPW values also fall close to the

range of isotope values found in rivers. Isotope rations measured in the Athabasca

and Peace Rivers in the oil sands mining region ranged from 12.7 to 15.4‰ for Li

and 7.5 to 20.3‰ for B, which are on average lower than δ7Li and δ11B values in

OSPW (Lemarchand and Gaillardet, 2006; Millot et al., 2010a). However, there are

a couple river sites that have δ7Li ratios that overlap with the lowest OSPW ratios

(Figure 3.13). CCR leachates δ7Li signatures for all basins were consistently lower

that Li and B isotope ratios found in rivers and most of the coal ash pond effluents
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Figure 3.12: Li isotope ratios vs Li/Cl in spills compared to their origin oil and gas
brine in the Appalachian Basin, PA and the Williston Basin, ND. The enrichment
in 7Li of the spilled water was associated with a decrease in Li, which indicates a
process like adsorption that removes the lighter lithium isotope from solution after
a oil and gas wastewater spill.
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Figure 3.13: δ7Li vs δ11B for fossil fuel sources and wastewater in the U.S. The blue
box represents values reported in global river waters (Huh et al., 2001; Lemarchand
et al., 2002; Tang et al., 2007; Tomascak, 2004). Notice the nice separation between
CCRs and oil and gas brines.

also have δ7Li ratios lower the river waters (Figure 3.13).

The Li isotope ratios in saline groundwaters vary widely with reported values

ranging from +7 to +30‰ (Tomascak, 2004). The source of groundwater salinity in

regions of fossil fuel development is often related to natural migration of brines from

the hydrocarbon-rich formations (Gibson et al., 2013; Gue et al., 2015; Lautz et al.,

2014; McMahon et al., 2013; Warner et al., 2012, 2013a). In PA groundwater, for

example, groundwater salinity is related to natural migration of Devonian-age brines.
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The δ7Li in Marcellus flowback are lower than both Marcellus produced waters and

conventional Upper Devonian produced water (Phan et al., 2016; Warner et al., 2014)

due to leaching of lighter 6Li during interactions of the freshwater with the shale.

The lower δ7Li values in the Marcellus flowback may be easier to identify in the

saline groundwater that originated from mixing of Devonian brines with higher δ7Li

in the shallow groundwater.

However, there is far less data available for δ7Li ratios in fresh groundwater. What

literature is available for fresh groundwater suggests that groundwater is more en-

riched in 7Li than surface water due to adsorption of the lighter isotope by secondary

minerals (Négrel et al., 2010). Hogen and Blum (2003) reported a groundwater δ7Li

value of „ 22‰ whie Negrel et al. (2012) reported a range of δ7Li ratios of +6.5 to

28.6‰ in a sand aquifer in southwestern France. If groundwaters are generally more

enriched (ą+20‰) as suggest in the literature, than the δ7Li of oil and gas brines

may be distinguishable in groundwater. However, the aquifer in southwester France

present δ7Li ratios can vary but as much as 20‰ in an aquifer likely due to tem-

perature variations and intensity of water-rock interactions. This degree of variation

could complicate an attempt to use Li isotopes to identify oil and gas wastewaters in

groundwater. Further research is needed to understand the variations of groundwater

δ7Li ratios, particularly in ares of fossil fuel development.

δB values of CCR leachates have been successfully used to trace CCR related

contamination in the environment due to the lower δ11B values (-20 to +8‰ com-

pared to background surface and groundwater (ą+10‰) (Harkness et al., 2016;

Ruhl et al., 2014). The δ7L signature of CCRs, especially in the eastern Illinois and

Apppalachian basins are also lower than the ranges reported for global surface and

groundwater (Figure 3.13). The lithium isotope system may provide an addition tool

when combined with B isotope tracers to determine the pathways of contamination

from CCR disposal practices.
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3.5 Conclusion

The combined boron and lithium isotope system also shows relatively good separa-

tion of the different fossil fuel water fingerprints and the the values found in major

river water (Huh et al., 2001; Lemarchand et al., 2002). However, some oil and

gas brines, particularly from the Bakersfield region, have δ7Li ratios that overlap

with global ranges. However, given the wide ranges of boron and lithium isotopes

in freshwater worldwide, it will be necessary to establish baseline or background

isotope values in the water system of interest in order to appropriately use these

isotope tracers to identify fossil fuel contamination. However, the boron and lithium

combined system can effectively distinguish between coal ash and oil and gas related

wastewater and between OSPW and oil and gas wastewater from most basins, ex-

cept the Bakersfield formations. Surface spills and discharged wastewater from oil

and gas wastewater and coal ash pond outfalls maintain at least one of the isotope

signatures when the wastewater is released to environment. Overall, the lithium

and boron multi-isotope system is a fairly robust fingerprinting tool to identify and

distinguish between different fossil fuel related sources that may pose risks to the

quality of water resources.
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4

Utility of geochemical and boron, lithium, and
strontium isotopic fingerprints to identify

contamination from oil sands process-affected water
in Alberta, Canada

4.1 Introduction

The rapid growth of the Athabasca oil sands industry in Northern Alberta, Canada

(Figure 4.1) has triggered an intensive debate on the environmental effects of oil

sands mining operations, including deforestation, direct contamination by wastewa-

ter, and atmospheric emissions of hazardous aerosols (Abolfazlzadehdoshanbehbazari

et al., 2013; Brown and Ulrich, 2015; Gosselin et al., 2010; Kelly et al., 2010; Savard

et al., 2012; Timoney and Lee, 2013). The bitumen extraction process uses approxi-

mately 3 cubic meters of water per cubic meter of oil produced Allen (2008), which

is generally a mixture of recycled process water (80-95%) and surface water (Allen,

2008). Following extraction of the bitumen, the residual water, known as oil sands

process-affected water (OSPW), becomes alkaline and slightly brackish with high lev-

els of toxic organic acids (Abolfazlzadehdoshanbehbazari et al., 2013; Renault et al.,
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1998). The naphthenic acids that are abundant is OSPW are highly toxic (Brown

and Ulrich, 2015; Jones et al., 2011; Scarlett et al., 2013; Tollefsen et al., 2012) and,

therefore, OSPW is subject to a no-discharge policy (Allen, 2008). Currently, over

840 million m3 of OSPW and fine oil sands tailings are stored in tailings ponds that

cover a total area of about 130 km2 in a region north of the city of Fort McMurray,

Alberta (Gosselin et al., 2010; Holden et al., 2013; Jasechko et al., 2012). The coarse

and fine grained residual oil sands settle during storage in tailings ponds and the

clear water at the surface of the ponds is removed and reused for further bitumen

extraction (Allen, 2008).

Recent studies have addressed the potential environmental impact of wastewater-

associated contaminants in the Athabasca watershed (Abolfazlzadehdoshanbehbazari

et al., 2013; Ahad et al., 2013; Frank et al., 2014; Headley et al., 2013; Holden et al.,

2013; Jasechko et al., 2012; Kavanagh, 2009; Savard et al., 2012). In particular,

the naphthenic acids found in OSPW (Headley et al., 2013) are one of the main

environmental concerns related to tailings ponds and OSPW storage (Headley, 2004;

Savard et al., 2012) because they are highly toxic to fish and other wildlife (Brown

and Ulrich, 2015; Jones et al., 2011; Scarlett et al., 2013; Tollefsen et al., 2012). While

direct disposal of OSPW to surface water or shallow groundwater is not regularly

practiced, the seepage of OSPW from tailings ponds to underlying groundwater and

subsequent migration to the Athabasca River is a potential long-term risk in areas

of oil sands operations (Holden et al., 2011).

Relative to the water used for bitumen extraction, OSPW is saline with ele-

vated chloride, sodium and sulfate concentrations (Abolfazlzadehdoshanbehbazari

et al., 2013; Renault et al., 1998; Savard et al., 2012). Studies at Tar Island Dyke

near Fort McMurray have shown long-term seepage of OSPW to the subsurface

at the toe of the dyke (Ferguson et al., 2009). Clay till underlying tailings ponds

throughout the Northern Alberta region, has low hydraulic conductivity and high
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Figure 4.1: Location of Alberta oil sands deposits and extraction operations in
the Alberta Oil Sands Region (AOSR) and the samples analyzed in this study, when
location was available. In situ steam mining involves the injection of steam to stimu-
late production of the bitumen, which is then pumped to the surface. In situ mining
accounts for 80% of the recoverable oil. The remaining 20% is mined at the surface
and the bitumen is extracted by agitation with freshwater or recycled wastewater.
The water used for agitation is 80-95% recycled OSPW (Allen, 2008); however, over
3 million m3 per year of Athabasca River water is allocated for use by the oil sands
for bitumen extraction.
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ion-exchange capacity, which can buffer the chemistry of OSPW seepage through in-

tensive base-exchange reactions and SO4 reduction processes (Abolfazlzadehdoshan-

behbazari et al., 2013; Holden et al., 2013, 2012, 2011). These chemical modifications

could alter the original chemical composition of OSPW, leading to uncertainty re-

garding the actual source of water contamination in areas of OSPW storage. Dissolu-

tion of evaporites and carbonates has produced saline formation waters whose upward

migration has lead to a wide range of salinity in groundwater from the Cretaceous

aquifers (Cowie et al., 2015), and direct discharge of saline water to surface water

throughout the region (Gibson et al., 2013; Gue et al., 2015; Jasechko et al., 2012).

The presence of naturally occurring saline water in the region presents a challenge

for delineating OSPW contamination in the Alberta Oil Sands Region (AOSR).

Previous studies have applied a range of geochemical and isotope techniques to

identify naphthenic acids and other contaminants in the environment. Frank et al.

used geochemical and organic analysis to profile OSPW mixtures and groundwater

but found that those analyses alone were not able to distinguish OSPW in the envi-

ronment (Frank et al., 2014). Gibson et al. (2011) used an array of isotopic methods

(δ18O, δ2H, 3H, δ13C, δ34S, 37C, 81Br, δ11B, 87Sr/86Sr and 14C) to assess the release of

OSPW to the Athabasca River through subsurface conduits. This study showed that

a variety of geochemical and isotope tracers can effectively distinguish between fresh

surface water and OSPW but they found that groundwater seeps in the Athabasca

watershed had quite a varied geochemistry and it was harder to identify small con-

tributions of OSPW to the groundwater from natural seepages (Gibson et al., 2011).

Savard et al. (2012) applied carbon isotopes (13C) of carboxyl (-COOH) groups in

organic molecules and lead and zinc isotopes to identify dissolved organic and inor-

ganic contaminants derived from OSPW ponds in the subsurface environment. The

mining-related contaminants decreased with distance from the ponds which suggests

they may only reach the Athabasca River in negligible amounts (Savard et al., 2012).
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In addition, δ13C analysis of organic acids have been shown to successfully distin-

guish between OSPW derived contaminants and naturally occurring organic acids

in preliminary studies (Ahad et al., 2012, 2013). However, these studies have been

largely site specific rather than considering region geochemical variations.

In this study we expand the characterization of the composition of OSPW, in-

cluding measuring the boron, lithium, and strontium isotope variations and evaluate

the use of a multi-isotope system, for the first time, as a potential monitoring tool to

identify OSPW in underlying or adjacent freshwater source and distinguish OSPW

from naturally occurring saline water from local geological formations in the AOSR.

These isotope tracers are useful indicators in studying other energy-water related is-

sues associated with shale gas and hydraulic fracturing (Warner et al., 2014) and coal

ash disposal (Ruhl et al., 2014) as well as tracers of groundwater mixing and contam-

ination (Hogan and Blum, 2003; Kloppmann et al., 2008, 2009; Meredith et al., 2013;

Vengosh et al., 2016; Warner et al., 2012). We characterized the isotopic composition

of OSPW for eight different tailings ponds and compared the OSPW signature to the

variations in groundwater from a freshwater aquifer underlying tailings ponds north

of Fort McMurray and the available literature data on the geochemistry of surface

water in the AOSR, low to intermediate salinity groundwater, saline springs discharg-

ing to surface water and deep formation water from Devonian and Lower Cretaceous

formations underlying the oil sands reLigion in Alberta, Canada(Bottomley et al.,

1999; Connolly et al., 1990a,b; Cowie et al., 2015; Gibson et al., 2011, 2013; Gue

et al., 2015; Millot et al., 2010a; Savard et al., 2012; Williams et al., 2001).
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Table 4.1: Waters types and the sources of data from the Alberta Oil Sands Region used in this study.

Water Type Source ID Data source Data Available

Oil Sands Process-affected Water OSPW This study Major ion, trace elements, δ11B, δ7Li, εSW
Sr

OSPW Gibson et al. 2011 Major ion, trace elements, δ11B, εSW
Sr

Unprocessed oil sands (H2O leaching) Oil Sands Leachates This study Major ions, trace elements, δ11B

Thermal produced waters Thermal PW Williams et al. 2001 Major ions, trace elements, δ11B

Wood Creek Sand Channel fresh groundwater aquier This study Major ion, trace elements, δ11B, δ7Li, εSW
Sr

Groundwater Groundwater Williams et al. 2001 Cl, B, δ11B

Groundwater Lemay 2002 Major ions, trace elements, δ11B

Groundwater Gibson et al. 2011 Major ion, trace elements, δ11B, εSW
Sr

Athabasca River surface water Gibson et al. 2011 Major ions, trace elements, δ11B

Alberta Oil Sands Region Rivers surface water
Millot et al. 2003;

Lemarchand et al. 2006;
Millot et al. 2010

Major ion, trace elements, δ11B, δ7Li,

Saline springs Gue et al. 2015 Major ion, trace elements, εSW
Sr

Canadian Shield Devonian brines Devonian Brines Bottomley et al. 1999 Major ions, trace elements, δ11B

Alberta Basin Devonian bines Devonian Brines Eccles et al. 2011 Major ions, trace elements, δ7Li

Devonian Brines Connolly et al. 1990a,b Major ion, trace elements, εSW
Sr

Lower Cretaceous formations Lower Cretaceous Formations Connolly et al. 1990a,b Major ion, trace elements, εSW
Sr

Lower Cretaceous Formations Lemay 2002 Major ions, trace elements, δ11B

Lower Cretaceous Formations Gibson et al. 2011 Major ions, trace elements, δ11B

Lower Cretaceous Formations Williams et al. 2001 Cl, B, δ11B75



4.2 Materials and methods

4.2.1 Data source

The sources and geochemical and isotopic data available for each water type are

summarized in Table 4.1. We analyzed major and trace elements and B, Li, and Sr

isotopic compositions of water samples collected from eight different Athabasca oil

sands tailings ponds (defined as OSPW) in the surface mining region of the AOSR

shown in Figure 4.1. Two OSPW samples were collected from drainage systems,

while the remaining samples were collected directly from the ponds. Groundwater

wells from the Wood Creek Sand Channel (fresh groundwater aquifer), which

underlies a tailings pond 35km north of Fort McMurray, were sampled annually from

2010 to 2012. Samples were filtered in the field and acidifed using nitric acid. The

WCSC is described in more detail in Holden et al. (2013). We also conducted leaching

experiments of five unprocessed oil sands solids collected from open pit mines (Oil

sands leachates) using deionized water and shaken for 24 hours. Following shaking,

the samples were filtered in HDPE bottles and acidified for trace element analysis.

The hydrogeology underlying the AOSR consists of shallow surficial Quaternary

aquifers and several Lower Cretaceous aquifers, including the bitumen-rich McMur-

ray Formation, and deeper saline Devonian age carbonate aquifers (Figure 4.2). To

test the release in the environment from natural saline water we compared our results

for the geochemistry of OPSW to literature data for (1) groundwater from Lower

Cretaceous formations (Lower Cretaceous Formation Waters) (Gibson et al.,

2011, 2013; Lemay, 2002; Williams et al., 2001); (2) formation waters from the Devo-

nian formations in the Alberta Basin (Connolly et al., 1990a,b; Eccles and Berhane,

2011), and Devonian Formations of the Canadian Precambrian Shield just northeast

of the AOSR (Devonian Formation Waters) (Bottomley et al., 1999); (3) saline

groundwater discharging from Devonian carbonates to the Athabasca River (Saline
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Springs) (Gue et al., 2015); (4) groundwater from Quaternary aquifers that range

in salinity in the AOSR (Groundwater) (Gibson et al., 2011; Lemay, 2002; Savard

et al., 2012; Williams et al., 2001); and (5) the Athabasca and Peace rivers (surface

water) (Gibson et al., 2011; Lemarchand and Gaillardet, 2006; Millot et al., 2003,

2010a). It is important to note that the river data for B and Li are limited to only

a few sites and likely do not represent all possible seasonal and spatial variations in

the geochemistry of the river water in the AOSR.

In-situ oil sands operations involve deep steam injection that release bitumen,

which is pumped back to the surface as produced water. While the in-situ operations

dont pose the same environmental risks as surface mining, the geochemistry of high-

temperature oil sands extractions can provide insight into the source of the isotope

signatures in OSPW. The geochemistry of OSPW was also compared to produced

water from high-temperature („200oC) in situ bitumen extraction (Thermal PW)

reported by Williams et al. (2001).

4.2.2 Analytical methods

Solid McMurray formation oil sands were leached in the laboratory at Duke Univer-

sity. Ten grams of solid was mixed with 100 grams of deionized water and shaken for

24 hours following the EPA method 1316:Liquid-solid partitioning as a function of

liquid-to-solid ratio in solid materials using a parallel batch procedure. The leachate

was then centrifuged and filtered for chemical and isotopic analyses.

All major dissolved elemental chemistry and B and Sr isotope measurements

were conducted at Duke University. Li isotopes were measured at BRGM, France

and Duke University. Major anions (Cl, bromide, SO4) were determined by ion chro-

matography on a Dionex IC DX-2100, major cations (calcium, magnesium, Na) by

direct current plasma optical emission spectrometry (DCP-OES), and trace-metals

(B, Sr, Li) by VG PlasmaQuad-3 inductively coupled plasma mass-spectrometer
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Glacial Till
Wood Creek Sand Channel

Figure 4.2: Stratigraphy of the surface geology and major groundwater aquifers in
the Alberta Oil Sands Region. Modeled after Lemay et al. (2002).
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(ICP-MS) at Duke University. The DCP and ICP-MS instruments were calibrated

to the National Institute of Standards and Technology water 1643e standard, which

was used at varying concentrations before, after, and throughout sample runs. In-

ternal standards of indium, thorium, and bismuth were spiked into all samples prior

to measurement on the ICP-MS. The detection limit of the ICP-MS of each element

was determined by dividing three times the standard deviation of repeated blank

measurements by the slope of the external standard. Alkalinity as a proxy for dis-

solved inorganic carbon (DIC) was determined by titration with hydrochloric acid l

to pH 4.5.

Sr and B isotopes were analyzed by thermal ionization mass spectrometry (TIMS)

on a ThermoFisher Triton at the Duke University TIMS lab. 11B/10B ratios were

measured as BO´
2 ions in negative mode and normalized to NIST NBS SRM-951

(Dwyer and Vengosh, 2008) and presented in δ11B notation, calculated as:

δ11B “
11BSample{

10BSample

11BStandard{
10BStandard

x1000 (4.1)

Long-term replicate measurements (n=60) of NBS SRM-951 standard yielded a pre-

cision of 0.6‰.

Lithium isotopes were measured on a ThermoFisher Neptune multi-collector in-

ductively coupled plasma mass-spectrometer (MC-ICP-MS) at BRGM, France and

on the TIMS at Duke University. 7Li/6Li ratios were normalized to the L-SVEC

standard solution (NIST SRM 8545) or CIAWW IRMM-016 Li carbonate (Millot,

2004) and presented as δ7Li:

δ7Li “
7LiSample{

6LiSample

7LiStandard{6LiStandard
x1000 (4.2)

Long-term replicate measurements of NIST SRM 8545 by MC-ICP-MS and IRMM-

016 by TIMS standard yielded a precision of 0.5‰ (Millot et al., 2004).
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Strontium in the samples samples was pre-concentrated by evaporation in HEPA

filtered clean hood and re-digested in 0.6 mL of 3.5N nitric acid from which Sr was

separated using Eichrom Sr-specific ion exchange resin. 87Sr/86Sr ratios were col-

lected in positive mode on the TIMS and external reproducibility (0.710265˘0.000006)

was compared to standard NIST987. Strontium isotope ratios are presented as εSWSr :

εSWSr “

87SrSample{
86SrSample

87SrStandard{86SrStandard
x10000 (4.3)

4.3 Results and Discussion

4.3.1 Geochemical characterization of oil sands process-affected water

The salinity of OSPW (TDS= 1798˘ 641 mg/L) is far lower than that of the naturally

occurring saline springs (7,210 to 51,800 mg/L; (Gue et al., 2015)) and both the Lower
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Figure 4.3: Major ion chemistry of OSPW and the oil sands produced water along
with other water sources in the Alberta Oil Sands Region from this and previous
studies. Square symbols represent samples analyzed in this study, triangles repre-
sent data from previous literature for saline sources and circles represent data from
previous literature for freshwater sources. Sources for different water types can be
found in Table 4.1. OSPW typically has a Ca-Na-Cl-HCO3-SO4 water type that is
distinct from the Ca-Mg-HCO3 freshwater groundwater and the Ca-Na-Cl formation
waters.
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Cretaceous (679 to 113,000 mg/L) and Devonian (55,000 to 235,000 mg/L) formation

waters (Connolly et al., 1990a,b; Lemay, 2002). The OSPW salinity is higher than

the local surface water (200 ˘99 mg/L), the freshwater aquifer analyzed in this study

(639˘400 mg/L), as well as typical groundwater in the region (231 to 1440 mg/L;

Table 4.2) (Lemay, 2002). OSPW is characterized by high Na`, Cl´, SO2´
4 and DIC

and low Ca2` and Mg2` concentrations (Allen, 2008), which is distinct from both

Lower Cretaceous and Devonian formation waters with Ca-Na-SO2-Cl composition

(Bottomley et al., 1999; Connolly et al., 1990a; Gibson et al., 2013; Lemay, 2002)

and the saline springs with Na-Cl composition (Figure 4.3) (Gibson et al., 2011,

2013; Gue et al., 2015). The chemical composition of OSPW is also distinct from the

thermal water produced from in-situ oil sands development with much higher TDS

(14,091˘5,892 mg/L) and a Na-Cl composition (Figure 4.3) (Williams et al., 2001).

However, some groundwater in the Cold Lake region had Cl concentrations similar to

OSPW (up to 759 mg/L) (Williams et al., 2001). Consequently, while contamination

of low-salinity groundwater or surface water by OSPW would be associated with an

increase in salinity, the concentrations would be similar to naturally occurring saline

springs and groundwater that are found in region (Cowie et al., 2015; Gibson et al.,

2011, 2013; Gue et al., 2015), and thus salinity alone cannot be used to delineate

sources of contamination in the AOSR region.
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Table 4.2: Major element concentrations in samples analyzed in this study and available from previous studies.

Water Source Data source n Na Ca Cl Br SO4 DIC Na/Cl
Br/Cl

(x10´3)
SO4/Cl

OSPW This study 8 537.2 50.9 446.7 0.35 439.3 N/A 1.9 0.3 0.4

OPSW Gibson et al. 2011 5 427.8 34.2 294.3 0.15 314.1 436 2.2 0.2 0.4
Unprocessed Oil Sands (H2O leaching)* This study 5 N/A 2384 148.1 NA 57.5 N/A N/A N/A 0.1

Thermal Produced Waters Willimas et al. 2001 8 6230 182 8588 NA 135.5 N/A 1.1 N/A 0.01
fresh groundwater aquifer This study 16 64 85 30 N/A 24 481 3.3 N/A 0.3

Groundwater Williams et al. 2001 23 N/A N/A 156 N/A N/A N/A N/A N/A N/A
Groundwater Lemay 2002 35 89.4 81 17.31 0.06 52 491 8.0 1.5 1.1

Groundwater Gibson et al. 2011 9 161 112 269.9 0.212 61.1 N/A 0.9 0.3 0.1
Surface Water Gibson et al. 2011 4 18.3 37.8 14.2 N/A 28.4 128 2.0 N/A 0.7

Surface Water
Millot et al. 2003;

Lemarchand et al. 2006;
Millot 2010

6 5.3 18.8 13.1 N/A N/A N/A 0.6 N/A N/A

Saline Springs Gue et al. 2015 9 7005 573 10700 5.5 1778 478 1.0 0.2 0.1
Canadian Shield Devonian Brines Bottomley et al. 1999 24 14522 31834 77195 691 397 66 0.3 4.0 0.002

Alberta Basin Devonian Brines Eccles et al. 2011 18 53878 10755 116875 272 234 504 0.7 1.0 0.001
Alberta Basin Upper Devonian Brines Connolly et al. 1990 13 36385 8058 75992 405 680 10 0.7 2.4 0.003

Lower Cretaceous Formations Connolly et al. 1990 15 26493 3446 47227 188 98 14 0.9 1.8 0.001
Lower Cretaceous Formations Lemay 2002 22 4593 117 14284 58 61.6 503 0.5 1.8 0.002

Lower Cretaceous Formations Gibson et al. 2011 4 408 37 188 1.08 6.8 N/A 3.3 2.5 0.013
Lower Cretaceous Formations Willimas et al. 2001 8 N/A N/A 5700 N/A N/A N/A N/A N/A N/A
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While TDS alone does not distinguish OSPW impacts to local waters, the Na/Cl

ratio of the OSPW (a mean ratio of 2.7˘0.6) is distinctly higher than the saline

springs (1.0˘0.03; (Gue et al., 2015), Lower Cretaceous (1.2˘0.8), and Devonian

formation waters (0.76˘0.08; Figure 4.4). OSPW and the saline springs have simi-

lar Br/Cl and SO2/Cl ratios while the deeper formation water had lower Br/Cl and

higher SO2/Cl ratios. Gue et al. (2015) showed that the high salinity saline springs is

associated with low Br/Cl and high SO2/Cl that reflect evaporite dissolution, partic-

ularly in areas associated with the Prairie Evaporite Formation. Likewise, evaporite

dissolution causes lower B/Cl and Li/Cl ratios in the natural saline springs compared

to OSPW (Gue et al., 2015). OSPW is therefore distinguishable by relatively higher

B/Cl, Li/Cl, Na/Cl, and SO2/Cl ratios, but lower Br/Cl as compared to other saline

sources in the AOSR region (Figure 4.4).

Strontium concentrations of OSPW (mean =0.93˘0.47 mg/L) were significantly

lower than the Lower Cretaceous and Devonian formation waters (169.5˘202.8 mg/L)

and saline springs (12.7˘5.1 mg/L), but only slightly higher than fresh groundwa-

ter aquifer analyzed in this study (0.43˘0.16 mg/L; Figure 4.4). The εSWSr ratios of

OSPW (-11.6˘2.8; n=4) were near the lower end of the wide range of εSWSr ratios

reported by Gibson et al. (2011) (-13.2 to +42.3; n=4), and distinctly lower than

surface water (+30.3˘16; n=17) (Gibson et al., 2011; Lemarchand and Gaillardet,

2006), which are the source water for the bitumen extraction process (Figure 4.6).

The εSWSr ratios of OSPW are lower than the ratios found in the fresh groundwater

aquifer (+9.7˘5.6; n=8) and reported for the saline springs (-5.5˘2.1); however they

are within the wide range reported for Devonian and Lower Cretaceous formations

water from AOSR (-22.9 to +78.6; n=48; Figure 4.6).
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Figure 4.4: Br, Na, SO4, B, Sr and Li versus Cl concentrations in the different
water sources investigated in this study. Square symbols represent samples analyzed
in this study, triangles represent data from previous literature for saline sources and
circles represent data from previous literature for freshwater sources. Sources for
different water types can be found in Table 4.1. Mixing lines are represented by
dashed lines for the formation water (orange) and the saline springs (purple) with
fresh groundwater. The ratios in OSPW fall near the formation water mixing lines
for Br and Na, but not SO4.
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Table 4.3: Trace elements concentrations and isotope ratios in samples analyzed in this study and available from previous
studies.

Water Source Data source n B Li Sr
B/Cl

(x10´3)

Li/Cl

(x10´3)

Sr/Cl

(x10´3)
δ11B δ7Li εSW

Sr

OSPW This study 8 2.17 0.20 0.95 4.9 0.4 2.1 23.8 16.3 -11.6

OPSW Gibson et al. 2011 5 N/A 0.13 0.91 N/A 0.4 3.1 23.4 N/A 3.7
Unprocessed Oil Sands (H2O leaching) This study 5 0.91 0.02 0.08 6.1 0.1 0.5 14.0 N/A N/A

Thermal Produced Waters Williams et al. 2001 8 0.14 N/A N/A 0.0 N/A N/A 7.8 N/A N/A
fresh groundwater aquifer This study 16 0.16 0.03 0.43 5.3 1.0 14.3 8.1 11.3 9.7

Groundwater Williams et al. 2001 23 0.41 N/A N/A 2.6 N/A N/A 18 N/A N/A
Groundwater Lemay 2002 35 0.37 0.05 0.5 21.4 2.9 28.9 19.9 N/A 9.6

Shallow Groundwater Gibson et al. 2011 9 N/A 0.04 0.85 N/A 0.1 3.1 25.4 N/A 12.4
Surface Water Gibson et al. 2011 4 0.01 0.01 0.26 0.7 0.7 18.3 18 N/A 21.5

Surface Water
Millot et al. 2003;

Lemarchand et al. 2006;
Millot 2010

6 0.01 0.01 0.02 0.8 0.8 1.5 14.4 15.1 50.9

Saline Springs Gue et al. 2015 9 N/A N/A 12.7 N/A N/A 1.2 N/A N/A -5.5
Canadian Shield Devonian Brines Bottomley et al. 1999 24 2.29 1.78 556.6 0.0 0.0 7.2 N/A 35.2 48.1

Alberta Basin Devonian Brines Eccles et al. 2011 18 0.13 63.8 128.5 0.0 0.5 1.1 N/A 10.8 N/A
Alberta Basin Upper Devonian Brines Connolly et al. 1990 13 55.9 2.5 335.2 0.7 0.0 4.4 N/A N/A 16.3

Lower Cretaceous Formations Connolly et al. 1990 15 14.8 14.5 220.9 0.3 0.3 4.7 N/A N/A 1.0
Lower Cretaceous Formations Lemay 2002 22 5.8 1.7 14.1 0.4 0.1 1.0 37.8 N/A -9.2

Lower Cretaceous Formations Gibson et al. 2011 4 N/A 0.2 0.97 N/A 1.1 5.2 N/A N/A 6.6
Lower Cretaceous Formations Willimas et al. 2001 8 7.8 N/A N/A 1.4 N/A N/A 36.8 N/A N/A85



Boron (mean=2.17˘ 0.48 mg/L; n=9) concentrations in OSPW were higher

than in the fresh groundwater aquifer (0.16 ˘0.04 mg/L; n=16) and surface water

(0.04˘0.05 mg/L), similar to the saline springs (1.6˘0.6 mg/L), and lower than the

Lower Cretaceous (9.5˘8.9 mg/L; n=40) and Devonian formation water (55.9˘34.2

mg/L; n=13; Figure 4.4). However, the OSPW has significantly higher B/Cl ra-

tios (2-3x10-3) relative to the saline springs (6.5x10´4; Figure 4.4). The B isotope

ratios we measured for OSPW (23.8˘2‰) were higher than the fresh groundwa-

ter aquifer (8.1˘4.9‰) and leachates of unprocessed oil sands (14.0˘2.0‰; Fig-

ure 4.5). Our values were consistent with published values for OSPW collected

from tailings ponds (δ11B =22 to 25‰) reported by Gibson et. al. (2011). The

δ11B values in OSPW and tailings ponds were higher than reported values for ther-

mal produced waters (7.8˘3.4‰; (Williams et al., 2001)) but lower relative to the

formation waters (37.5˘6.8‰; Figure 4.5). Groundwater had primarily low B con-

centrations (0.39˘0.58 mg/L) with δ11B values that ranged from 7‰ to 38‰ (mean

= 19.9˘9.9‰) (Lemay, 2002; Williams et al., 2001). While the B/Cl and B isotope

ratios in the shallow groundwater overlap with OSPW, the overall salinity and B

concentrations are lower than OSPW (Figures 5 and 6).

Lithium concentrations in OSPW (0.11˘0.11 mg/L) were much lower than the B

and Sr concentrations but still elevated compared to the fresh groundwater aquifer

(0.03˘0.01 mg/L) and the surface water (ă0.001 mg/L; Figure 4.4). The Li iso-

tope ratios of OSPW (δ7Li =16.3˘1.7‰) were enriched in 7Li compared to the fresh

groundwater aquifer (11.3˘0.9‰), but similar to surface water (15.1˘1.4‰; Fig-

ure 4.8). The Li concentrations and δ7Li in Devonian formation waters showed two

distinct groups. The Devonian formation waters in the Canadian Shield had higher

Li concentrations (1.8˘1.6 mg/L) and δ7Li values (35.1˘2.0‰) relative to those in

OPSW and fresh groundwater resources, while Devonian formation waters from the

Alberta Basin had even higher Li concentrations (63.8˘37.4 mg/L) but δ7Li values
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lower than OSPW (10.8˘2.6; Figure 4.8). Saline springs had slightly higher Li con-

centrations (0.38˘0.21 mg/L) than OSPW but lower Li/Cl ratios (2.2x10´4 versus

2.9x10´3). δ7Li values were not reported for the saline springs.

The higher overall salinity and relatively high δ11B in OSPW suggest that the

solutes in OSPW are not solely derived from leaching of the unprocessed oil sands or

result from concentrating the freshwater used for oil extraction (e.g., the Athabasca

River) (Figure 4.5). In contrast, during high-temperature extraction of the oil sands,

B is apparently sourced from direct leaching of the solids as evidenced by much

higher B/Cl ratios and lower δ11B values (7.8˘3.4‰) in thermal produced water by

Williams et al. (2001), although the salinity is derived from the McMurray formation

water since the Na/Cl and SO4/Cl ratios are similar to that of Lower Cretaceous for-

mation water. We therefore suggest that the high B concentrations found in OSPW

with high δ11B values (23.5˘2‰) reflect mixing of B from residual entrapped forma-

tion fluids (δ11Bą35‰) and B derived from leaching of the sand solids (δ11Bă10‰),

with possible isotope fractionation induced from absorption/desorption during set-

tling of the solid tailings in the ponds (Figure 4.7). The higher δ11B in OSPW rela-

tive to fresh surface waters used for extraction explains the saline nature of OSPW

that originated through blending with residual of higher salinity formation water

entrapped in the aquifer (Figure 4.7). We conclude the geochemical composition of

OSPW is controlled by extraction of residual formation water entrapped within the

McMurray oil sands coupled with in-situ water-rock interaction and mobilization of

solutes directly from the oil sands.

4.3.2 Implications for tracing OSPW in the environment

Previous studies have suggested that the geochemistry of OSPW could be modified

by water-rock interactions during transport (i.e., leaking) and interactions through

clay-dominated glacial till, which is typically underlying the OSPW ponds (Abolfa-
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Figure 4.5: B isotope ranges measured in OSPW compared to possible contamina-
tion sources, including the solid unprocessed oil sands, Lower Cretaceous formation
water, oil sands tailings and the thermal produced water from in-situ operations.
OSPW had moderate δ11B values that were enriched compared to the unprocessed
and tailings solid, as well as the thermal produced waters but depleted compared to
the formation waters.

zlzadehdoshanbehbazari et al., 2013; Holden et al., 2013, 2011; Savard et al., 2012).

Although these water-rock interactions could also modify the isotope ratios of OSPW

effluents, the high concentrations of B, Sr and Li in OSPW, coupled with distinct

δ11B, εSWSr and δ7Li values (Figure 4.5 and Figure 4.4) could be used to delineate

OSPW migration to natural groundwater and surface waters.

Overall, the B, Sr and Li isotope ratios of OSPW are distinct relative to fresh

surface and groundwater sources in the region. δ11B values in OSPW were higher

than both surface water and shallow fresh groundwater, while εSWSr values in OSPW
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Figure 4.6: εSWSr versus Sr of different water sources in the AOSR. Square sym-
bols represent samples analyzed in this study, triangles represent data from previous
literature for saline sources and circles represent data from previous literature for
freshwater sources. Sources for different water types can be found in Table 4.1. The
theoretical mixing lines are displayed between: ((1) OSPW and surface water (pink
line), fresh groundwater aquifer (red), formation water (orange), and saline springs
(dark purple); (2) formation waters and surface water (green), fresh groundwater
aquifer (blue), and saline groundwater (purple); and (3) saline springs and surface
water (light purple) and fresh groundwater aquifer (bright pink). Ticks on the the-
oretical mixing lines denote fractions of 1%, 5%, 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, and 90% of the saline source. εSWSr ratios in OSPW are generally less ra-
diogenic than fresh groundwater and surface water, but within the range of Devonian
and Lower Cretaceous formation water. Mixing of OSPW with freshwater sources
typically fall near the mixing lines between the saline groundwater or formation water
and freshwater sources for Sr isotope.
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were lower. δ7Li values in OPSW were elevated compared to the fresh groundwater

aquifer but not surface water. However, δ7Li values in the OPSW were distinct

from both the Alberta (low δ7Li) and Canadian Shield (high δ7Li) Devonian brines.

Strontium isotope ratios reported by Gue et al. (2015) for saline springs discharging

in the Athabasca watershed were more radiogenic (mean εSWSr = -5.5) than OSPW

measured in this study (mean εSWSr = -11.6), although Sr isotope ratios in OSPW

reported by Gibson et al. (2011) were not all lower than the saline springs.

Simulated mixing models using three saline end-members (OSPW, saline springs,

and formation water) and two fresh water sources (the surface water and fresh

groundwater aquifer) showed that as little as 1% OPSW contribution could be iden-

tified using the isotope tracers (Figure 4.7). For B isotopes, contribution of 1% of

OPSW mixing with the surface water would increase both the B concentration and

δ11B ratios to values that are greater than the raged reported for the surface water.

At 5% OSPW contribution to the fresh groundwater aquifer, both B concentrations

and δ11B values exceeded the measured range for the fresh groundwater aquifer. The

mixing models also show that B and δ11B ratios can be used to distinguish mixing of

with surface water (ą1%) and fresh groundwater aquifer groundwater (ą5%) with

OSPW from fresh water mixing with small percentages of other possible contami-

nation sources such as the Lower Cretaceous formation water (Figure 4.7). Lithium

isotopes can also be used to distinguish OPSW contamination in surface water at less

than 1% OSPW contribution from mixing relationship between the surface water and

Devonian formation water. Li concentrations and isotope ratios were elevated com-

pared to the fresh groundwater aquifer at 10% OSPW contribution and the mixing

relationship was distinct from mixing with Devonian formation waters (Figure 4.7).

In contrast, Sr isotope ratios of the different water sources were found to be over-

lapping, and thus Sr isotopes cannot be used to distinguish mixing of OPSW with

freshwater sources from other possible sources of contamination, such as mixing with
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Figure 4.7: δ11B versus B of different water sources in the AOSR. Square symbols
represent samples analyzed in this study, triangles represent data from previous
literature for saline sources and circles represent data from previous literature for
freshwater sources. Sources for different water types can be found in Table 4.1.
The theoretical mixing lines are displayed between: (1) OSPW and surface water
(pink line), fresh groundwater aquifer (red), and formation water (orange); and (2)
formation waters and surface water (green) and the fresh groundwater aquifer (blue).
Ticks on the theoretical mixing lines denote fractions of 1%, 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, and 90% of the saline source. Note the difference between
the δ11B and B concentrations in OSPW relative to both fresh groundwater (blue
circles) and saline formation water (orange triangles).
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the high salinity formation waters or saline springs (Figure 4.7).

While highly saline formation waters and surface water sources in the region can

be distinguished from OSPW using isotope ratios, groundwater show large variations

in salinity (301 to 2100 mg/L), B (0.06 to 3.7 mg/L), Sr (0.09 to 2.3 mg/L) and Li

(0.01 to 0.1 mg/L) concentrations, and isotope ratios (δ11B = 7 to 49‰ and εSWSr =

-15.9 to +106.7). Many of these groundwater samples have lower B concentrations

but high B/Cl ratios and fall along mixing lines between the saline formation wa-

ter and fresh groundwater (i.e. fresh groundwater aquifer). Yet, there were other

reported values of regional groundwater that overlap and follow the mixing line be-

tween OSPW and fresh groundwater, up to 15 or 20% OSPW. These groundwater

samples were collected in AOSR areas prior to oil sand development (Lemay, 2002)

or in areas of in situ extraction (Williams et al., 2001). Therefore, these groundwater

samples represent baseline values that could not be impacted by OSPW contami-

nation from tailings ponds. The geochemical similarity between OSPW and some

baseline groundwater in the AOSR region complicates the use of B and Sr isotopes

as independent tools to identify OSPW migration to aquifers.
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Figure 4.8: δ7Li versus Li of different water sources in the AOSR. Square symbols
represent samples analyzed in this study, triangles represent data from previous
literature for saline sources and circles represent data from previous literature for
freshwater sources. Sources for different water types can be found in Table 4.1.
The theoretical mixing lines are displayed between: (1) OSPW and surface water
(pink line), fresh groundwater aquifer (red), and formation water (orange); and (2)
formation waters and surface water (green) and the fresh groundwater aquifer (blue).
Ticks on the theoretical mixing lines denote fractions of 1%, 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, and 90% of the saline source. δ7Li of OSPW are lower
than the Canadian Shield Devonian brines but elevated compared to the Alberta
Basin Devonian brines fresh groundwater, yet are not distinct from surface water in
the AOSR.
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4.4 Conclusion

This study examined the ability of the inorganic geochemistry and the B, Li, and Sr

isotopic ratios to distinguish OSPW contamination in a shallow fresh aquifer, some

regional groundwaters, and surface water in the AOSR relative to other natural

contamination sources such as Devonian and Lower Cretaceous formation waters

and naturally occurring saline springs. OSPW is elevated in salinity compared to

the fresh surface water used during the extraction process, however the δ11B values

are higher than leachates of unprocessed oil sands. The B isotope values suggest

that the source of salinity and high dissolved salts in OSPW is likely derived from

mixing of the saline formation water from the host McMurray formation with the

extraction water. However, the salinity itself cannot distinguish OSPW because of

Oil Sands Process-Affected Water (OSPW) 

TDS = 980-2480 mg/L 
δ11B = 21-26‰ River 

128-420 mg/L 
7.5 – 20‰ 

Wood Creek Sand  
Channel (WCSC) 

150-780 mg/L 
3-13‰ Quarternary  

Aquifers 
124-2100 mg/L 

7-49‰ 

Lower Cretaceous Formations 680-113,000 mg/L 
23-50‰ 

Upper Devonian Formations 

Saline Springs 

16900 mg/L 

Figure 4.9: A schematic diagram showing the variations of TDS and δ11B of the
different water sources and OSPW in the study area. The arrows represent possible
flow-paths between the water sources.
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the prevalence of saline groundwater and seeps in that discharge to surface water in

the AOSR. The Na/Cl, B/Cl and Li/Cl ratios in OSPW are distinctly higher than

saline springs because the saline spring geochemistry is driven by dissolution of the

Prairie Evaporite Formation that has lower concentrations of Na, B and Li relative

to the formation water is the source of OSPW salinity.

The integration of new and reported isotope data shows that δ11B and δ7Li in

OSPW from tailings ponds are distinct from thermal water produced during in situ

mining, low-saline groundwater from the fresh groundwater aquifer, surface water,

and the saline Devonian and Cretaceous formation water (Figure 4.7,Figure 4.8).

Strontium isotope ratios in OSPW are generally less radiogenic than regional fresh-

water, as well as the saline springs, but do not appear to be as useful a tool for

distinguishing mixing of contamination sources without other geochemical indica-

tors (Figure 4.6). Combining B, Li and Sr elemental distribution and isotopic ratios

could be useful tracers of OSPW contamination even at low mixing levels (i.e., 1-

5%) with different water resources in AOSR, especially surface water and shallow

groundwater as summarized in figure 8. Boron, Li, and Sr concentrations and iso-

topic ratios should therefore be included in future monitoring programs and baseline

studies aimed at evaluating the overall impact of oil sands extraction on the envi-

ronment.
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5

The Geochemistry of Natural Occurring Methane
and Saline Groundwater in an Area of

Unconventional Shale Gas Development

Reprinted with permission from Geochimica et Cosmochimica Acta, 2017. Copyright

2017 Elsevier. (Supplemental Material in Appendix C)

5.1 Introduction

Development of unconventional hydrocarbon resources from previously uneconomical

black shales and tight sands through the advent of horizontal drilling and hydraulic

fracturing technologies has revitalized the domestic energy industry in the U.S. and

reduced dependency on coal combustion for electricity generation (USEIA, 2014).

However, numerous environmental concerns, including the potential for compromised

drinking-water quality, have tempered public opinions about the economic benefits of

unconventional energy development in the U.S. (Jackson et al., 2014; Vengosh et al.,

2014). For example, evidence for stray gas contamination in shallow drinking-water

wells was reported in a subset of wells located less than 1 km from shale gas sites in
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Pennsylvania (PA) and Texas (TX) using both geospatial statistics and hydrocarbon

and noble gas geochemistry (Darrah et al., 2014; Heilweil et al., 2015; Jackson et al.,

2013; Osborn et al., 2011).

The debate around the potential for wide spread contamination from hydraulic

fracturing stems from the lack of pre-drilling datasets that include a comprehensive

suite of geochemical tracers. The nearly ubiquitous presence of naturally occurring

inorganic and hydrocarbon contaminants in many areas of hydrocarbon extraction,

and the potential for legacy contamination from conventional oil and gas development

and other industries (e.g., coal) can also deteriorate water quality (Vengosh et al.,

2014). For example, evidence for stray gas contamination in shallow drinking-water

wells was reported in a subset of wells located less than 1 km from shale gas sites in

Pennsylvania (PA) and Texas (TX) using both geospatial statistics and hydrocarbon

and noble gas geochemistry (Darrah et al., 2014; Heilweil et al., 2015; Jackson et al.,

2013; Osborn et al., 2011). Several studies have suggested that dissolved methane

(CH4) and saline groundwater in shallow aquifers in the Appalachian Basin likely

originated from natural processes (Baldassare et al., 2014; Darrah et al., 2015a;

Molofsky et al., 2013; Schon, 2011; Siegel et al., 2015a,b; Warner et al., 2012).

The intense debate about these issues has been sustained for over five years, high-

lighting the need to better understand the critical factors that control the elevated

levels of hydrocarbon gas and salts in groundwater systems globally. Indeed, answer-

ing these questions is a critical challenge in assessing the impacts of unconventional

energy development and hydraulic fracturing on the quality of water resources. To

address this debate, we must first develop a robust understanding of the fundamental

geochemical, hydrogeological, and environmental factors that control the composi-

tion and behavior of hydrological systems in a given area.

This study presents a comprehensive suite of geochemical tracers that interrogates

the fundamental geochemical interactions and crustal fluid flow processes that control
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groundwater geochemistry, using a case study in the North Appalachian Basin (NAB)

region of northwestern West Virginia. The Appalachian Basin is an archetypal energy

basin with diverse tectonic and hydrological characteristics and energy development

activities, and therefore constitutes an important area to study the potential impacts

to water quality from shale gas development (Darrah et al., 2015a; Engle and Rowan,

2014; Warner et al., 2012; Ziemkiewicz and He, 2015).

While many studies have focused on Pennsylvania, less is known about the distri-

bution of naturally occurring saline groundwater and methane in aquifers overlying

the southwestern segments of the Marcellus Basin. Despite the long history of fossil

fuel development, including both coal mining and conventional oil and gas drilling,

there is limited historical geochemical information about these aquifers, particularly

studies that integrate both aqueous concentrations and dissolved gas phase measure-

ments. Two reports, one from the West Virginia groundwater atlas (Shultz, 1984)

and another from eastern Kentucky coalfield, have identified saline groundwater in

the region (Wunsch, 1992). The legacy of previous energy exploration and naturally

occurring migration of saline water and natural gas to shallow aquifers are a set of

additional factors that could complicate the delineation of potential contamination

from recent shale gas development (Vengosh et al., 2014).

Previous applications of inorganic and isotopic tracers of dissolved salts and hy-

drocarbon and noble gas geochemical tracers have revealed the influence of the tec-

tonic and hydrogeological setting on water quality and natural contamination in

areas of oil and gas development both in the NAB and elsewhere (Darrah et al.,

2015a; Engle and Rowan, 2014; Lautz et al., 2014; Llewellyn, 2014; Molofsky et al.,

2013; Moritz et al., 2015; Revesz et al., 2010; Schon, 2011; Sharma and Baggett,

2011; Siegel et al., 2015a,b; Warner et al., 2012, 2013a; Wunsch, 1992).

Here, we present a combination of integrated techniques applied to a longitudinal

dataset as an improved framework to assess the geochemical processes that control
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groundwater geochemistry, as well as changes to surface water geochemistry during

unconventional oil and gas operations. While we apply our framework to a specific

area in this study, the ultimate aim of this study is to contribute to the emerging

body of knowledge about the risks to water resources from unconventional oil and

gas development and to develop a standardized assessment tool for more broad ap-

plications to study the sources and migration of hydrocarbon-rich brines to water

resources in the NAB and other hydrocarbon-rich basins.

99



Figure 5.1: Stratigraphic column of the carboniferous aquifers in the study area
based on Martin (1998) showing interbedded layers of sandstone, limestone and coal.
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5.2 Background

5.2.1 Hydrological Background

The study area in northwestern West Virginia is part of the Appalachian Plateau

Physiographic Province, where irregular, steeply sloping ridges, separated by nar-

row valleys and mountainous terrain characterize the topography. Bedrock in the

region is dominated by cyclic sequences of sandstone, siltstone, shale, limestone and

coal, which vary in thickness and lateral extent throughout the Appalachian Plateau

(Wunsch, 1992). The aquifer rocks are composed of the Permian/Upper Pennsylvania

Drunkard Group and the Upper Pennsylvanian Monongahela Group (Figure 5.1, Fig-

ure 5.2). Locally, perched water tables are typical in some upland regions where in-

termittent shale layers act as local aquitards, which result in horizontal flow through

cleated coal seam layers (Wunsch, 1992).

Where present, the unconsolidated alluvium provides the highest yields for do-

mestic wells, while secondary fractures and bedding planes transmit water in the

bedrock and the flow is highly variable (3.7 to 757 liters per minute) spatially be-

cause of vertical and lateral changes in fracture density, but with little variability

across different geologic units. Shallow groundwater flow is dominated by shallow

sets of vertical neotectonic fractures in the sandstone layers, with more intense frac-

tures and thus higher hydraulic permeability in the valley bottoms (Wyrick and

Borchers, 1981). Wells located in valley settings generally yield higher flow rates

(„22.7L/min) than those in hillslopes and uplands (7.5 to 11.4 L/min). Lineaments,

which experience the highest fractures and joint system intensity, are associated with

the highest groundwater flow rates (Bain and Friel, 1972) and can be pathways for

gas and brine migration.

In Tyler, Doddridge and Harrison counties groundwater is generally hard (hardnessą120

mg/L) with high manganese (Mną50 ug/L) and iron (Feą300 ug/L). However, simi-

101



XWXWXW XWXWXWXWXW

XW

XW

XW

XW XW

XW

XW
XW

XW

XW

XW

XW

XW

XWXW

XW

XWXW

XW

XW

XW

XW

XW

XW

XW

XW

XWXW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW
XW

XW

XW
XW

XW

XW

XW

XW

XW
XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XW

XWXW

XW

XW

XW
XW

XW

XW

XW

XW

XWXW

XW

XW

XW

XW
XW

XW

XW

XW

XW

XW

XW XW

XW

XW

XW
XW

XW
XW

XW

XW
XW

XW

XWXW

XW

XW

XW

XW

XWXWXW

XW

XW
XW

_̂

_̂

Washington

Doddridge

Harrison

Pleasants

Ritchie

Tyler
Wetzel

µ

#*
#*#*#*#*#*
#*#*#*#*
#*#*#*#*
#*#*#*#*
#*
#*#*#*
#*#*#*#*#*#*
#*#*
#*#*#*#*#*#*#*#*#*#*#*#*

#*
#*

#*#*

#* #*#*#*#*#*#*
#*#*

#*

#*#*#*

#*#*#*
#*#*#*

#*#*#*#*#*#*#*#*#*#*
#*#*#*#*

#*
#*#*#*
#*#*

#*#*#* #*#*#*#*
#*#*#*

#*#*#*#*#*
#*

#*#*#*#*#*#*#*#*
#*

#*#*#*
#*#*

#*#*#*
#*

#*#*#*#*#*
#*#*#*#*

#* #*

#*#*

#*#*#*#*#*#*#*#*#*#*

#*#*#*#*
#*#* #*#*#*#*

#*#*

#*

_̂
_̂

_̂

Pennsylvania
Ohio

West
Virginia

Virginia

Tyler

Hall

Lochgully

0 5 10 15 202.5
Kilometers

0 30 60 90 12015
Kilometers

Legend
_̂ Spills

Groundwater Wells
XW Type 1

XW Type 2

XW Type 3
Shale gas wells

Fracking wells and laterals

Folds
anticline
syncline

Geological Group
Dunkard
Monongahela

Figure 5.2: Location of private drinking-water wells and spill sites sampled in
northwestern West Virginia, superimposed on the local surface geology. Shale-gas
wells and the direction and length of lateral drills are also shown. The Arches Fork
anticline (AFA) that divides Doddridge County is show in green, while the Burchfield
Syncline to the north and Robbison Syncline to the south of the AFA are shown in
blue (Hennen, 1912; Ryder et al., 2012). No known faults are described in the study
area.

lar to groundwater flow rates, hardness and metal levels are highly variable with some

topographic controls. Groundwater wells located in valleys generally have higher al-

kalinity, pH, and total dissolved solids (TDS). Sodium (Na), pH, alkalinity, chloride

(Cl) and TDS concentrations increase with well depth, while calcium and magne-

sium decrease. Generally, there is little difference in water quality and water type

between different geologic units, with dominantly Ca-HCO3 composition in most

areas, followed by a Na-HCO3 water type.

Based on the data from Shultz (1984), dissolved solutes in the shallow ground-

water varied from low salinity with Clă10 mg/L to saline waters with Cl up to 2,200
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mg/L. Na concentrations had positive correlations with increasing Cl concentrations

(r2 = 0.57, pă0.05), with Na concentrations reported up to 970 mg/L. Groundwater

with Clą250 mg/L has been observed in the area ranging from a few hundred to sev-

eral thousand feet deep. Elevated Cl concentrations are found at shallower depths

mainly in valley floors. Densely fractured zones provide nearly vertical highly per-

meable conduits for upward migration of deep-seated saline water. High Cl concen-

trations in groundwater have been also reported in areas of oil and gas development.

Old deteriorating oil and gas wells can short-circuit the natural flowpaths and pro-

vide an area of localized contamination of groundwater (Shultz, 1984). Clą50 mg/L

was reported in roughly 23% of wells surveyed (n=32 out of 139) conducted prior to

shale gas development. A USGS survey of CH4 in WV groundwater between 1997

and 2006 reported CH4 contents up to 15 mg/L (21 ccSTP/L) (White and Mathes,

2006).

5.2.2 Background of Study Design and Geochemical Techniques

Previous studies in the NAB (northeastern PA) have demonstrated compelling evi-

dence for naturally occurring gas and saline groundwater in regional aquifers. How-

ever, prior to the rapid rise of shale gas development and hydraulic fracturing, there

was a lack of sufficient baseline water quality datasets in many of the areas of active

unconventional energy development. Even when baseline water quality databases do

exist, they typically consist of only major elements. For this reason, it can still be

challenging to distinguish between naturally occurring salts and hydrocarbon gases

in shallow groundwater and any possible anthropogenic contamination that could

result from poor shale-gas well integrity (e.g., stray gas contamination) or accidental

releases (e.g., surface spills of hydraulic fracturing fluids, produced water, or flowback

fluids) (Vengosh et al., 2014).

Several geochemical tools such as hydrocarbon isotopic and noble gas tracers
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have been previously developed to identify and distinguish water contamination

from unconventional hydrocarbon production (Baldassare et al., 2014; Chapman

et al., 2012; Darrah et al., 2014; Phan et al., 2016; Sharma et al., 2014; Warner

et al., 2014; Ziemkiewicz and He, 2015). In addition, Br/Cl ratios have been success-

fully employed to identify deep formation brines as the source of saline groundwater

in the NAB, however they do not sufficiently distinguish naturally sourced brines

from brines released from oil and gas activity (Warner et al., 2012; Ziemkiewicz and

He, 2015). Similarly, oxygen and hydrogen stable isotopes are typically enriched in

brines (Sharma et al., 2014; Vengosh, 2014; Warner et al., 2014), however the rela-

tive proportion of a typical brine contribution to a blend that would generate saline

groundwater is too small (i.e., ă20% contribution) to observe significant changes in

the stable isotope composition of salinized groundwater (Warner et al., 2014).

In contrast, the stable isotopes of strontium (Sr), boron (B) and lithium (Li) are

more sensitive techniques to detect even small contributions of brines to a blend with

fresh water (ă1%) due to their distinct isotopic compositions in formation brines and

the high concentrations of these elements in the brines (Vengosh, 2014; Warner et al.,

2014). NAB oil and gas brines are typically enriched in radiogenic Sr, (87Sr/86Sr

values ranging from 0.71000 to 0.72200), with Marcellus brines being less radiogenic

(0.71000 to 0.71212) (Capo et al., 2014; Chapman et al., 2012; Warner et al., 2014)

than Upper Devonian brines (0.71580 to 0.72200) (Chapman et al., 2012; Warner

et al., 2014). Boron and Li isotope signatures in Marcellus hydraulic fracturing

flowback fluids were distinct (δ11B = 25 to 31‰ and δ7Li = 6 to 10‰) from most

surface waters (δ11B = 8 to 20‰ and δ7Li = 17 to 30‰), and depleted compared

to conventional NAB oil and gas brines (δ11B = 36 to 51‰ and δ7Li = 10 to 23‰)

(Phan et al., 2016; Warner et al., 2014). However, the application of these isotope

systems for identifying groundwater contamination is limited without establishing a

systematic dataset of the isotope signatures of pre-drill saline groundwater in the
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region.

The molecular and isotopic composition of natural gases can also help to distin-

guish between natural flow and anthropogenic hydrocarbon gas contamination. Nat-

ural gases are often classified as thermogenic, biogenic, or ”mixed” sources, based on

their molecular ratios (e.g., wetness: C2+/C1) along with carbon (C) and hydrogen

(H) isotopic compositions (Bernard et al., 1976; Clayton, 1991; Rice and Claypool,

1981; Schoell, 1980, 1983, 1988). Thermogenic natural gases are typically more en-

riched in ethane (C2H6) and heavier aliphatic hydrocarbons, and thermogenic CH4

is typically more enriched in 13C (δ13C-CH4 ą-55‰) and hydrogen (Schoell, 1983).

As thermal maturity increases, the δ13C of methane and ethane is further increased.

Conversely, biogenic gas is almost exclusively composed of CH4 (C1/C2+ ď„5,000),

with a typically light δ13C-CH4 between -55‰ and -75‰ (Schoell, 1983; Whiticar

and Faber, 1986). However, methanogenesis, aerobic and anaerobic oxidation, sul-

fate reduction (thermal or bacterially driven), or post-genetic fractionation (e.g.,

fractionation during gas transport in the subsurface by diffusion) can alter the orig-

inal composition of natural gases or lead to complex mixtures of natural gases from

multiple sources.

Based on these considerations, the elemental and isotopic compositions of noble

gases (e.g., helium (He), neon (Ne), argon (Ar)) have recently been utilized to provide

additional constrains on the source of hydrocarbons gases in shallow aquifers (Darrah

et al., 2014, 2015b,a; Heilweil et al., 2015; Jackson et al., 2013). The inert nature, low

terrestrial abundance, and well-characterized isotopic composition of noble gases in

the mantle, crust, hydrosphere, and atmosphere enhance their utility as geochemical

tracers of crustal fluids such as groundwater (Ballentine et al., 2002). The noble

gas composition of hydrocarbons and other geological fluids are derived from three

primary sources: the mantle, atmosphere, and the crust (Ballentine et al., 2002).

Previous work has demonstrated that the abundance of helium (i.e., 4He) and air-
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saturated water major (e.g., N2) and noble gases (e.g., 20Ne, 36Ar) can be used to

distinguish the presence of large volumes of gas-phase hydrocarbons and track the

source and mechanism of fluid migration (Darrah et al., 2014, 2015a; Gilfillan et al.,

2009; Heilweil et al., 2015).

Northwestern West Virginia is an area that has seen a rapid rise in unconventional

oil and gas development, with over 3,000 unconventional gas wells drilled since 2008

(Figure C.1) (WVGES, 2012). With knowledge that shale gas development was

imminent in the study area, we hypothesized that the collection and analyses of

groundwater samples collected pre-, during-, and post-drilling would allow us to

1) evaluate temporal changes in groundwater geochemistry throughout the drilling

processes; 2) determine the most sensitive geochemical parameters that can detect

anthropogenic contamination relative to naturally occurring geochemical processes;

3) evaluate the source of the salinity and natural gas in shallow aquifers in this

region; and 4) determine whether groundwater near shale gas development in this

area is becoming contaminated by stray gas and other contaminants following shale

gas development.

We conducted an extensive geochemical and isotopic analysis that included: (1)

major and minor ions; (2) trace elements; (3) water isotopes (δ18O, δ2H); (4) isotopic

ratios of dissolved constituents (87Sr/86Sr, δ11B, δ7Li, δ13C-DIC); (5) molecular and

isotopic composition of select dissolved gases (CH4, C2H6, N2, δ
13C-CH4, δ

13C-C2H6);

(6) tritium (3H); and (7) noble gas elemental and isotopic compositions (He, Ne, Ar).

To better address these questions, we integrate our geochemical data with time-series

and geospatial analysis with respect to shale-gas wells and geological deformational

features such as faulting, folding, and proximity to valley bottoms.

In parallel with the groundwater study, we also collected surface water samples

near storage and disposal of oil and gas wastewater (OGW) areas in order to char-

acterize the geochemical fingerprints of OGW in the research area. We used the
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geochemical composition of Marcellus flowback and produced waters (Warner et al.,

2013b, 2014; Ziemkiewicz and He, 2015) as references to determine the source and

magnitude of contamination of surface water from OGW. These geochemical finger-

prints were also used as references to determine whether the saline and CH4-rich

groundwater in northwestern West Virginia is derived from geogenic process or from

direct contamination of leaking from nearby shale-gas wells.

5.3 Materials and Methods

5.3.1 Sample Survey

We examine the inorganic chemistry (anions, cations, trace metals), stable isotopes

(O, H, B, Sr, Li), noble gas, tritium, and hydrocarbon (molecular (C1 to C5) and

stable isotopic δ13C-CH4 and δ13C-C2H6) compositions of 145 samples from 105 do-

mestic groundwater wells in Doddridge, Harrison, Ritchie, Tyler and Wetzel counties

in West Virginia, USA (Table 5.1,Table C.1). The typical depth of shallow drinking-

water wells in our study was 35 to 90 m. A subset of wells (n=31) was tested prior to

shale gas drilling in Doddridge County starting in summer 2012 (open circle, triangle,

and square according to water type defined below). Groundwater wells were selected

based on their location in an area targeted for shale gas development and homeowner

participation. An additional 79 wells were sampled in Doddridge (n=56), Harrison

(n=9), Ritchie (n=5), Tyler (n=6) and Wetzel (n=3) counties between 2012 and

2014, following installation of shale-gas wells and hydraulic fracturing in the area

(crossed circle, inverted triangle, and diamond according to water type defined be-

low). 55% of wells were located within 1 km of a shale-gas well. 20 wells were more

than 1 km from a shale gas well when first sampled, but retested at least once fol-

lowing installation of a shale gas well within 1 km during the study period. 8 wells

that were less than 1 km of from a shale gas when initially sampled were retested

during the study period.
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Neither geological features, nor previous knowledge of water chemistry were con-

sidered during water well selection. Instead, we tried to randomly sample domestic

water wells from across the study area to get a diverse suite of sample types. Four of

the groundwater wells were located near OGW disposal or spill sites in the study area.

Modern data was compared to groundwater data from 1982 reported by the West

Virginia Department of Natural Resources (Shultz, 1984). Pre- and post-drilling

samples are indicated by symbol shape within the colors of the three water types

identified in this study. An open circle denotes Type 1 pre-drilling samples and

post-drilling samples are denoted as a crossed-circle. Type 2 pre-drilling samples

are denoted by a triangle and post-drilling samples are denoted as an inverted tri-

angle. Type 3 pre-drilling samples are denoted by a square and a diamond denotes

post-drilling samples.

Surface samples were collected from three spill sites, at the point nearest the

origin (n=5) and in surface water downstream (n=8) and upstream (n=2) of the spill

(Figure 5.1; Table 5.4). We sampled streams near two deep well injection sites and

one flowback spill that occurred on a well pad in Tyler County. The first injection

well site in Lochgully, WV was sampled in October 2013 and the second site in

Ritchie County, WV was sampled in December 2013. The spill in Tyler County was

identified on January 3, 2014 and the spill water was sampled directly on the same

day and three days after the spill. Surface waters from Big Run Creek were collected

upstream and at the point of entry for the spill water into the stream on January 6th

and at points adjacent to the pad and downstream along Big Run Creek on February

23rd, 2014 along with water from Middle Island Creek, which is a drinking water

source for the area.
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5.3.2 Field Methods

Water samples from wells were collected prior to any treatment systems and were

filtered and preserved in high density polyethylene (HDPE), air tight bottles follow-

ing USGS protocols (USGS, 2011). Samples were filtered through 0.45 micron filters

for dissolved anions, cations and inorganic trace element isotopes (B, Sr, Li). Trace

metal samples were preserved in 10% Optima nitric acid following filtering through

a 0.45 micron filter. Samples bottles collected for stable isotopes of O, H and DIC

were completely filled to minimized interaction with air or air bubbles and were kept

sealed until analysis. Water chemistry samples were stored on ice or refrigerated

until the time of their analysis. Hydrocarbon gas samples for concentration and iso-

topic analyses were collected in the field using Isotube bottles obtained from Isotech

Laboratories by procedures detailed by Isotech Laboratories (Isotech, 2011), stored

on ice until delivery to Duke University, and analyzed for CH4 (and where applicable

C2H6) isotopic compositions of carbon. Dissolved gas samples for gas concentrations

and noble gas measurements were collected in refrigeration-grade copper tubes that

were flushed in-line with at least 50 volumes of sample water prior to sealing with

stainless steel clamps according to standard methods reported previously (Darrah

et al., 2013, 2015a).

5.3.3 Analytical Methods

Water Chemistry

Major anions (e.g., Cl, SO4, Bromide (Br)) were measured by ion chromatography

and major cations (e.g., Na, Ca, Mg) were measured by direct current plasma optical

emission spectrometry. Trace elements (i.e., Li, B, V, Cr, Fe, Mn, As, Se, Sr, Ba)

were analyzed by ICP-MS on a VG PlasmaQuad-3 calibrated to the NIST 1643e

standard. The detection limit of the ICP-MS of each element was determined by

dividing three times the standard deviation of repeated blank measurements by the
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slope of the external standard.

Isotope Chemistry

11B/10B ratios were measured as BO´
2 in negative mode and reported as δ11B nor-

malized to NIST NBS SRM-951. Long-term measurements (n=60) of NBS SRM 951

standard yielded a precision of 0.6‰. Sr in the water samples was pre-concentrated

by evaporation in a HEPA-filtered clean hood and re-digested in 3.5N HNO3. Sr

was separated using Eichrom Sr-specific resin. The 87Sr/86Sr ratios were collected in

positive mode on the TIMS and the standard NIST SRM 987 had an external re-

producibility of 0.710265˘0.000006. Li isotopes were measured by a ThermoFisher

Neptune MC-ICP-MS at BRGM (French Geological Survey) in France. 7Li/6Li ratios

were normalized to the L-SVEC standard solution (NIST SRM 8545) and presented

as δ7Li. Long-term replicate measurements of NIST SRM 8545 standard yielded a

precision of 0.5% (Millot et al., 2004).

The stables isotopes of water (i.e., δ2H and δ18O) were analyzed in the Duke

Environmental Isotope Lab. These gases are chromatographically separated in the

TCEA, and carried to a ThermoFinnigan Delta+XL ratio mass spectrometer via a

Conflo III flow adapter. Raw delta values were normalized offline against known vs.

measured isotope values for international reference waters VSMOW, VSLAP and

IAEA-OH16. The δ2H and δ18O values are expressed in per mil versus VSMOW,

with standard deviations of ˘0.5‰ and ˘0.1‰, respectively.

Carbons isotopes in dissolved inorganic carbon (δ13C-DIC) were measured at

Duke University. Glass septum vials (Labco 11 mL Exetainers) were loaded into the

thermostated sample tray of a ThermoFinnigan GasBench II and flushed for „20

minutes each by autosampler with a two-way flushing needle and a carrier stream of

UHP helium at „30 mL/min. to remove air, and then were each injected with 100 µL

of liquid ortho-phosphoric acid. Sample waters were analyzed by ThermoFinnigan
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Delta+XL ratio mass spectrometer. Reference CO2 pulses are injected automatically

before and after the six sample peaks. The calculated raw δ13C values of samples

were then normalized offline against known vs. measured values for three carbonate

standards that were analyzed during the run using the same acid reaction (NBS19,

IAEA CO8, and Merck calcium carbonate). The first two are international reference

materials and the third is an internal standard previously calibrated against the first

two. The δ13C is expressed in per mil vs. VPDB, and the standard deviation is

˘0.2‰.

Dissolved Gas and Gas Isotope Geochemistry

For samples where copper tube samples were not available, dissolved CH4 concen-

trations were calculated using headspace equilibration, extraction and subsequent

concentration calculation by a modification of the Kampbell and Vandegrift (1998)

method at Duke University. Calculated detection limits of dissolved CH4 were 0.002

mg/L water. Procedures for stable isotope analyses of gas are summarized in Jack-

son et al. (2013). Reporting limits for reliable stable carbon isotopic compositions of

methane (δ13C-CH4) and ethane (δ13C-C2H6) were consistent with Isotech Laborato-

ries (Illinois, USA). Stable carbon isotopes of methane and ethane were determined

for all samples with CH4 exceeding 0.1 ccSTP/L (n=97) and 0.001 ccSTP/L, respec-

tively. The δ13C-CH4 were determined by cavity ring-down spectroscopy (CRDS)

(Busch and Busch, 1997) at the Duke Environmental Stable Isotope Laboratory

(DEVIL) using a Picarro G2112i or newer generation G-2132i (NOTE: after May

2014, the G221i was replaced with the newer generation G-2132i) or gas chromato-

graphic separation using a Trace Ultra ThermoFinnigan followed by combustion and

dual-inlet isotope ratio mass spectrometry using a Thermo Fisher Delta XL.For sam-

ples in which copper tubes were available, dissolved gas samples were measured by

extracting the fluid from the copper tube on a vacuum line (Darrah et al., 2015a).
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Copper tube samples were prepared for analysis by attaching the copper tube to

an ultra-high vacuum steel line (total pressure= 1-3 x10-6 torr), which is monitored

continuously using a four digit (accurate to the nearest thousandths) 0-20 torr MKS

capacitance monometer, using a 3/8 (0.953 cm) Swagelok ferruled connection. After

the sample connection had sufficiently evacuated and pressure was verified, the fluid

sample was inlet to the vacuum line by re-rounding the copper (Kang et al., 2014).

After the fluid pressure had equilibrated, the sample was sonicated for „30 minutes

to ensure complete transfer of dissolved gases to the sample inlet line (Solomon et al.,

1995).

From this gas volume, splits of samples were taken for the measurement of major

gas components (e.g., N2, O2, Ar, CH4 to C5H12) using an SRS quadrupole mass

spectrometer (MS) and an SRI gas chromatograph (GC) at Ohio State University

with standard errors of ă3% (Cuoco et al., 2013; Hunt et al., 2012; Kang et al.,

2014). The average external precision was determined by measurement of a known-

unknown standard, including an atmospheric air standard (Lake Erie, Ohio Air) and

a series of synthetic natural gas standards obtained from Praxair. The results of

the known-unknown average external precision analysis are as follows: CH4 (1.27%),

C2H6 (1.68%), C3H8 (1.34%), C4H10-n (2.08%), C4H10i (2.11%), C5H12-n (2.78%),

C5H12i (2.81%), N2 (1.25%), CO2 (1.06%), H2 (3.41%), O2 (1.39%), and Ar (0.59%).

CH4 concentrations are reported as cc/L (the SI molar unit for gas abundance in

water) at standard temperature and pressure (STP) where 1 mg/L of gas is equivalent

to 1.4 ccSTP/L.

An additional split of the gas was taken for the isotopic analysis of noble gases

using a Thermo Fisher Helix SFT Noble Gas MS at Ohio State University following

methods reported previously (Cuoco et al., 2013; Darrah and Poreda, 2012; Hunt

et al., 2012). The average external precision based on ”known-unknown” standards

were all less than ˘1.46% for noble gas concentrations with values reported in paren-
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theses (4He (0.78%), 22Ne (1.46%), and 40Ar (0.38%)). These values were determined

by measuring referenced and cross-validated laboratory standards including an es-

tablished atmospheric standard (Lake Erie Air) and a series of synthetic natural gas

standards obtained from Praxair including known and validated concentrations of C1

to C5 hydrocarbons, N2, CO2, CO, H2, O2, Ar, and each of the noble gases. Noble

gas isotopic standard errors were approximately ˘0.0091 times the ratio of air (or

1.26 x10´8) for 3He/4He ratio, less than ˘0.402% and ˘0.689% for 20Ne/22Ne and

21Ne/22Ne, respectively, less than ˘0.643% and 0.427% for 38Ar/36Ar and 40Ar/36Ar,

respectively (higher than typical because of interferences from C3H8 on mass=36 and

38).

To evaluate the potential for in-situ radiogenic production and/or release of 4He,

we analyzed the U and Th in various aquifer outcrop samples collected in Doddridge

County, WV. Analyses were conducted by standard methods using inductively cou-

pled plasma mass spectrometry (ICP-MS) (Cuoco et al., 2013). Additionally, tritium

(3H) analyses were performed on 56 groundwater samples to evaluate the contri-

butions from modern meteoric water. Tritium (3H) concentrations were measured

by the in-growth of 3He using a ThermoFisher Helix SFT noble gas MS at The

Ohio State University following methods reported previously (Darrah et al., 2015a;

Solomon et al., 1992, 1995).

5.3.4 Graphical and Statistical Treatment of Data

All maps, cross-sections, and well coordinates are plotted using ArcMap GIS 10.2.2.

Geological and oil and gas well data were available from the West Virginia Geo-

logical and Economic Survey (WVGES, 2012). All graphics are plotted using R v.

3.2.0. Statistical evaluations including mean, minimum, maximums, Spearman cor-

relations, standard deviations, and analysis of variance (ANOVA) were performed

using R v. 3.2.0. Correlation coefficient, r reported in the text was calculated as
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Spearman’s rank correlation coefficient, ρ.

We present data from this study with color-coded symbols, while data from pre-

vious studies are identified by orange hexagon. Within all figures, the abundance of

methane is preserved using a color intensity scale, where low methane concentrations

close to 0 ccSTP/L are blue and range up to red for methane concentrations ą40

ccSTP/L. Samples for which methane samples were not analyzed are shown as a grey

symbol.

B. 

*grey indicates 
[CH4] was not 
measured 

A. 

Figure 5.3: Ternary diagrams that display the relative percent of (A) cations,
and (B) anions in groundwater samples in the study region. Type 1 groundwater
(circles) is characterized as Ca-Na-HCO3 type water, while Type 2 (triangles) and 3
(squares) are Ca-Na-Cl type water. Historical data from West Virginia collected in
1982 (orange hexagons) shows the presence of both fresh and saline-type groundwater
prior to shale-gas development in the region and could be the result of natural mixing
(Shultz, 1984). The abundance of methane is preserved by using a blue-red color
intensity scale, where methane concentrations of 0 ccSTP/L are blue and range up
to red for [CH4] ą40 ccSTP/L. For samples from which methane was not analyzed,
data is shown with a grey symbol. The same color and label scheme is used for
groundwater in all subsequent figures.
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5.4 Results

5.4.1 Groundwater Quality

The dissolved solutes in the shallow groundwater in the study area varied from low

salinity (Clă50 mg/L) to saline waters (Cl up to 2400 mg/L), mostly in the deeper

wells (depths „100 m). Cl concentrations ą50 mg/L were detected in 19% of wells

surveyed in our study (n=27/145). Saline waters were typically also elevated in other

major constituents (Figure 5.3). For example, Br and Na concentrations had strong

positive correlations with Cl (r = 0.79, pă0.05 and r = 0.62, pă0.05, respectively;

Figure 5.4). Br concentrations ranged from below detection limits (ă0.02 mg/L) to

15.2 mg/L, and Na concentrations ranged from below detection limits (ă0.1 mg/L)

to 1,362 mg/L. DIC in groundwater was also positively correlated with Cl (r =

0.35, pă0.05) and concentrations ranged from 42 to 836 mg/L (Figure 5.4). Ca, Mg

and SO4 in the groundwater, however, did not show any correlation with salinity

(Figure 5.4). SO4 concentrations were relatively low in groundwater, ranging from

below detection limits up to 50 mg/L, while Ca concentrations ranged from below

detection limits up to 346 mg/L, and Mg concentrations ranged from below detection

limits up to 233 mg/L.

Some trace elements were strongly associated with the salinity of the groundwater

(Figure C.2). B and Li, specifically, had higher concentrations in the saline water. Li

concentrations ranged from below detection limits (0.1 µg/L) to 72 µg/L, and were

positively correlated to Cl (r = 0.54, pă0.05), while B concentrations ranged from

6 to 232 µg/L and correlated with Cl (r = 0.60, pă0.05; Figure C.2). Arsenic (As)

was weakly correlated with Cl (r = 0.18, pă0.05), while other trace elements, such

as Ba and Sr, were not significantly correlated with Cl (Figure C.2, Figure C.3).

Sr concentrations were relatively high in the study area and ranged from below

detection limits (ă0.1 µg/L) to 2,782 µg/L, while Ba concentrations ranged from
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below detection limits (ă0.1 µg/L) to 4.2 mg/L. Ba and Sr were both correlated with

Ca (r = 0.53, pă0.05 and r = 0.68, pă0.05, respectively; Figure C.3). These high

correlations with Ca suggest that Sr and Ba concentrations are more likely influenced

by water-rock interactions in the shallow subsurface than from the migration of a

brine.

The Br/Cl (molar) ratios in the saline water (Clą50 mg/L) ranged from very low

values around 2x10´4 to brine-type waters with Br/Clą1.5x10´3 (up to 7.8x10´3).

These ratios are similar to ranges found in saline groundwater that have been im-

pacted by deep formation brines in other regions of the Appalachian Basin (Warner

et al., 2012; Wunsch, 1992). Based on the Cl concentrations and Br/Cl ratios (Warner

et al., 2012), we divide the water samples into three major water types. The first

type (Type 1) is characterized by Clă50 mg/L and has Ca-Na-HCO3 composition

(n=118 samples) (Figure 5.3). Type 2 (n=17) has elevated salinity (Clą50 mg/L)

and is a Ca-Na-Cl type, with Br/Cl molar ratio between 1.0x10´3 and 2.5x10´3 and

high correlation between Br and Cl (r = 0.97 pă0.05). Type 3 (n=10) also has

elevated salinity (Clą50 mg/L) and is a Ca-Na-Cl type, but has a Br/Cl molar ratio

ą2.5x10´3 and a lower correlation between Br and Cl (r = 0.56; pă0.05; Figure 5.4).

In addition to the difference in Br/Cl, Type 3 had lower Na/Cl (0.99˘0.28) and B/Cl

(0.97˘5.4x10´4) ratios relative to those in Type 2 (2.68˘1.87 and 4.4˘3.5x10´3, re-

spectively) (Figure 5.4). All Type 3 groundwater samples occurred within 750 m of

a valley bottom. The majority of these Type 3 water samples were located in valley

bottom characterized by the hinge of the Burchfield syncline (Figure 5.2) (Hennen,

1912; Ryder et al., 2012).

The stable isotopes (δ18O = -5.9 to -9.2‰; δ2H = -24.1 to -55.0‰) of the shallow

groundwater in the study area primarily fall along the local meteoric water line

(LMWL = 6.6 xδ18O + 2.4) (Kendall and Coplen, 2001), with low deuterium excess

relative to the LMWL in the more saline samples (Figure C.4,Table C.1). δ7Li values
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A. 

C. 

E. 
*grey indicates 
[CH4] was not 
measured 

B. 

D. 

F. 

Figure 5.4: Bromide (A), Ca (B), Na (C), Mg (D), dissolved inorganic carbon (DIC)
(E), and SO4 (F) versus chloride (Cl) concentrations in low-Cl Type 1 water and
high-Cl Type 2 and Type 3 groundwater from the study area. Significant (pă0.05)
positive linear correlations were found for Br (r = 0.79), Na (r = 0.62), and DIC (r
= 0.35) with Cl concentrations. Type 2 and Type 3 groundwater had lower Na/Cl
ratios but no significant difference was found in the Na/Cl ratio between Type 2 and
Type 3 wells. Water types 2 and 3 had high Br/Cl (ą0.0015) ratios with a strong
linear correlation between Br and Cl (r = 0.97 and r = 0.56), but with different
Br/Cl ratios, reflecting of mixing of freshwater with different brine-like sources.

117



*grey indicates 
[CH4] was not 
measured 
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Marcellus 

Figure 5.5: Boron (A), lithium (B), and strontium (B) isotope and elemental
variations in groundwater from the study area. δ11B values in the saline water types
were high compared to the low-saline groundwater of Type 1 but lower than the
composition of Upper Devonian brines, and likely reflect contribution of deep-source
brines modified by water-rock interactions with 11B-depleted rocks. δ7Li values,
particularly in Type 2 and Type 1 waters, were mostly consistent with values found
in Upper Devonian brines, but not in the Marcellus Formation brines. The 87Sr/86Sr
rations in the groundwater samples were indistinguishable between the water types,
and were more consistent with values found in Appalachian coals (0.70975 to 0.71910)
than the Devonian age brines (Chapman et al., 2012; Vengosh, 2014).
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in groundwater from the study area ranged from 10.9‰ to 21.3‰, which are higher

than the δ7Li of Middle Devonian-age brines (6-10‰) (Phan et al., 2016; Warner

et al., 2014). The δ11B values of the groundwater were between 12.7 and 25.2‰,

which are lower relative to the δ11B of the Devonian-age brines (25-31‰) (Warner

et al., 2014).

The saline groundwater had higher δ11B values (19.9˘5.9‰) than that of the

low-saline ground water of Type 1 (16.1˘5.8‰, pă0.001), and also had lower B/Cl

ratios (pă0.001) (Figure 5.5). Theδ11B was statistically indistinguishable between

Types 1 and 2 (p= 0.75). The Li/Cl ratios were similar to B/Cl ratios, with lower

ratios in the saline water (pă0.001). However, δ7Li values were only significantly

higher in Type 2 water (mean = 19.7˘1.4‰, pă0.05) compared to both Type 1

(16.8˘5.3‰) and Type 3 (16.4˘5.2‰) water. δ7Li in groundwater of types 1 and 3

were statistically indistinguishable (p=0.83).

Sr/Ca molar ratios were lower than values typically reported in the Appalachian

brines (0.002 to 0.17) (Warner et al., 2012), with values in the saline water rang-

ing from 0.0004 to 0.022 (Figure 5.5). The 87Sr/86Sr ratios ranged from 0.71210

to 0.71333, and mean ratios were 0.71287˘0.0002 for Type 1, 0.71279˘0.0001 for

Type 2 and 0.71294˘0.0002 for Type 3 (Table 5.1). These 87Sr/86Sr ratios are more

radiogenic than typical Marcellus age brines (0.71000 to 0.71212), but still less radio-

genic than the Upper Devonian conventional produced water (0.71580 to 0.72200).

The Sr/Ca and 87Sr/86Sr ratios of the three-groundwater types were statistically

indistinguishable from each other (in spite of the differences in salinity and Sr con-

centrations).
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Table 5.1: Minor chemistry and isotope ratios of West Virginia groundwater samples.All ratios are in molar units. Blank entries
indicate no analysis for that constituent. Timeline samples are labeled alphabetically (a = pre-drill, b or c are consecutive samples
post-drill). County: DD=Doddridge, H=Harrison, R=Ritchie, T=Tyler, W=Wetzel

Sample
ID

Type Co.
Distance
to well

(m)

Cl
(mg/L)

Br/Cl

(x10´3)
Na/Cl DIC

(mg/L)
δ13C-DIC

(‰)
Ba

(mg/L)
As

(ppb)
Sr/Cl

(x10´3)
87Sr/86Sr

B/Cl

(x10´3)
δ11B
(‰)

Li/Cl

(x10´3)
δ7Li
(‰)

WV-1a 1 DD 3104 3 49 289 -16.5 0.17 6.95 31.7 86.4 10.5
WV-1b 1 DD 3104 3 48.5 278 0.31 6.27 48.5 76.1 11.3
WV-2a 1 DD 1485 1 39.1 146 0.19 28.45 56.2 47.6 9.2
WV-2b 1 DD 1485 2 26.3 143 0.19 26.76 36.3 27.6 5.4 16
WV-3a 1 DD 1951 2 41.4 253 -14.54 0.33 20.69 49.9 35.9 11.3
WV-3b 1 DD 1951 3 44.5 250 0.37 24.86 54.6 24.3 9.3
WV-4 1 DD 513 3 13.1 193 -15.74 0.69 5.67 61.3 22.6 8.2
WV-5 1 DD 513 9 2.8 167 -14.92 0.74 9.59 21.8 5.2 1.9
WV-6 1 DD 1937 1 25.8 195 -15.61 0.5 15.5 130.8 61.4 21.6
WV-7 1 DD 1944 1 4.8 42 -15.9 0.05 0.07 46 164 1.8
WV-8a 1 DD 599 3 27.3 229 -11.85 0.46 2.46 96.7 50.1 17.6
WV-8b 1 DD 599 12 20.9 504 -15.21 0.05 11.59 1.3 48.9 3.2
WV-8c 1 DD 599 3 31.1 227 0.44 1.85 73.3 36.6 12.6
WV-10a 1 DD 939 21 6.6 172 -16.93 0.25 7.45 4.5 12.2 2
WV-10b 1 DD 939 11 48 836 -15.9 0.06 6.59 4.2 51.5 6.3
WV-10c 1 DD 939 20 10 292 -18.4 0.25 8.25 4.7 0.713 12.6 2.1 18
WV-11 1 DD 488 5 13 174 -15.44 0.43 8.27 24.3 23.8 6.2
WV-11b 1 DD 488 5 7.1 145 0.41 6.25 24 14.1 4.9
WV-11c 1 DD 488 4 15.3 161 0.39 6.42 32.2 20.7 6.8
WV-12 1 DD 491 5 13.9 174 0.42 7.82 26 26.7 6.8
WV-21 1 DD 1032 23 6.5 298 -19.88 0.37 0.71 4.9 12.2 2.2
WV-22 1 DD 69 8 11.5 228 -20.17 0 1.02 31 24.1 6.3
WV-25 2 DD 51 1.8 4.2 344 -17.29 0.52 2.33 5.5 0.7126 7.2 20 1.1 18
WV-27a 1 DD 752 20 13.7 446 -14.27 0.09 0.54 1.9 16.3 1.9
WV-27b 1 DD 752 25 11.8 471 -13.3 0.13 0.63 1.6 0.713 12.4 1.4 19
WV-29a 2 DD 1420 53 1.6 0.3 374 -15.38 0.02 6.49 ă0.1 7.3 0.1
WV-29b 1 DD 1421 32 0.1 324 0.02 4.53 ă0.1 8.6 ă0.1
WV-29c 1 DD 1420 45 6.9 396 -14.9 0 3.86 0 8 0.8 20
WV-31a 1 DD 893 5 19.9 219 -15.92 0.64 0.03 47.4 44.7 11
WV-31b 1 DD 893 5 21 172 0.53 0.04 50.3 48.9 11.9
WV-32a 1 DD 1576 1 6.6 65 -19.08 0.18 0.33 47.4 67.1 8.2
WV-32b 1 DD 1576 1 6.2 62 0.14 0.25 39.1 30.6 6.1
WV-33 1 DD 542 1 40.9 319 -17.73 0.66 7.31 206.6 116 26.1
WV-36a 2 DD 757 159 1.7 6.6 619 -4.27 0.28 11.82 1.6 0.7128 3.9 26 0.9 20
WV-36b 3 DD 757 58 3.1 1 322 -8.5 0.55 13.26 3 0.7129 2.3 0.1
WV-36c 2 DD 757 696 1.9 1.3 632 0 7.73 0.3 0.7128 0.8 25 0.2 20
WV-37a 2 DD 1126 793 1.7 0.1 0.53 0 0.3 0.3 0.1
WV-37b 2 DD 1126 83 2.5 3.4 328 -17.8 0 0.35 0.4 0.7128 3.9 0.7 20
WV-38a 2 DD 1677 110 2.2 2.4 312 -14.94 0.5 3.62 1.3 3.5 23 1
WV-38b 3 DD 1677 660 3.3 1 323 -14.7 0.33 3.33 0.2 0.7128 0.7 0.2 18
WV-39a 1 DD 1085 32 6.8 378s -18.39 0.14 10.55 2.8 0.7129 6 16 0.7 15
WV-39b 1 DD 1085 32 2.9 373 -14.2 0.57 10.8 11.7 0.7129 5.8 13 1.9 15
WV-39c 1 DD 1085 42 3.2 172 0.57 7.2 8.8 4.2 1.2
WV-40a 1 DD 1351 29 5.7 338 -17.22 0.38 0.67 10.6 0.7129 9.6 17 1.7 17
WV-40b 1 DD 1351 19 ă0.1 334 0.24 0.53 16.1 14.3 2.3
WV-40c 1 DD 1351 20 7.5 340 -16.9 0.32 0.6 16.1 0.7129 14 2.4 18
WV-41a 1 DD 938 4 5 245 -18.62 0.68 1.05 72.7 16.7 18 3.8
WV-41b 1 DD 938 5 6.5 235 0.82 1.26 75.7 21.9 4.2
WV-51a 3 DD 212 347 7.6 0.4 203 -14.7 2.08 37.26 1.7 0.7128 0.5 0.2 13
WV-51b 3 DD 212 172 3.6 0.8 230 -18 0.91 41.79 2 0.7128 1 0.3
WV-52a 3 DD 61 540 3.9 1.5 448 -16.8 4.22 1.04 0.2 0.7127 1.2 20 0.2 20
WV-52b 2 DD 61 337 2.4 1.6 387 -17.1 0 2.54 0.2 0.7127 1.9 21 0.2 20
WV-53 1 DD 861 41 1.3 149 -14.3 0.38 3.16 3 0.7133 2.4 0.6 14
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WV-54 1 DD 903 31 5.9 315 -17.3 0.11 18.93 1.2 0.713 12.1 16 1 20
WV-55b 1 DD 1677 3 26.6 214 0.42 0.38 62.8 81.7 8.6
WV-55c 1 DD 1677 4 17.6 216 0.33 0.71 38.4 38.8 4
WV-56 1 DD 2133 38 3.6 240 -17.9 0.4 1.65 3.6 0.7129 8.9 14 0.8 18
WV-57 1 DD 2133 6 14.8 210 0.35 2.04 20.2 39.7 3.9
WV-58a 3 DD 2167 773 8.7 1 252 -5.3 2.74 0.62 1.4 0.7132 0.5 18 0.2 16
WV-58b 3 DD 2167 900 3.7 0.9 258 -8.7 3.39 2.3 1.2 0.7132 0.4 22 0.2
WV-59 2 DD 2133 80 2.2 4.8 480 -12.7 0.08 3.71 0.3 0.7129 7.1 19 0.4 20
WV-60b 1 DD 2165 28 5.6 282 -19.7 0.05 4.9 0.4 13 17 0.7 21
WV-60c 1 DD 2165 29 7.4 298 -21.5 0 3.71 0.4 14.7 0.7 21
WV-61 1 DD 2222 30 2.4 194 -16.4 0.57 14.62 6.8 0.7121 6.6 1 18
WV-62b 1 DD 2107 17 4.2 191 0.58 6.82 9.8 10 1.4
WV-62c 1 DD 2107 13 7.1 168 0.47 6.06 9.8 11.2 1.4
WV-63 1 DD 2088 21 3.3 199 0.68 6.77 11.7 7.1 1.6
WV-64a 3 DD 2258 383 4.2 1.2 251 -19 1.09 1.1 1.2 0.713 1.4 0.2 18
WV-64b 3 DD 2258 509 3.4 1.2 -20.4 1.98 26.21 1.6 0.713 0.9 18 0.2 18
WV-65 1 DD 1533 15 4.1 195 0.42 1.87 10.8 7.8 2
WV-66b 1 DD 495 3 5.1 128 0.08 1.1 27.7 6.1 10.3
WV-66c 1 DD 495 5 3.4 148 0.1 0.24 21.1 4.2 8

WV-
101b 2 DD 744 88 0.5 2.5 277 0.24 1.84 1.1 0.7129 2.8 0.4 21

WV-
101c 2 DD 744 80 0.2 2.6 287 -18.8 0.18 2.19 1.2 0.7129 3.5 0.4 21

WV-102 1 DD 737 8 3.8 204 0.5 3.41 18.5 10.1 2.7
WV-103 1 DD 737 11 10.8 191 0.02 6.57 ă0.1 7.4 0.2
WV-104 1 DD 1514 2 36.5 221 0.66 1.99 58.6 84.2 10.4
WV-105 1 DD 813 9 16 260 0.29 0.03 8.2 33.5 5
WV-106 1 H 1011 2 39.6 313 0.42 1.66 178.4 47.9 16.2
WV-107 1 DD 2107 3 4.9 181 0.64 0.44 209 52 11.6

WV-
108b 1 DD 755 4 14.8 221 0.17 1.22 73 35.9 9.8

WV-
108c 1 DD 723 3 24.8 246 0.21 1.11 83.9 36.8 10.7

WV-
109b 1 DD 929 4 14.6 232 0.78 0 71 33.4 10.5

WV-
109c 1 DD 929 3 30 238 0.77 0 96.7 46.8 13.9

WV-110 1 T 526 2 3.9 74 0.1 1.05 28.3 36.6 0.7
WV-111 1 T 503 3 24.5 199 0.11 7.92 26.6 50.9 3.9
WV-112 1 DD 1223 2 20.4 201 0.52 4.82 120.7 28 15.8
WV-113 1 DD 1265 8 0.9 118 0.21 0.26 5.6 2.4 7.5

WV-
116b 2 DD 5180 79 2.5 3.1 350 0.07 9.86 0.2 3.6 0.5 20

WV-
116c 2 DD 5180 73 2.1 4.4 370 -18.5 0.04 12.1 0.2 0.713 4.4 17 0.6 19

WV-117 1 DD 378 12 1.3 92 0.55 4.01 8.9 8.2 0.9
WV-300 1 DD 1658 1 47.1 279 0.31 0.12 414 280 45.3

WV-
301b 1 DD 650 28 4.7 236 -13.1 0.57 9.48 8.8 0.7128 10.3 2 14

WV-
301c 1 DD 650 48 3.2 249 -15.2 0.35 19.39 2.9 0.7128 6.7 0.9 17

WV-
302b 1 DD 516 27 2.8 177 -18.1 0.59 19.18 7.2 0.7128 4.5 1.2 14

WV-
302c 1 DD 516 2 28 169 0.47 22.83 61.1 0.7128 42.7 12.3 14

WV-
303b 1 DD 552 14 3.9 154 0.45 12.96 14.3 10.1 2.8

WV-
303c 1 DD 552 18 3 160 0.46 9.84 10.5 5 2

WV-304 1 DD 457 7 9.7 193 0.95 3.47 56.3 16.8 4.2
WV-305 1 DD 542 ă1 159.7 154 0.39 10.71 481.5 461 90.2
WV-306 1 DD 542 ă1 5.4 361 0.04 0.14 18.7 90.2 23 3.1
WV-308 1 DD 1701 1 57.6 194 0.67 0.59 393.3 107 41.2
WV-309 1 DD 1932 14 4 305 0.26 0.1 4.8 28.4 2.3
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WV-311 1 DD 1587 ă1 169.8 161 0.75 1.39 1355 576 103.9
WV-312 1 DD 1408 ă1 47.1 186 0.33 0.04 586 223 56.5
WV-313 2 DD 906 59 1.8 1.9 334 0.09 1.27 0.4 0.7127 12.6 16 0.8 20

WV-
314b 2 H 389 2366 2.2 0.3 161 -14.4 0.77 4.39 0.5 0.7129 0.2 20 0.2 19

WV-
314c 2 H 389 2232 1.8 0.9 492 -14.8 2.88 3.69 0.5 0.7129 0.2 17 0.2 19

WV-315 1 DD 2125 1 47.7 424 0.18 2.81 129.3 65.6 18.4
WV-316 1 DD 2196 9 27 483 0.01 4.69 2.3 52.1 4.7
WV-317 2 DD 2336 54 1.8 5 361 -14.8 0.02 4.92 1.2 0.7125 9.2 19 1.1 20
WV-318 1 DD 1114 1 8 56 0.04 0 30.5 40.4 3.3
WV-319 1 DD 1117 ă1 38.9 132 0.1 0.18 301.8 216 28.8
WV-320 1 DD 912 2 73.1 246 0 16.83 ă0.1 92.2 0.1
WV-321 1 DD 830 5 3.7 261 0.39 0.44 85.6 17.3 20.8
WV-322 1 DD 744 3 4.3 214 0 6.82 0.6 12.3 4.3
WV-323 1 H 1025 47 2.3 252 -16.8 0.19 0.79 9.2 0.7133 2.7 13 1.1 16

WV-
324b 1 H 964 24 2.3 188 -17.1 0.43 0.3 7.4 0.7131 3.8 1.4 15

WV-
324c 1 H 964 37 0.8 182 -19.3 0.44 0.34 4.7 1.8 0.8

WV-325 1 H 834 3 15.4 221 0.38 9.9 37.9 33.4 8.1
WV-326 1 H 467 3 10.8 0.26 0.42 68.8 32.4 5.4
WV-327 1 R 765 6 12.8 290 0.67 1.12 91.1 60.9 11.4
WV-329 1 R 925 3 18.2 239 1.13 4.85 181.7 86 15.6
WV-400 1 T 261 3 4.9 114 0.1 0.17 29.1 45.4 3.3
WV-401 1 T 874 2 62.3 287 -18.4 0.12 0.17 84.5 134 14.3
WV-412 1 DD 141 26 8.3 322 -16.2 0 0.28 ă0.1 8.3 0.1
WV-414 1 DD 912 6 22.6 246 0.21 0.43 20.9 35 5.3
WV-417 1 DD 1177 21 12.3 400 -15.2 0.24 2.45 8.9 0.7127 20.1 2.5
WV-427 1 R 615 5 22.9 337 -19.7 0.92 27.89 92.5 34 8.8
WV-428 1 R 402 7 33.8 248 -18.9 0.22 15.58 10.7 64.9 5.4
WV-429 1 DD 277 1 131.3 256 -20.6 0.1 3.5 25.1 273 25.1
WV-435 1 H 184 3 ă0.1 218 0.39 1.6 78.6 23.9 10.9
WV-501 1 W 521 5 5.8 239 0.38 2.6 21.1 52.2 4.8
WV-502 1 W 772 17 2.6 159 0.25 0.31 9.3 7.2 0.6
WV-503 3 W 675 159 3.1 0.9 145 -19.6 1.41 15.7 1.8 0.7129 0.6 0.2 16
WV-504 1 T 478 5 5.3 193 0.24 2.58 34.7 23.8 4.5
WV-505 1 DD 1806 5 38 328 -11.2 0 0.47 15.6 77 7.9
WV-511 1 H 334 2 10.9 206 0.45 0.71 98.3 34 13
WV-512 1 H 393 28 1.3 262 -19.5 0.8 3.01 11.3 2.3 0.8
WV-514 1 H 840 6 1.9 340 -17.9 0.02 0 27.5 14.4 7.9
WV-515 1 DD 1161 37 5.7 330 -21.2 0.52 1.37 7.4 0.7128 5.8 1.3 16
WV-516 1 DD 847 22 3.4 239 -21.4 0.79 8.13 14.1 0.7129 6.7 1.7 11
WV-517 1 DD 883 21 11.4 289 -18 0.09 0 1.9 0.7126 14.6 15 2.9 20
WV-519 1 DD 1397 20 1.9 224 -16.7 0.15 0 18.1 6.8 2.8
WV-602 1 R 1 113 311 0.32 10.72 99 155 33.8
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High concentrations of Ba and other trace metals were also observed in the saline

groundwater (Table 5.1). Type 3 groundwater had higher Ba (1.9˘1.3 mg/L, pă0.05)

than either Type 1 or 2, with concentrations exceeding the U.S. EPA maximum

contaminant level (MCL) of 2 mg/L in 4 out of 10 Type 3 saline waters, and 1 out

of 17 Type 2 waters. Likewise, the saline groundwater of Type 3 had distinctively

higher As concentrations (14.3˘15.7 µg/L) relative to either Type 1 (5.4˘6.7 µg/L)

or Type 2 (4.9˘3.7 µg/L) samples, but it was not statistically significantly (p=0.16),

and the MCL of 10 µg/L was exceeded in 5 of the 10 Type 3 waters and 2 out of

17 Type 2 waters. The MCL was also exceeded in 18 of the 119 low-salinity Type 1

groundwater. Overall, arsenic exceeded the MCL level of 10 µg/L in 25 well samples

(17%).

4.2 Dissolved Gas Geochemistry

CH4 concentrations in groundwater from the study area ranged from below de-

tection limits („0.01 ccSTP/L) to 36.9 ccSTP/L (Table 5.2). Similar to previous

studies in the Appalachian Basin, the upper limit is near saturation conditions for

CH4 in fresh water (saturation for CH4 is „35-40 ccSTP/L at p(CH4)= 1 atm at

10oC) (Darrah et al., 2014, 2015b,a)). Samples from this study area had C2H6 con-

centrations that ranged from below detection limits („0.0005 ccSTP/L) to 0.037

ccSTP/L, C3H8 concentrations that ranged from below detection limits („0.0005

ccSTP/L) to 6.65 x 10´4 ccSTP/L, C4H10-i concentrations that ranged from below

detection limits („0.0001 ccSTP/L) to 2.68 x 10´6 ccSTP/L, C4H10-n concentrations

that ranged from below detection limits („0.0001 ccSTP/L) to 2.24 x 10´6 ccSTP/L,

C5H12-i concentrations that ranged from below detection limits („0.0005 ccSTP/L)

to 4.65x10´7 ccSTP/L, and C5H12-n concentrations that ranged from below detection

limits („0.0005 ccSTP/L) to 4.32x10´7 ccSTP/L (Table 5.2).
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Table 5.2: Dissolved hydrocarbon gas chemistry for groundwater samples. Blank entries indicate no analysis for that constituent..
Blank entries indicate no analysis for that constituent. Blank entries indicate no analysis for that constituent. Timeline samples are
labeled alphabetically (a = pre-drill, b or c are consecutive samples post-drill).

Sample ID
[CH4]

(ccSTP/L)
[C2H6]

(ccSTP/L)
[C3H8]

(ccSTP/L)
[i-C4H10]
(ccSTP/L)

[n-C4H10]
(ccSTP/L)

[i-C5H12]
(ccSTP/L)

[n-C5H12]
(ccSTP/L)

C1/C2+ δ13C-CH4
(‰)

δ13C-C2H6
(‰)

WV-1a 0.34 2.81E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12048 -70.9
WV-1b 0.09 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-2a 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-2b 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-3a 2.74 1.96E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 14025 -93.25
WV-3b 15.33 1.22E-03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12578 -91.14 -34.2
WV-4 0.13 1.04E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12547 -70.03
WV-5 0.04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-6 0.59 3.70E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 16022 -87.56
WV-7 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -52.86
WV-8a 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -73.61
WV-8b 0.15 1.71E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 8746 -59.55
WV-8c 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -70.15
WV-10a 0.39 3.95E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 9767 -67.62
WV-10b 0.07 6.24E-06 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 11343 -64.19
WV-10c 0.23 1.85E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12146 -69.84
WV-11a 0.37 3.54E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 10550 -95.4
WV-11b 0.41 3.10E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 13065 -95.95
WV-11c 0.19 1.44E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 13145 -77.55
WV-12 0.28 2.81E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 9880 -95.4
WV-21 2.48 2.24E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 11031 -50.59
WV-22 0.97 1.69E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 5750 -35.06
WV-25 0.08 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-27a 8.81 1.54E-03 3.45E-06 b.d.l. b.d.l. b.d.l. b.d.l. 5703 -62.85 -35.6
WV-27b 7.81 1.27E-03 3.44E-05 b.d.l. b.d.l. b.d.l. b.d.l. 5985 -61.89 -36.2
WV-29a 2.39 6.01E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 3968 -69.41
WV-29b 0.92 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -66.85
WV-29c 2.36 4.75E-04 4.31E-06 b.d.l. b.d.l. b.d.l. b.d.l. 4924 -59.36
WV-31a 0.99 8.15E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12145 -57.74
WV-31b 1.35 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -53.46
WV-32a 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-32b 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -40.43
WV-33 0.37 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -95.08
WV-36a 27.99 1.42E-02 6.64E-05 b.d.l. b.d.l. b.d.l. b.d.l. 1959 -64.35 -38.6
WV-36b 29.89 1.29E-02 6.65E-04 4.21E-07 3.85E-07 b.d.l. b.d.l. 2201 -38
WV-36c 18.45 8.55E-03 1.65E-05 b.d.l. b.d.l. b.d.l. b.d.l. 2154 -66.63 -38.6
WV-37a 4.44 9.82E-04 5.24E-07 b.d.l. b.d.l. b.d.l. b.d.l. 4522 -67.36
WV-37b 5.01 1.16E-03 5.98E-05 b.d.l. b.d.l. b.d.l. b.d.l. 4114 -65.91
WV-38a 13.41 5.27E-03 4.55E-05 b.d.l. b.d.l. b.d.l. b.d.l. 2522 -65.07 -36.8
WV-38b 12.78 5.12E-03 9.56E-05 b.d.l. b.d.l. b.d.l. b.d.l. 2453 -61.2 -38.2
WV-39a 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -31.91
WV-39b 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-39c d.n.r. d.n.r. d.n.r. d.n.r. d.n.r. d.n.r. d.n.r.
WV-40a 0.58 6.58E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 8765 -63.73
WV-40b 3.15 2.87E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 10988
WV-40c 1.62 1.64E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 9896
WV-41a 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-41b 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -67.46
WV-51a 1.84 2.78E-04 1.46E-06 b.d.l. b.d.l. b.d.l. b.d.l. 6580 -82.8
WV-51b 1.37 1.84E-04 3.14E-07 b.d.l. b.d.l. b.d.l. b.d.l. 7423 -86.41
WV-52a 9.26 1.81E-03 1.36E-05 b.d.l. b.d.l. b.d.l. b.d.l. 5086 -79.65 -37
WV-52b 6.66 1.38E-03 6.21E-05 b.d.l. b.d.l. b.d.l. b.d.l. 4617 -76.9
WV-53 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -71.82
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WV-54 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -59.05
WV-55b 2.05 1.43E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 14326 -58.48
WV-55c 0.01 4.82E-07 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12956
WV-56 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-57 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -19.23
WV-58a 25.52 8.50E-03 2.01E-05 b.d.l. b.d.l. b.d.l. b.d.l. 2995 -50.69 -37.1
WV-58b 28.82 9.22E-03 4.25E-06 b.d.l. b.d.l. b.d.l. b.d.l. 3123 -47.89 -37.6
WV-59 8.45 1.41E-03 4.95E-06 b.d.l. b.d.l. b.d.l. b.d.l. 5961 -67.77
WV-60b 0.35 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -57.67
WV-60c 4.16 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -60.28
WV-61 2.28 3.48E-04 1.59E-06 b.d.l. b.d.l. b.d.l. b.d.l. 6518 -49.33 -38.8
WV-62b 1.19 9.01E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 13258 -46.26
WV-62c 0.64 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -47.31
WV-63 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-64a 2.05 4.43E-04 1.26E-06 b.d.l. b.d.l. b.d.l. b.d.l. 4612 -78.7
WV-64b 3.68 7.76E-04 7.35E-05 b.d.l. b.d.l. b.d.l. b.d.l. 4326 -73.07
WV-65 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -28.24
WV-66b 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -65.11
WV-66c 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -72.46

WV-101b 0.27 5.06E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 5365 -44.23
WV-101c 0.24 3.68E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 6524 -47.59
WV-102 0.16 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -77.31
WV-103 0.14 1.10E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12625 -74.77
WV-104 0.11 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -73.18
WV-105 5.72 3.63E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 15749 -78.45 -35
WV-106 0.04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-107 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-108b 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -50.26
WV-108c 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-109b 0.07 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -48.88
WV-109c 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-110 0.04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -57.05
WV-111 0.04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -71.44
WV-112 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-113 0.06 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-116b 0.96 3.20E-04 6.16E-06 b.d.l. b.d.l. b.d.l. b.d.l. 2932 -58.38
WV-116c 0.65 1.99E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 3257 -55.76
WV-117 0.07 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -91.36
WV-300 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-301b
WV-301c 6.66 4.92E-04 7.47E-07 b.d.l. b.d.l. b.d.l. b.d.l. 13527 -69.11
WV-302b 2.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-302c 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-303b 1.05 1.17E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 8975
WV-303c 0.24 2.52E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 9357
WV-304 2.65 2.80E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 9457
WV-305 4.37 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-306 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-308 2.24 2.33E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 9645
WV-309 2.14 2.17E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 9845
WV-311 0.04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-312 0.22 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-313 7.41 5.99E-03 2.34E-05 b.d.l. b.d.l. b.d.l. b.d.l. 1232
WV-314b 36.87 3.70E-02 1.42E-04 2.68E-06 2.24E-06 4.65E-07 4.32E-07 992 -39
WV-314c 21.46 1.95E-02 9.55E-05 5.55E-07 6.21E-07 b.d.l. b.d.l. 1097 -69.45 -38.3
WV-315 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-316 6.85 7.16E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 9568 -35.1
WV-317 9.16 9.28E-03 7.95E-05 b.d.l. b.d.l. b.d.l. b.d.l. 979
WV-318 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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WV-319 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-320 2.14 2.20E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 9752
WV-321 1.87 1.38E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 13615
WV-322 0.09 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-323 5.2 2.05E-03 5.68E-07 b.d.l. b.d.l. b.d.l. b.d.l. 2540
WV-324b 1.65 1.90E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 8714
WV-324c 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -40.38
WV-325 0.57 4.91E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 11548
WV-326 2.36 3.59E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 6579
WV-327 3.14 2.77E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 11355
WV-329 1.35 1.09E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 12355
WV-400 0.07 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -34.36
WV-401 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-412 2.6 5.07E-04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 5136 -60.93
WV-414 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -48.4
WV-417 0.29 3.26E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 8780 -65.3
WV-427 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -70.68
WV-428 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -51.72
WV-429 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -54.78
WV-435 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
WV-501 0.74 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -63.74
WV-502 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -54.28
WV-503 0.7 5.95E-05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 11727 -60.4
WV-504 0.08 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -52.95
WV-505 1.12 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -58.55
WV-511 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -58.67
WV-512 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -68.27
WV-514 0 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -61.49
WV-515 0.89 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -59.03
WV-516 1.99 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -74.17
WV-517 1.77 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -60.94
WV-519 0.19 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. -66.24
WV-602 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
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A one-way analysis of variance of all data from each water type found that ground-

water Types 2 and Type 3 (high salinity types) had significantly higher (pă0.05)

CH4 concentrations (13.4˘15 and 14.3˘15 ccSTP/L, respectively) relative to the

low salinity Type 1 (1.7˘3.2 ccSTP/L), but were not significantly different from

each other. CH4 and Cl contents were positively correlated when including all sam-

ples (r2 = 0.70, pă0.05; Figure 5.6). CH4 was also correlated with Br (r2= 0.68,

pă0.05), B (r= 0.47, pă0.05), and Li (r= 0.71, pă0.05; Figure C.5) across the whole

dataset. In the saline samples, CH4 was correlated with Cl (r=0.60, pă0.05), Br

(r=0.59, pă0.05), and Li (r= 0.67, pă0.05).

Most of the Type 1 samples had CH4 below 1.4 ccSTP/L, with a wide δ13C-CH4

range of -96‰ to -19‰ and elevated C1/C2+ ratios (mean = 10,389 45). A subset

(30 out of 145) of low-salinity groundwater samples had CH4 above 1.4 ccSTP/L,

with most of these samples having δ13C-CH4=ă-55‰. Types 2 and 3 groundwater

with elevated salinity had much higher CH4 contents on average, but had relatively

low δ13C-CH4 (mean= -63.0˘18.3‰ in Type 2 and mean= -69.0˘28.6‰ in Type 3),

an isotopic composition that is consistent with biogenic sources (Figure 5.6) (Schoell,

1983; Whiticar and Faber, 1986). Types 1, 2 and 3 samples did display significantly

heavier ethane isotope values, where sufficient ethane concentrations were available

for isotopic analysis. The mean δ13C-C2H6 were -35.87˘1.80, -38.25˘0.87, and -

37.60˘0.54‰ for Types 1, 2, and 3, respectively. These values are consistent with the

ranges observed for thermogenic gases derived from marine (e.g., shale) or terrestrial

(e.g., coal) of organic matter.

Groundwater samples from the current study display N2 (8.94 ccSTP/L to 20.50

ccSTP/L; average=12.71 ccSTP/L) and Ar (0.21 ccSTP/L to 0.41 ccSTP/L; aver-

age=0.30 ccSTP/L) concentrations that vary within 9% and 19% of air-saturated

water (ASW) values (13.9 and 0.37 ccSTP/L, respectively) on average, assuming

Henry’s Law solubility equilibration conditions at atmospheric pressure (1 atm),
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Figure 5.6: Variations of methane (CH4) (A) and ethane (C2H6) (B) concentra-
tions, δ13C-CH4 values (C) versus chloride concentrations; C1/C2+ hydrocarbon ra-
tios versus δ13C-CH4 (D); δ13C-CH4 versus δ13C-C2H6 (E); and C1/C2+ ratios versus
δ13C-C2H6 (F) in groundwater analyzed in this study. The majority of groundwa-
ter samples had δ13C-CH4 ă-55‰ and elevated C1/C2+ that can be interpreted
as biogenic. However, the positive correlations of CH4 and higher order hydrocar-
bons (C2H6) with Cl, the occurrence of higher order hydrocarbons, and the heavy
δ13C-C2H6 all suggest the coherent migration of a gas-rich, saline fluid from deeper
formations into shallow aquifers, which is consequently diluted and presumably oxi-
dized by meteoric water. Maximum CH4 concentration is constrained by the upper
level (saturation = 40 ccSTP/L at 10oC and 1 atm) for CH4, resulting in an observed
roll over as CH4 concentrations approach saturation levels for shallow groundwater.
No significant variations in the δ13C-CH4 values of the groundwater were observed
between different water types, with biogenic and thermogenic signatures found in
all three water types. The persistent presence of ethane and the values of δ13C-
C2H6 indicate a uniform background of thermogenic natural gas derived from Type
II (marine organic matter-shale) or Type III (terrestrial organic matter-coal) kero-
gen through the study area. However, water samples with more enriched δ13C-CH4

(ą-55‰) have a reduction in the total amount of hydrocarbons and high C1/C2+
in the residual hydrocarbon-phase, which could reflect post-genetic modification of
hydrocarbons by migration or oxidation.
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10oC, and „600 meters of elevation (average elevation in the study area) (Table 5.3,

Figure 5.7). In fact, the majority of samples have N2 and Ar that plot within 14%

of the temperature-dependent ASW solubility line (Figure 5.7).

In the current study, 4He concentrations ranged from near ASW values („37.49

x10´6 ccSTP/L) up to 0.357 ccSTP/L, similar to the range observed in other parts

of the Appalachian Basin (Darrah et al., 2015b,a). All of the samples displayed

3He/4He ratios that decreased from 1.021 RA (ASW values plus small contributions

from the in-growth of tritiogenic (3He; Table 5.3) to a uniformly crustal isotopic

composition of 0.0166 RA (where RA = the ratio of air=1.39x10´6) with increasing

[4He] and 4He/20Ne (Figure 5.8). Note that this trend is largely consistent with

other areas in the NAB, with the exception that the WV dataset do not show any

evidence for a subset of samples with an anomalous mantle-derived composition as

was seen in northeastern PA (Darrah et al., 2015a). The 20Ne/22Ne and 21Ne/22Ne

values ranged from 9.757 to 9.914 and 0.0276 to 0.0310, respectively. These values

are within 1.4% and 7.3% of the anticipated air-saturated water values, respectively.

The small increase in 21Ne/22Ne reflects minor contributions of nucleogenic 21Ne*,

which is significantly higher in Type 2 and Type 3 waters as compared to Type 1.

Similarly, 40Ar/36Ar and 38Ar/36Ar values ranged from 294.50 to 308.77 and 0.1781

to 0.1909, respectively. These values are within 4.5% and 1.3% of the anticipated air-

saturated water values, respectively. The small increase in 40Ar/36Ar reflects minor

contributions of radiogenic 40Ar*, which is significantly higher in Type 2 and Type

3 waters, as compared to Type 1.
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Table 5.3: Dissolved major and noble gas chemistry for groundwater samples. Blank entries indicate no analysis for that constituent..
Blank entries indicate no analysis for that constituent. Blank entries indicate no analysis for that constituent. Timeline samples are
labeled alphabetically (a = pre-drill, b or c are consecutive samples post-drill).

Sample
ID*

[N2]
(ccSTP/L)

[4He] (x10´6

ccSTP/L)
[20Ne] (x10´6

ccSTP/L)
[36Ar] (x10´6

ccSTP/L)

3He/4He
(R/Ra)

20Ne/22Ne 40Ar/36Ar 38Ar/36Ar 20Ne/36Ar
4He/CH4

(x10´6)
3H
(T.U.)

WV-1a 13 46.5 169.8 1031.4 0.984 9.801 295.1 0.1896 0.165 137.3
WV-1b 13.54 51.1 174.7 1098.1 0.961 9.811 295.7 0.1901 0.159 539.2
WV-2a 10.99 43 125.5 895.4 0.914 9.803 295.3 0.1884 0.14 7002
WV-2b 16.95 39.5 169 1234.5 1.021 9.781 295.4 0.1869 0.137 18453
WV-3a 11.7 62.1 143.6 952.5 0.842 9.79 295.6 0.1886 0.151 22.6
WV-3b 12.62 87.6 163.6 1069.1 0.851 9.772 295.4 0.1855 0.153 5.7
WV-4 10.46 47.7 146.9 936.1 0.965 9.808 295.5 0.1881 0.157 366
WV-5 13.78
WV-6 11.95 45.2 136 946.3 1.014 9.815 295.8 0.1905 0.144 76.2
WV-7 10.95 42.2 162.5 1004.4 1.006 9.785 296.4 0.1864 0.162 9894
WV-8a 16.43 61.3 361.7 1346.6 0.871 9.782 295.3 0.1891 0.269 3648 5.4
WV-8b 15.48 67.1 342.1 1341.6 0.881 9.777 295.6 0.1897 0.255 450 6.3
WV-8c 15.99 57.5 358 1376 0.861 9.796 295.1 0.1894 0.26 3672 7
WV-10a 13.03 51.5 181.7 1044.5 0.912 9.791 295.3 0.1886 0.174 133.3 6.1
WV-10b 12.68 47.7 172.7 1032 0.905 9.804 295.7 0.1887 0.167 674.3 7.7
WV-10c 12.43 41.6 183.4 1023.4 0.921 9.776 295.2 0.1876 0.179 184.8
WV-11a 14.35 81.1 183.5 1087.5 0.92 9.82 294.8 0.1857 0.169 217.3
WV-11b 14.94 61.2 180.4 1100.5 0.881 9.802 295.7 0.1857 0.164 151.1 4.7
WV-11c 14.7 70 186.7 1036.4 0.875 9.824 295.7 0.1866 0.18 368.4 7
WV-12 14.65 72.2 192.1 1118.3 0.902 9.802 295.7 0.1874 0.172 259.6
WV-21 11.56 63.4 141.2 962.8 0.946 9.791 295.7 0.1867 0.147 25.6
WV-22 10.67 63.5 135.5 974.4 0.834 9.814 295.7 0.1866 0.139 65.5
WV-25 12.64 6746 261.1 1020.3 0.045 9.863 295.4 0.1865 0.256 83284
WV-27a 11.41 6315 402.4 897.9 0.021 9.817 299 0.1866 0.448 716.7
WV-27b 9.84 5269.8 289.6 998.2 0.02 9.821 301.6 0.1896 0.29 675.1 4.7
WV-29a 10.26 8451.1 135 878.2 0.022 9.821 295.8 0.1904 0.154 3543
WV-29b 10.97 7245.7 150.7 981.2 0.042 9.764 295.6 0.1897 0.154 7904 7
WV-29c 11.02 5146.7 158.4 944.3 0.036 9.771 295.6 0.1884 0.168 2181
WV-31a 12.65 48 150.1 986.1 0.985 9.779 295.5 0.1879 0.152 48.5 5
WV-31b 14.21 79.5 153.4 1148.5 0.94 9.802 296.2 0.1896 0.134 58.7
WV-32a 13.97 82.1 147 1131.3 0.841 9.777 295.7 0.1877 0.13 5334
WV-32b 14.68 71.2 143.1 1020.5 0.831 9.795 295.3 0.1871 0.14 22631
WV-33 17.07 48 157.2 1257.2 1.006 9.792 295.4 0.1896 0.125 129.7
WV-36a 10.09 91451.7 506.5 926.3 0.021 9.827 307.4 0.189 0.547 3268
WV-36b 10.41 101214.1 568.5 831.9 0.019 9.851 306.2 0.1866 0.683 3387
WV-36c 10.78 96874.4 498.5 947.4 0.023 9.83 303.4 0.0186 0.526 5250
WV-37a 11.32 3979.7 261.1 942 0.03 9.781 297.1 0.1874 0.277 895.6
WV-37b 11.82 4026.7 234.7 963.7 0.036 9.789 296.1 0.1877 0.243 803.1 3.5
WV-38a 10.25 67154.7 438.5 868.3 0.019 9.831 299.1 0.1876 0.505 5008 3
WV-38b 12.45 54658 387.7 1074.6 0.025 9.762 298 0.1895 0.361 4276 2.5
WV-39a 14.16 868 219.4 1120.1 0.106 9.796 295.9 0.0187 0.196 242776
WV-39b 13.59 961.4 206.8 1095.9 0.104 9.802 296.1 0.1904 0.189 47129 3.5
WV-39c
WV-40a 12.05 128.1 169.2 1056.6 0.781 9.821 295.7 0.1904 0.16 222.3
WV-40b 11.87 102.1 176.5 1033.9 0.792 9.802 295.1 0.1867 0.171 32.4
WV-40c 12.02 119.7 163.6 1030.3 0.831 295.1 0.1874 0.159 73.7 5.1
WV-41a 11.99 61.2 146.1 946.8 0.871 9.777 295.7 0.189 0.154 28588
WV-41b 14.15 61.1 149.5 1148.6 0.97 9.761 296.4 0.1869 0.13 74099 4.1
WV-51a 13.87 4789.7 394.6 892.3 0.023 9.824 297.1 0.1874 0.442 2600
WV-51b 14.24 6021.4 385.5 964.4 0.02 9.831 298 0.1841 0.4 4408 4.7
WV-52a 10.72 357154.6 601.1 769.3 0.019 9.851 298.5 0.1904 0.781 38558 5.1
WV-52b 9.98 298647.5 442.7 887.6 0.018 9.871 299 0.1877 0.499 44836 6.2
WV-53 12.14 436.4 172.7 1222.4 0.084 295.6 0.1901 0.141 16543
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WV-54 10.9 102.4 132.5 961.5 0.698 295.8 0.1899 0.138 11856
WV-55b 12.15 41.7 132.4 927.1 0.874 9.781 295.7 0.1896 0.143 20.4 3.2
WV-55c 10.95 53.5 151.4 918.6 0.934 9.76 295.5 0.1897 0.165 8574
WV-56 11.62 235.4 131.4 1031.8 0.18 296 0.1898 0.127 7954
WV-57 20.5
WV-58a 12.46 214324.1 1196.8 1070.7 0.018 9.914 308.8 0.1891 1.118 8398 3.7
WV-58b 13.21 193214.7 384.1 1116.2 0.023 9.897 306.5 0.1886 0.344 6705 3
WV-59 11.57 1326.4 235.5 1007.9 0.031 9.805 297.6 0.19 0.234 157
WV-60b 14.75 127.8 153.5 927.6 0.832 9.795 295.5 0.1878 0.165 368.3
WV-60c 14.22 502.3 224.4 1156.5 0.19 9.824 296.5 0.1901 0.194 120.8
WV-61 10.41 7698.5 173 983.1 0.02 295.6 0.1875 0.176 3376
WV-62b 14.02 72.2 132.1 919.2 0.847 9.791 295.4 0.1866 0.144 60.4
WV-62c 14.52 63.4 190.2 999.6 0.92 9.804 294.6 0.1901 0.19 99.3 2
WV-63 12.14 53.5 129.9 990.3 0.861 9.78 295.3 0.1866 0.131 1776
WV-64a 14.16 7255 239.4 966.4 0.021 9.779 297.4 0.1876 0.248 3538
WV-64b 13.88 8967.7 249.5 963.6 0.031 9.761 298.4 0.1879 0.259 2439
WV-65 12.14 49.8 142.2 996.4 0.924 9.799 295.4 0.1894 0.143 4387
WV-66b 12.18 68.5 160.1 970.9 0.871 9.778 296.1 0.1904 0.165 27665
WV-66c 13.55 67.1 161.2 1099.1 0.931 9.791 295.4 0.1884 0.147 20884

WV-101b 12.14 978.6 204.6 873 0.03 9.79 297.1 0.1864 0.234 3606 5.7
WV-101c 11.97 1021.4 215.7 917.2 0.021 9.804 297 0.1843 0.235 4251 8.3
WV-102
WV-103 11.15 51.6 137.4 907.5 0.911 9.787 295 0.1893 0.151 371.7
WV-104
WV-105 11.55 59.9 124.4 905.2 0.868 295.7 0.1904 0.137 10.5
WV-106 13.49 43.5 136 1020.5 0.972 9.801 295.7 0.1864 0.133 1058
WV-107
WV-108b 14.24 79.5 182.4 1006.1 0.801 9.824 295.7 0.1876 0.181 6011
WV-108c
WV-109b 12.84 43.1 179.7 937 0.957 9.806 295.6 0.1894 0.192 605
WV-109c 12.68 46.2 176.5 968.8 0.986 9.791 295.3 0.1867 0.182 3729
WV-110 19.15 72.4 143 1326.1 0.931 9.785 295.2 0.1861 0.108 1827
WV-111 13.54 43.7 153 964.6 0.979 9.799 295.4 0.1876 0.159 1001 4.7
WV-112 12.2 80.1 136.4 1030.4 0.803 9.821 295.4 0.1881 0.132 14195 4.4
WV-113 11.9
WV-116b 12.01 815.4 249.6 932.6 0.196 9.802 296.1 0.1886 0.268 852.5 7.1
WV-116c 11.84 906.2 241.7 1089 0.163 9.79 298 0.1904 0.222 1399 2.7
WV-117 13.45
WV-300
WV-301b
WV-301c 14.01 75.1 168.7 969.5 0.751 9.81 295.1 0.189 0.174 11.3 4.7
WV-302b 12.96 103.2 192.2 1097.6 0.852 9.779 296 0.1876 0.175 51.1 3
WV-302c 12.35 63.1 171.6 1037.6 0.951 9.78 295.3 0.1869 0.165 2951
WV-303b 12.75 54.7 175.4 1053 0.965 9.795 295.7 0.1898 0.167 51.9
WV-303c 13.06 61.1 183.5 1009.3 0.981 9.776 295 0.189 0.182 259.4 5.6
WV-304 10.69 53.6 128.8 933.4 0.822 9.767 294.5 0.1866 0.138 20.2
WV-305
WV-306
WV-308 11.72 53.2 147.5 1018.6 0.93 9.821 295.6 0.1843 0.145 23.7
WV-309 12.66 68.4 138 962.1 0.831 9.804 295.6 0.1865 0.143 32
WV-311 17.24 50 132.5 1232.4 0.981 295.7 0.188 0.108 1259
WV-312 13.95 60.8 146 988 0.975 9.811 295.6 0.1878 0.148 281.7 7.2
WV-313 9.97 72156.4 269.5 900.4 0.017 9.851 301.3 0.188 0.299 9735 3.5
WV-314b 12.61 154214.6 452.4 931.4 0.019 9.821 300.1 0.189 0.486 4183 3.1
WV-314c 12.03 243142.4 406.8 923.2 0.019 9.842 299.4 0.1892 0.441 11328 4.7
WV-315 11.66 46.2 143.4 982 0.924 9.797 295.4 0.1883 0.146 1711 5.2
WV-316 10.99 56.6 141.2 962.9 0.931 295.4 0.1899 0.147 8.3 8.1
WV-317 8.94 96548.4 204.7 702.3 0.023 9.794 299.6 0.1877 0.291 10536 2.7
WV-318 12.99 39 137.6 861.5 0.826 9.757 295.3 0.1875 0.16 1258 6.5
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WV-319 11.49 60 137.9 930.8 0.964 9.764 295.4 0.1899 0.148 1764 5
WV-320 10.45 70 136 1036.6 0.921 9.8 295.6 0.1874 0.131 32.7
WV-321 10.59 42.5 138 1114.5 0.981 9.791 296.5 0.1886 0.124 22.7 7.5
WV-322 11.59 49.4 153.9 995.6 0.952 9.787 295.7 0.1877 0.155 568.3 3.5
WV-323 9.69 2154.4 163.4 825.9 0.037 9.842 295.4 0.1851 0.198 414.5
WV-324b 12.87 90.2 157.2 963.8 0.687 9.786 295.3 0.1888 0.163 54.6
WV-324c 13.24 206.2 214.5 1335.3 0.398 9.789 295.4 0.1899 0.161 7800
WV-325 11.5 55 136 976.1 0.942 9.792 294.8 0.1886 0.139 97
WV-326 11.5 53.5 161.6 946.8 0.942 9.821 295.7 0.1909 0.171 22.7
WV-327 16.69 72.7 127 1233.6 0.694 9.831 295.6 0.1879 0.103 23.1
WV-329 12.97 42.7 126 919.8 0.98 9.802 295.3 0.1881 0.137 31.6 8.4
WV-400 11.95 51.6 143.5 979.2 0.941 9.798 296.1 0.1882 0.147 767.8 6
WV-401 11.95 65.1 130 946.8 0.88 9.802 295.7 0.1879 0.137 30429 6.6
WV-412 13.84 8270 324.8 940.1 0.036 9.762 299.4 0.1874 0.345 3179 2.5
WV-414 11.98
WV-417 11.64 61.4 147 907.1 0.765 9.801 294.8 0.1894 0.162 215 7.4
WV-427 12.5 47 132 941.8 0.964 9.805 295.9 0.1899 0.14 1922
WV-428 10.15
WV-429 12.14 51.2 124.5 972.4 0.894 9.795 295.6 0.1879 0.128 5697
WV-435 11.29 49 163.4 919.8 0.962 9.797 295.7 0.1881 0.178 8999 7.5
WV-501 14.66 59.5 168.4 1221.2 0.981 9.795 295.1 0.1895 0.138 80.2 2.1
WV-502 19.65 37.5 358 1320.6 0.979 9.82 294.9 0.1905 0.271 6608
WV-503 13.7 635.8 241.2 1153.3 0.045 9.795 296.5 0.1899 0.209 911.5
WV-504 12.64 52.2 156.5 1010.6 0.964 9.79 295.4 0.1905 0.155 692 3.5
WV-505 13.75 76.4 146.5 1188.1 0.95 9.76 294.7 0.1897 0.123 68.2
WV-511 11.82 80 146.2 1216.5 0.94 9.781 296 0.1891
WV-512 13.25 145.4 189.5 1157.1 0.846 9.801 295.5 0.1895 0.164 29786 4.1
WV-514 14.15 51.1 176.4 1192.6 0.96 9.764 295 0.1865 0.148 99770 2.4
WV-515 12.96 301.5 223.2 1279.5 0.405 9.804 296.5 0.1904 0.174 339.2
WV-516 13.06 197.9 189.6 1040.6 0.345 9.805 294.6 0.1879 0.182 99.5 2.7
WV-517 14.05 59.5 179.5 1033.4 1.002 9.782 295.1 0.1876 0.174 33.7 2.5
WV-519 13.21 67.4 154.6 1082.6 0.964 9.79 296 0.188 0.143 346 1.9
WV-602

132



5.4.2 Spatial and statistical relationship between hydrogeological location and ground-
water geochemistry

Previous studies have identified valley bottoms as a areas with high occurrences of

naturally saline, hydrocarbon-rich groundwater. Eight out of ten Type 3 drinking-

water wells were located less than 750m from the same valley bottom in the northwest

corner of Doddridge County. The remaining Type 3 well (WV-503) was located in

the valley bottom of an adjacent valley in west Tyler County. Both of these valleys

intersect the Burchfield Syncline that runs through the study area. Seven of the Type

2 waters were also found within 750m of a valley bottom in northwest Doddridge

County. The remaining Type 2 wells were located between 1,016 and 8,241m distance

to a valley bottom.

The correlations of Cl (r=0.36, pă0.05) and Br/Cl (r=0.37, pă0.05) to valley

bottoms were not high, but higher Cl concentrations and Br/Cl ratios were recorded

in groundwater wells located closest to valley bottoms (Figure C.7). CH4 and C2H6

concentrations were also weakly correlated with proximity to valley bottoms (r=0.15,

pă0.05 and r=0.16, pă0.05 respectively). The C1/C2+ ratio, on the other hand, was

negatively correlated with distance to a valley bottoms (i.e. the ratio increased fur-

ther away from the valley bottom) (r=0.4, pă0.05). The N2 and 36Ar concentrations

of groundwater from this study were also negatively correlated to valley bottoms (r=

-0.13, pă0.05 and r= -0.24, pă0.05), with the lowest concentrations in groundwater

wells closest to valley bottoms (Figure C.7). The carbon stable isotopes of methane

showed no correlation with distance from valley bottoms (p=0.23). Tritium showed

no correlation with distance to a valley bottom.

The noble gases concentrations and gas ratios were also correlated with distance to

valley bottoms (Figure C.7). For example, the 4He (r = 0.33, pă0.05), the 4He/CH4

(r=0.42, pă0.05), and the 20Ne/36Ar (r=0.39, ră0.05) were all weakly, but signifi-

cantly correlated with proximity to valley bottoms so that higher values occurred in
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groundwater wells close to valley bottoms and are associated with more saline sam-

ples (Figure C.7). However, it is important to note that there is significant overlap

between distances to the Burchfield Syncline and valley bottom in the current data

set. Although the trends in 20Ne/36Ar and 36Ar could relate to gas-water interactions

in the presence of a relatively low volume of free-gas phase hydrocarbons or the mi-

gration of an exogenous hydrocarbon-phase in the valley bottom, the lack of coherent

fractionation between 20Ne/36Ar and N2/Ar suggests that phase-partitioning during

fluid migration from depth to the shallow aquifer is more likely.

5.4.3 Spatial and statistical relationship between conventional and unconventional
energy development and water quality

We did not observe any relationship between Cl and proximity of the drinking-water

wells to the nearest shale gas drilling sites for any of the water types (r= 0.04,

p=0.70; Figure 5.9). A Kruskal-Wallis test found that Cl concentrations in drinking-

water wells ă1km from a shale gas well pad were statistically indistinguishable to

values in drinking-water wells ą1 km away from a well pad (p=0.88). CH4 concen-

trations did not increase with proximity to the nearest shale gas drilling sites (r =

0.10, p=0.89; Figure 5.9), and the CH4 concentrations in wells located ă1km from

drilling were statistically indistinguishable from concentrations ą1km from drilling

(p=0.51). However, the carbon isotopes of CH4 (δ13C-CH4) had a weak correlation

with distance to a shale gas well (r=0.28, pă0.05), with significantly more negative

values of δ13C-CH4 in drinking-water wells ă1km from a well pad (mean = -66.4‰)

than those located ą1km from a well pad (mean = -59.8‰, pă0.05). Conversely,

there was no significant correlation between δ13C-C2H6 and distance to a shale-gas

well (r=0.124, p=0.73). The C1/C2+ ratio had no relationship with proximity to a

shale-gas well (p=0.38) (Figure 5.9). However, the C1/C2+ ratios were significantly

higher than either the Marcellus or other productive natural gas horizons in the
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region or groundwater wells that experienced fugitive gas contamination in north-

eastern PA or elsewhere. Additionally, mean C1/C2+ ratios in wells ă1 km were

not significantly different to the mean ratios in wells ą1 km from a shale-gas well

(p=0.60).

The only other parameter that showed a weak, but significant correlation to dis-

tance from oil and gas wells and valley bottoms was 87Sr/86Sr (r=0.32, pă0.05 and

r=0.41, pă0.05). The 87Sr/86Sr ratio increased in drinking-water wells with increas-

ing distance from a shale-gas well and from valley bottoms (Figure 5.9). Saline

groundwater wells (both Type 2 and Type 3) within 1km of a well pad had sig-

nificantly lower 87Sr/86Sr ratios than wells located ą1km from a well pad (pă0.05,

Kruskal-Wallis test). When considering all groundwater wells, there was no statis-

tically significant difference in 87Sr/86Sr ratios in wells greater than or less than 1

km from a well pad (p=0.24, Kruskal-Wallis test). No significant (p= ą0.10) corre-

lations were observed between distance from a shale-gas well and any other isotope

or noble gas parameters (e.g., δ11B, δ7Li, 13C-CH4,
4He/CH4,

36Ar, 20Ne/36Ar, and

4He). There was also no correlation observed for any parameters and number of

shale-gas wells in a 1 km radius.

It is also important to consider the legacy impact of other forms of conventional

oil and gas development on water quality in the study area. Considering there are

over 130,000 active, plugged, or abandoned conventional oil and gas wells in West

Virginia, the extensive hydrocarbon production in West Virginia over the past 100

years could be a major influence on water chemistry and contamination, especially

compared to the relatively short period („10 years) that hydraulic fracturing has

been employed in the area. Only 7 of the 105-groundwater wells sampled in this

study were located more than 1 km from a conventional (active or inactive) well.

The 36Ar were weakly, positively correlated with distance to a conventional well

(r=0.22, pă0.05), but no other parameters showed any relationship with distance to
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the nearest conventional gas well. There were no significant correlations between the

geochemical and gas parameters with the number of conventional wells within a 1

km radius. The lack of correlations suggests that conventional oil and gas wells do

not play a role in affecting the groundwater geochemistry in this study area in West

Virginia, while a previous study in Colorado has suggested stray gas contamination

associated with conventional oil and gas wells (Sherwood et al., 2016).

4.5 Pre- and postdrilling groundwater quality

The data indicate that none of the 17 Type 1 wells that were retested after the

installation of nearby shale gas wells showed any change in Cl as compared to the

Cl measured in the initial Type 1 baseline testing (slope=0.9; r=0.79; pă0.05; Fig-

ure 5.10), even in those located near shale gas drilling sites. However, some ground-

water wells with Type 2 and 3 water showed both significant increases and decreases

in Cl after drilling, which are discussed further below. CH4 contents of wells collected

after installation of nearby shale gas wells did not change for the majority of the wells

(for all 3 water types) relative to the baseline CH4 data in wells collected prior to

the shale gas drilling (slope=1.1; r=0.90; pă0.05; Figure 5.10). Likewise, the δ13C-

CH4 of water collected after hydraulic fracturing was statistically indistinguishable

to their respective values before drilling (slope=0.92, r=0.84; pă0.05; Figure 5.10).

δ13C-C2H6 was only measured before and after in four samples but the isotope ratios

all fall close to the 1:1 line between the pre and post-drilling samples.

These trends were also consistent for stable and noble gas isotopes (Figure 5.10).

Li and Sr isotopes ratios showed no changes in groundwater sampled post-drilling

(slope=0.96, r=0.89; pă0.05 and slope=0.87, r=0.84; pă0.05, respectively). Neither

the abundance of 20Ne nor CH4/
36Ar changed significantly over time either (slope

=1.1, r=0.90, pă0.05 and slope =1.1, r=0.95, pă0.05, respectively), but other noble

gas parameters did show some changes after drilling (Figure 5.10). The 4He/20Ne

(slope = 0.97, r2=0.99, pă0.05), N2 (slope =1.0, r2= 0.29, pă0.05), and 36Ar (slope
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=1.0, r2=0.28, pă0.05) also do not show significant change with time, but the vari-

ability was much higher. The 4He/20Ne is well WV-58, however, showed a dramatic

increase from 179 to 503. The 4He/CH4 ratios showed little change in the saline sam-

ples (slope=0.93, r2=0.50, pă0.05), but either a large increase (up to 2x) or large

decrease (up to 5x) in some of the freshwater samples (Figure 5.10).

In two of the saline water samples (WV-36 and WV-38), we observed a ą100%

increase in Cl following shale gas drilling and hydraulic fracturing (Table 5.1), yet no

changes were observed in the overall chemical composition for well WV-36 or in the

B, Li, and Sr isotopes ratios of the saline groundwater collected after unconventional

energy development. Groundwater in well WV-38 showed an increase in the Br/Cl

ratio from Type 2 (Br/Cl=1.9x10´3) to Type 3 (2.9 x10´3). None of the diagnostic

gas tracers (e.g., CH4,
4He, 4He/CH4,

20Ne/36Ar, 36Ar) showed any marked changes

between sampling before and after installation of shale gas wells. One exception is a

Type 1 well WV-3, which showed an increase in CH4 from 2.8 to 21.0 ccSTP/L after

hydraulic fracturing, which is above the U.S. Dept. of Interior advisory limit, and

yet did not correlate with an increase in Cl (Table 5.1) or other parameters. Despite

the increase in CH4, the δ13C-CH4 for this drinking-water well was very negative

(-93‰) and, like other gas parameters (hydrocarbon composition, noble gases) did

not change significantly through time.

5.4.4 Surface water contamination

A spill on January 3rd, 2014 at a well pad in Tyler County was characterized by high

salinity (Cl up to 18,000 mg/L), Br (278 mg/L), B (25.7 mg/L), Cr (679 µg/L), and

Sr (76 mg/L) (Table 5.4). The variations of Br/Cl=(6.8x10´3), δ11B (27‰), δ7Li

(11‰), and 87Sr/86Sr (0.70981) were consistent with the composition of Marcellus

flowback waters (Chapman et al., 2012; Warner et al., 2014). We show that all of

the downstream water collected at different dates had elevated Cl compared to the
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upstream values (2 mg/L), and high Br/Cl ratios similar to the spill waters (Fig-

ure C.8). Surface water directly adjacent to the spill site in Tyler County collected at

two dates had up to twice the upstream Cl values (14 and 21 mg/L) and Br/Cl ratios

that reflect mixing between the flowback and upstream surface water (Figure C.8).

Run-off into Big Run Creek and the surface water at the run-off point sampled in

February (more than a month after the spill) also had values that correspond to a

mixing line between the flowback and upstream creek values (Figure C.8), indicating

continued contamination of the stream from the spilled water. The δ11B and δ7Li

values in the run-off to Big Run creek were consistent with values in WV flowback

(27 and 14‰, respectively).
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Table 5.4: Water chemistry for surface water associated with the flowback spill in Tyler County and leaks from the two injection well
sites. Blank entries indicate no analysis for that constituent. Blank entries indicate no analysis for that constituent. Timeline samples
are labeled alphabetically (a = pre-drill, b or c are consecutive samples post-drill).

Sample ID
Sample

Description
Date

Sampled
Cl

(mg/L)
Br/Cl

(x10´3)
Li

(ppb)
B

(ppb)
V

(ppb)
Cr

(ppb)
As

(ppb)
Se

(ppb)
Sr

(ppb)
Mo
(ppb)

Ba
(ppb)

δ11B
(‰)

δ7Li
(‰)

87Sr/86Sr

WV
Flowback

Ziemkiewicz
and He (2015) 42683 4.8 ND 0.08 ND 1365 515

n = 13

Tyler - 1
Spill water in

Field
1/3/14 18087 6.8 14151 25737 221 679 50 282 769376 289 53119 27 11 0.7098

Tyler - 2
Spill water in

Field
1/6/14 2133 4 841 1600 16.5 51.8 3.4 20.9 55009 25.1 1837 28 14 0.7096

Tyler - 3
Pool by well

pad
1/6/14 1031 5.6 413 790 8.1 26 2.2 12.8 27067 29.9 975 27 14 0.7096

Tyler - 4 Creek at
runoff point 1/6/14 14 3.9 2.65 14.9 0.3 0.7 0.1 0.7 210 3.4 35.3 0.7111

Tyler - 5 Creek
upstream 1/6/14 2 ND 0.3 8.6 0.2 0.3 0.1 0.4 67.2 1.7 27.5

Tyler - 6 Run-off into
Creek 2/23/14 669 3.9 197 340 5.3 69.1 5.2 89 8269 ND 601 0.7098

Tyler - 7
Big Run Creek

by pad
2/23/14 21 3.7 3 19.6 0.2 0.7 0.2 0.7 267 0.1 44.7

Tyler - 8 Big Run Creek 2/23/14 6 2.7 0.5 10 0.2 0.3 0.2 0.5 74.3 ND 27.8

Tyler - 9 Middle Island
Creek 2/23/14 9 2.5 0.6 9 0.2 0.4 0.2 0.6 61 ND 27.7

Tyler - 10 Effluent from
well pad 8/29/14 918 4.5 2.2 233 4.9 14.4 3.7 7 12519 3.8 1102 0.7095

Lochgully -1 Downstream
Creek 1 9/14/13 575 2.1 11.6 0.4 2.5 ăDL ăDL ăDL 2068 ăDL 20

Lochgully -2 Downstream
Creek 2 9/14/13 367 3 33.9 24.1 1.4 ăDL ăDL ăDL 1296 ăDL

Hall - 1 Upstream 12/18/13 16 2.7 0.7 20.4 0.4 0.9 0.1 ND 302 ND 74
Hall - 2 Downstream 1 12/18/13 95 4.4 1 48.8 1 2.7 0.2 0.6 617 ND 127 0.7113
Hall - 3 Downstream 2 12/17/13 80 3.2 0.7 38.7 0.9 2.3 0.2 ND 526 ND 106 0.7113

WV-327 Groundwater
well 12/17/13 6 1.8 12.4 105 0.4 0.1 1.1 ND 1247 1.2 765

WV-329 Groundwater
well 12/17/13 3 2.7 10.1 89 ND 0.1 4.9 ND 1487 0.7 1450
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Surface water was also sampled near two disposal (i.e., injection) wells known to

accept OGW; these surface waters also showed evidence of contamination. At both

injection well sites, the oil and gas wastewater are stored in holding ponds prior

to injection. Here, we sampled streams running adjacent to the injection pad and

storage ponds, along with background surface water in the area. Two small streams

directly downstream of the injection well in Lochgully and surface holding ponds had

high Cl (mean = 470 mg/L), Sr (2 mg/L), Ba (2 mg/L), and Br/Cl (2.6x10´3), as

well as δ11B (20‰) that are consistent with the Devonian-age brine (Warner et al.,

2014). The injection well was permitted in 2002 and renewed for another five years

in 2007. The surface storage ponds were closed in 2014, after we sampled in October

2013. Likewise, surface water next to the Hall injection well site in Ritchie Co. had

elevated Cl (87 mg/L compared to an upstream of 16 mg/L) and Br/Cl (4.4x10´3)

and low Na/Cl (0.60) indicating possible contamination from the injection well site

(Figure C.8). The Hall injection well is much more recent and was first permitted in

2013.

5.5 Discussion

5.5.1 Tracing the source of the salinity and hydrocarbons in groundwater

The complex geology and tectonic history of the Northern Appalachian Basin (NAB)

has led to diverse groundwater quality in the shallow aquifers. Saline groundwater

in the NAB aquifers is relatively common and is frequently associated with the pres-

ence of hydrocarbon gases. However, findings of elevated salts and CH4 in drinking-

water wells near oil and gas development have prompted concerns about ground-

water quality impacts from unconventional exploration of the Marcellus Shale. In

some areas, stray gas from leaky, faulty, or damaged wells has been identified, but

hydrocarbon-rich saline groundwater has typically only been associated with nat-

urally occurring migration of deep formation brines (Darrah et al., 2014; Jackson
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et al., 2013; Warner et al., 2012, 2013a). The timeline data in this study show that

saline and hydrocarbon-rich groundwater was present in drinking-water wells prior to

unconventional oil and gas development in the region, and the inorganic and gas geo-

chemistry of both fresh and saline groundwater generally went unchanged in the first

three years post-development in the suite of samples evaluated in this study. These

observations suggest a natural source of hydrocarbon-rich brine mixing with shallow,

young meteoric groundwater rather than contamination from nearby unconventional

oil and gas development.

Salinity in the groundwater wells in the study area was lower (maximum Cl „

2,400 mg/L) compared to groundwater sampled in northeastern Pennsylvania (Cl

up to „4,000 mg/L); however the range of Cl concentrations was very similar to

the results of groundwater wells analyzed within the study area in a pre-existing1982

study (Shultz, 1984). Additionally, the frequency of saline water wells was consistent

with this historical data. Type 2 and Type 3 saline waters had Ca-Na-Cl composition

with Br/Clą1.5x10´3 that differ from the Type 1 fresh water with Ca-Na-HCO3

composition and is consistent with the brine compositions in Devonian-age produced

waters in the NAB (Chapman et al., 2012; Dresel and Rose, 2010; Haluszczak et al.,

2013; Warner et al., 2012). Ca-Na-Cl type water was also reported in the 1984

study, further supporting the presence of brine in groundwater prior to shale gas

development in West Virginia (Shultz, 1984). The higher Br/Cl found in Type

3, but not in Type 2 water, with ratios up to „4x10´3 are similar to the ratios

reported in Marcellus flowback water and accidental spills in northern West Virginia

(Figure 5.4) (Harkness et al., 2015a; Ziemkiewicz and He, 2015). Additionally, Type

3 waters were not present in groundwater sampled prior to shale gas development

in the study area; however, it was detected in groundwater located more than 2 km

from a shale-gas well.

Our data show that both Cl and Br/Cl ratios decrease with increasing elevation.
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Thus, the data show that saline waters with high Br/Cl ratios (mainly Type 3 waters)

are more likely to occur in valley bottoms in this study area (Figure C.7). The

relationships between salinity, brine contribution and location at the valleys have

been observed in other parts of the NAB (Llewellyn, 2014; Warner et al., 2012). The

increased fracturing in geologic formations below these features can induce higher

hydraulic permeability and promote migration of deep fluids into the shallow aquifers,

which supports natural migration of deep brines as the primary source of saline water.

Additionally, several previous studies have suggested that increased levels of saline-

rich and hydrocarbon-gas-rich fluids occur in valley bottoms assigned either based on

topography or distances to nearest stream or river (Baldassare et al., 2014; Darrah

et al., 2015b,a; Molofsky et al., 2013; Siegel et al., 2015a,b; Warner et al., 2012).

By comparison, other studies have suggested the saline and hydrocarbon gas-rich

fluids specifically occur within valley bottoms related to the eroded cores of highly

fractured anticlinal structures (Darrah et al., 2015b,a). The eroded cores of anticlines

are not commonly observed in this region of WV because of the low amplitude nature

of folding in this area.

CH4 also had a significant relationship to valleys in the region (Figure C.6, Fig-

ure C.7). Hydrocarbon gases may result from in-situ microbial or thermogenic pro-

duction, and/or the migration of hydrocarbons from an exogenous biogenic or ther-

mogenic source (Darrah et al., 2015b,a). In general, results from this study are

consistent with previously observed relationships between CH4 and elevated salinity.

The strong correlation between Cl and CH4 in groundwater, particularly for Type 2

water (r =0.76, pă0.05), suggests that elevated CH4 is mainly arriving in the shallow

groundwater along with a migrated brine (Figure 5.4). Importantly, the high CH4

(ą1 ccSTP/L) identified in groundwater wells is associated with elevated salinity,

but not with distance to shale gas wells (Figure 5.9), which appears to preclude an

anthropogenic source for both hydrocarbon gases and salts. Historical data from
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WV also shows naturally high CH4 (up to 21 ccSTP/L), and thus the values that

were observed in this study do not appear atypical for historical groundwater in the

region (White and Mathes, 2006). Similar to what was shown by Darrah et al (2014;

2015b), we find that CH4 concentrations increase with Cl content until the point of

methane saturation in groundwater. As CH4 concentrations approach the saturation

level (i.e., bubble point or CH4 partial pressure of 1atm (p(CH4)=1atm) of methane

(35-40 ccSTP/L) in groundwater at 1atm and 10oC for groundwater, there is a

noticeable roll over in the plot of CH4 versus Cl (Figure 5.6). This roll over demon-

strates how the conditions of gas saturation in water regulate the concentrations of

CH4 in groundwater.

By comparison to previous studies of the NAB, samples from this study area

have lower C2H6 concentrations (higher C1/C2+) on average and much more neg-

ative δ13C-CH4 values. Although the Type 2 and Type 3 waters display heavier

δ13C-CH4 than Type 1 on average, the more negative δ13C-CH4 signature in the

saline groundwater of Type 2 and Type 3 indicates significant biogenic contributions

of methane in all groundwater samples (Figure 5.6), which is different from the more

thermogenic-dominated (i.e., enriched in δ13C-CH4,) sources of hydrocarbon gases in

groundwater from other regions of the Appalachian Basin (Baldassare et al., 2014;

Jackson et al., 2013; Molofsky et al., 2013; Osborn et al., 2011). Nonetheless, saline

Type 3 groundwater samples showed positive linear correlations between CH4 and

δ13C-CH4 (r=0.60, pă0.05) with Cl (r= 0.67, pă0.05; Figure 5.6). Similar correla-

tions were observed in earlier studies for the northeastern part of the Appalachian

Basin, and are consistent with post-genetic fractionation during migration of CH4rich

brines to shallow aquifers (Darrah et al., 2014, 2015a).

While δ13C-CH4 ă-55‰ and elevated C1/C2+ can readily be interpreted as bio-

genic, as opposed to thermogenic in origin, the persistent presence of ethane (and

in some cases propane), elevated helium, and the presence of methane with a more
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Figure 5.7: 20Ne (A), N2 (B), and CH4 (C) versus 36Ar and CH4 versus 20Ne/36Ar
(D) in the shallow groundwater wells in the study area. All Type 1 samples have
36Ar and N2 within 14% of the temperature-dependent ASW solubility line, while the
subset of methane-rich samples showed noticeably elevated excess 20Ne. In contrast,
none of the samples in this study, collected before or after shale gas drilling showed
clear evidence for stripping or fugitive gas contamination. One noticeable difference
from previous studies is the lower 36Ar on average for the samples with elevated
CH4 concentrations in Types 2 and 3, which suggests the addition of CH4 may have
induced minor two-phase effects (gasliquid interactions) in the aquifer. Note also
the elevated 20Ne/36Ar in samples with high CH4; these values indicate significant
two-phase migration during transport to shallow aquifers.

enriched δ13C-CH4 have a less certain mode of formation (Figure 5.6). The most

confounding issue with the interpretation of a biogenic source of natural gases in

this study area is the low, but persistent presence of higher aliphatic hydrocarbons

such as ethane, propane, and in some samples trace amounts of butane and pentane.

Further, the abundance of these higher order aliphatic hydrocarbons increases with

increasing salinity and helium content, and is associated with a general increase in

δ13C-CH4 (discussed below) (Table 5.2; Figure 5.6, Figure 5.8). This trend is consis-
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tent with the presence of a mixture of thermogenic hydrocarbon gas in samples from

this area (Darrah et al., 2014, 2015b). Moreover, although there is a broad range

of δ13C-C2H6 (approximately -39 to -34‰) in groundwater from Types 1, 2, and 3,

ethane and isotopic values of δ13C-C2H6 are consistent with the expected composi-

tion of thermogenic gases derived from either marine (e.g., shale) or terrestrial (e.g.,

coal) organic matter (Faber and Stahl, 1984; Whiticar and Faber, 1986; Whiticar

et al., 1994) throughout all sample types (Figure 6E).

In order to find a consistent explanation for all of the geochemical observations, we

must first consider the series of geochemical processes that may change the molecular

and isotopic composition of natural gas. Given the persistent presence of thermogenic

natural gas, we start with the evolution of hydrocarbon stable isotopes during ther-

mal maturation. During the generation of hydrocarbon gases by the thermocatalytic

degradation of marine or terrestrial organic matter, there is an approximately linear,

temperature-dependent relationship between the δ13C values of methane, ethane,

propane, and higher aliphatic hydrocarbons (Faber and Stahl, 1984; Whiticar et al.,

1985; Whiticar and Faber, 1986; Whiticar et al., 1994). Since only stable carbon iso-

topes of methane and ethane were available in the current study, we plot δ13C-CH4

vs. δ13C-C2H6 and the temperature-dependent relationship between these param-

eters, illustrated by the green line in Figure 6E. The classic interpretation of this

plot is that samples that fall above the line represent mixing of various thermogenic

components or methane oxidation, whereas samples that fall below the line indicate

the addition of biogenic methane (Whiticar et al., 1994). Note that all of the sam-

ples fall below the line, indicating a significant mixture of biogenic methane with

an apparently ubiquitous, and in this case, relatively low proportion of natural gas

derived from a thermogenic source (Figure 6E).

Because δ13C-CH4 and δ13C-C2H6 values are expected to increase with increas-

ing thermal maturity (Faber and Stahl, 1984; Whiticar et al., 1985; Whiticar and
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Faber, 1986; Whiticar et al., 1994), decreasing δ13C-CH4 paired with the extent of

increase in C1/C2+ ratios may appear to be inconsistent with the anticipated trends

for hydrocarbon maturation. However, we suggest that one potential parsimonious

explanation may relate to a multiple stage process that progresses as follows: (1)

initially a thermogenic natural gas migrates to shallow aquifers over geological time;

(2) the range of δ13C-C2H6 can be accounted for by either a) differences in the ther-

mal maturity of natural gas that migrates to shallow aquifers over time (increasing

the δ13C-C2H6 with a progressive increase in thermal maturity); b) the migration

of multiple sources of thermogenic natural gas (e.g., shale gas plus thermogenic gas

derived from coals); or c) aerobic oxidation of hydrocarbons after introduction to

oxic/anoxic boundaries in shallow aquifers (Darrah et al., 2015a); followed by (3)

mixing with biogenic methane in the shallow subsurface following methanogenesis.

This processes would involve (1) the migration of a thermogenic natural gas with

relatively enriched values of δ13C-CH4 and δ13C-C2H6 and relatively low C1/C2+

(as compared to groundwater geochemical composition observed in this study); (2)

the C1/C2+ composition of this natural gas would increase during fluid migration,

potentially by a combination of solubility fractionation and aerobic oxidation during

migration to the shallow aquifers (producing a range of progressively enriched δ13C-

CH4 and δ13C-C2H6 and elevated C1/C2+); (3) mixing of thermogenic natural gases

from either multiple sources or natural gas from varying thermal maturities, poten-

tially followed by aerobic oxidation (both which would further increase the range of

δ13C-CH4 and δ13C-C2H6 and elevate C1/C2+); followed by (4) the introduction of

biogenic methane with depleted δ13C-CH4 (12C enriched) and elevated C1/C2+, but

without additional changes in δ13C-C2H6.

Based on the summation of data, we hypothesize that the persistent occurrence

of ethane (and in some cases propane) and the ethane with isotopic δ13C-C2H6 values

ranging from -39 to -34‰ reflect an unambiguous presence of thermogenic natural

146



gas that apparently migrated to the shallow aquifers, followed by the addition of bio-

genic methane. In combination, these coupled processes produce a distinguished geo-

chemical composition of natural gas composed of a mixture of both post-genetically

altered thermogenic natural gas and biogenic methane.

In support of this ad hoc hypothesis is the presence of highly elevated [4He],

4He/CH4, and 20Ne/36Ar (discussed further below) in the gas-rich end-member with

relatively elevated δ13C-CH4 and δ13C-C2H6. The majority of the data can be ac-

counted for by simple two component mixing between a biogenic end-member and

a thermogenic end-member that previously experienced post-genetic modification

that increased the C1/C2+ ratio without major changes in the δ13C-CH4 or δ13C-

C2H6; these conditions can be met by solubility partitioning during hydrocarbon gas

migration (depicted by the dashed red line in Figure 6D).

In addition to the natural gas, this study investigates the origin of the saline

groundwater. B and Li isotope variations in the saline groundwater reflect intensive

water-rock interactions, which is consistent with this hypothesis. Thus, we hypoth-

esize that the saline water originated from Upper Devonian brines with δ11B ą40‰

and low B/Cl (Warner et al., 2014), but was modified through extensive water-rock

interactions to form saline groundwater with lower δ11B of Type 2 and Type 3 water

(Figure 5.5). The high correlation of B/Cl with Na/Cl for Type 3 water suggests

that the B modification was induced by base-exchange reactions with the coal and

shale rocks that also compose the aquifer, with typically lower δ11B (i.e., δ11B„15‰

in desorbable B from marine clays (Spivack and Edmond, 1987). The δ7Li values

in the groundwater wells mimic the composition of the Upper Devonian produced

waters (Warner et al., 2014), which suggests lower contribution of Li from water-rock

interaction. Nonetheless, these isotopic values were higher than the δ7Li fingerprints

of the Marcellus flowback water (δ7Liă10; Figure 5.5), which is consistent with the

lack of evidence for contamination from unconventional energy development (Phan
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Figure 5.8: 3He/4He versus Cl (A), 4He/20Ne (B), CH4 (C), and δ13C-CH4 (D);
4He/CH4 versus 20Ne/36Ar (E); and 4He/20Ne versus 4He/36Ar (F) in shallow ground-
water samples in the study area. A general trend of concomitantly increasing 4He
and low 3He/4He in samples rich in Cl and CH4 suggest a source of 4He external to
the aquifer formation, likely due to an exogenous crustal/radiogenic source of natural
gas to the aquifer. These data trends clearly distinguish sample Types 2 and 3 from
Type 1 (pă0.01), but not from each other, and are consistent with the migration
of a hypothesized exogenous, two-phase fluid, potentially of thermogenic origin, to
these aquifer systems.
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et al., 2016; Warner et al., 2014).

The 87Sr/86Sr ratios in groundwater from the study area were less radiogenic than

the typical high 87Sr/86Sr measured in Upper Devonian brines (ą0.716) and slightly

higher than the 87Sr/86Sr Marcellus flowback and produced waters (0.71121˘0.0006)

and spill water reported in this study (0.70981; Table 5.4; Figure 5.5) (Chapman

et al., 2012; Warner et al., 2012). The groundwater data are also different from

the composition of Marcellus-like saline groundwater in northeastern PA reported

by Warner et al. (2012). 87Sr/86Sr ratios reported for coals from the Pittsburgh,

Allegheny and Kanawha formations in West Virginia (Vengosh et al., 2013) and

Pennsylvania (Chapman et al., 2012), as well as leaching of U.S coals (Brubaker

et al., 2013; Ruhl et al., 2014; Spivak-Birndorf et al., 2012), had a range of 0.70975 to

0.71910. Both leaching experiments of WV surface rocks and streams that discharged

from valley fills in WV found that coal-bearing rocks have 87Sr/86Sr ratio „0.7124

(Vengosh et al., 2013), which is similar to the values measured in groundwater in

this study. This similarity suggests that the deep-source of saline groundwater has

interacted with the coal units imbedded in the deep or surface geology, causing the

observed isotopic shift from the original isotope composition of the brine. Wunsch

(1992) presented a hypothesis that groundwater in the lower NAB likely migrates

along coal seams that have higher permeability than the interbedded shale layers

found through shallow aquifers in the region. This preferential flowpath would induce

intensive interaction with coal seams.

Overall, the integration of the isotope systematics of Sr, B, and Li in the inves-

tigated groundwater suggests that the saline groundwater originated from the Ap-

palachian brines, but was modified by interactions with the local coal-bearing aquifer

rocks. The difference in Br/Cl ratios of Type 2 and 3 could be related to a different

origin of the source brines. Produced waters from different geological formations in

northern Appalachia have shown large variations in Br/Cl ratios, reflecting differ-

149



ent degrees of evaporation and/or later modification by halite dissolution (Chapman

et al., 2012; Dresel and Rose, 2010; Warner et al., 2012). The long-term migration

of these presumably two different brine sources to the shallow aquifer in WV has

involved interactions with the rock formations and modification of the original com-

position. In any case, the Li and Sr isotope compositions of the saline groundwater

of Type 2 and 3 are different from those of the Marcellus brines and spill waters

collected in this study, and clearly rule out the possibility of contamination from

flowback or produced waters associated with unconventional energy development in

the area. This interpretation is further strengthened by the fact that the chemistry

of the saline groundwater prior to the shale gas drilling in the area was not modified

throughout time following shale gas drilling and hydraulic fracturing.

5.5.2 Determining transport mechanisms using noble gas geochemistry

Geochemical studies in other regions of the NAB (northeast Pennsylvania, eastern

Kentucky) identified mixing of shallow groundwater with possible deep brines with

chemistry similar to that found in the Marcellus Shale (Warner et al., 2012). The flow

paths that allow the migration from depth was attributed to a combination of deep

high hydrodynamic pressure and enhanced natural flow paths (i.e. fracture zones)

(Engelder et al., 2009). This model is particularly relevant in valleys due to increased

regional discharge to lower hydrodynamic pressure in the valleys and greater frac-

turing and thus permeability of the subsurface in valleys. The presence of naturally

occurring flow paths for fluid migration is important as it suggests there are con-

nective pathways between shallow groundwater and oil and gas bearing formations

that could allow for migration of hydraulic fracturing fluids. Noble gas studies in the

Appalachian region support the model for long-range migration of hydrocarbon-rich

brines over geological time from depth and mixing with shallow groundwater (Darrah

et al., 2015b, 2014).
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Figure 5.9: Variations of Cl (A), δ13C-CH4 (B), CH4 (C), C1/C2+ ratio (D),
87Sr/86Sr ratios (E), and 4He/CH4 (F) across the study area in relation to distance
to the nearest shale gas well (m). No statistically significant relationships were
observed between any of these geochemical tracers and distance to the nearest gas
well were observed. However, the carbon isotopes of CH4 (δ13C-CH4) and C1/C2+
ratios had weak correlations with distance to the nearest shell gas wells shale gas
well (r=0.28, pă0.05 and r=0.27, pă0.05, respectively). 87Sr/86Sr ratios were also
significantly correlated with distance to the nearest shale gas well (r=0.40, pă0.04).

The abundance of dissolved atmospheric (ASW) gases (i.e., 20Ne, 36Ar, N2) can

also help to constrain the behavior of hydrocarbon gases (Aeschbach-Hertig et al.,

2008; Gilfillan et al., 2009; Holocher et al., 2002, 2003; Solomon et al., 1992). Previous

research has shown that quantitative stripping of air-saturated water noble gases

provide evidence for fugitive gas contamination in some shallow drinking-water wells

(Darrah et al., 2014). In contrast, none of the samples in this study, collected before
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or after shale gas drilling showed evidence for stripping or fugitive gas contamination

(Figure 5.7). The most obvious deviations from ASW composition in this study

include concomitantly elevated levels of 4He, 20Ne, CH4, and C2H6, which generally

correspond to increasing salinity (Figure 5.8, Figure C.6) as was observed previously

(Darrah et al., 2014, 2015b,a).

The extent of ”bubble enrichment” or ”excess air” entrainment observed here is

common in many aquifers (Aeschbach-Hertig et al., 2008; Heaton and Vogel, 1981)

and reflects normal equilibration between the atmosphere and meteoric water during

groundwater recharge. These findings were as expected for a typical shallow aquifer

and consistent with an absence of obvious evidence for extensive gas-water interac-

tions in this dataset (i.e., stripping related to fugitive gas contamination) (Weiss,

971a,b). One noticeable difference from previous studies, is the lower 36Ar, on av-

erage, for samples with the elevated CH4 concentrations in Types 2 and 3, which

suggests the addition of CH4 may have induced minor two-phase effects (gasliquid

interactions) during transport in the aquifer (Figure 5.7).

Noble gas isotopes and 3H data also provide additional insights for the origin of

the different water types. Similar to other studies, all water types apparently reflect

contributions from relatively young meteoric water as demonstrated by the presence

of statistically indistinguishable (pă0.05) quantities of 3H (half-life „12.4 years) in

all three subsets. In general, Type 1 water samples appear to reflect relatively young

(3H-active; ă„80 years), low-CH4, and low salinity groundwater. By comparison,

both Type 2 and 3 waters contain lower 3H levels (mean 3H = 4.5 compared to 5.9

for the whole dataset), and thus indicate the likely migration of an old exogenous

fluid into, and subsequent mixing with, fresh water in shallow aquifers on undeter-

mined time scales. For these reasons, we conclude that the salinity and the majority

of the dissolved CH4 reflect the migration of a deeper, exogenous source of CH4-

rich brines into the shallow aquifers over geological time coupled with the addition
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of methanogenic methane in the shallow subsurface. This argument conflicts with

models of elevated CH4 controlled by hydrodynamic pressure (Molofsky et al., 2013;

Siegel et al., 2015a) and instead suggests that valley bottoms with higher hydraulic

permeability induced from higher fault and fracture intensity along deformational

features, which may result in preferential pathways for the migration of deep fluids

to shallow aquifers.

Important distinctions between Type 2 and 3 waters include the resolvable dif-

ferences in the 4He/CH4 and 20Ne/36Ar ratios, which suggests a longer range of fluid

transport for Type 3 waters (Figure 5.8). We interpret the noble gas differences as

the result of the migration of a deeper source for Type 3 waters relative to Type 2

waters, potentially from an organic-rich shale-like source rock. This distinction is

supported by the relatively higher Br/Cl of Type 3 groundwater, indicating a brine-

rich source. This mechanism is consistent with the other geochemical and isotope

differences observed between Type 2 and Type 3 waters. The B/Cl and Na/Cl ratios

and δ11B suggest that the Devonian brines that formed Type 3 waters had fewer

interactions with the shallow aquifer host rocks relative to Type 2 waters.

Although we do observe a general trend of concomitantly increasing 4He and

4He/20Ne and low 3He/4He in samples that are rich in Cl and CH4, we also found

significant scatter in these relationships within the current dataset (Figure 5.8, Fig-

ure C.6). These data provide an important parameter by which to differentiate Types

2 and 3 from Type 1, but do not distinguish Types 2 and 3 from each other. All Type

3 and the majority of Type 2 samples do display elevated 4He, 20Ne, and 4He/20Ne,

and low 3He/4He in samples rich in Cl and CH4, which is largely consistent with an

exogenous crustal/radiogenic source of natural gas to the aquifer (i.e., a source of He

external to the present aquifer lithologies) (Figure 5.8, Figure C.6).

By comparison to the He-rich samples, with a few exceptions, the majority of

Type 1 and a subset of Type 2 samples have air saturated water-like 3He/4He values
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that decrease with increasing 4He content, but do not decrease with increasing CH4

or Cl levels (Figure 5.8). This trend appears to reflect a variable mixture between

air-saturated water and crustal helium at moderate CH4 and Cl levels, which is

consistent with a larger component of younger, biogenic CH4.

The 4He in groundwater, reflects a combination of: (1) atmospheric inputs; (2)

in-situ production of 4He from α-decay of U-Th in the aquifer rocks; (3) the release

of 4He that previously accumulated in detrital grains; and (4) the flux from exoge-

nous sources (Solomon et al., 1996; Zhou and Ballentine, 2006). The proportion of

4He from atmospheric inputs can be readily estimated from the abundance of other

air-saturated water gases and the in situ production from α-decay can be determined

by measuring the U and Th of aquifer rocks (Table 5.3). The steady-state produc-

tion and accumulation for 4He in aquifer minerals (dominated by quartz and clay

grains) was estimated as ă2.94x10´9 ccSTP/L of water/yr. Additionally, we esti-

mate that maximum release of radiogenic helium into aquifer waters that previously

accumulated in crustal minerals over geologic time by conducting step-wise heating

experiments on aquifers minerals to be on the order of „0.71x10´6 ccSTP/L/yr.

Based on these estimates, we find that the 4He that we observed (up to 0.36

ccSTP/L) in the CH4-rich and high salinity samples greatly exceeds the viable com-

bined concentrations from 4HeASW , the maximum 4Hein´situ production, and the ex-

pected release from 4He that previously accumulated in aquifers minerals, unless we

assume a groundwater age of greater than 1.4 million years. Because of the consistent

presence of 3H (with a half-life of 12.3 years) observed in groundwater from this study

(2.48 to 8.48 3H units overall and 3.67 to 5.11 in Type 3 waters), in combination with

water isotopes that are consistent with the post-glacial (post-Pleistocene) local mete-

oric water line (Figure C.4), we suggest that these groundwater samples represent a

mixture between young meteoric water and an exogenous source of hydrocarbon-rich

diluted brines in the shallow subsurface. We conclude that Type 3 waters unambigu-
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ously require an exogenous source of 4He that mixes with relatively fresh meteoric

water, while Type 2 waters likely reflect a mixture of both components. Clearly, on

average the majority of Type 1 samples appear to reflect shallow, relatively young

meteoric water with some exceptions that have higher 4He and lower 3He/4He.

In addition to 4He, other noble gas data are consistent with the hypothesized

migration of an exogenous fluid. In others parts of the Appalachian Basin, we previ-

ously interpreted strong correlations between ratios of thermogenic to air-saturated

water gases to each other and to increasing salt content as variable additions of a ther-

mogenic hydrocarbon gas-rich brine (dominated by CH4 with minor C2H6 and other

crustal components such as 4He) to 3H-active, and hence, relatively recent meteoric

water (dominated by ASW components such as N2 and 36Ar) in shallow groundwater

conditions (Darrah et al., 2014, 2015a). Although the collection of geochemical data

likely indicates a different origin for these gases in this study area (i.e., coal beds or

a lower thermal maturity shale gas), in combination, the data suggests the coherent

migration of hydrocarbon gases, salts, and radiogenic helium from deeper exogenous

sources.

5.5.3 Surface water impacts due to release of wastewater

The clear evidence for surface water contamination at two injection well sites and

from the flowback spill in Tyler County, provide the basis for a geochemical con-

taminated fingerprint that can be compared to the groundwater geochemistry in the

study area. The flowback spill water was associated with high salinity, high Br/Cl

ratios and isotope ratios that were similar to Marcellus flowback values reported in

previous studies (Chapman et al., 2012; Warner et al., 2014). The spill water was

also characterized by relatively high δ11B (ą27‰) and low δ7Li (ă15‰) values that

are similar to the values found in Marcellus flowback and are distinct from the Upper

Devonian produced waters from conventional oil and gas wells (Table 5.4). Water
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samples collected 1.5 and 8 months after the spill show a continued release of flow-

back water to the environment, with pools of water showing elevated salinity, Br/Cl

ratios and Marcellus-like isotope signatures (Table 5.4). At 1.5 months after the spill,

flowback-like water with elevated salinity, Li, B, Ba, Sr, and other metals was found

still running off into Big Run Creek and downstream of the spill site in Big Run

Creek (Table 5.4. These samples had elevated concentrations of various inorganic

components compared to the upstream values, although the absolute concentrations

levels were below any ecological or drinking water standards.

The δ11B values of the spill water from the Lochgully injection well sites were

„20‰, which could reflect mixing of flowback water with surface water, or that

the OGW released from the storage ponds at the Lochgully site could be a mixture

of both Upper Devonian produced waters and Marcellus flowback. The streams

running through the Lochgully site connect downstream to Wolf Creek, which is

a major drinking water source in the area. Other than elevated Ba and Sr, no

other trace elements contamination was found in the two small streams. The surface

water adjacent to the Hall injection well had elevated Cl, Br, Na, B, Sr and Ba

compared to the background surface water (Table 5.4), which indicates possible

contamination from the OGW spills downstream from the injection well. These

samples were collected during the winter and there could be seasonal variations in

the contribution of OGW to the environment.

Overall, the surface water chemistry at these spill sites is consistent with the

composition of the Marcellus flowback, providing a strong evidence for contamina-

tion due to disposal and storage of hydraulic fracturing fluids in West Virginia. The

δ7Li values of the leaking flowback fluid at the Tyler County site were lower com-

pared to the regional saline groundwater in this study, while the δ11B values were

higher. This suggests that the B and Li isotope values in water contaminated from

unconventional activities should be distinct from naturally occurring brine saliniza-
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tion. These findings further support the conclusions from the time series data that

the saline groundwater found in the study site is not a result of releases of OGW

from unconventional oil and gas drilling activity in the area.

5.6 Conclusions

Similar to other areas in the Appalachian Basin, the occurrence of CH4-rich, saline

groundwater in shallow aquifers was found to be a widespread phenomenon and likely

a result of natural migration of deep brine- and natural gas-rich fluids combined with

shallow water-rock interactions. This three-year study has monitored the geochemi-

cal variations of drinking-water wells before and after the installation of nearby shale

gas wells, and provides a clear indication for the lack of groundwater contamination

and subsurface impact from shale-gas drilling and hydraulic fracturing with the tem-

poral resolution offered by the study. Saline groundwater was ubiquitous throughout

the study area before and after shale gas development, and the groundwater geo-

chemistry in this study was consistent with historical data reported in the 1980s.

We observed significant relationships of Cl and Br/Cl ratios with tectonic and to-

pographic structures, but not with distance to shale gas wells. The variations of B,

Li, and Sr isotopes ratios in the groundwater samples were not consistent with the

signature of hydraulic fracturing fluids, but rather reflect upflow of Devonian-age

brines that have migrated to the shallow aquifers and were modified by water-rock

interactions.

Additional evidence comes from the relative distributions of hydrocarbon gases

and air-saturated water gases. Unlike previous studies that have identified fugitive

gas contamination in groundwater near shale gas wells in the northeastern part of

the Appalachian Basin, we did not observe significant deviations of CH4/
36Ar (gas

to water ratio) or 4He/20Ne (thermogenic to air-saturated water ratio) relative to Cl

concentration (Figure 5.10). While we did observe a subset of samples with elevated
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Figure 5.10: Relationships between Cl (A), CH4 (B), C2H6 and heavier aliphatic
hydrocarbons (C), δ7Li (D), 87Sr/86Sr (E), δ13C-CH4 (F), 4He/20Ne (G), CH4/

36Ar
(H), and 4He/CH4 (I) in shallow groundwater wells before and after shale gas drilling
and hydraulic fracturing in the study area. Dash lines represent a 1:1 line, indication
no change in time. All of these geochemical tracers showed no changes in groundwater
sampled post-shale gas development as compared to baseline values, indicating no
impact from shale gas development.

CH4 at low Cl concentrations, these samples all had very low δ13C-CH4, which is

consistent with microbial CH4 and display near air-saturated water levels of 4He

(Darrah et al., 2015a). The occurrence of ethane and propane and the carbon isotope

ratios of ethane indicate that thermogenic gas contributes to the overall mixture of

natural gas in the shallow aquifers of WV. However, groundwater from this study

area is dominated by biogenic CH4. Importantly, it appears that both biogenic and

migrated thermogenic gases in the shallow groundwater are unrelated to shale gas

development.

The abundance of dissolved air-saturated water parameters and 4He, further sup-

port this interpretation. With the exception of four samples that have significant
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excess air (denoted by highly elevated 36Ar), the only notable deviations from nor-

mal Henrys Law equilibrium values are the significant excesses of 4He and 20Ne in

CH4- and the salt-rich groundwater samples noted above. Both of these compo-

nents are likely enriched in these aquifers by the migration of exogenous CH4- and

salt-rich fluids, and potentially altered by minor gas-water interactions in aquifer

systems. Importantly, we did observe lower abundances of 36Ar and N2, on average,

in samples with higher CH4 and Cl content, and thus we do not observe any evidence

for quantitative stripping of air-saturated water noble gases. Additionally, because

the N2/Ar does not fractionation coherently with 20Ne/36Ar, we conclude that the

phase-partitioning that enriches 4He and 20Ne likely reflects migration of natural gas

derived from an exogenous source. These data also suggest that gas-water interac-

tions occur at exceedingly lower volumes of gas with respect to water, which further

supports our observation for the lack of fugitive gas contamination in the current

study area.

Trace metals, such as As, that are associated with potential health impacts also

showed no correlation with proximity to shale gas activities. Arsenic concentrations

exceeding national drinking water standards were detected also in wells tested before

shale gas development. Wells containing higher As concentrations were generally

located in two regions of the study area, and occurred in all 3 types of water, which

points to natural (i.e., geogenic) sources of arsenic in the aquifer. This observation

is important for evaluating possible contamination processes because some previous

studies have associated elevated As with contamination from hydraulic fracturing

activities (Fontenot et al., 2013). Our data rules this out for this study area.

It is clear from this and previous studies that risks to water resources from shale

gas development vary within and between basins. Stray gas contamination has been

identified in northeastern Pennsylvania and Texas (Darrah et al., 2014; Jackson et al.,

2013), but not in northeastern West Virginia (this study) or Arkansas (Warner et al.,
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2013a). However, surface water impacts from spills and accidental release do seem

to occur in all areas with hydraulic fracturing such as Pennsylvania (Vengosh et al.,

2014) and North Dakota (Lauer et al., 2016). The integrated geochemical data

presented herein rule out stray gas or brine contamination from shale gas development

in this study area. In contrast, we observed surface water contamination at three sites

that originated directly from surface spills associated with unconventional oil and gas

activities. The chemistry of the spill water was identical to the composition of the

Marcellus flowback and/or produced waters. These results clearly demonstrate the

advantage of integrated geochemical tools for delineating the environmental effects

of energy development, in addition to geospatial analysis. The study also shows that

surface processes like spills have immediate effects, while groundwater quality is not

impacted, even in a time scale of three years conducted in this study. Future studies

should adapt these and similar geochemical tools to evaluate the long-term effects

of intensive shale gas development in the NAB and other basins, and address the

potential for groundwater contamination over longer periods of time.
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6

Evidence for Coal Ash Ponds Leaking in the
Southeastern United States

Reprinted with permission from Environmental Science & Technology, 2015, 50 (12),

pp. 6583-6592. Copyright 2016 American Chemical Society. (Supplemental Material

in Appendix D)

6.1 Introduction

The United States annually generates about 110 million tons of coal combustion

residuals (CCRs) (USEPA, 2015b), which include fly ash, bottom ash, boiler slag, and

flue gas desulfurization (FGD) byproducts (USEPA, 2015b; Punshon et al., 2003).

About 56% of CCRs are deposited in surface impoundments and landfills (USEPA,

2015b). Recent CCR spills from the Tennessee Valley Authority (TVA) in Kingston,

TN (Deonarine et al., 2013; Liu et al., 2013; Ruhl et al., 2009, 2010) and Duke Energy

in Eden, NC (Lemly, 2015; Yang et al., 2015) combined with findings of contaminants

in effluents discharged from coal ash ponds (Alberts et al., 1985; Dreesen et al.,

1977; Ruhl et al., 2012), have increased public awareness of the environmental and

human health risks of CCR storage and disposal. National regulations by the U.S.
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Environmental Protection Agency (USEPA) permit the discharge of CCR effluents

through outfalls regulated by the National Pollutant Discharge Elimination System

(NPDES), but the leaking of unlined ponds is prohibited (USEPA, 2015b).

The EPA CCR Management Rule has documented reports of 40 confirmed and

113 potential damage cases due to storage and disposal of CCRs (USEPA, 2015b).

A total of 60% of the damage cases are groundwater or surface water contamination

due to the leaking of surface impoundments.1 Many of these cases report concen-

trations of As, Se, and B, among others, that exceed EPA standards for drinking

water, aquatic-life exposure, and health advisory standards (USEPA, 2015b). In the

scientific literature, seeping of coal ash pond water to surface water and groundwater

has been documented over the last 30 years. Meyer et al. (1979) found that seepages

from a coal ash pond in Indiana Dunes National Lakeshore, IN raised groundwater

levels 10 to 15 feet (Meyer and Tucci, 1979). Coutant et al. (1978) reported iron-

and sulfate-rich seepages from the TVA Bull Run Steam Plant that were enriched

even compared to the main pond overflow control releases (Coutant et al., 1978),

and Brodie et al. (1989) reported iron- and manganese-rich seepages as the TVA

Widows Creek, Kingston, and Colbert steam plants (Brodie et al., 1989). However,

there are no studies that assess systematic leaking from ponds at a regional scale.

CCR effluents are enriched in a large number of elements, many of which are

toxic (Alberts et al., 1985; Brubaker et al., 2013; Dreesen et al., 1977; Chapelle,

1980; Izquierdo and Querol, 2012; Ruhl et al., 2012; Theis and Richter, 1979). An

extensive literature review of the leaching behavior of elements from coal ash by

Izquierdo et al. (2012) identified oxyanionic-forming species (i.e., As, B, Cr, Mo,

Sb, Se, and V) as highly leachable from coal ash and controlled by pH and Ca/SO4

ratios in the coal ash (Izquierdo and Querol, 2012). Ruhl et al. (2012) identified

enrichment of these oxyanion species, along with Ca, Mg, Sr, Li, F, Cl, Br, SO4,

and Tl in effluents discharging from coal ash ponds to lakes in North Carolina (Ruhl
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Figure 6.1: Locations of coal ash ponds in the southeastern United States (blue
triangles) (SACE, 2017). Most sites have multiple ash ponds that are indicated by a
single triangle. Red stars mark sites that were assessed for leaking to surface water,
and the orange stars mark sites assessed for migration of impacted water to shallow
(ă30 m) groundwater.

et al., 2012). The presense of these elements can be indicative of CCR-impacted

water; however, studies have shown that certain elements (i.e., SO4, As, and Se)

can be differentially leached from CCRs or modified by redox and acidity conditions,

making them poor tracers for delineating CCR-impacted water in the environment

(Schwartz et al., 2016; Theis and Wirth, 1977; Wang et al., 2009). Isotopic systems,

however, have been identified as superior tracers of CCR-water interactions and the

mixing of CCR-impacted water with natural waters (Davidson and Bassett, 1993;

Ruhl et al., 2014).

B, Sr, Li, and Mo isotopes have been suggested as potential tracers to delineate
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coal and CCR impacts in the environment (Buszka et al., 2007; Chappaz et al.,

2012; Harkness et al., 2015b; Ruhl et al., 2014; Williams and Hervig, 2004). Previous

studies have found that coals and coal ash leachates have distinctive B and Sr isotope

ratios (Brubaker et al., 2013; Davidson and Bassett, 1993; Ruhl et al., 2014; Spivak-

Birndorf et al., 2012) and the mobilization of both B and Sr from CCRs does not

induce isotope fractionation; thus, the B and Sr isotopic ratios of impacted water will

reflect the CCR composition (Ruhl et al., 2014). Although B and Sr mobilization

from CCRs is pH-dependent (Ruhl et al., 2014) and may have different leaching

kinetics (Brodie et al., 1989; Theis and Wirth, 1977), they are highly soluble in

water and not affected by redox processes. Davidson and Bassett (1993) measured

δ11B values ranging from -19.2 to +15.8‰ in four fly ash samples and emphasized

the increased sensitivity of isotopic tracers relative to using elemental concentrations

alone (Davidson and Bassett, 1993). Brubaker et al. (2013) and Spivak-Birndorft et

al. (2012) reported elevated Sr concentrations and distinctively high 87Sr/86Sr ratios

(0.7107 to 0.7150) in leachates from different types of CCRs, compared to average

crustal rocks and soils (Brubaker et al., 2013; Spivak-Birndorf et al., 2012) Ruhl et

al. (2014) examined the 87Sr/86Sr and δ11B values of CCRs from 14 plants covering

three coal basins in the United States and found ranges consistent with those from

the previous studies (-17.6 to +6.3 ‰ and 0.70975 to 0.71251, respectively) (Ruhl

et al., 2014). However, the addition of Sr-rich lime (CaO) or CaCO3 as part of the

desulfurization (FGD) process can modify the Sr isotope ratios of the original coals,

resulting in lower 87Sr/86Sr ratios in CCRs. In addition, blending coal from different

sources could generate CCRs with different compositions (Ruhl et al., 2012, 2014).

B and Sr have also been tested as tracers of CCR-impacted water in field studies.

Ruhl et al. (2014) found that boron isotopes were reliable tracers for detecting the

CCR impact from the TVA Kingston spill, as well as effluents discharged from ash

ponds in North Carolina and Tennessee (Ruhl et al., 2014). In contrast, 87Sr/86Sr
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ratios of background water were similar to those of CCRs in some cases (Ruhl et al.,

2014). As a result, the use of 87Sr/86Sr ratios as a tracer is site-dependent, high-

lighting the value of using a two-isotope system. Similar results for groundwater

impacted by CCRs were obtained by Buska et al. (2004), with high B (15 700 to

24 000 µg/L) and distinct δ11B values (0.1 to 6.6‰) relative to other anthropogenic

impacts (i.e., municipal wastewater) in four samples (Buszka et al., 2007). It should

be noted that the B and Sr isotope ratios in groundwater can be affected by water-

rock interactions, and the original isotopic signatures of the contaminations source

can be modified to reflect the composition of the host aquifer rocks, particularly in

clay-rich media (Vengosh, 2014; Vengosh et al., 2013).

Here, we integrated the geochemistry of dissolved inorganic constituents and iso-

topic (δ11B and 87Sr/86Sr) tracers to identify CCR-impacted water in seeps and

surface water near coal ash ponds at seven sites, as well as the migration of impacted

water to shallow groundwater monitoring wells at 15 sites (Figure 6.1). We hypoth-

esize that the combined B and Sr elemental and isotopic fingerprints of CCRs can

be distinguished from background water, as well as other potential sources, and can

be used as proxies to delineate migration of CCR contaminants into adjacent sur-

face water and groundwater. We also hypothesize that high concentrations of other

dissolved inorganic trace elements (e.g., As and Se) will also be present in waters

that have been impacted, yet their concentrations would vary with environmental

conditions. We therefore distinguish impacted water with geochemical indicators for

CCRs but without elevated concentrations of other constituents from contaminated

water that has both geochemical indicators for CCR migration and concentrations

of dissolved metals or metalloids that exceed national drinking water or ecological

exposure standards. Given the large numbers of coal ash ponds across the country,

this study aims to implement new tools to evaluate the potential leaking of unlined

CCR impoundments in the United States.
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6.2 Material and Methods

6.2.1 Site Selection and Sample Collection

This study is based on (1) new data generated from sampling campaigns in Tennesee,

Georgia, Virginia, and Kentucky, and (2) archived groundwater data reported by the

North Carolina Department of Environmental Quality (NC-DEQ) (NCDEQ, 2015).

A total of 39 surface water and seep samples were collected during the summer

and fall of 2015 at the TVA Cumberland (site TN1) and Gallatin (TN2) plants in

Tennessee, the TVA Shawnee plant in Kentucky (KY1), the Georgia Power Arkwright

(GA1) and Branch (GA2) plants in Georgia, and the Dominion Chesterfield (VA1)

and Bremo (VA2) plants in Virginia. Sample sites were selected on the basis of access,

and no a priori knowledge of contamination due to leaking or accidental releases was

available. All sites contain coal ash storage impoundments that are unlined (SACE,

2017). TN2 was the only site at which we were allowed access to the monitoring wells

by the utility, and shallow groundwater samples from nine monitoring wells (TNMW)

were collected in July and September 2015 (Table 6.1). Water chemistry data for

156 shallow groundwater monitoring wells located near coal ash ponds at 14 coal-

fired power plants in NC was obtained from the NCDEQ database for groundwater

samples collected and analyzed between 2010 and 2015 (NCDEQ, 2015).32 To the

best of our knowledge, this data set encompasses all monitoring wells at all coal ash

ponds in North Carolina, although not all wells were reported at every time point.

Maps and descriptions of samples are available in Appendix D.

Background water values were determined on the basis of several different sources.

At sites TN1, TN2, GA2, VA2, and KY1, upstream water or seeps or small streams

away from the ponds were sampled to establish the baseline water quality onsite and

are labeled in the maps in the Supporting Information.

Concentrations in reference samples from GA2 and VA2 were provided from pre-
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Table 6.1: Descriptions of shallow groundwater monitoring wells sampled at the
Gallatin site.

Sample ID Description Date Geology Depth (m)
NRS-20 NRS shallow July-7-2015 Alluvium 16.43
MW-22 Background July-7-2015 Alluvium 15.76

NRS-19R NRS shallow July-7-2015 Alluvium 16.4
MW-22 Active ash pond Sept-10-15 Alluvium 14.94
MW-17 Active ash pond Sept-10-15 Alluvium 13.41
MW-23 Active ash pond Sept-10-15 Alluvium 13.53
MW-24 Active ash pond Sept-10-15 Alluvium 9.14
MW-25 Background Sept-10-15 Fractured bedrock NA
NRS-26 NRS deep Sept-10-15 Fractured bedrock 32.28

vious testing but were not analyzed directly in this study. Background wells desig-

nated by the utility were included in the shallow groundwater monitoring wells at

some sites, including those directly sampled in this study and reported on the NC-

DEQ web site. In addition, values for background surface water and groundwater

were obtained from previously published studies and unpublished data sets to estab-

lished regional baseline values (Butterwick et al., 1989; Merola, 2009; Ruhl et al.,

2010, 2012, 2014; Vinson et al., 2009).

6.2.2 Chemical and Isotope Analysis

A total of 48 samples were collected from seven sites and analyzed for major and

trace elements as well as boron and strontium isotopes (δ11B and 87Sr/86Sr) at Duke

University. All data collected as part of the study are presented here, and no sites or

individual samples were omitted. Chloride and sulfate anions were measured by ion

chromatography on a Dionex IC DX-2100, major cations by direct current plasma

optical emission spectrometry (DCP-OES), and trace elements by VG PlasmaQuad-

3 inductively coupled plasma mass spectrometer (ICP-MS). The DCP and ICP-MS

instruments were calibrated to the National Institute of Standards and Technology
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1643e standard, which was used at varying concentrations before, after, and through-

out sample runs. Internal standards of In, Th, and Bi were spiked into all samples

prior to measurement on the ICP-MS. The detection limit of the ICP-MS of each

element was determined by dividing three times the standard deviation of repeated

blank measurements by the slope of the external standard (Ruhl et al., 2012).

Strontium and boron isotopes were analyzed by thermal ionization mass spec-

trometry (TIMS) on a ThermoFisher Triton at the Duke University TIMS lab.

11B/10B ratios were measured as BO2 - ions in negative mode, normalized to NIST

NBS SRM-951 (Dwyer and Vengosh, 2008), and presented in δ11B notation following

an oxidation step using 10% Optima hydrogen peroxide to remove organic interfer-

ences. Long-term replicate measurements (n = 60) of the NBS SRM-951 standard

yielded a precision of 0.6‰. Strontium from water samples was pre-concentrated by

evaporation in HEPA filtered clean hood and redigested in 0.6 mL of 3.5N Optima

HNO3 from which strontium was separated using Eichrom Sr-specific ion-exchange

resin. The 87Sr/86Sr ratios were collected in positive mode on the TIMS, and external

reproducibility was comparable to standard NIST987 (0.710265˘0.000006).

6.2.3 Statistical Analysis

All concentrations are reported to the instrumental precision of ˘0.1 mg/L for major

elements and ˘0.1 µg/L for trace elements. B isotopes are measured to the tenth

place (˘0.1), and Sr isotope ratios are measured to the fifth decimal place (˘0.00001).

All statistical analyses (Pearson correlations, analysis of variance, and ANOVA) were

done using R v3.2.0 (The R Foundation). All inorganic chemical data were log-

transformed to normalize the data except the B and Sr isotope ratios and pH, which

were normally distributed. Any sample that was measured as a 0 or non-detect

was assigned a value that was 1 /3 of the detection limit to prevent loss of data

during the log-transformation. All correlations are reported as the Pearson product-
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Figure 6.2: Boxplots of B and Sr concentrations and their isotope ratios in samples
collected from all seven sites assessed for leaking to surface waters, including back-
ground surface water (n = 6), Gallatin (TN2; n = 6), Cumberland (TN1; n = 9),
Branch (GA2; n = 10), Bremo (VA2; n = 3), Chesterfield (VA1; n = 2), Arkwright
(GA1; n = 2), and Shawnee (KY1; n = 2). Background concentrations and ratios
are highlighted in blue and signified by the blue dotted lines. The range of B and Sr
isotope values reported for CCR leachates in previous studies are included, labeled
as CCR, and signified by the black dotted lines (Brubaker et al., 2013; Davidson and
Bassett, 1993; Ruhl et al., 2014; Spivak-Birndorf et al., 2012; Williams and Hervig,
2004).

moment correlation coefficient, Pearsons r. An r value of 0 indicates no correlation,

+1 is a total positive correlation, and -1 is a total negative correlation. A p value

less than 0.05 indicates a slope that is significantly distinct from the 0 slope at a

95% confidence limit. One-way ANOVA was used to determine if the mean values

between different water types (seeps and surface water or tested and background)

were statistically different at a 95% confidence limit (pă0.05).
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6.3 Results and Discussion

Background Characterization of Surface Water and Seeps. B concentrations ranged

from 26.0 to 85.6 µg/L in background samples, and Sr concentrations ranged from

25.2 to 152.9 µg/L. Ruhl et al. (2012) reported B concentrations from 5.8 to 26.7

˘g/L in the Clinch and Emory rivers upstream of the Kingston spill in Tennessee,

Sr concentrations of 21 to 122.8 µg/L in Tennessee rivers, and 16 to 153.8 µg/L in

North Carolina rivers (Ruhl et al., 2010, 2012, 2014). A 5-year USGS study reported

a B range of 1 to 66 µg/L in 68 surface waters from Tennessee and 6 to 120 µg/L

in 91 surface waters from the southeast United States (Butterwick et al., 1989). On

the basis of these values, we established B and Sr concentrations threshold values for

background surface waters of 100 and 150 µg/L, respectively.

Table 6.2: Boron, strontium and their isotope ratios for all surface samples from the
seven sites and shallow groundwater at TN2. Concentrations in background samples
are shown in bold for each site. Concentrations below the instrumental detection
limit are denoted by n.d. Empty entries indicated no analysis for that sample.

Sample ID B (mg/L) δ11B (‰) Sr (mg/L) 87Sr/86Sr
TN1-BG-1 51.1 15.9 152.9 0.70855
TN1-Seep-1 40621 14.8 1521.6 0.71199
TN1-Seep-2 12867 30.0 520.2 0.71013
TN1-Seep-3 4315.0 7.6 1129.4 0.70856
TN1-SW-1 139.4 157.1
TN1-SW-2 100.0 16.3 157.4 0.70876
TN1-SW-3 117.0 16.0 158.5 0.70870

TN1-Lagoon-1 3310.2 16.4 636.8 0.70957
TN1-Lagoon-2 3162.3 15.7 625. 0.70960
TN1-NPDES 26.5 129.5 0.70970
VA2-BG-1 85.6 0.4 139.4 0.71077
VA2-SW-1 375.3 -5.1 944.5 0.71014
VA2-SW-2 685.8 -1.0 620.9 0.71113

KY1-BG-1 25.8 5.9 154.0 0.71066
KY1-SW-1 644.3 3.1 199.0 0.71058
VA2-BG-1 26.0 25.2
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VA2-SW-1 178.1 -1.2 390.2 0.71083
VA2-SW-2 6.7 -0.5 37.5
VA2-SW-3 54.6 131.0

TN2-BG-1 44.9 10.0 89.5 0.70972
TN2-Seep-1 8734.0 6.7 1008.6
TN2-Seep-2 5907.3 7.7 372.9 0.70985
TN2-Seep-3 489.15 -3.5 205.2 0.71168
TN2-Seep-4 31.41 13.9 317.8 0.71066
TN2-SW-1 72.05 8.1 102.9 0.71056

TN2-NPDES 245.55 -0.5 412.9 0.71187
GA1-Dam-1 1866.5 -3.2 121.3 0.70792
GA1-SW-1 1643.1 -9.2 166.4 0.70697
GA2-BG-1 50
GA2-BG-2 50
GA2-Dam-1 2100.8 -8.3 554.0 0.71118
GA2-Seep-1 2479.3 1.7 231.8 0.70915
GA2-Seep-2 2255.5 -3.4 531.1 0.70824
GA2-Seep-3 2413.0 -2.1 417.3 0.71053
GA2-SW-1 770.5 -4.6 167.5 0.70980
GA2-SW-2 1268.9 -0.8 532.8 0.70777
GA2-SW-3 1711.6 3.2 349.2 0.70970
GA2-SW-4 1960.2 -5.1 577.1 0.71089
GA2-SW-5 1879.3 -9.9 1132.0 0.71143
GA2-SW-6 1115.5 605.0 0.71152

TN-MW-22 20.2 17.72 83.3 0.70877
TN-MW-25 15.3 8.0 259.0 0.70872
TN-NRS-20 5347.7 -0.2 1136.5 0.71180
TN-NRS- 27 4617.5 1.5 1048.7 0.71106

TN-NRS -19R 3930.9 2.8 1195.9 0.71269
TN-NRS-26 6249.0 0.0 979.0 0.71135
TN-MW-17 1494.1 8.8 612.6 0.70922
TN-MW-23 341.0 6.1 225.2 0.70981
NT-MW-24 70.6 13.1 234.8 0.70910

δ11B was measurable in four background samples, with values of 0.4 to15.9 ‰

(Table 6.2). Ruhl et al. (2014) reported δ11B values of 9.6 and 10.2 in the Emory

and Clinch rivers, respectively (Ruhl et al., 2014). 87Sr/86Sr ratios in some back-

ground waters were less radiogenic than values found in coal ash leachates (e.g.,

TN1 upstream = 0.70855), while other background waters had 87Sr/86Sr ratios that
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were similar to those of coal ash leachates (VA1 upstream = 0.71077, TN2 reference

seep = 0.71066, and KY1 upstream = 0.71066). Variations of 87Sr/86Sr in surface

water across the region are common, as shown in Ruhl et al. (2014), with 87Sr/86Sr

ratios ranging from 0.7117 to 0.7124 in Tennessee rivers and from 0.7125 to 0.7170 in

North Carolina lakes (Ruhl et al., 2014). Overall, it is clear that the 87Sr/86Sr ratios

in background waters are not always distinct from coal ash leachates. For this reason,

a two-isotope system approach is used for the subsequent analyses. Levels of other

dissolved inorganic constituents in background water are summarized in Table 6.2.

6.3.1 Tracing CCRs in Surface Water

We focus first on the variations in B and Sr geochemistry as tracers to identify

CCR-impacted water in the environment. B and Sr concentrations in the tested

samples ranged from 6.7 to 40 621.3 µg/L and 37.5 to 1521.6 µg/L, respectively,

and the mean values were statistically higher using a one-way ANOVA test (mean =

3046.3 µg/L, pă0.05, and mean = 450.5 µg/L, pă0.05) compared to the background

samples (51.3 and 101.7 µg/L, respectively). B and Sr concentrations exceeding

background values were found at all seven sites (Figure 6.1) and consisted of nine

seeps, 14 surface water samples, and one NPDES outfall out of the 34 total surface

samples collected. B and Sr concentrations were correlated across all sites (r = 0.77,

p ă 0.05; Figure 6.3). Our analysis shows that the highest concentrations of B and

Sr were observed in the seep samples (p ă 0.05 for both), while the surface water

samples had lower concentrations, likely due to dilution by background water and

rain runoff (Figure 6.4). Seeps at the TN1 site had the highest concentrations, up

to 406- and 10-fold higher than regional background levels, although background

seeps were not directly sampled at this site for comparison. B and Sr were positively

correlated to Cl in samples collected at TN1 (r = 0.84, p ă 0.05 and r = 0.68, p ă

0.05, respectively).
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Figure 6.3: Strontium vs boron concentrations (log-normalized) in seeps (dia-
monds), surface water (triangles), and background water (circles) at all seven sites.
The data show a linear correlation (r = 0.77, p ă 0.05) between Sr and B concentra-
tions. Site-specific background concentrations all fall within the lower left quadrant,
below the B and Sr background concentration limits (100 and 150 µg/L, respectively;
marked by the gray dotted line). The majority of seeps and surface water fall in the
upper right quadrant, above background concentrations. The positive correlation
between B and Sr in samples exceeding background concentrations suggests that the
elevated values are driven by the same source (i.e., coal ash pond leakage).

Boron isotope ratios yielded a δ11B range of -9.2 ‰ to +30.0‰ (Figure 6.2). At

all sites except TN1, the seeps and surface waters with B ą100 µg/L were associated

with δ11B ă8.1 ‰ (Figure 6.4), which are lower than values typical for surface

waters in the region (9.6 to 13.9 ‰) and within the range expected for leaching of

coal ash (-17.6 to +6.3 ‰) (Ruhl et al., 2014). The 87Sr/86Sr ratios in pond effluents

ranged from 0.7070 to 0.7120 (Figure 6.1), with a general increase of 87Sr/86Sr with
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Figure 6.4: B and Sr relationships (B) color-coded by site. Red box represents
the ranges of values found in coal and coal ash and blue boxes represent the ranges
found in background samples from this study and others (Ruhl et al., 2009).
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Sr concentrations toward isotopic ratios found in U.S. coal ash (e.g., Appalachian,

„0.7124; central United States, „0.712; and Powder River Basin, „0.7122) (Ruhl

et al., 2014) in all but one site (GA1) (Figure 6.1 and S10). A pair of the seeps and

the lagoon water from the TN1 site had higher 87Sr/86Sr (0.7096 to 0.7120) compared

to the upstream value (0.70855; Table 6.2).

The high B and Sr concentrations and the distinctive B and Sr isotope variations

in the seeps and surface water most likely reflect (1) the mixing of CCR leachates

with the source water in the pond; (2) the mixing of outfall effluents and seeps with

background water; and (3) interactions with clay minerals during the migration of

effluents through the pond walls. At sites TN2, GA2, VA1, VA2, and KY1, the high

B and Sr concentrations, along with distinctly low δ11B values, are strong evidence

for the discharge of coal ash pond water to local surface water. Similar to the results

from Ruhl et al. (2014) (Ruhl et al., 2014), the 87Sr/86Sr ratios were not always

distinct from background ratios, even when the Sr concentrations were significantly

higher. One exception is at TN1, where δ11B values in the seeps were anomalously

high (up to 30) relative to the typical δ11B range in CCRs (Figure 6.1) (Ruhl et al.,

2014). However, the B and Sr concentrations were the highest measured in any

sample. The extremely high B concentrations (250- to 800-fold enrichment) relative

to the upstream water (ă50 µg/L) at TN1 cannot be explained by the evaporation of

natural waters because the same enrichment was not observed for other conservative

elements such as Cl (9-fold enrichment; Table D.2).

The relatively high δ11B could be explained by interaction with clay minerals

during the migration of the effluents in the sediments that compose the coal ash

pond walls and modification of the B isotope ratios. Boron adsorption to the clay

minerals favors the lighter 10B, and the fractionation produces 11B enrichment in

the residual effluents (Vengosh, 2014). However, this mechanism is unlikely given

the extremely high B concentration (40 mg/L) in the seep water. Alternatively, the
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desorption of B from clay minerals could generate a solution with high B content. In

such a scenario, a typical exchangeable B from marine clays (i.e., shale) has δ11B of

about 15‰, so the exchangeable sites on the clay minerals must have equilibrated

with a brine with δ11B ą 50 ‰ to generate exchangeable B with δ11B of about 30‰

(Spivack et al., 1987). However, even desorption from shale or brine interactions is

unlikely to result in a B concentration of 40 mg/L. A more in-depth study at this

site is needed to further evaluate the factors that control the B isotope variations

and possible link to the Chattanooga Shale that is exposed in this area (Vine, 1969).

Overall, only at the TN1 site do we observe seeps with relatively high δ11B that is

not consistent with the CCR isotope composition. In contrast to B, 87Sr/86Sr ratios

of the seeps and surface water at the TN1 site were consistent with ratios expected

for CCRs and were distinctly higher than the ratio in the upstream sample.

Although most sites reflect leaking of effluents from active coal ash ponds, two of

the sites we investigated contained retired or closed ash-disposal areas. At the GA1

site, discharge from below the dam at a retired pond and downstream surface water

were characterized by high B (1867 and 1643 µg/L, respectively) with negative δ11B

values (-3.2 and -9.2‰; Figure 6.2) that suggests there is still CCR effluents leaking

from the ponds after closure of the plant 13 years ago (SACE, 2017). At the TN2

site, surface water in a cove near a closed disposal area (non-registered site) had high

B (489.2 µg/L) with low δ11B (-3.5‰) and high Sr (205.2 µg/L), compared to the

background water (44.9 to 89.5 µg/L, respectively; Table 6.2). These examples show

that the closure or disuse of coal ash impoundments does not necessarily eliminated

leaking of the CCR-impacted pond water to the surrounding environment.

6.3.2 Geochemistry of Contaminants in CCR Effluents

We identified two geochemical types of CCR-impacted water. The first (Type A) had

significantly higher Cl (ą10 mg/L, pă0.05) with lower SO4/Cl molar ratios (pă0.05)
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Figure 6.5: SO4/Cl ratios in Type A (orange elliptical) and Type B water (blue
elliptical), with significantly lower values in Type B waters (pă0.05). The graphs
show the differences are likely due to enrichments in SO4 in Type B waters, likely
related to coal source or FGD contributions.

found at the TN1, VA1, VA2, and KY1 sites (Figure 6.5). The second type (Type

B) found at the TN2, GA1, and GA2 sites had significantly lower Cl (ă10 mg/L,

pă0.05) and higher SO4/Cl molar ratios (pă0.05) (Figure 6.6). One-way ANOVA

tests found that As, Mo, and V concentrations were significantly higher in Type A

waters (p ă 0.05) (Table 6.4). B and Sr concentrations in Type A samples were

positively correlated with Cl (r = 0.49, p = 0.05 and r = 0.55, p = 0.05; Figure 6.5).

As, Se, and Mo were also positively correlated with Cl (r = 0.39, p ă 0.05; r = 0.68,

p ă 0.05; and r = 0.50, p ă 0.05; respectively).

Concentrations of As or Se exceeding background values were measured in all

Type A seeps and surface water (up to 57-fold for As and 300-fold for Se) except at

KY1, while both elements were enriched in nine of the 14 samples. Enrichments for
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Figure 6.6: B vs Cl for Type A waters. Linear correlation gave a Pearsons r = 0.69,
pă0.05.Variations in B/Cl ratios are likely due to differences in source of coal and
water stored in the individual ponds. The relationship between B and Cl suggests
that evaporation processes in the ponds induced enrichment of B.

all elements are shown in Table D.2. In contrast, Type B waters had significantly

lower concentrations of As, Se, and Mo. As and Se were only elevated compared

to background in Type B waters at the NPDES outfall at TN2 (7-fold and 39-

fold, respectively; Table D.2). TN2-Seep-2 and GA2-SW-5 had 5-fold and 10-fold

As enrichment, respectively. Concentrations of trace elements exceeding drinking-

water standards (EPA maximum contaminant level (USEPA, 2017b)) and aquatic-life

criteria (EPA criterion continuous concentration (USEPA, 2017a)) were observed in

29% of the investigated surface water samples (six Type A samples and four Type

B samples) and are indicated in Table 6.3, Table 6.4, and Table D.1.
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Table 6.3: Major elements for all surface samples from the seven sites and shallow
groundwater at TN2. Concentrations in background samples are shown in bold for
each site. Samples exceeding the EPA ecological threshold of the criterion continuous
concentration (CCC USEPA (2017a)) are indicated by ^. The CCC is the National
Recommended Water Quality Criteria for Aquatic Life. Concentrations below the
instrumental detection limit are denoted by n.d. Empty entries indicated no analysis
for that sample.

Sample ID Cl (mg/L) SO4 (mg/L) Mg (mg/L) Ca (mg/L) Fe (mg/L) Mn (mg/L)
TN1-BG-1 5.7 6.4 4.4 52.6 0.2 0.1
TN1-Seep-1 51.6 196.9 15.5 766.2 1.6^ 14.7
TN1-Seep-2 52.9 89.6 33.3 425.9 20.7^ 68.3
TN1-Seep-3 11.2 41 40.1 210.4 0.6 1.4
TN1-SW-1 8.3 9.4 5.1 55 0.2 0.1
TN1-SW-2 8 9.1 5.2 55.5 0.2 0.1
TN1-SW-3 7.4 7.8 5 55.8 0.2 0.1

TN1-Lagoon-1 12.7 64.5 21.8 204.5 0.6 0.3
TN1-Lagoon-2 8 38.5 21.1 202.3 0.6 0.8
TN1-NPDES 6.4 23.3 5.6 35.7 0.1 0.0
VA1-BG-1 43 50.4 5.7 34.7 0.1 0.0
VA1-SW-1 41.6 102.3 11.7 63 2.0^ 1.5
VA1-SW-2 80.8 77.9 13.2 76.8 0.2 1.3

KY1-BG-1 36.6 36.1 7.8 23.8 0.1 0.0
KY1-SW-1 28.6 55.7 7 33.8 0.1 0.1

textbfVA2-BG-1 4.8 1.4 1.7 3.2 0.6 0.0
VA2-SW-1 10.2 30.5 7.9 25.1 0.1 0.0
VA2-SW-2 4.6 1.7 5.6 4.5 0.2 0.1
VA2-SW-3 19.7 0.7 5.2 25.4 0.0 7.9
TN2-BG-1 1.6 7.8 4.2 53 0.2 0.0

TN2-Seeps-1 1 30.2 8 124.4 0.4 4.0
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TN2-Seeps-2 2.4 56.2 5.3 95.2 21.7^ 10.4
TN2-Seeps-3 0.9 84.4 7.6 58.7 14.7^ 4.0
TN2-Seeps-4 0.4 6.7 19.1 138 0.9 3.4
TN2-SW-1 4.5 23.1 5.2 25.3 0.1 0.0

TN2-NPDES 5.4 44 6 41.5 0.1 0.0
GA1-Dam-1 6.6 35.5 18.1 23.5 0.0 0.0
GA1-SW-1 5.6 88 22.7 44.2 0.0 0.4
GA2-BG-1 2.2 5.6 0.9 0.0
GA2-BG-2 3.4 0.8 1.5 10.9^ 0.1
GA2-Dam-1 3.9 427.3 16.8 124.3 0.2 2.5
GA2-Seep-1 6.7 548.2 63.4 123.3 0.2 0.7
GA2-Seep-2 6.9 579 76.5 101.2 0.4 0.9
GA2-Seep-3 7.6 681 64.3 146.1 0.8 0.7
GA2-SW-1 7.6 501.6 21.2 42.5 0.0 0.7
GA2-SW-2 7.2 418.3 31.3 84.4 0.0 3.5
GA2-SW-3 6.7 445.4 46.9 74.3 0.0 3.4
GA2-SW-4 8.1 446.9 25.6 119.7 0.1 3.5
GA2-SW-5 4.1 200.8 19.5 102 0.1 8.9
GA2-SW-6 7.4 265.8 20.9 48.7 0.3 1.0

TN-WM22 4.9 2.7 5.4 69.7 0.2 0.0
TN-MW25 34.5 27.7 26.9 101.1 0.4 0.0
TN-NRS20 2.3 1078.5 26.9 371.4 24.8^ 11.5
TN-NRS27 2.3 770.8 25.5 307.5 0.5 0.7

TN-NRS19R 1.7 2239.5 29 437.5 178.6^ 33.6
TN-NRS26 0.1 774.3 24.4 326.1 11.8^ 6.8
TN-MW17 1.4 246.6 26.5 145.1 0.5 0.0
TN-MW23 9.7 198.3 7.4 193.8 0.8 0.0
TN-MW24 1.4 254 10.6 264.8 1.1^ 0.0
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The high Cl in Type A water relative to an excess of SO4 in the Type B water is

likely due to differences in coal source, contributions from FGD residues, or differ-

ences in redox conditions. The linear correlations between trace elements (B, Sr, As,

Se, and Mo) and Cl in the Type A water indicate that evaporation processes lead

to the enrichment of these elements in the pond water and subsequent enrichment

of contaminants in the CCR-impacted surface waters. A total of five of the Type

A samples had As and Se concentration above the drinking-water and ecological

standards (ą5 and ą10 µg/L, respectively) and are thus defined as contaminated

water.

Table 6.4: Trace elements for all surface samples from the seven sites and shallow
groundwater at TN2. Concentrations in background samples are shown in bold for
each site. Samples exceeding the EPA maximum contaminant level (MCL(USEPA,
2017b)) are indicated by ˚, and samples above the ecological threshold of the criterion
continuous concentration (CCC USEPA (2017a)) are indicated by ^. The MCL is
the drinking water regulation and CCC is the National Recommended Water Quality
Criteria for Aquatic Life. Concentrations below the instrumental detection limit are
denoted by n.d. Empty entries indicated no analysis for that sample.

Sample ID pH As (µg/L) Cr (µg/L) Mo (µg/L) Se (µg/L) V (µg/L)
TN1-BG-1 7.98 0.5 0.4 0.2 n.d. 0.9
TN1-Seep-1 5.5 1.8 4.2 48.5 10.8^ 8.4
TN1-Seep-2 4 1.5 n.d. 1.7 6.4^ 3.5
TN1-Seep-3 7.88 2.1 0.6 11.9 0.8 3.9
TN1-SW-1 0.8 0.6 1.1 0.7 1.6
TN1-SW-2 7.23 0.7 0.5 0.6 0.3 1.3
TN1-SW-3 7.23 0.8 0.4 0.5 0.6 1.2

TN1-Lagoon-1 7.43 0.9 2.4 20.4 0.2 1.5
TN1-Lagoon-2 7.52 0.8 1.6 21.3 1.1 1.8
TN1-NPDES 7.48 0.5 0.3 0.3 n.d. 0.8
VA1-BG-1 0.9 0.4 1.9 0.8 1.7
VA1-SW-1 3.2 n.d. 4.2 n.d. 0.9
VA1-SW-2 17.4˚ 1.3 10.1 7.2^ 3.4

KY1-BG-1 0.7 0.3 0.6 0.7 1.3
KY1-SW-1 0.5 0.3 10.7 0.4 1.1
VA2-BG-1 0.8 n.d. n.d. n.d. n.d.
VA2-SW-1 45.4˚ 0.2 35.3 1.2 47.2

181



VA2-SW-2 0.3 n.d. n.d. 0.3 0.4
VA2-SW-3 10.7˚ 1.7 0.7 0.9 8.9

TN2-BG-1 8.54 1 0.2 1 n.d. 0.8
TN2-Seeps-1 7.88 0.7 n.d. 0.1 n.d. 0.4
TN2-Seeps-2 6.94 3.7 n.d. 0.8 n.d. 0.3
TN2-Seeps-3 6.17 0.3 n.d. 0.1 n.d. n.d.
TN2-Seeps-4 7.86 0.7 1.1 n.d. 0.4 0.1
TN2-SW-1 7.35 0.4 0.1 0.3 n.d. 0.7

TN2-NPDES 7.16 5.1 3.8 6.1 15.1^ 30.6
GA1-Dam-1 0.1 n.d. 0.2 n.d. 1.1
GA1-SW-1 n.d. n.d. 9.9 n.d. 2.2
GA2-BG-1 0.1 n.d. n.d. n.d. 2.5
GA2-BG-2 7.52 1.1 9 n.d. n.d. 24.6
GA2-Dam-1 0.5 n.d. 0.2 n.d. 0.2
GA2-Seep-1 7.26 0.3 3.1 0.6 0.6 1.1
GA2-Seep-2 7.4 0.3 1.7 0.5 0.3 0.6
GA2-Seep-3 6.69 0.5 1.3 0.3 n.d. 0.5
GA2-SW-1 0.1 n.d. 3 n.d. 0.7
GA2-SW-2 1 n.d. 0.1 n.d. 0.4
GA2-SW-3 0.1 n.d. 0.5 n.d. 0.3
GA2-SW-4 0.1 n.d. 0.1 n.d. 0.2
GA2-SW-5 6.74 131.0˚ 0.5 62.3 0.5 1
GA2-SW-6 7.2 0.1 n.d. n.d. n.d. 0.2

TN-WM22 n.d. 1 0.3 0.2 0.7
TN-MW25 n.d. 2.3 n.d. 2.3 0.9
TN-NRS20 0.6 n.d. 5 0.1 0.3
TN-NRS27 n.d. n.d. 4.6 n.d. n.d.

TN-NRS19R 0.4 n.d. n.d. 7.7^ 11.9
TN-NRS26 0.4 1.2 12.1 0.8 0.1
TN-MW17 n.d. 0.2 2.6 n.d. 0.2
TN-MW23 n.d. 0.9 n.d. 1.1 n.d.
TN-MW24 n.d. 1.8 2 2 n.d.

The two sites from the closed coal ash ponds had Type B waters, and no elevated

concentrations of trace metals were identified in the seeps (TN2) or surface water

(GA1) at these sites. The significantly lower concentrations of CCR contaminants

in Type B waters could reflect different processes in the coal ash ponds (e.g., lack of

evaporation, reducing environment) or different CCR sources. The relatively higher
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Figure 6.7: Negative relationships between pH and (A) SO4, (B) B, (C) Mn and
(D) Fe for seeps and surface water from the TN1, TN2 and GA2 sites. The inverse
relationship between pH and SO4 suggests that sulfide oxidation increases the acidity,
which apparently enhances the leaching of trace elements from CCR to the coal ash
effluents. At pHą7, Mn and Fe will precipitate as oxides.

SO4 in Type B water infers FGD contribution, from which trace-metal mobilization

could be limited relative to leaching from fly ash.

Field studies of the TVA spill and laboratory microcosm experiments found that

pH and redox conditions will influence the mobilization of elements from CCRs in

the environment (Ruhl et al., 2010; Schwartz et al., 2016; Wang et al., 2009). Field

pH was limited to only three sites (TN1, TN2, and GA2) and ranged from pH 4 to

8.5. Mobilization of Fe, Mn, B, and SO4 were observed in water with pH ă7 (Fig-

ure 6.7). Under low pH (ă7), Fe and Mn occur as mobile phases (Fe2` and Mn2`)
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but will precipitate as oxides (Fe(OH)2 and Mn(OH)2) at higher pH, which explains

the lower concentrations in more basic water (Figure 6.7). B speciation is also con-

trolled by acidity, with the non-charged species, boric acid (B(OH)3), predominant

at lower pH relative to the charged borate ion (B(OH)4´, pka = 9.2, (Spivack et al.,

1987)). The borate ion is more likely to coprecipitate into secondary phases, and

therefore, dissolved B concentrations are lower at high pH (Figure 6.7). Batch leach-

ing experiments found that As and Se release is minimized between pH 4.5 to 7

but increases in more acidic and basic conditions (Ruhl et al., 2010; Schwartz et al.,

2016; Wang et al., 2009). However, Se and As concentrations are also influenced by

redox conditions due to higher absorption affinity for oxidized arsenate, As(V), while

under reducing conditions, the reduced arsenite (As(III)) is more mobile, and the re-

duced selenite (Se(IV)) or elemental Se0 is more insoluble than the oxidized selenate

(Se(VI)). Redox was not measured in the field during this study, so we cannot relate

the variations in As and Se concentrations to redox conditions. The most important

take-away from this is that leaking of pond water does not necessarily always lead

to significant contamination by toxic trace elements and that environmental impacts

need to be consider on a case-by-case basis.

6.3.3 Shallow Groundwater Underlying the Gallatin Coal

Ash Pond in Tennessee. Data from seven monitoring wells at the TN2 site were

compared to two background wells (MW-22 and MW-25) (Table 6.1). MW-22 is

located away from the coal ash ponds, with mean B and Sr concentrations of 20 ˘20

and 80 ˘3 µg/L, δ11 B = 17.7 ˘1.1‰, and 87Sr/86Sr = 0.70877, which represents

baseline groundwater in the shallower alluvium aquifer (Table 6.2). MW-25 reflects

background groundwater in the deeper carbonate aquifer and had B and Sr concen-

trations of 15.3 and 260 µg/L, respectively, with δ11 B = 8.0 ˘0.5‰ and 87Sr/86Sr

= 0.70872 (Table 6.2).
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Figure 6.8: Linear correlations between (A) B and δ11 B values and (B) Sr and
87Sr/86Sr ratios in the nine shallow groundwater wells at the TN2 site. Blue circles
are the values in the designated background wells, and purple squares represent
the impacted wells. Shallow groundwater wells with higher boron concentrations
had lower δ11 B values (r = -0.90, p ă0.05) toward the values found in CCRs (a
range of -20 to +8‰) (Davidson and Bassett, 1993; Ruhl et al., 2014; Williams and
Hervig, 2004) and wells with higher Sr concentrations had higher 87Sr/86Sr ratios (r
= 0. 84, p ă0.05) toward the values found in CCRs (a range of 0.7095 to 0.7130)
(Brubaker et al., 2013; Ruhl et al., 2014; Spivak-Birndorf et al., 2012). The strong
linear correlations support migration of water from the coal ash ponds as the source
of high B and Sr levels and mixing with regional groundwater.

185



B concentrations in the monitoring wells ranged from 70.6 to 6249.0 ˘g/L and δ11

B values range from -0.2 to +13‰, with an inverse correlation between B concentra-

tion and δ11 B (r = -0.91, p ă 0.05; Figure 6.8). Sr concentrations ranged from 225.2

to 1195.9 µg/L, and 87Sr/86Sr ratios increased with Sr concentrations from a ratio of

0.70922 to 0.7118 (r =0.84, p ă 0.05; Figure 6.8). The three wells around the active

ash pond (TN-MW17, 23, and 24) were all screened into the alluvium aquifer and

had B concentrations that ranged from 70.6 to 1491.1 µg/L and Sr concentrations

that ranged from 225.2 to 612.6, which all exceeded the concentrations found in the

alluvium background well. The δ11B values ranged from 6.1 to 13.1‰ and were all

depleted compared to TN-MW22. TN-MW24 had the lowest B concentration and

the highest δ11B value relative to the values expected for CCRs. The 87Sr/86Sr ratios

of 0.70922 to 0.70981 were all more radiogenic than TN-MW22. The groundwater

had relatively low concentrations of dissolved metals and metalloids (Al, V, As, Se,

and Mo) that did not exceed values in the background well.

Wells near the non-registered site (NRS), a retired ash disposal area, had higher

B (3930.9 to 6249.0 µg/L) and Sr concentrations (979.0 to 1195.9 µg/L) compared

to wells near the active ash ponds, with δ11B values and 87Sr/86Sr ratios in the range

of CCR leachates (-0.2 to +2.8‰ and 0.71106 to 0.71269, respectively) (Table 6.2).

The deepest wells (NRS-26 and 27), which were screened into the bedrock near the

NRS site, had B and Sr concentrations that exceeded the background carbonate

aquifer well TN-MW25 by up to 400- and 4-fold, respectively (Table D.2). The δ11B

values of 1.5 and 0.1‰ in the two wells were distinctly lower than the isotope values

in the carbonate aquifer background well (8.0 ˘0.5‰), and the 87Sr/86Sr ratios

(0.71106 and 0.71135) were higher compared to the background well (0.70872). The

shallow groundwater near the NRS pond had high SO4 (2240 mg/L) and Ca („ 900

mg/L), with a high correlation of Ca to SO4 (r = 0.97, p ă0.05; molar ratio of „1;

Figure 6.9) and low Cl, similar to the Type B water. The highest concentrations
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Figure 6.9: Ca vs. SO4 for the wells around the non-registered site at the Gallatin
site. The high correlation and molar ratio of 1 is indicative of gypsum dissolution.

of dissolved metals and metalloids (Mn, V, Se, As, and Mo; Table 6.4) were found

in the wells near the NRS site. National drinking water and aquatic life criteria

threshold values were exceeded for Cd, Fe, Ni, Pb, Se, and Zn in the NRS-19R well,

which is a shallower alluvium aquifer well

CCR impacts to the shallow groundwater under the TN2 site is supported by the

strong relationships between B and Sr and their respective isotope ratios, with δ11B

and 87Sr/86Sr ratios that were distinctly different than the background wells. How-

ever, there is no evidence for contamination from toxic trace elements in all but one

well. The large differences between the shallow groundwater found around the ac-
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tive ash pond and those from the NRS site most likely reflect the differences between

migration of coal ash pond, water that has been diluted in the large impoundment

compared to the NRS site. It could also reflect differences in the coal type that was

stored historically in the NRS site compared to the sources of the relatively recent

coal ash in the active pond.

The high B and Sr concentrations with low δ11B values and high 87Sr/86Sr ratios in

the carbonate wells NRS-26 and NRS-27 compared to the background carbonate well

MW-25 suggests migration of impacted water from the old disposal site to the deeper

fractured carbonate aquifer underlying the TN2 site. However, no contamination

from trace metals and metalloids was observed in the carbonate wells. More extensive

sampling of regional aquifers around the coal ash ponds, coupled with a detailed

hydrogeological analysis, is needed to determine if contamination from the ash pond

is affecting local drinking water aquifers. The data presented in this study includes

only two samples from the carbonate aquifer, which is not sufficient to determine

any large-scale impact.

6.3.4 Shallow Groundwater Underlying Coal Ash Ponds in North Carolina

Archived water chemistry data from 156 wells monitoring groundwater underlying all

14 coal ash ponds in North Carolina (a total of 1830 water samples collected between

2010 and 2015) was analyzed to evaluate the possible leaking of coal ash ponds to

local groundwater (NCDEQ, 2015). This data set includes concentrations of Cl, SO4,

As, B, Fe, Mn, Se, Ni, Al, Cr, Cu, Zn, and TDS. No isotope data was available, so

the assessment was based on concentrations alone. Background concentrations were

determined from (1) a Duke University data set of 231 private drinking water wells

from the central (Piedmont) area of North Carolina with B concentrations ranging

from undetected to 100 µg/L (mean = 20 µg/L) in groundwater (Merola, 2009;

Vinson et al., 2009) and (2) background groundwater wells designated at each site
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by Duke Energy and included in the archived data set that all had values of ă100

µg/L (the analytical detection limit used by the state agency is 50 µg/L) (NCDEQ,

2015), which are consistent with average values of regional groundwater in North

Carolina.

B concentrations greater than background values were detected in 58 of the 156

monitoring wells (37%; Figure 6.10). Groundwater underlying the Asheville, Sutton,

Buck, Lee, Cape Fear, and Marshall coal plants had B levels greater than 1000 µg/L,

with the groundwater underlying the Lee coal plant having the highest concentrations

(up to 5000 µg/L). Similar to the patterns observed in the impacted surface water,

groundwater with Cl and moderate SO4 levels (Sutton, Mayo, Lee, and Weather-

spoon) had high concentrations of metals and metalloids, while groundwater with

high SO4 concentrations (Roxboro, Asheville, Cape Fear, Buck, Marshall, and Dan

River) had lower concentrations (Figure 6.10).

Analysis of the data reveals that most of the impacted groundwater with low SO4

had relatively high concentrations of Ni, Al, Mn, Cr, Cu, Zn, Se, and As contents

(Figure 6.10). Out of the 58 impacted monitoring wells, 48 (85%, 30% of the total

wells) had concentrations that exceeded EPA water standards. Conspicuously high

levels of As (up to 665 µg/L) were reported from well CMW-6 in the Lee coal plant

in Wayne County that was also associated with the highest B levels (mean = 3400

µg/L; Figure 6.10). As, in particular, was negatively associated with SO4 and was

only present in high concentrations in the low-SO4 water (Figure 6.10). The low

SO4 in groundwater may be an indicator of redox conditions, in which sulfate is

reduced, and arsenic, in the form of the arsenite (As III) species, has higher mobility

in groundwater. Se, however, was elevated in both high- and low-SO4 water types

(Figure 6.10). Similar to observations in the surface samples, high concentrations of B

were not always associated with detectable levels of other CCR-related contaminants,

and thus, some wells were impacted by CCR effluents (high B but low trace elements)
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Figure 6.10: Boxplots for (A) boron, (B) sulfate, (C) selenium, and (D) arsenic in
groundwater from the shallow monitoring wells in North Carolina (NCDEQ, 2015).
Data were separated into high- and low-sulfate water types. Blue line represents
the EPA Maximum Contaminant Level (10 ppb for As and 50 ppb for Se, (USEPA,
2017b)) and the pink line represents the EPA Criterion Continuous Concentration
(150 ppb for As and 5 ppb for Se, (USEPA, 2017a)).
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while others were also contaminated.

Overall, the data presented in this study for 22 sites in the southeastern United

States show evidence for the surface or subsurface leaking of coal ash ponds and, in

some cases, the contamination of nearby water sources. Our data show that B, and

sometime Sr isotopes can be used to identify leaking of coal ash ponds, but a CCR

geochemical signature is not always associated with contamination from other CCR

contaminants. Thus, the coal sources, as well as geochemical variations in the ponds

and the ambient environment (pH and redox state) cause variations in concentrations

of toxic elements and therefore differential water quality impacts. The current CCR

management rules do not specify a preference for the removal of solid CCRs during

closure of ponds (USEPA, 2015b). We presented evidence that the closure of coal

ash ponds does not necessarily eliminate the leaking of impacted water from coal

ash ponds to the environment. With over 500 coal ash ponds in the southeastern

United States (SACE, 2017), the results presented in this study suggest significant

releases of coal ash impacted water to the environment. The magnitude and long-

term environmental effects of leaking coal ash ponds are not fully understood, and

future studies should further evaluate the overall impact of the coal ash environmental

legacy in the United States and other parts of the world where coal ash is disposed

to unlined surface impoundments. Future studies should also focus on monitoring

the water quality in drinking water wells near coal ash ponds to determine whether

contaminated groundwater has further migrated from the shallow aquifers underlying

coal ash ponds to the regional aquifers and the associated risks to human health in

these areas.
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7

The origin of elevated molybdenum in southeastern
Wisconsin groundwater

(Supplemental Material in Appendix E)

7.1 Introduction

Molybdenum is an essential nutrient for human and animal health, however there

has been some evidence that it come be toxic at high concentrations and has been

linked to copper deficiency and health affects such as anemia, join pain, tremors and

weakness (WHO, 2003; Chappell and Meglen, 1979). The U.S. EPA has a health

advisory level of 40 ppb in drinking water and the WHO has a health-based guideline

of 70 ppb (WHO, 2003; USEPA, 2012). Molybdenum is a light transition metal that

occurs primarily as an oxyanion in groundwater. Molybdenum is redox sensitive

which occurs as either Mo(VI) or Mo(IV), and the release of molybdenum in aquifer

systems is thought to be controlled by reductive dissolution of iron and manganese

oxides, as well as water-rock interactions (Smedley et al., 2008; Vorlicek et al., 2004).

However, unlike other oxyanion forming metals (i.e. arsenic), molybdenum dynamics
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in groundwater are not well studied.

Molybdenum concentrations in groundwater are typically low (ă2 ppb) according

to a survey of molybdenum in British water resources (Smedley et al., 2014). There

has been significant focus on anthropogenic contamination of molybdenum, specifi-

cally from mining, fertilizers and coal combustion (Doran and Martens, 1972; Dreesen

et al., 1977; Essilfie-Dughan et al., 2010; Morrison and Spangler, 1992; Sabbioni and

Bignoli, 1980), but more recently there has been increasing evidence for widespread

occurrence of geogenic molybdenum in groundwater across the world (Arnórsson and

Óskarsson, 2007; Deverel and Millard, 1988; Hodge et al., 1996; Johannesson et al.,

2000; Leybourne and Cameron, 2008; Kuiper et al., 2015; Smedley et al., 2014, 2002;

Pichler and Mozaffari, 2015). In groundwater systems, molybdenum concentrations

are largely controlled by redox and pH conditions, with highest concentrations have

reported in reducing conditions at high pHą7.5. The mobilization of Mo is largely

controlled by iron and manganese dissolution in sub-oxic water and precipitation of

sulfide minerals under strongly reducing conditions. For this reason, molybdenum is

abundant in sulfide-organic-rich sediments that contain pyrite. Refs

Recent studies have linked elevated concentrations of other metalloids such as

Se and As in effluents derived from discharge of coal ash ponds (Ruhl et al., 2012)

and surface water associated with coal ash spills (Ruhl et al., 2010; Schwartz and

Hsu-Kim, 2009), and leaking of pond water to surrounding surface and groundwater

(Harkness et al., 2016). Elevated concentrations of Mo have also been associated

with coal ash impacted water in some cases (Bednar et al., 2013; Dreesen et al., 1977;

Izquierdo and Querol, 2012). Only 56% of CCRs generated in the United States is

stored in surface impoundments, while the remaining is disposed through beneficial

reuse, which includes encapsulating coal ash in concrete, wallboard, roofing material

and bricks and unencapsulated uses such as structural fills and embankments for

earth works and construction (i.e. roads) (USEPA, 2015b). The unencapsulated
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uses currently account for 12.6 million tons (27%) of CCRs; however, there has been

limited study of impacts of beneficial reuse on groundwater quality (USEPA, 2015b).

In southeastern Wisconsin, coal ash has been disposed through many unencapsulated

project, including WE Energy landfills and localized disposal on roads and fill under

roads, churches and schools (Cook et al., 2014). About 85% of coal ash in Wisconsin

is reused for such projects and Clean Wisconsin reported at least one million tons

of coal ash being reused between 1988 and 2012 in over 399 projects throughout the

southeastern Wisconsin (Cook et al., 2014).

Southeastern Wisconsin in primarily a residential and agricultural region and

„30% of the population relies on groundwater as a drinking water source (SWRPC/WGNHS,

2002). Wisconsin Electric Power Company (now We Energies), the Wisconsin De-

partment of Natural Resources, and the Wisconsin Department of Health reported

elevated concentrations of molybdenum (up to 300 ppb) in private groundwater wells

throughout the region (Lourigan and Phelps, 2013). The WI Department of Health

found that „16% of tested wells had Mo concentrations that exceed the EPA health

advisory and Wisconsin groundwater quality enforcement standard of 40 ppb. Many

of these wells were also associated with high levels of boron and arsenic, which are

known to leach from coal ash(Lourigan and Phelps, 2013).

This study aims to evaluate the source of Mo in the Wisconsin groundwater

through using geochemical,isotopic (boron and strontium isotopes), and age dating

(tritium-helium) tools. The integration of these geochemical tracers are used to

delineate the possible sources of molybdenum in the groundwater in this region and

determine if the elevated molybdenum that is found in local groundwater is originated

from the legacy of coal ash surface storage or is naturally occurring, unrelated to coal

ash contamination.

194



$

$

$
$

$

$

$
$

$

$ $
$ $$

$$$

$

$

$
$

$$$$$$

$

$ $$ $$$ $$$ $$$ $$$
$$$ $$$$

$$$$

$$

$$$
$

$

$$

$

$

$

$

$

$$$$$$
$

$$

$ $
$$$$

$

$
$$

$

$

$

$

$$
$
$$ $$

$$

$

$$

$

$

$
$

$
$$$$$$$$$$$$
$

$

$

$
$$

$$ $$

$$

$$$$

$

$
$

$

$

$
$

$
$

$
$

$$ $

$

$ $$$
$

$

$
$$ $ $$

$ $$
$ $$ $

$$$$ $$$ $$$
$$ $

$$
$
$$$$

$

$ $
$

$
$$

$

$

$

$
$$$ $

$ $$
$

$$$

$

$$

#*

#*

#*

#*#*

#*
#*#*

#*#*

#*
#*

#*#*

#*

#*

#*

#*#*#*

#*

#*

#*

#*

#*

#*#*

#*

#*

#*

#*

#*

#*

#*#*

#*
#*

#*

#*

#*

#*
#*

#*

#*

#*

#*

#*
#*

Copyright:© 2014 Esri, Sources: Esri, USGS, NOAA

0 5 102.5 Km

Basemap source: WWF, USGS, EPA, Esri

Milwaukee CountyWaukesha County

0 50 10025 Km

Kenosha County
Racine County

²

Aquifer
Cambrian-Ordovician aquifer system
Maquoketa Shale
Silurian-Devonian aquifers

Groundwater Wells
Molybdenum (ppb)
#* <40
#* 40-100
#* >100
$ Coal Ash Disposal Site

Area 1

Area 2

Area 3

Area 4
Area 5

Area 6

Figure 7.1: Location of private wells sampled in this study. A1-6 refer to the
sample clusters selected for their molybdenum concentrations and location to known
coal ash disposal such that: Area 1 (A1) has low Mo and known CCR disposal, Area
2 (A2) had low Mo and no CCR disposal, Area 3 (A3) has high Mo and no CCR
disposal, Area 4 and 6 (A4 and A6) have high Mo and known CCR disposal and
Area 5 is a mix of high and low Mo.

7.2 Background

7.2.1 Geological setting

The study area is in Southeast Wisconsin, and includes portions of Milwaukee,

Waukesha, Racine and Kenosha counties (Figure 7.1). Southeastern Wisconsin lays

long the western shoreline of Michigan Lake along the divide between the Upper

Mississippi River and Great Lakes-St. Lawrence River drainage basins. Southeast-

ern Wisconsin has been largely tectonically inactive over the last billion years and

the topography is dominated by periodic advances and retreats of the Lake Michigan

Lobe of the Pleistocene ice sheet during the Wisconsin glaciation that lasted from
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about 25,000 to 11,000 years ago, which deposited unsorted till over the bedrock

in the region. The glacial material is generally 15-75 m thick, although in some

bedrock valleys it can be over 120 m thick (SWRPC/WGNHS, 2002). Five distinct

Pleistocene deposits have been identified in the region from advances of the Green

Bay lobe (Horicon) and Lake Michigan lobe (Zenda, New Berlin, Kewaunee and Oak

Creek).

The Oak Creek formation is the predominant surficial sediment in the area (Mick-

elson, 1984; Simpkins, 1989), and is further subdivided, based on materials deposited

by different glacial advances and retreats, into the Valparaiso, Tinley, Lake Border,

and Chicago Plain systems (Figure 7.1) (Hansel, 1983; Schneider, 1983; Simpkins,

1989). The Tinley moraine is the thickest and widest in the area, with sediment

at least 30m thick in most places (Simpkins, 1989). Depth to bedrock is shown in

Figure 7.2. The glacial till becomes markedly thicker east of Tinley terminal moraine

(Mickelson, 1984). There is little variation in stratigraphic descriptors such as color,

grain size, and clay mineralogy between the different moraine systems (Simpkins,

1989).

Bedrock underlying the glacial deposits in most of the region is Silurian dolomite,

which hosts the Paleozoic aquifers (SWRPC/WGNHS, 2002). The bedrock surface

is highly irregular due to differential erosion but dips gently to the east. Beneath

the dolomite is the Maquoketa Shale, which acts as an aquitard, separating the shal-

lower aquifers from the deeper aquifers below in the Ordovician-Cambrian sandstones

(SWRPC/WGNHS, 2002). The Maquoketa Shale and Sinnipee dolomite outcrop in

the western part of the region and some parts of the southern counties. The Cambrian

sandstones sit on the Precambrian crystalline basement. Some municipal wells draw

from the Ordovician and Cambrian sandstones but most private wells are located in

the shallow aquifers, which are confined by the Maquoketa Shale(SWRPC/WGNHS,

2002).

196



Figure 7.2: Stratitgraphic units of major aquifers in southeastern Wisconsin
adapted from SWRPC/WGHNS (2002). The study area is Waukesha, Milwaukee,
Racine, and Kenosha counties.

The shallow aquifers are divided into two main units: the sand and gravel

aquifer and the Silurian dolomite aquifer (Kammerer Jr, 1981). The sand and

gravel aquifer is comprised of sand lenses and layers within in the surficial glacial

till. The second primary aquifer is the Silurian dolomite aquifer, where fractures

in the uppermost bedrock unit contain water. However, there is some evidence for

porous regions of the dolomite that may allow for groundwater flow in addition to

the fractures(Kammerer Jr, 1981). The sand-and-gravel aquifer and the Silurian

dolomite aquifers are hydraulically connected and can be considered a single unit

(SWRPC/WGNHS, 2002).
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7.2.2 Geochemical Methods

Boron and strontium are easily leached coal ash and found in relatively high concen-

trations in waters impacted by the release of coal ash pond water to the environment

(Harkness et al., 2016; Ruhl et al., 2012). The abundant B and Sr coming from

coal ash ponds combined with unique isotope ratios for both elements in coal allow

for their use as robust tracers of environmental contamination from coal ash ponds

(Harkness et al., 2016; Ruhl et al., 2012). δ11B values in leachates from coal ash are

typically depleted (-20 to +8‰) compared to most natural waters (+10 to +30‰)

and these low values are preserved during release to the environment. Low δ11B val-

ues (ă8‰) that are associated with elevated B concentrations have been observed in

surface water and groundwater around coal ash ponds (Buszka et al., 2007; Harkness

et al., 2016; Ruhl et al., 2014).

Radiogenic 87Sr/86Sr ratios in coal ash leachates are typical, with values ranging

from 0.7095 to 0.7150 (Harkness et al., 2016; Ruhl et al., 2012). However, 87Sr/86Sr

ratios vary significantly in natural waters and are highly dependent on the local

aquifer geology, so Sr isotope ratios in the local groundwater may not always be

distinct from coal ash impacted water (Harkness et al., 2016; Ruhl et al., 2012).

Weathering of Phanerozoic limestones and dolomites, including the Silurian dolomite

in the study area, typically generates 87Sr/86Sr ratios in groundwater of 0.707 to 0.710

(Capo et al., 1998). In the study area, 87Sr/86Sr values in groundwater that may be

impacted by coal ash disposal will likely be elevated from baseline values.

7.3 Methods

B and Sr isotope ratios were measured using Thermal Ionization Mass Spectrometry

according to methods reported in Ruhl et. al. 2014 and Harkness et al. 2016. B

isotope ratios are reported as
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δ11B “
11BSample{

10BSample

11BStandard{
10BStandard

x1000 (7.1)

with a precision of˘0.6‰ on repeated measurements of the NIST SRM 951 standard.

Sr isotope ratios are reported as the 87Sr/86Sr ratio with a precision of ˘0.000006 on

repeated measurements of NIST SRM 987 standard. Five samples had B concentra-

tions that were too low to retrieve reliable values from the TIMS and the ratios are

not included in the analysis.

All statistics were calculated on R using methods that did not assume normally

distributed data (i.e. Spearmans rank correlation and Wilcoxon rank sum test).
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Figure 7.3: Location of private wells sampled in this study. A1 through 6 refer
to the sample clusters selected for their molybdenum concentrations and location
to known coal ash disposal such that: Area 1 (A1) has low Mo and known CCR
disposal, Area 2 (A2) had low Mo and no CCR disposal, Area 3 (A3) has high Mo
and no CCR disposal, Area 4 and 6 (A4 and A6) have high Mo and known CCR
disposal and Area 5 is a mix of high and low Mo.
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7.4 Results and Discussion

7.4.1 Geochemical characterization of groundwater

Major ion analysis revealed that groundwater in the low molybdenum study areas

tended to have Mg-Ca-HCO3 type water (Figure 7.3). In contrast, groundwater in

the high molybdenum study areas tended to have Na-HCO3-SO4 type water (Fig-

ure 7.3). Na-SO4 waters had the highest molybdenum concentrations (Figure 7.3).

Water chemistry appears to be related to well depth, with the magnesium and cal-

cium waters found in shallower wells and the sodium waters found in deeper wells

(Figure 7.4). The molybdenum concentrations also increase in depth, with higher

concentrations in the deeper sodium dominated water (Figure 7.4). Molybdenum

was positively significantly correlated with sodium (r=0.46, pă0.001) but negatively

correlated with dissolved inorganic carbon (DIC) (r=0.78, pă0.001; Figure 7.5) not

correlated with calcium (r=0.58, pă0.001), magnesium (r=0.16, pă0.001) and DIC

(r=0.78, pă0.001; Figure 7.5). Molybdenum was also positively correlated with

sulfate (r=0.59, pă0.001; Figure 7.5).

The estimated tritium-helium age of the water in our samples ranged from ă60

years old to ą5,000 years old (Fig. 5). The younger waters were all located in the

western area of the study region. The Southeastern Wisconsin Regional Planning

Commission and the Wisconsin Geological and Natural History Survey develop a

groundwater contamination potential map for shallow aquifers in southeastern Wis-

consin that shows higher potential for groundwater contamination from surface pollu-

tion in the western part of the region (SWRPC/WGNHS, 2002). The contamination

potential was based on the distance of aquifers to the land surface, the material

through which contaminants have to migrate and the rate that contaminants can

travel to the aquifer. The youngest waters (ă100 years) were all located in areas

that were identified as high contamination potential by the report (ref). All of the
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Figure 7.4: Changes in molybdenum and major ions with well depth. Circles
represent samples near coal ash disposal sites and triangles are samples away from
coal ash sites. Warmer colors are areas with high molybdenum concentrations and
cold colors are areas with low molybdenum concentrations.We observe a transition
from Ca-Mg dominated water to Na dominated water as the depth increases and
molybdenum concentrations increase.

water samples with estimated ages ă100 years old had molybdenum levels ă20 ppb

(Figure 7.6). Water samples with elevated levels of molybdenum (ą40 ppb) were all

at least 300 years old (Figure 7.6).

The groundwater in the study area also has elevated boron pą50 ppb) and stron-

tium (ą150 ppb) concentrations relative to typical low-saline groundwater. Signif-

icant linear correlations between B and Mo (r=0.67, pă0.01) were observed, which

suggest that they come from the same source (Figure 7.7). Boron isotope ratios
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Figure 7.5: Variations in molybdenum concentrations with major ions: calcium,
magnesium, sodium and sulfate. Circles represent samples near coal ash disposal
sites and triangles are samples away from coal ash sites. Warmer colors are areas
with high molybdenum concentrations and cold colors are areas with low molybde-
num concentrations. Molybdenum concentrations decreased with increasing calcium
(r=0.58, pă0.001) and magnesium (r=0.54, pă0.001) but increased with sodium
(r=0.64, pă0.001) and sulfate (r=0.59, pă0.001) concentrations.

range from +1 to +30‰ (mean=18.9˘7.8‰ ) and correlate positively with B/Cl

ratios (r=0.78, pă0.001; Figure 7.7) and Mo (r=0.67, pă0.001; Figure 7.8). No sig-

nificant relationship between Sr and Mo or B is found (p=0.26 and p=0.20, respec-

tively). Strontium isotope ratios in the groundwater are consistent with values found

in Phanerozoic dolomite aquifers (mean=0.7091˘0.0010), and correlate negatively

with Sr/Ca (r=0.56, pă0.001; Figure 7) and Mo concentrations (r=0.36, pă0.02;

Figure 7.8). Areas with high molybdenum values had significantly higher δ11B ra-
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Figure 7.6: Concentrations of molybdenum versus age of groundwaters. Circles
represent samples near coal ash disposal sites and triangles are samples away from
coal ash sites. Warmer colors are areas with high molybdenum concentrations and
cold colors are areas with low molybdenum concentrations.

tios (22.9˘3.5‰) than areas with lower molybdenum concentrations (8.5˘6.2‰);

however, δ11B values are statistically indistinguishable between areas of known coal

disposal and areas without any coal disposal for both high Mo areas (p=0.32) and

low Mo areas (p=0.46); The same is found for 87Sr/86Sr for high Mo areas (p=0.96)

while low Mo areas away from coal ash areas have significantly higher 87Sr/86Sr than

low Mo areas near coal ash (pă0.05). We observed no relationship with well depth

for either isotope system and there was no significant difference in isotope ratios

between the different aquifer geologies.
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Figure 7.7: Variations of boron and strontium concentrations with molybdenum
concentrations and δ11B vs B/Cl and 87Sr/86Sr vs Sr/Ca. Circles represent samples
near coal ash disposal sites and squares are samples away from coal ash sites. Warmer
colors are areas with high molybdenum concentrations and cold colors are areas with
low molybdenum concentrations. Boron and molybdenum are strongly positively
correlated but not strontium and molybdenum. Boron isotope ratios increase with
increasing B/Cl while strontium isotope ratios decrease with increasing Sr/Ca ratios.

7.4.2 Tracing the sources of molybdenum

The relationships between Mo and the B and Sr isotope values are not consistent

with coal ash disposal as a source of Mo. High Mo concentrations were associated

with higher δ11B and lower 87Sr/86Sr ratios, while coal ash contaminated water would

have low δ11B values and high 87Sr/86Sr ratios (Figure 7.8). One would argue that

boron absorption processes could increase the δ11B value of the groundwater, however

the positive correlation between δ11B and B/Cl ratios relationships is not consistent
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Figure 7.8: Molybdenum values versus δ11B and 87Sr/86Sr ratios. Circles represent
samples near coal ash disposal sites and triangles are samples away from coal ash
sites. Warmer colors are areas with high molybdenum concentrations and cold colors
are areas with low molybdenum concentrations. Red stars indicate the isotope ratios
found in leachates of coal ash used as fill and stored in landfills in the study area and
the red dash lines indicate the maximum δ11B and minimum 87Sr/86Sr value reported
for coal ash leachates from the United States (Ruhl et al., 2014). Groundwater with
high molybdenum concentrations (ą40 ppb) did not have δ11B and 87Sr/86Srvalues
in the range expected for water interacting with coal ash. A few low molybdenum
groundwater samples had low δ11B and high 87Sr/86Sr ratios similar to coal ash
leachates.

with the adsorption mechanism. During boron adsorption the light isotope 10B is

preferentially retained to the adsorption sites, resulting in overall elemental boron

depletion and higher δ11B values (i.e., inverse correlation between δ11B and B/Cl

ratios). Our data show an opposite trend, which suggests that the release of boron is

associated with higher δ11B values. Dissolution of marine carbonates could generate

boron with δ11B range of 20-25‰ , which is consistent with the data reported in

this study (Hemming and Hanson, 1992; Spivack et al., 1987; Spivack and Edmond,

1987).

Overall, the occurrence of elevated molybdenum (ą40 ppb) in older, deeper Na-

SO4 type water supports a geogenic source of molybdenum to the aquifers. The

location of the elevated molybdenum primarily in the eastern part of the region that
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Figure 7.9: Molybdenum variations with oxidation-reduction potential (ORP) and
pH. Circles represent samples near coal ash disposal sites and triangles are samples
away from coal ash sites. Warmer colors are areas with high molybdenum concentra-
tions and cold colors are areas with low molybdenum concentrations. Molybdenum
concentrations are highest a phą7 and ORP between -400 and -100 mV.

has lower connectivity with surface input, as reported by Wisconsin Geological and

Natural History Survey, further supports that the molybdenum is not derived from

surface recharge associated by coal ash legacy. Similar to previous studies (Smedley

et al., 2014), molybdenum concentrations were highest in groundwater having at

ORP values between -400 and -100 and pH values greater than 7.5 (Figure 7.9).

However, molybdenum concentrations were negatively correlated with iron (r=0.51,

pă0.001) and manganese (r=0.41, pă0.002), which does not support dissolution of

iron and manganese oxides as the source of molybdenum in the groundwater.

Previous studies on groundwater geochemistry in southeastern Wisconsin have

identified pyrite in Ordovician and Cambrian units, including Maquoketa Shale, as

well as the Silurian dolomite aquifers (Luczaj and Masarik, 2015; Siegel, 1990; Simp-

kins, 1989; Weaver, 1988). The association of molybdenum with sulfate, along with

higher concentrations in deeper, older water indicate that pyrite oxidation in the

Maquoketa shale could be the source for releasing molybdenum to the overlying

aquifers. The Maquoketa Shale underlies the Silurian dolomite aquifer mostly in the
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Figure 7.10: Molybdenum concentrations vs. iron and manganese concentrations.
Circles represent samples near coal ash disposal sites and triangles are samples away
from coal ash sites. Warmer colors are areas with high molybdenum concentrations
and cold colors are areas with low molybdenum concentrations. Elevated molybde-
num was associated with low concentrations of manganese and iron.

eastern part of the region (Siegel, 1990; SWRPC/WGNHS, 2002), which explains

the higher concentrations of molybdenum found primarily in the areas located in the

eastern part of the study area. Boron was positively correlated with sodium (p=0.55,

pă0.001) and sulfate (r=0.44, pă0.001), and the boron isotope values found in the

high molybdenum samples are typical for marine carbonates, which also supports a

geogenic source of boron from water-rock interactions in the deeper aquifers as well.

7.4.3 Evidence for coal ash contamination

Seven groundwater samples have δ11B below 8‰ and three more have δ11B below

15, which was suggested as a maximum value for mixing between the aquifer and

coal ash leachate (Wisconsin Department of Natural Resources, 2013). All samples

were from areas near known coal ash disposal (A1 and A2) in the western part of

the region that is expected to have higher surface connectivity (SWRPC/WGNHS,

2002). All of these samples were associated with low Mo concentrations (ă10 ppb).
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Boron concentrations in these two areas ranged from 31.3 to 367.6 ppm (mean =

114.2˘76.9 ppb), and were significantly lower than B concentrations in other areas

(pă0.01);. These samples are also associated with lower pH and elevated Sr and

As and higher 87Sr/86Sr ratios, as well as higher concentrations of known coal ash

constituents including Ca, Fe, Mn, Li and Ni. δ11B and 87Sr/86Sr ratios are weakly,

negatively correlated (r=0.35, pă0.05), which is consistent with the relationship

that has been observed in other areas impacted by coal ash contamination (Harkness

et al. 2016). δ11B values are significantly negatively correlated with As (r=0.41,

pă0.01). As concentrations in groundwater wells with δ11B values ă15‰ range

from below the detection limit (ă0.1) to 6.8 ppb, which are all below the EPA

maximum contaminant level of 10 ppb. Further study is needed to confirm coal ash

as the source of contamination in these areas. The high risk of surface contamination

in these areas can implement many different anthropogenic sources in addition coal

ash disposal.

7.5 Conclusion

This study found high concentrations of molybdenum (up to 150 ppb) in shallow

Pleistocene and Silurian aquifers in southeastern Wisconsin. The elevated molybde-

num concentrations were typically found in older, deeper water in the eastern part

of the region and the geochemistry of groundwater with higher molybdenum is con-

sistent with a geogenic source, most likely pyrite oxidation. The B and Sr isotope

ratios found in the groundwater in this study support these findings and show that

the high molybdenum is not associated from recharge of shallow groundwater con-

taminated by coal ash leachates. δ11B values in the groundwater were higher than

values found in coal ash while 87Sr/86Sr ratios were less radiogenic (lighter) than

the values expected for groundwater mixing with coal ash impacted water. Com-

bined, the geochemical data indicate that there is no large-scale systematic release
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of coal ash leachates to the aquifers even in areas near coal ash ponds. However,

the groundwater geochemistry and δ11B and 87Sr/86Sr ratios in some wells from the

western areas suggest there may be some isolated cases of contamination from coal

ash that produces detectable arsenic concentrations but low in Mo. Further study

of those areas is needed to confirm these findings.
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Conclusion

Understanding the environment impact of fossil fuel development is important for

both local communities and policy makers that are trying to set regulations for pro-

tecting water and air resources in areas of extensive fossil fuel development. However,

understanding the long-term and large-scale affects of fossil fuel development on wa-

ter quality is limited. The recent Environmental Protection Agency report on the

environmental impacts of hydraulic fracturing highlighted the need for more research

on possible widespread contamination. A series of lawsuits against electricity utili-

ties related to coal ash disposal throughout the southeastern U.S. are indicative of

the public concern about water contamination from coal ash ponds. However, there

is only a few scientific verification of drinking water contamination from coal ash

ponds. The research presented in this thesis provides a set of geochemical and iso-

topic tools that can be used in a variety of ways to monitor water quality changes

in areas of fossil fuel development, particularly for wastewater generation and dis-

posal. The results of the studies presented in this thesis show that these tools can

successfully identify localized, systematic water quality impacts from direct wastew-

ater disposal or leaking from storage ponds. However, no evidence was found for
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widespread contamination of drinking water wells from either hydraulic fracturing

or coal ash disposal.

The first ever baseline groundwater survey was implemented in an area in WV

where wells were monitored prior to hydraulic fracturing. Using a suite of geochem-

ical and isotope fingerprinting techniques, we were able to assess the processes and

sources of naturally occurring groundwater salinity and methane that existed prior to

hydraulic fracturing. Previous studies have suggested naturally migrated formation

brines as the likely source of salinity and methane in some areas of hydraulic fractur-

ing in the Appalachian Basin. The new data was able to show that the groundwater

geochemistry across the study area did not change after the implementation of hy-

draulic fracturing, even if absolute concentrations of chloride and methane varied in

time. This study emphasized the utility of geochemical and isotope ratios as mon-

itoring tools for groundwater quality in areas of fossil fuel development, as well as

the importance of collecting baseline data in these regions.

Isotope ratios can also be applied to differentiate between anthropogenic and ge-

ogenic sources in areas of known groundwater contamination. The unique isotope

signatures found in fossil fuel wastewaters (Figure 8.1) can be used to identify con-

tamination from industry, but can also be used to rule out fossil fuel-related sources

(i.e. coal ash disposal) as shown in the case study in southeastern Wisconsin. The

inorganic geochemistry (i.e. high boron and sulfate) of groundwater in Wisconsin

was similar to coal ash-contaminated water, but the boron and strontium isotopes

were inconsistent with water that has interacted with coal ash, suggesting an alter-

native (i.e. geogenic) source. Many of the contaminants found in OGW (chloride,

NORM, ammonium, barium) and coal ash (arsenic, selenium, molybdenum) can also

be released to water by geogenic or other anthropogenic sources. In the event of wa-

ter contamination, the isotopes evaluated in this these studies can help determine

if fossil fuel wastewater has impacted groundwater quality or eliminate fossil fuel
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Figure 8.1: B, Sr and Li isotope ranges in the different fossil fuel related wastewater
presented in this thesis. Middle line in the boxplot indicates the median value, the
the top of the box indicates the third quartile and the bottom of the box indicates
the first quartile. The whiskers extend to the minimum and the maximum values
and the circles show outliers.
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Figure 8.2: Li isotope values in shale gas formation water and spill water based on
data generated in this study for U.S. basins.

contamination as a likely source.

In addition to addressing water quality impacts, this study provides new insights

into the geochemical evolution of fossil fuels and associated water. This study was

the first to report lithium isotope ratios in coal and coal combustion residuals and

oil sands process-affected water, as well as oil and gas wastewater from basins other

than the Marcellus. Lithium isotope ratios were measured for the first time in surface

spills of oil and gas wastewater and found to be non-conservative when released on
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the surface, apparently due to adsorption of lithium on the sediments at the spill site.

Based on the data generated from this study, the conceptual model of lithium isotope

evolution in oil and gas wastewater was updated (Figure 8.2). In particular, this new

model better captures the variability of lithium isotope ratios in unconventional oil

and gas wastewater.

In conclusion, this study identifies unique, and sometimes novel, geochemical

characteristics of wastewater, most notable boron, lithium and strontium isotopes

(Figure 8.1), that can be incorporated into geochemical frameworks to assess water

impacts from different fossil fuel sources at a variety of scales (local to regional) and

in different water sources (surface and groundwater). This study shows that contam-

ination by fossil fuel wastewater can degrade water quality, particularly from direct

disposal or releases from storage but presents cases where fossil fuel development or

disposal does not affect the quality of regional aquifers used for drinking such as WV

and WI.
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Appendix A

Appendix A- Supplementary Material for Chapter 2

A.1 Iodine measurement by isotope dilution technique

The isotope dilution method involves spiking a sample with a solution that is enriched

in the stable isotope that has a low natural abundance. Iodine is composed of a

single stable isotope of 127I; however, 129I has a half-life of 15.7 million years, making

it stable enough to use for this application of isotope dilution. Using ratios measured

in the spike solution (RSp “ 6.2˘ 0.1), sample (in this case, the natural abundance

ratio of iodine, RS = 10-12) and the spiked sample (Rm), the concentration of iodine

in a sample (CS) can be determined using the equation:

Cs “ Csp
mSp

mS

MS

MSp

Ab
Sp

Aa
S

p
Rm ´RSp

1´Rm ˚RS
q (A.1)

where CSp is the concentration in the spike solution (20 ppm), mSp{mS is the

ratio of the masses of the spike and sample solutions added, respectively, MS and

MSp are the molecular mass of iodine in each sample, Ab
Sp is the abundance of 129I

in the spike and Aa
S is the abundance of 127I in the samples (assumed to be 100%).
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Iodine concentration was measured by both ICP-MS and ID-ICP-MS methods.

Iodine concentrations resulting from the ID-ICP-MS method were, on average, 12%

lower compared to the ICP-MS technique (Figure A.1). We propose that the higher

(by 12%) iodine concentrations determined by the ICP-MS technique were due to

signal enhancement induced from high sodium concentrations in the samples. We

verified the sodium enhancement by spiking a 10 ppm iodine standard solution with

30,000 mg/L sodium and measuring the sodium-spiked solutions on the ICP-MS. The

resulting value for the 10 ppm solution was 11.5 ppm, roughly a 15% increase. The

difference in concentrations between the two methods, especially for samples with

high sodium values, supports the use of ID-ICP-MS over regular ICP-MS for iodine

measurements in brines. In low-saline water the difference becomes insignificant

(Figure A.1).

A.2 Supporting Tables

Table A.1: Data on wastewater quantity, sorted by the type of wastewater, in
PA for 2013. Disposal information was found on the Pennsylvania Department of
Environmental Protections (PADEP) Oil and Gas Reporting - Electronic (OGRE)
(https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Welcome/
Agreement.aspx.

Wastewater Source Bbl(x106) Liter (x106) Percent
Drilling fluids waste 0.775 92.5 5

Fracturing fluid waste 3.504 417.8 23
Produced fluids 10.714 1277.6 72

Total 14.998 1788.4 100
Wastewater reuse 10.120 1206.8 67

Wastewater disposed 4.877 581.6 33
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Table A.2: Water chemistry for all flowback and produced water organized by for-
mation. ND means that the sample was analyzed but the concentration was below
the detection limit. NA means the samples was not analyzed for that constituent.

Sample Type N Formation Cl´ (mg/L) Br´ (mg/L) I´ (mg/L) NH`4 (mg/L)
HF Flowback

Produced Waters
Middle Devonian 1 Marcellus 46079 450.57 10.9 109
Middle Devonian 2 Marcellus 44550 433.56 4.1 131
Middle Devonian 3 Marcellus 59088 580.54 3.2 121
Middle Devonian 4 Marcellus 55730 542.50 3.5 130
Middle Devonian 5 Marcellus 53632 530.92 11.3 119
Middle Devonian 6 Marcellus 61950 607.63 11.2 131
Middle Devonian 7 Marcellus 74766 732.65 6.3 227
Middle Devonian 8 Marcellus 67771 668.43 14.0 153
Middle Devonian 9 Marcellus 66312 655.13 13.1 140
Middle Devonian 10 Marcellus 87947 814.56 ND ND
Middle Devonian 11 Marcellus 93604 818.70 ND ND
Middle Devonian 12 Marcellus 105854 1081.05 19.3 143
Middle Devonian 13 Marcellus 112377 1141.77 15.0 149
Middle Devonian 14 Marcellus 6216 30.87 ND 2
Middle Devonian 15 Marcellus 28561 176.11 0.3 1
Middle Devonian 16 Marcellus 16897 74.39 0.2 1
Middle Devonian 17 Marcellus 27433 194.37 0.4 2
Middle Devonian 18 Marcellus 44745 269.13 0.5 3
Middle Devonian 19 Marcellus 40867 583.35 6.3 43
Middle Devonian 20 Marcellus 51288 692.52 2.6 62
Middle Devonian 21 Marcellus 34780 309.58 5.3 62
Middle Devonian 22 Marcellus 39250 427.67 7.0 54
Middle Devonian 23 Marcellus 43236 724.01 9.7 85
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1 Fayetteville 5507 95.59 2.3 7
2 Fayetteville 10165 121.73 18.2 12
3 Fayetteville 9896 143.89 16.3 8
4 Fayetteville 10312 100.88 26.0 18
5 Fayetteville 6771 96.66 15.7 10
6 Fayetteville 12287 105.24 54.2 22

Produced Water
(Appalachian Basin)

Upper Devonian 1 Bradford Gr. Ss. 62108 631.21 23.4 49
Upper Devonian 2 Bradford Gr. Ss. 81003 691.93 10.8 18
Upper Devonian 3 Bradford Gr. Ss. 83095 734.28 20.3 22
Upper Devonian 4 Bradford Gr. Ss. 91213 803.79 26.6 20
Upper Devonian 5 Bradford Gr. Ss. 45376 462.62 18.2 15
Upper Devonian 6 Bradford Gr. Ss. 72566 730.29 25.9 14
Upper Devonian 7 Organic-Rich Shale. 60903 602.45 22.7 17
Upper Devonian 8 Organic-Rich Shale 60655 675.16 12.4 53
Upper Devonian 9 Upper Devonian SS. 87098 779.92 ND ND
Upper Devonian 10 Upper Devonian SS. 90149 825.78 ND ND
Upper Devonian 11 Venango Gr. SS. 9792 918.05 36.4 29

Silurian 1 Vernon 110752 876.60 9.4 116
Silurian 2 Vernon 110794 9421.92 NA 99
Silurian 3 Vernon 92116 230.92 2.9 38
Silurian 4 Vernon 131602 439.78 2.3 91

Lower Silurian 5 Herkimer 101708 932.11 4.0 116
Lower Silurian 6 Herkimer 109315 705.46 5.5 123
Lower Silurian 7 Herkimer 156108 880.01 0.1 158
Lower Silurian 8 Herkimer 79032 635.75 5.9 75
Lower Silurian 9 Herkimer 105057 609.96 6.4 115
Lower Silurian 10 Herkimer 122768 913.9 6.9 134
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Lower Silurian 11 Herkimer 112936 1121.65 13.0 124
Lower Silurian 12 Herkimer 42049 337.51 0.7 64
Lower Silurian 13 Herkimer 106468 332.30 4.0 59
Lower Silurian 14 Herkimer 96971 925.33 9.0 127
Lower Silurian 15 Herkimer 69106 50.00 1.2 10
Lower Silurian 16 Herkimer/ Oneida 115353 1185.79 12.3 136
Lower Silurian 17 Medina Ss. 141623 1311.16 2.5 91
Lower Silurian 18 Oneida 140698 1863.98 15.5 286
Lower Silurian 19 Oneida 156147 1863.93 21.3 391
Lower Silurian 20 Oneida 137649 1594.31 NA 411
Lower Silurian 21 Oneida 129723 1503.97 11.3 297
Lower Silurian 22 Oneida 121739 1112.68 11.0 173
Lower Silurian 23 Oneida 97169 1007.54 11.9 160
Lower Silurian 24 Oneida 158468 1774.49 18.6 314
Lower Silurian 25 Oneida 161753 1674.16 18.0 360
Lower Silurian 26 Oneida 162394 1901.47 15.9 432
Lower Silurian 27 Oneida 158210 1724.02 8.9 331
Lower Silurian 28 Oneida/Oswego 99702 975.08 7.6 159
Lower Silurian 29 Oneida/Oswego 42184 370.72 2.9 63

220



Table A.3: Molar ratios of Br/Cl, I/Cl and NH4/Cl organized by formation. ND
means that the sample was analyzed but the concentration was below the detection
limit. ND means that the sample was analyzed but the concentration was below the
detection limit. NA means the samples was not analyzed for that constituent.

Sample Type N Formation Br/Cl I/Cl NH4/Cl
HF Flowback/

Produced Waters
Middle Devonian 1 Marcellus 4.34 6.61 4.67
Middle Devonian 2 Marcellus 4.32 2.60 5.78
Middle Devonian 3 Marcellus 4.36 1.74 4.03
Middle Devonian 4 Marcellus 4.32 5.86 4.36
Middle Devonian 5 Marcellus 4.39 5.03 4.18
Middle Devonian 6 Marcellus 4.35 2.34 5.98
Middle Devonian 7 Marcellus 4,38 5.76 4.45
Middle Devonian 8 Marcellus 4.38 5.76 4.17
Middle Devonian 9 Marcellus 4.38 5.50 4.17
Middle Devonian 10 Marcellus 4.11 ND ND
Middle Devonian 11 Marcellus 3.88 ND ND
Middle Devonian 12 Marcellus 4.53 5.08 2.66
Middle Devonian 13 Marcellus 4.51 3.73 2.60
Middle Devonian 14 Marcellus 2.20 0.13 0.79
Middle Devonian 15 Marcellus 2.74 0.29 0.08
Middle Devonian 16 Marcellus 1.95 0.33 0.17
Middle Devonian 17 Marcellus 3.14 0.41 0.14
Middle Devonian 18 Marcellus 2.67 0.31 0.15
Middle Devonian 19 Marcellus 6.33 4.34 2.09
Middle Devonian 20 Marcellus 5.99 1.40 2.36
Middle Devonian 21 Marcellus 3.95 4.27 3.54
Middle Devonian 22 Marcellus 4.83 4.98 2.71
Middle Devonian 23 Marcellus 7.43 6.27 3.88

1 Fayetteville 7.70 11.9 2.55
2 Fayetteville 5.31 50.0 2.34
3 Fayetteville 6.45 46.1 1.59
4 Fayetteville 4.34 64.6 2.94
5 Fayetteville 6.33 64.6 2.94
6 Fayetteville 3.80 123 3.50

Produced Water
(Appalachian Basin)

Upper Devonian 1 Bradford Gr. Ss. 4.52 10.5 1.56
Upper Devonian 2 Bradford Gr. Ss. 3.79 3.72 0.44
Upper Devonian 3 Bradford Gr. Ss. 3.92 6.84 0.52
Upper Devonian 4 Bradford Gr. Ss. 3.91 8.16 0.43
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Upper Devonian 5 Bradford Gr. Ss. 4.52 11.2 0.63
Upper Devonian 6 Bradford Gr. Ss. 4.47 10.4 0.39
Upper Devonian 7 Organic-Rich Shale. 4.39 10.4 0.56
Upper Devonian 8 Organic-Rich Shale 4.94 5.70 1.71
Upper Devonian 9 Upper Devonian SS. 3.97 ND ND
Upper Devonian 10 Upper Devonian SS. 4.06 ND ND
Upper Devonian 11 Venango Gr. SS. 4.08 10.2 0.58

Silurian 1 Vernon 3.51 2.37 2.06
Silurian 2 Vernon 3.77 NA 1.76
Silurian 3 Vernon 1.11 0.88 0.82
Silurian 4 Vernon 1.48 0.49 1.36

Lower Silurian 5 Herkimer 4.07 1.10 2.24
Lower Silurian 6 Herkimer 2.86 1.40 2.21
Lower Silurian 7 Herkimer 2.50 0.02 2.00
Lower Silurian 8 Herkimer 3.57 2.09 1.86
Lower Silurian 9 Herkimer 2.58 1.70 2.15
Lower Silurian 10 Herkimer 3.30 1.57 2.15
Lower Silurian 11 Herkimer 4.41 3.22 2.17
Lower Silurian 12 Herkimer 3.56 0.47 3.00
Lower Silurian 13 Herkimer 1.38 1.05 1.09
Lower Silurian 14 Herkimer 4.23 2.59 2.58
Lower Silurian 15 Herkimer 0.32 0.49 0.30
Lower Silurian 16 Herkimer/ Oneida 4.56 2.98 2.32
Lower Silurian 17 Medina Ss. 4.11 0.49 1.261
Lower Silurian 18 Oneida 5.88 3.07 4.01
Lower Silurian 19 Oneida 5.30 3.81 4.94
Lower Silurian 20 Oneida 5.14 NA 5.87
Lower Silurian 21 Oneida 5.14 2.43 4.52
Lower Silurian 22 Oneida 4.06 2.52 2.79
Lower Silurian 23 Oneida 4.60 3.42 3.24
Lower Silurian 24 Oneida 4.97 3.28 3.91
Lower Silurian 25 Oneida 4.59 3.11 4. 38
Lower Silurian 26 Oneida 5.20 2.74 5.24
Lower Silurian 27 Oneida 4.83 1.57 4.12
Lower Silurian 28 Oneida/Oswego 4.34 2.13 3.14
Lower Silurian 29 Oneida/Oswego 3.90 1.92 2.96
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Table A.4: Water chemistry of surface water samples collected in Western Pennsyl-
vania that are upstream and downstream of brine treatment facilities that accept oil
and gas wastewater and surface water samples collected in proximity to the intake
locations of municipal drinking water treatment facilities and the flowback spill in
Tyler County, West Virginia.

Sample Description Date Cl (mg/L) Br (mg/L) I (mg/L) NH`4 (mg/L)
Background PA Surface Water

Ohio River 2013 29 0.03 ND NA
Allegheny River 2013 23 0.04 ND NA

Josephine
Effluent Sep-2010 74309 602.48 18.0 100
Effluent Sep-2010 74026 604.52 21.6 106
Effluent Sep-2010 60751 473.80 18.0 102
Effluent Jan-2011 76870 639.91 20.5 71
Effluent May-2011 61260 521.57 13.7 60
Effluent June-2013 99245 1163.98 27.4 68
Effluent June-2014 82072 650.29 28.7 67
10 m DS Aug-2012 50000 41.92 ND 31
1 m DS 2010 75085 650.00 18.2 98
10 m DS 2010 ND 36.00 0.9 5

Josephine
Transect
Upstream June-2014 27 0.07 ND ND
Effluent June-2014 82072 650.29 28.7 67

AMD discharge June-2014 528 3.80 ND NA
0.2 km DS June-2014 3040 22.75 0.8 2
0.4 km DS June-2014 529 3.81 0.1 ND
0.8 km DS June-2014 128 0.83 ND ND
1.7 km DS June-2014 15 0.03 ND ND
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Franklin
Transect
Upstream June-2014 27 0.07 ND ND
Effluent June-2014 41321 340.99 11.4 12
Effluents August-2014 38076 294.92 NA NA

0.2 km DS June-2014 116 0.70 ND ND
0.4 km DS June-2014 188 1.36 ND ND

Hart Transect
Upstream June-2014 32 0.08 ND ND
Effluent June-2014 71072 623.43 24.7 43

0.2 km DS June-2014 167 1.10 ND ND
0.4 km DS June-2014 160 1.09 ND ND
0.8 km DS June-2014 162 1.10 ND ND

Produced Water
Spill pool January-3-2014 18087 277.71 8.6 76
Spill pool January-6 -2014 2133 19.31 0.5 3
Spill pool January-6 -2014 1031 13.03 0.3 ND
Spill pool January-6 -2014 669 5.87 0.1 ND
Spill pool January-6 -2014 684 5.89 0.1 NA
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Table A.5: Molar ratios of Br/Cl, I/Cl and NH4/Cl of surface water samples collected
in Western Pennsylvania that are upstream and downstream of brine treatment fa-
cilities that accept oil and gas wastewater and surface water samples collected in
proximity to the intake locations of municipal drinking water treatment facilities
and the flowback spill in Tyler County, West Virginia.

Sample Description Date Br/Cl I/Cl NH4/Cl
Background PA Surface Water

Ohio River 2013 0.41 ND NA
Allegheny River 2013 0.81 ND NA

Josephine
Effluent Sep-2010 3.60 6.77 2.63
Effluent Sep-2010 3.62 8.15 2.82
Effluent Sep-2010 3.46 8.28 3.31
Effluent Jan-2011 3.69 7.45 1.81
Effluent May-2011 3.78 6.25 1.92
Effluent June-2013 5.20 7.71 1.36
Effluent June-2014 3.52 9.78 1.60
10 m DS Aug-2012 0.37 ND 1.23
1 m DS 2010 3.84 6.78 2.57
0 m DS 2010 3.81 6.06 2.02

Josephine
Transect
Upstream June-2014 1.20 ND ND
Effluent June-2014 3.52 9.78 1.60

AMD discharge June-2014 3.19 ND ND
0.2 km DS June-2014 3.32 7.35 1.51
0.4 km DS June-2014 3.20 7.50 1.59
0.8 km DS June-2014 2.88 6.52 1.57
1.7 km DS June-2014 0.95 ND 1.52
Franklin
Transect
Upstream June-2014 1.20 ND ND
Effluent June-2014 3.66 7.71 0.57
Effluents August-2014 3.44 NA NA

0.2 km DS June-2014 2.69 4.82 ND
0.4 km DS June-2014 3.22 5.95 ND

Hart Transect
Upstream June-2014 1.17 ND 17.4
Effluent June-2014 3.89 9.71 1.19

0.2 km DS June-2014 2.91 6.69 3.99
0.4 km DS June-2014 3.02 6.99 4.16
0.8 km DS June-2014 3.02 6.90 3.94D
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Produced Water
Spill pool January-3-2014 6.81 13.3 8.26
Spill pool January-6 -2014 4.02 6.55 2.68
Spill pool January-6 -2014 5.61 8.13 ND
Spill pool January-6 -2014 3.89 4.18 ND
Spill pool January-6 -2014 3.82 2.21 NA

A.3 Supporting Figures

Figure A.1: Iodine concentrations determined by direct ICP-MS technique versus
iodine concentrations of the same solutions analyzed by the ID-ICP-MS technique
(n=30). The relative enrichments of the sodium-rich samples above the 1:1 line
represents instrumental biased of iodine enhancement induced from high sodium
concentrations in brine samples.
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Figure A.2: Map of western Pennsylvania and the locations of the three oil and
gas wastewater treatment facilities that were sampled as part of this study. Franklin
(A), Hart (B) and Josephine (C) discharge high salinity brine and treated oil and gas
wastewater to the Allegheny River, McKee Run, and Blacklick Creek, respectively.
Maps include sampling points near the outfall of treated OGW from (A) Franklin
Water Treatment Plant (red triangle) and downstream surface water (blue triangles)
on the Allegheny River near Franklin, PA. Surface water flow is from northeast
to southwest (left to right), (B) Hart Water Treatment Plant (red triangle) and
downstream surface water (blue triangles) on McKee Run near Creekside, PA.
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Appendix B

Appendix B- Supplementary Material for Chapter 2

B.1 Supporting Tables
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Table B.1: Geochemistry and isotope ratios of fossil fuel sources and wastewater
analyzed in this study.

Type Number Basin Li (ppm) Cl (ppm) Li/Cl δ7Li (‰) δ11B (‰)
OGW 1 Bakersfield 9.0 13163 0.69 5.0 40.0
OGW 2 Bakersfield 11.2 16427 0.68 9.9 33.8
OGW 3 Bakersfield 2.5 3551 0.72 8.0 10.3
OGW 4 Bakersfield 4.6 6982 0.66 6.0 22.0
OGW 5 Bakersfield 0.4 113 3.14 17.5
OGW 6 Bakersfield 0.6 1732 0.36 17.4 17.0
OGW 7 Bakersfield 1.9 111 17.08 13.5 13.2
OGW 8 Bakersfield 1.2 2078 0.58 11.0 24.1
OGW 9 Bakersfield 0.8 2261 0.37 17.6 21.1
OGW 10 Marcellus Shale 32.7 46513 0.70 9.5 31.0
OGW 11 Marcellus Shale 36.3 45065 0.81 8.9 30.7
OGW 12 Marcellus Shale 46.6 50001 0.93 9.4 31.1
OGW 13 Marcellus Shale 48.1 55591 0.87 8.9 31.5
OGW 14 Marcellus Shale 51.1 56094 0.91 8.4 29.9
OGW 15 Marcellus Shale 79.5 82781 0.96 11.0 30.6
OGW 16 Marcellus Shale 81.4 88492 0.92 10.9 31.0
OGW 17 Marcellus Shale 16.0 17457 0.92 8.4
OGW 18 Marcellus Shale 31.5 26996 1.17 8.3 29.9
OGW 19 Marcellus Shale 35.0 31421 1.11 6.2 30.2
OGW 20 Marcellus Shale 39.0 33262 1.17 8.8 29.6
OGW 21 Marcellus Shale 43.9 37848 1.16 9.1 30.1
OGW 22 Marcellus Shale 46.0 40620 1.13 10.5 29.4
OGW 23 Marcellus Shale 51.3 45684 1.12 8.3 30.7
OGW 24 Piceance Basin 1.1 1572 0.71 11.3 8.0
OGW 25 Fayetteville Shale 8.3 5507 1.51 9.1 28.4
OGW 26 Fayetteville Shale 2.8 10165 0.27 13.3 33.2
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OGW 27 Fayetteville Shale 4.7 9896 0.47 13.4 30.1
OGW 28 Fayetteville Shale 11.4 10312 1.11 7.1 26.4
OGW 29 Fayetteville Shale 3.6 6771 0.53 12.9 27.0
OGW 30 Fayetteville Shale 28.1 12287 2.29 6.3 29.7
OGW 31 Bakken Formation 31.5 119989 0.26 10.3 29.3
OGW 32 Bakken Formation 19.7 75892 0.26 10.0 29.4
OGW 33 Bakken Formation 37.0 136220 0.27 9.5 29.2
OGW 34 Piceance Basin 1.1 1572 0.71 11.3 8.0
Spill 1 North Dakota Pipeline 3.2 14795 0.22 8.8
Spill 2 North Dakota Pipeline 3.5 16032 0.22 15.9
Spill 3 North Dakota Surface 1.2 18703 0.06 25.4
Spill 4 West Virginia Flowback 14.2 18087 0.78 11.3 26.9
Spill 5 West Virginia Flowback 0.8 2133 0.39 13.8 28.1
Spill 6 West Virginia Flowback 0.4 1031 0.40 14.4 27.1

Effluent 1 Josephine, PA 47.2 62997 5054.36 6.7
Effluent 2 Josephine, PA 53.7 60751 0.54 10.6 28.7
Effluent 3 Josephine, PA 52.0 61260 24.37 10.7 28.7
Effluent 4 Josephine, PA 7.3 50000 508.21 3.0 26.3
Effluent 5 Josephine, PA 38.8 99245 37.61 6.6
Effluent 6 Franklin, PA 1.8 4108 0.04 15.1
Effluent 7 Franklin, PA 6.7 40712 28.76 10.4
Effluent 8 Franklin, PA 7.1 50151 9.95 15.1
Effluent 9 Hart, PA 1.0 1922 0.53 9.2
CMD 1 Clyde Mine, PA 0.1 864 0.09 17.8
Coal 1 Appalachian 0.0 11.5
Coal 2 Appalachian 0.0 -0.6 -15.4
Coal 3 Appalachian 0.0 7.1 9.1
CCR 1 Appalachian 0.0 -0.9 -6.4
CCR 2 Appalachian 0.0 -7.0
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CCR 3 Appalachian 0.0 7.1 -7.8
CCR 4 Appalachian 0.0 -3.5 -17.6
CCR 5 Appalachian 0.0 4.3 -14.4
CCR 6 Illinois 0.0 0.5 -8.8
CCR 7 Illinois 0.0 0.8 6.3
CCR 8 Illinois 0.0 -1.4 -3.1
CCR 9 Illinois 0.0 0.1
CCR 10 Illinois 0.0 -0.8
CCR 11 Illinois 0.0 0.6 -2.7
CCR 12 Powder River 0.0 2.0 -2.7
CCR 13 Powder River 0.0 8.1 -0.9
CCR 14 Powder River 0.0 12.8 -4.8

Pond Effluent 1 North Carolina 0.0 -1.3
Pond Effluent 2 North Carolina 0.3 60751 0.01 -6.2 -6.9
Pond Effluent 3 North Carolina 0.4 74026 0.01 -1.5 -24.4
Pond Effluent 4 North Carolina 0.0 61260 0.00 -2.1 3.0
Pond Effluent 5 North Carolina 0.1 50000 0.00 8.7 3.2

OSPW 1 OSPW 0.2 147 1.47 16.8 21.5
OSPW 2 OSPW 0.2 147 1.47 13.7
OSPW 3 OSPW 0.2 318 0.58 16.8
OSPW 4 OSPW 0.1 367 0.36 16.2 21.9
OSPW 5 OSPW 0.3 644 0.42 15.1 25.4
OSPW 6 OSPW 0.2 495 0.38 15.5 24.0
OSPW 7 OSPW 0.2 549 0.31 15.2 21.2
OSPW 8 OSPW 0.2 473 0.45 19.8 25.0
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Table C.1: Major chemistry and isotope ratios of West Virginia groundwater samples.All ratios are in molar units. Blank entries
indicate no analysis for that constituent.Timeline samples are labeled alphabetically (a = pre-drill, b or c are consecutive samples
post-drill).

Sample ID Type SO4 (mg/L) Ca (mg/L) Mg (mg/L) Na (mg/L) Br (mg/L) Li (ppb) B (ppb) Sr (ppb) δ18O (‰) δ2H (‰)
WV-1a 1 16.5 7.9 1.3 89.1 0.02 5.77 75.73 219.84 -8 -50.9
WV-1b 1 18.7 14 2.3 87.5 0.03 6.13 66.13 333.09
WV-2a 1 1.9 15.6 3.2 31.6 ă0.02 2.24 18.51 172.85
WV-2b 1 1.5 15.8 3.6 33.7 ă0.02 2.09 17.03 176.6
WV-3a 1 2.2 17.1 3.6 66.6 0.03 5.48 27.86 306.13 -8.2 -52.8
WV-3b 1 10.8 26.3 5.7 78.2 0.04 4.92 20.62 365.71
WV-5 1 8.7 33.4 5.7 16.8 0.07 3.32 14.74 490.44 -8.4 -50.9
WV-6 1 2 34.4 6 18.9 ă0.02 4.77 21.66 364.42 -7.8 -51.1
WV-7 1 14.1 10.3 2.1 1.7 ă0.02 0.19 28 61.98 -8 -51.4
WV-8a 1 18.3 29.6 4.9 46.7 0.02 9.05 41.28 629.7 -7.3 -45.8
WV-8b 1 8.7 2.9 0.5 169.3 ă0.02 7.8 190.52 38.75 -7.9 -49.9
WV-8c 1 13.6 32.2 5.8 66.3 0.02 8.11 37.58 594.71
WV-10a 1 7.6 8.9 1.3 90.8 0.11 8.34 80.25 232.76 -7.6 -50.5
WV-10b 1 13.1 5.7 1.1 335 ă0.02 13.45 175.29 112.61 -7.8 -49.2
WV-10c 1 6.6 10.7 1.3 127.7 0.11 8.03 78.05 228.75 -8.8 -49.6
WV-11a 1 14.5 22.2 3.2 40.9 0.02 5.91 36.1 291.42 -8.7 -55
WV-11b 1 6.8 29.4 4 23.5 0.02 4.94 22.56 303.12
WV-11c 1 7.2 26.6 3.8 37.5 0.02 5.01 24.38 300.6
WV-12 1 9.7 22 3.2 40.9 0.02 6.06 37.93 291.59
WV-21 1 9.7 12.9 2.6 98.9 0.18 9.8 88.93 281.71 -7.4 -48.5
WV-22 1 9.7 22.3 4.2 59.5 0.05 9.77 59.8 607.71 -7.3 -47.8
WV-25 1 9.7 22 4.9 140.3 0.21 10.95 115.56 706.2 -7.7 -49
WV-27a 2 9.7 3.7 0.7 175.6 0.12 7.54 100.83 94.27 -8 -50.3
WV-29a 1 9.7 23.4 6.4 10.6 0.2 0.91 120.34 0.13 -7.8 -46.5
WV-27b 1 9.7 7.9 0.5 194.4 0.15 6.75 99.12 102.77 -8.8 -51.4
WV-29b 2 9.7 0.3 ă0.2 3 0.24 0.29 85.3 ă0.1
WV-29c 1 9.7 6.1 ă0.2 204.7 0.16 7.34 114.13 0.86 -8.7 -48.3
WV-31a 1 9.8 17.9 4.2 64.8 0.03 10.95 70.07 587.29 -7.6 -49.5
WV-31b 1 9.8 17.9 4.2 61.5 ă0.02 10.49 69.01 560.02
WV-32a 1 9.8 17.6 4.2 5.9 ă0.02 2.2 28.62 159.73 -6.4 -39.6
WV-32b 1 9.8 16.4 3.8 5.9 ă0.02 1.74 14.04 141.97
WV-33 1 9.8 31.7 4.9 35.1 0.21 6.75 47.75 673.99 -7.9 -49.6
WV-36a 1 9.8 18 5.1 676.3 0.62 28.81 194.36 640.3 -5.9 -30.4
WV-36b 2 9.8 73.3 23.1 37 0.41 1.17 41.23 428.96
WV-36c 3 9.8 ă0.3 ă0.2 586.6 2.98 26.76 174.28 464.64
WV-37a 2 9.8 16.5 4 65.7 3.11 10.37 79.86 531.23
WV-37b 2 9.8 ă0.3 ă0.2 184.3 0.46 11.12 99.7 91.6 -8.6 -50
WV-38a 2 9.8 7.2 1.5 173.2 0.54 21.5 121.7 348.81 -7.1 -44.9
WV-38b 2 9.8 ă0.3 ă0.2 446.3 4.87 23.54 136.64 359.13 -8.6 -46.2
WV-39a 3 9.9 18.3 3.9 141.6 4.49 4.13 60.48 225.37 -8 -49.3
WV-39b 1 9.9 72.3 16 61.1 0.3 11.75 58.04 933.37
WV-39c 1 9.9 77 17.4 88.2 0.13 10.38 56.4 918.69
WV-40a 1 9.9 26.7 4.9 108 ă0.02 9.7 87.48 761.89 -7.5 -46.7
WV-40b 1 9.9 81.8 29.6 ă1.0 0.45 8.69 86.96 773.34
WV-40c 1 9.9 21.4 1.2 96.4 0.32 9.24 86.67 785.57 -8.8 -51.1
WV-41a 1 9.9 52.9 11.9 14.5 ă0.02 3.31 23.45 806.03 -7.6 -48.1
WV-41b 1 9.9 44.1 9.9 21.1 ă0.02 4.11 34.36 937.48
WV-51a 1 9.9 110.4 15.4 91.7 5.95 12.63 58.02 1471.22
WV-51b 3 9.9 46.1 4.4 94.7 1.4 8.82 54.63 838.75 -8.6 -51
WV-52a 3 9.9 11.4 2.1 514.2 4.72 19.19 201.91 280.8
WV-52b 3 10 ă0.3 ă0.2 342.2 1.82 15.56 203.4 187.11 -8.3 -44.9
WV-53 2 10 37.5 7.6 35.2 0.56 5.03 30.63 297.88
WV-54 1 10 3.9 0.6 118.4 0.32 6.29 117.85 94.4
WV-55b 1 10 24.2 5.6 43.5 ă0.02 4.24 64.41 391.25
WV-55c 1 10 25.1 6.1 47.5 ă0.02 3.27 50.43 394.49
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WV-56 1 10 11.3 2.2 88.9 0.41 6.15 105.77 333.09
WV-57 1 10 15.2 3.2 53.3 0.03 4.23 68.79 276.3
WV-58a 1 10 74.8 16.9 503.2 15.23 27.45 122.06 2750.2
WV-58b 3 10 85 16.5 522.9 7.49 26.66 118.27 2695.54 -8.4 -48.6
WV-59 3 10 3.6 0.6 249.6 0.4 6.99 176.72 57.11
WV-60b 2 10 1.4 0.2 103.1 0.34 3.63 114.65 24.81
WV-60c 1 10.1 ă0.3 ă0.2 137.7 0.18 3.81 132.53 25.67 -8.7 -48.8
WV-61 1 10.1 27.5 4.9 46.8 0.42 6.01 62.78 507.02
WV-62b 1 10.1 20.8 3 47.5 0.3 4.62 54.09 418.88
WV-62c 1 10.1 20.2 2.6 61.1 0.09 3.76 46.38 320.98
WV-63 1 10.1 25.5 4.9 45 0.19 6.3 46.08 600.12
WV-64a 1 10.1 34.7 6.7 299.8 3.62 15.36 165.83 1127.29
WV-64b 3 10.1 72.5 7.1 381.3 3.89 15.24 141.54 2014.1 -8.8 -51.2
WV-65 3 10.1 35.6 6 41.4 0.19 6.13 37.34 409.65
WV-66b 1 10.1 35.6 6 10.5 ă0.02 6.33 6 214.78
WV-66c 1 10.1 34.6 6.7 10.5 ă0.02 7.41 6.16 246.26

WV-101b 1 10.1 10.6 2.2 140.7 0.11 7.07 78.06 243.29
WV-101c 2 10.2 ă0.3 ă0.2 138 0.04 7 86.72 231.97 -8.6 -49.4
WV-102 2 10.2 41.5 6.5 21 0.07 4.43 26.53 385.38
WV-103 1 10.2 2.1 0.4 77.1 0.06 0.34 25.33 ă0.1
WV-104 1 10.2 16.4 3 58.9 0.05 5.08 65.54 360.47
WV-105 1 10.2 5.7 1.6 93 0.04 8.68 93.77 181.23
WV-106 1 10.2 34 14.8 60.7 0.02 7.46 35.3 1039.98
WV-107 1 10.2 32.2 14 8.2 ă0.02 5.87 41.91 1330.91
WV-108b 1 10.2 41.7 7.5 34 0.03 6.8 39.65 637.08
WV-108c 1 10.2 41.5 8.3 55.1 0.03 7.18 39.53 711.28
WV-109b 1 10.2 39.1 6.7 38.6 0.08 8.41 42.7 716.53
WV-109c 1 10.2 37.7 6.9 56.6 ă0.02 7.91 42.49 694.49
WV-110 1 10.2 19.4 3.7 4.8 ă0.02 0.25 21.55 131.63
WV-111 1 10.3 24.4 4.6 41.7 0.02 2 41.82 172.8
WV-112 1 10.3 35.5 6.9 23.4 0.03 5.47 15.52 528.6
WV-113 1 10.3 28.1 7.3 4.5 0.03 11.02 5.65 105.05
WV-116b 1 10.3 4.6 0.7 158.7 0.45 7.29 88.34 33.59
WV-116c 2 10.3 7.4 0.2 205.2 0.35 8.45 100.28 40.96 -8.5 -48.4
WV-117 2 10.3 20 4.5 10.2 0.05 2.2 30.46 262.6
WV-300 1 10.3 46.9 15.6 16.6 ă0.02 4.81 47.45 554.83
WV-301b 1 10.3 22.6 5 87.2 0.14 11.16 91.75 618.13
WV-301c 1 10.3 6.5 0.2 100.2 0.3 8.76 99.66 344.95 -8.9 -49.2
WV-302b 1 10.3 32.3 7.2 49.2 0.1 6.18 38.61 482.62
WV-302c 1 10.3 25.7 5.9 43.9 0.06 5.8 32.23 364.41
WV-303b 1 10.4 26.4 6.6 34.4 ă0.02 7.55 42.68 480.19
WV-303c 1 10.4 24 5.8 35.4 0.05 7.04 28.11 466.63
WV-304 1 10.4 33.3 6.9 45.3 0.03 5.9 37.94 1005.88
WV-305 1 10.4 22.7 5.1 35.5 ă0.02 6.06 49.45 408.06
WV-306 1 10.4 3.9 1.2 1.7 ă0.02 0.31 13.98 22.94
WV-308 1 10.4 34.4 6.6 26.5 ă0.02 5.72 23.64 689.54
WV-309 1 10.4 25.5 40.8 35.8 0.2 6.18 121.99 164.24
WV-311 1 10.4 28.6 6.2 21.4 ă0.02 3.94 34.93 648.77
WV-312 1 10.4 39.1 7.7 7.2 ă0.02 2.6 16.39 340.66
WV-313 1 10.4 60.3 27.7 72.9 0.24 8.71 231.53 62.42
WV-314b 2 10.4 346.4 233.4 422.6 11.92 71.44 164.31 2676.01
WV-314c 2 10.5 ă0.3 0.2 1362.3 9.28 71.93 162.7 2781.67 -6.6 -24.1
WV-315 2 10.5 30.1 6.1 27.5 ă0.02 3.2 18.22 283.99
WV-316 1 10.5 46.7 19.3 163.9 0.08 8.53 152.18 52.93
WV-317 1 10.5 6.4 1.8 177 0.22 11.71 155.44 158.26
WV-318 2 10.5 18.2 4.5 6.5 ă0.02 0.8 15.68 93.42
WV-319 1 10.5 32.2 5.8 7.3 ă0.02 1.64 19.57 216.44
WV-320 1 10.5 ă0.3 0.2 89.4 0.03 0.04 54.31 ă0.1
WV-321 1 10.5 52.7 12.6 11 0.02 18.77 24.86 973.82
WV-322 1 10.5 1.3 0.3 8.6 ă0.02 2.6 11.88 4.83
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WV-323 1 10.5 64.3 34.4 68.8 0.02 9.71 39.4 1066.49
WV-324b 1 10.5 44.1 8.4 36.1 0.02 6.44 28.46 434.51
WV-324c 1 10.5 48.8 8.8 20.4 0.03 5.95 20.51 430.78 -8.6 -49
WV-325 1 10.6 40.4 6.4 33.3 ă0.02 5.29 34.77 312.13
WV-326 1 10.6 34.8 9.1 20 ă0.02 3.03 28.92 485.15
WV-327 1 10.6 26.9 5.5 46 0.02 12.35 105.47 1247.11
WV-329 1 10.6 36.2 6.8 39.2 0.02 10.13 89.03 1486.74
WV-400 1 10.6 17.6 3 8.1 0.01 1.63 36.25 183.81
WV-401 1 10.6 23.9 5.4 74.1 0.02 5.13 77.01 383 -8.7 -50.6
WV-412 1 10.6 1 ă0.2 141.3 0.09 0.43 67.85 0.8 -8.9 -49.9
WV-414 1 10.6 20.6 3.2 93.9 0.01 6.61 70.07 331.26
WV-417 1 10.6 20.5 4.2 165.7 0.07 10.31 130.37 458.55 -8.3 -47.3
WV-427 1 10.6 50.3 9.8 74.8 0.05 8.65 53.63 1152.76 -8.5 -49
WV-428 1 10.6 9.9 1.3 157.2 ă0.02 7.54 145.33 189.46 -8.6 -48.6
WV-429 1 10.7 4.9 0.4 105.1 ă0.02 6.05 105.27 76.33 -8.6 -51.9
WV-435 1 10.7 36.2 4.8 ă1.0 0.03 5.52 19.42 504.68
WV-501 1 10.7 46.1 8.9 19.6 0.02 4.88 85.16 271.98
WV-502 1 10.7 31.7 7.5 28.1 0.12 2.1 37.47 383.74
WV-503 1 10.7 35.2 1.3 89.5 1.12 6.45 30.17 720.1 -8.5 -49.8
WV-504 3 10.7 41 8.4 16.9 0.05 4.39 36.8 425.12
WV-505 1 10.7 ă0.3 ă0.2 111.9 0.03 7.03 109.45 175.56 -8.6 -48.3
WV-511 1 10.7 37.5 10.9 15.6 0.01 5.64 23.48 536.51
WV-512 1 10.7 54.8 10.5 22.7 0.07 4.2 20.26 784.89 -8.9 -52.4
WV-514 1 10.7 65.8 20.4 7.2 0.03 9.15 26.54 400.42 -9.2 -52.7
WV-515 1 10.7 39.8 5.9 136.1 0.06 9.08 66.81 673.06 -8.8 -50.7
WV-516 1 10.8 40.6 9.3 48.4 0.05 7.3 45.73 765.68 -8.7 -48.6
WV-517 1 10.8 2.8 0.5 154.1 ă0.02 11.67 95.19 95.45 -9 -49.2
WV-519 1 10.8 66.4 19.7 25.5 0.02 11.22 43.53 907.75 -8.7 -48.3
WV-602 1 9 17 3 104.8 0.01 9.46 69.13 349.66235



C.2 Supporting Figures

Figure C.1: Map of shale gas well density in Northwestern West Virginia, including
the study area in Doddridge, Harrison, Ritchie, Tyler and Wetzel counties. The
counties of interest have the highest well density in this region of the NAB. The
areal extent of the Marcellus Formation is shown in grey in the upper left map.
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Figure C.2: Variations in trace element chemistry with Cl. Plots show low [Cl]
Type 1 (blue) water, and high [Cl] Type 2 (orange) and Type 3 (red) waters. B
and Li have significant (pă0.05) positive correlations with Cl (r=0.60 and r=0.54,
respectively). Higher concentrations of B and Li were found in the saline-type wa-
ters, which indicate the migrated brines as the primary sources of B and Li. As
was weakly correlated with Cl, but concentrations greater than the Environmental
Protection Agency Maximum Contaminant Level (5 µg/L) were found in all water
types (USEPA, 2017b).
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Figure C.3: Sr and Ba concentrations vs. Cl and Ca. Sr and Ba were not correlated
to Cl (p=0.13 and p=0.15) but they were significantly (pă0.05) correlated to Ca (r
= 0.68 and r = 0.53, respectively). However, both Ba and Sr were higher in the high
Cl water, which suggests both brines and water-rock interactions as sources of Sr
and Ba in the groundwater.
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Figure C.4: δ2H vs. δ18O in groundwater from this study and Appalachia. The
black, dashed line represents the Local Meteoric Water Line (Kendall and Coplen,
2001). A subset of mostly Type 1 and Type 2 waters fall along the LMWL, while
the remaining samples fall above the LWML due to deuterium excess that is likely
not related to mixing with brines.
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Figure C.5: Plots of the variation of CH4 concentrations with Cl, Br, B and Li
and δ13C-CH4 vs. δ13C-HCO3. In general, concentrations of methane and higher
order hydrocarbons increased with the brine components (Cl, Br, B and Li) in Type
2 and Type 3 waters that have Br/Cl ratios that are consistent with Devonian age
brines.Natural gases that have experienced extensive degradation with time in shal-
low aquifers typically have δ13C-CH4 co-occurring with negative δ13C-HCO3, and
a decrease in δ13C-CH4 values with δ13C-HCO3 is observed, particularly in Type 1
water, although the trend is not significant.
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Figure C.6: Geochemical, hydrocarbon and noble gas chemistry across the study
area in relation to the Burchfield Syncline. [Cl] and Br/Cl ratios were both nega-
tively and significantly (pă0.05) correlated (r= -0.29 and -0.41, respectively) with
higher values in wells close to the syncline transect. Methane concentrations (r=
-0.16), δ13C-CH4 values (r= -0.22), C1/C2+ ratios (r= -0.27), [4He] (r=-0.34), and

4He/CH4 ratio (r= -0.29) were also significantly (pă0.05) correlated with distance
to the Burchfield Syncline. [36Ar] were positively correlated with distance to the
Burchfield Syncline (r = 0.38, pă0.05). 20Ne/36Ar ratios were not correlated.
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Figure C.7: Geochemical, hydrocarbon and noble gas chemistry across the study
area in relation to the valley bottoms. [Cl] and Br/Cl ratios were both negatively
and significantly (pă0.05) correlated (r= -0.36 and -0.37, respectively) with higher
values in wells close to the syncline transect. [4He] (r=-0.33), 4He/CH4 (r= -0.42)
and 20Ne/36Ar (r= -0.39) were also significantly (pă0.05) correlated with distance
to the Burchfield Syncline. [36Ar] were positively correlated with distance to the
Burchfield Syncline (r = 0.37, pă0.05). ratios Methane concentrations, δ13C-CH4

values, and C1/C2+ ratios were not correlated.
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Figure C.8: Relationship between Br and Cl for surface spill sites. Red samples
indicate known flowback spill water, while the blue symbols show surface water
downstream from injection wells and the flowback spill site. We see that the Br/Cl
ratios in the surface water fall on a mixing line between upstream surface water
(Clă20 mg/L) and the spilled flowback water (r=0.997, pă0.05).
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D.1 Supporting Tables

Table D.1: Trace metal concentrations from the seven sites. Concentrations in
background samples are shown in bold for each site. Samples exceeding the EPA
maximum contaminant level (MCL (USEPA, 2017b)) are indicated by ast, and sam-
ples above the ecological threshold of the criterion continuous concentration (CCC
(USEPA, 2017a)) are indicated by ^. The MCL is the drinking water regulation
and CCC is the National Recommended Water Quality Criteria for Aquatic Life.
Concentrations below the instrumental detection limit are denoted by n.d. Empty
entries indicated no analysis for that sample.

Sample ID Cd
(µg/L)

Ni
(µg/L)

Pb
(µg/L)

Zn
(µg/L)

TN1-BG-1 n.d. 1.1 n.d .0.8
TN1-Seep-1 1.5^ 56.8 0.4 37.4
TN1-Seep-2 1.5^ 67.7 n.d. 62.7
TN1-Seep-3 n.d. 4.3 n.d. 4.4
TN1-SW-1 n.d. 3.2 n.d. 3.34
TN1-SW-2 n.d. 1.8 n.d. 1.7
TN1-SW-3 n.d. 1.2 n.d. 1.2

TN1-Lagoon-1 n.d. 3.4 n.d. 3.3
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TN1-Lagoon-2 0.1 3.4 n.d. 2.7
TN1-NPDES n.d. 1.2 n.d. 2.1

VA2-BG-1 n.d. 1.7 n.d. 1.3
VA2-SW-1 n.d. 7.7 n.d. 1.2
VA2-SW-2 0.1 2.4 0.1 8

KY1-BG-1 n.d. 1.3 0.1 3.3
KY1-SW-1 n.d. 1.8 n.d. 58.7

VA2-BG-1 0.6 n.d.
VA2-SW-1 0.1 1.3 n.d. 0.9
VA2-SW-2 n.d. 0.5 0.1 2.4
VA2-SW-3 n.d. 18.1 26.5

TN2-BG-1 n.d. 1.4 0.1 21.28
TN2-Seep-1 0.1 2 0.2 3.3
TN2-Seep-2 n.d. 1.6 n.d. 1.4
TN2-Seep-3 n.d. 9.9 n.d. 8.5
TN2-Seep-4 n.d. 4.78 n.d. 1.5
TN2-SW-1 n.d. 0.6 n.d. 0.6

TN2-NPDES n.d. 1.2 n.d. 1.3

GA1-Dam-1 n.d. 0.4 n.d. 2.1
GA1-SW-1 n.d. 1.6 n.d. 4.3

GA2-BG-1 n.d. n.d.
GA2-BG-2 n.d. 4.1^

GA2-Dam-1 n.d. 1.2 n.d. 20.2
GA2-Seep-1 n.d. n.d. n.d. 12
GA2-Seep-2 n.d. n.d. n.d. 10.6
GA2-Seep-3 n.d. n.d. n.d. 11.25
GA2-SW-1 n.d. 1 n.d. 2
GA2-SW-2 n.d. 2.4 n.d. 4.4
GA2-SW-3 n.d. 5.6 n.d. 4.8
GA2-SW-4 n.d. 1.1 n.d. 3.2
GA2-SW-5 n.d. n.d. n.d. 74.2
GA2-SW-6 n.d. n.d. n.d. 4.6

TN-MW-22 n.d. 1.1 n.d. 3.5
TN-MW-25 n.d. 2.1 n.d. 1.3
TN-NRS-20 0.1 29.8 0.1 34.1
TN-NRS- 27 n.d. 3.5 n.d. 6

TN-NRS -19R 10.6˚ 228.4^ 3.2^ 630.1^

TN-NRS-26 n.d. 7.5 n.d. 1.9
TN-MW-17 n.d. 2.4 n.d. 2.8
TN-MW-23 n.d. 3.1 n.d. 2
TN-MW-24 n.d. 4.8 n.d. 1.7
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Table D.2: Enrichment factors for dissolved constituents associated with CCR ef-
fluents compared to reference sites at each location. All concentrations reported in
µg/L

Sample ID B Sr Cl SO4 Ca Mn As Se Mo V
Compared to TN1-BG-1

TN1-SW-1 3 1 1 2 1 ă1 2 21 6 2
TN1-Seep-1 796 10 9 31 18 202 4 325 268 9
TN1-SW-2 2 1 1 1 1 1 2 10 3 1
TN1-Seep-2 252 3 9 14 10 940 3 192 10 4
TN1-SW-3 2 1 1 1 1 1 2 17 3 1
TN1-Seep-3 85 7 2 6 5 20 4 24 65 4

TN1-Lagoon-1 65 4 2 10 5 4 2 5 113 2
TN1-Lagoon-2 62 4 1 6 5 11 2 33 118 2
TN1-NPDES ă1 1 1 4 ă1 ă1 1 3 2 1

Compared to TN2-BG-1
TN2-NPDES 5 5 3 6 ă1 ă1 5 38 6 31
TN2-SW-1 2 1 3 3 ă1 2 ă1 ă1 ă1 ă1
TN2-Seep-1 194 11 ă1 4 2 174 ă1 ă1 ă1 ă1
TN2-Seep-2 131 4 2 7 2 470 4 ă1 ă1 ă1
TN2-Seep-3 11 2 ă1 11 1 181 ă1 ă1 ă1 ă1
TN2-Seep-4 ă1 4 ă1 ă1 3 151 ă1 ă1 ă1 ă1

Compared to TN-MW22
MW-17 175 7 ă1 109 2 5 ă1 ă1 7 ă1
MW-23 40 3 1 88 3 14 ă1 3 ă1 ă1
MW-24 8 3 ă1 112 4 9 ă1 6 5 ă1
NRS-20 168 14 6 352 5 4181 7 ă1 28 ă1

NRS -19R 124 15 4 731 6 12222 ă1 ă1 26 37
Compared to TN-MW25

NRS- 27 301 4 ă1 28 3 14 ă1 ă1 4 6 ă1
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NRS-26 409 4 ă1 28 3 143 37 ă1 121 ă1
Compared to GA2-BG-1

GA1-SW-1 42 ă1 4 10 4 ă1 1 ă1 ă1 ă1
GA1-Dam-1 37 1 4 26 8 8 ă1 ă1 10 ă1

Compared to GA2-BG-1
GA2-SW-1 17 1 5 148 8 15 ă1 ă1 1 60
GA2-SW-2 28 4 5 123 15 76 ă1 ă1 4 2
GA2-SW-3 38 2 4 131 13 74 2 ă1 2 10
GA2-SW-4 44 4 5 131 21 76 2 ă1 4 2
GA2-SW-5 42 8 3 59 18 195 2725 6 8 1247
GA2-SW-6 25 4 5 79 9 22 ă1 ă1 4 ă1

Compared to GA2-BG-2
GA2-Dam-1 47 4 2 126 82 37 ă1 ă1 4 ă1
GA2-Seep-1 55 2 4 161 82 10 ă1 8 13 ă1
GA2-Seep-2 50 4 4 170 67 14 ă1 3 10 ă1
GA2-Seep-3 54 3 5 200 97 11 ă1 ă1 55 ă1

Compared to VA1-BG-1
VA1-SW-1 4 7 ă1 2 2 265 4 ă1 2 ă1
VA1-SW-2 85 2 2 2 227 20 9 5 2

Compared to VA2-BG-1
VA2-SW-1 7 16 2 22 8 2 57 ă1 ă1 ă1
VA2-SW-2 ă1 2 ă1 1 1 5 ă1 ă1 ă1 ă1

Compared to KY1-BG-1
KY1-SW-1 25 1 ă1 2 ă1 5 ă1 ă1 11 ă1 ă1
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D.2 Supporting Figures

Figure D.1: Locations of potentially contaminated samples (red triangles) and
background (blue triangles) collected around the coal ash and gypsum ponds at
site TN1 in June 2015. Blue arrows show the flow direction of Wells Creek. Seep-
1 and Seep-2 were collected from the riverbank along the unlined active disposal
area.1 Seep-3 was located along the riverbank area covered by rip-rap adjacent to
the gypsum pond (lining unknown).1 SW-1 was downstream of the seeps and lagoon,
but upstream of the NPDES outfall and is likely impacted by the seeps. SW-2 and
SW-3 are Wells Creek samples collected directly at the entry sites for Seep-1 and
Seep-2. A small lagoon adjacent to the gypsum pond that may be receiving overflow
from the coal ash pond was sampled (Lagoon-1) and the outflow from the lagoon
to Wells Creek was also sampled (Lagoon- 2). The background sample was from
Wells Creek upstream of the plant but not background seeps were collected. Source:
southeastcoalash.org.
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Figure D.2: Locations of potentially contaminated samples (red triangles) and
background (blue triangles) collected around the coal ash disposal sites at TN2 in
June 2015. Blue arrows show the flow direction of the Cumberland River. Seep-1 is
adjacent to the active coal ash pond (unknown lining)1 and Seep-2 is adjacent to the
unlined abandoned ash disposal area (non-registered site, NRS).1 Seep-3 is from the
northeast corner of the large active ash pond. The SW-1 sampled is from the Cum-
berland River downstream of the outfall but upstream of the seeps, and is primarily
a mixture of river water and the outfall effluent. The background seep was collected
along the riverbank away from any disposal areas. Source: southeastcoalash.org.
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Figure D.3: Locations of potentially contaminated samples (red triangles) collected
around the retired coal ash ponds (lining unknown)1 at site GA1 in September 2015.
The Georgia Power Arkwright plant, along with its coal ash disposal ponds, was
closed in 2002. Samples include water discharging from below the pond dam (Dam-
1) and downstream water from the Beaverdam tributary (SW-1). Blue arrows show
the flow direction of Beaverdam creek. Source: southeastcoalash.org.

250



Figure D.4: Locations of potentially contaminated samples (red triangles) and
background (blue triangles) collected around the coal ash ponds at the GA2 site.
Several streams originating from below unlined ash ponds1 (SW-1 to SW-4) and
discharge from directly below the pond dam wall (Dam-1) were sampled in Septem-
ber 2015. Two streams originated below unlined ponds1 (SW-5 and SW-6) and
seeps along the riverbanks (Seep-1 to Seep-3) were collected in December 2015. The
sampled streams do not receive outfall from the ponds but could be impacted by
groundwater discharge and seeps. The background stream originating away from
the pond (BG-1) and the background seep away from the ponds (BG-2) were not
analyzed at Duke. Source: southeastcoalash.org.
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Figure D.5: Locations of potentially contaminated samples (red triangles) and
background (blue triangles) collected around the unlined coal ash ponds at the VA1
site. Surface water directly adjacent to the new ash pond (SW-1) and discharge from
a pipe near the old coal ash pond (SW- 2), along with an upstream water sample
on the James River (BG-1) were collected in September 2015. Source: southeast-
coalash.org.
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Figure D.6: Locations of potentially contaminated samples (red triangles) and
background (blue triangles) collected around the unlined coal ash ponds at the VA2
site. Upstream (BG-1) and downstream surface water samples (SW-2) from the
Holman Creek and adjacent tributaries (SW-1 and SW-3) were collected in Novem-
ber 2015. The streams do no receive effluents from the NPDES outfall. Source:
southeastcoalash.org.
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Figure D.7: Locations of potentially contaminated samples (red triangles) and
background (blue triangles) collected around the coal ash ponds and landfill at the
KY1 site in October 2015. The background sample (BG-1) was collected upstream
of the ash disposal areas. SW-1 was collected downstream of the coal ash disposal
areas and was adjacent to the unlined coal ash pond.1 Source: southeastcoalash.org.
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Figure D.8: Locations of groundwater monitoring wells sampled at the TVA Gal-
latin Fossil Plant in July and August 2015. Blue triangles indicate the background
wells designated by the utility for the alluvium aquifer (BGW-20) and the carbonate
aquifer (BGW-25). MW -17, MW-23 and MW-24 are located around the active coal
ash pond (lining unknown). NRS-19R and NRS-20 are screened into the alluvium
aquifer adjacent to the non-registered site that is an unlined, former coal ash dis-
posal area.1 NRS-26 and NRS-27 are screened into the bedrock aquifer below wells
NRS-19R and NRS-20, respectively. Source: southeastcoalash.org.
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Figure D.9: Locations and boron concentrations of groundwater monitoring wells
sampled and reported by the NC-DEQ. Boron concentrations are divided in 0-100
ppb (green), 100-1000 ppb (orange) and ą1000 (red).
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Appendix E

Appendix F- Supplementary Material for Chapter 7

E.1 Supporting Tables
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Table E.1: Field parameters for Wisconsin groundwater samples.

Sample ID Area Aquifer Age (years) Depth (m) pH ORP (mV)
WI-16 1 Dolomite 666 71 8.65 -349
WI-18 1 Glacial Till 41 19 7.3 141
WI-19 1 Glacial Till 50 17 7.3 -154
WI-20 1 Glacial Till 54 17 7.3 -246
WI-25 1 Dolomite 123 56 7.4 -438
WI-29 1 Glacial Till 565 27 7.45 -135
WI-41 1 Glacial Till 1728 17 7.27 -169
WI-42 1 Dolomite 285 31 7.58 -265
WI-9 2 Glacial Till 1222 9 7.2 -60
WI-10 2 Glacial Till 7962 12 7.3 -24
WI-17 2 Dolomite 60 56 7.84 -283
WI-21 2 Dolomite 1710 43 7.34 -464
WI-30 2 Dolomite 48 29 7.29 -284
WI-31 2 Glacial Till 831 43 7.17 -405
WI-36 2 Dolomite 51 41 7.33 -311
WI-37 2 Glacial Till 48 11 6.88 -110
WI-39 2 Dolomite 52 53 7.16 -262
Wi-2 3 Dolomite 122 8.9
WI-3 3 Glacial Till 3014 51 8.55
WI-13 3 Dolomite 550 107 8.9 -285
WI-14 3 Dolomite 102 8.9 -218
WI-22 3 Glacial Till 14926 52 8.6 -378
WI-32 3 Glacial Till 1565 94 8.3 -356
WI-38 3 Glacial Till 16770 46 8.29 -352
WI-43 3 Dolomite 875 116 8.18 -192
WI-45 3 Glacial Till 19174 90 8.4 -324
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WI-1 4 Glacial Till 456 46 8.5
WI-4 4 Dolomite 3161 121 8.2
WI-5 4 Dolomite 351 73 8.08
WI-11 4 Glacial Till 46 8.6 -157
WI-12 4 Dolomite 463 85 8.8 -210
WI-24 4 Dolomite 493 64 7.9 -347
WI-26 4 Dolomite 454 105 8.11 -319
WI-27 4 Dolomite 2879 73 8.03 -283
WI-40 4 Dolomite 354 59 7.67 -218
WI-47 4 Dolomite 318 62 8.44 -295
WI-6 5 Dolomite 928 49 7.9
WI-7 5 Dolomite 471 56 8.4
WI-8 5 Dolomite 454 51 8.4
WI-15 5 Dolomite 799 43 8.14 -273
WI-23 5 Dolomite 4783 49 8.3 -470
WI-28 5 Dolomite 863 49 8.3 -477
WI-34 5 Glacial Till 361 42 8.14 -133
WI-35 5 Dolomite 3767 84 8.19 -167
WI-48 5 Dolomite 660 49 8.05 -254
WI-33 6 Dolomite 392 99 8.06 -278
WI-44 6 Dolomite 543 58 7.9 -200
WI-46 6 Glacial Till 3370 27 8.29 -313
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Table E.2: Major ion concentrations in Wisconsin groundwater samples.

Sample ID Area Cl (ppm) SO4 (ppm) HCO3pppmq Ca (ppm) Mg (ppm) Na (ppm)
WI-16 1 4.17 1.80 181 17.61 9.27 31.65
WI-18 1 5.00 17.31 334 47.30 35.61 17.77
WI-19 1 142.41 68.60 434 81.72 70.89 68.97
WI-20 1 42.03 118.99 424 65.67 67.70 21.69
WI-25 1 21.24 53.39 375 63.88 44.65 16.59
WI-29 1 17.71 50.08 344 53.53 42.46 21.17
WI-41 1 81.33 198.69 405 84.82 67.42 50.97
WI-42 1 1.33 9.44 319 32.21 35.17 15.74
WI-9 2 261.44 38.43 432 95.08 45.34 163.25
WI-10 2 47.13 20.00 481 88.41 45.84 30.04
WI-17 2 4.00 10.83 505 71.72 52.44 9.38
WI-21 2 1.43 0.75 405 39.80 37.34 27.37
WI-30 2 7.95 12.81 501 70.40 54.48 9.73
WI-31 2 9.54 35.30 498 95.94 53.40 9.05
WI-36 2 2.92 13.45 499 65.85 48.65 12.11
WI-37 2 120.21 59.97 184 117.04 70.25 38.13
WI-39 2 1.89 9.19 417 47.64 40.66 24.62
Wi-2 3 12.67 78.41 9.52 4.30 77.26
WI-3 3 3.57 209.47 29.69 14.96 82.09
WI-13 3 2.47 49.97 154 15.08 9.01 52.05
WI-14 3 5.40 60.71 131 13.01 6.63 60.00
WI-22 3 2.97 231.86 92 30.56 16.81 94.81
WI-32 3 8.97 75.32 122 14.14 6.40 71.49
WI-38 3 3.02 213.14 44 29.59 15.90 87.46
WI-43 3 5.09 188.03 101 25.14 14.99 82.14
WI-45 3 8.62 42.44 39 12.58 6.73 60.52
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WI-1 4 3.35 95.23 133 16.56 8.23 66.95
WI-4 4 10.85 0.00 263 24.09 13.77 132.05
WI-5 4 2.51 93.58 181 25.12 16.08 57.40
WI-11 4 4.34 404.59 93 58.36 28.67 114.18
WI-12 4 1.48 64.37 140 2.35 0.36 105.36
WI-24 4 2.35 359.40 99 57.29 29.82 102.57
WI-26 4 3.08 0.00 124 27.90 16.99 72.45
WI-27 4 3.20 173.00 128 22.56 14.11 55.16
WI-40 4 1.94 54.89 217 23.94 17.09 55.50
WI-47 4 3.16 151.23 127 1.59 0.18 124.90
WI-6 5 2.67 0.00 194 4.57 1.24 222.33
WI-7 5 1.41 158.97 116 27.31 11.62 75.10
WI-8 5 1.38 0.00 27.11 12.33 69.47
WI-15 5 1.79 281.37 120 51.47 24.58 86.41
WI-23 5 1.15 69.70 154 18.57 8.39 58.78
WI-28 5 2.66 516.26 87 87.96 41.13 111.56
WI-34 5 1.54 87.81 90 30.31 14.33 67.69
WI-35 5 2.45 582.61 66 6.51 0.41 320.14
WI-48 5 1.75 215.20 62 35.47 163.04
WI-33 6 1.26 153.94 139 31.05 21.60 63.27
WI-44 6 3.76 349.12 83 43.31 27.34 102.29
WI-46 6 3.04 345.92 94 17.80 7.37 174.72
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Table E.3: Geochemistry and isotope ratios in Wisconsin groundwater samples.

Sample ID Area Mo (ppb) B (ppb) δ11B (‰) Sr (ppb) 87Sr/86Sr Mn (ppb) Fe (ppb) As (ppb)
WI-16 1 47.76 367.61 20.8 313.84 0.70919 6.05 239.78 2.43
WI-18 1 6.12 145.74 14.4 929.51 0.70899 19.22 1394.60 3.50
WI-19 1 3.71 156.11 5.5 1843.90 0.70904 33.39 2749.16 6.82
WI-20 1 4.05 127.51 2.9 1534.96 0.70912 25.35 1759.03 1.90
WI-25 1 4.86 100.18 6.7 959.08 0.70923 40.32 2708.00 4.53
WI-29 1 7.47 109.74 16.3 761.15 0.70919 22.74 176.13 1.01
WI-41 1 4.49 156.35 8.7 2847.37 0.70889 18.41 1201.47 2.41
WI-42 1 5.54 100.04 2.7 1004.71 0.70924 7.41 463.15 6.52
WI-9 2 1.83 57.73 107.95 54.48 n.d. n.d.
WI-10 2 0.73 31.31 74.22 0.02 n.d. n.d.
WI-17 2 1.75 80.44 622.31 0.70946 21.19 2039.66 0
WI-21 2 0.67 155.57 12.6 663.28 0.70932 17.30 1203.77 0
WI-30 2 1.47 78.05 663.34 0.70934 13.30 1359.50 0
WI-31 2 2.28 52.41 6.4 429.31 0.70903 98.23 6580.64 0.78
WI-36 2 2.04 66.59 0.6 624.02 0.70941 22.77 1548.11 0
WI-37 2 5.53 44.33 366.56 0.70987 57.59 3704.46 2.02
WI-39 2 8.49 111.00 4.8 599.35 0.70938 9.14 734.36 0.13
Wi-2 3 130.54 581.33 22.2 241.97 0.70933 2.38 n.d. 1.65
WI-3 3 147.08 311.43 23.2 881.40 0.70896 7.90 0.90 0.50
WI-13 3 61.80 345.10 19.4 577.14 0.70897 6.50 91.85 2.17
WI-14 3 87.66 468.14 21.5 420.04 0.70910 7.32 160.13 3.35
WI-22 3 141.44 409.45 24.1 951.16 0.70896 22.81 546.97 n.d.
WI-32 3 112.84 454.84 24.1 378.38 0.70903 8.84 186.53 3.42
WI-38 3 148.60 421.39 21.6 857.98 0.70897 11.55 538.73 n.d.
WI-43 3 136.75 419.56 22.9 639.18 0.70919 6.14 27.74 1.06
WI-45 3 111.86 423.85 21.7 440.15 0.70896 5.51 113.21 0.05
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WI-1 4 116.87 308.50 20.3 557.41 0.70889 3.31 18.78 3.64
WI-4 4 64.50 840.32 24.4 524.32 0.70955 4.18 24.73 0.74
WI-5 4 65.87 206.49 20.2 306.01 0.70967 2.71 24.17 2.23
WI-11 4 114.68 411.81 22.6 1706.67 0.70892 16.82 93.41 1.15
WI-12 4 45.85 344.22 16.0 1.41 n.d. n.d. 3.63
WI-24 4 132.10 412.95 20.4 1757.11 22.57 358.86 2.01
WI-26 4 138.79 345.33 19.3 714.62 0.70904 3.55 65.97 3.44
WI-27 4 134.90 351.58 19.9 783.94 4.26 67.15 2.64
WI-40 4 40.53 307.79 12.9 632.05 0.70912 4.77 185.04 4.26
WI-47 4 115.00 399.33 19.3 1.65 n.d. n.d. 7.63
WI-6 5 41.08 471.55 25.2 35.08 13.83 169.24 0.28
WI-7 5 106.37 496.04 26.2 854.97 0.70899 12.10 133.48 0.09
WI-8 5 103.07 498.04 24.5 699.37 0.70913 7.70 95.44 0.30
WI-15 5 96.22 563.76 26.2 1963.80 0.70894 11.90 213.62 n.d.
WI-23 5 65.38 548.93 26.9 731.66 0.70897 5.35 157.72 n.d.
WI-28 5 94.98 512.40 26.6 3043.84 0.70893 15.82 592.00 n.d.
WI-34 5 90.65 513.61 26.5 1043.91 51.34 157.37 n.d.
WI-35 5 126.94 522.08 29.1 6.95 0 n.d. n.d.
WI-48 5 112.25 554.69 27.0 1040.76 0.70901 6.86 69.73 n.d.
WI-33 6 81.76 406.53 23.8 1009.27 0.70900 4.64 145.47 2.32
WI-44 6 108.46 761.96 24.7 1232.49 0.70914 19.51 195.73 0.71
WI-46 6 118.32 527.31 26.9 579.27 0.70886 4.38 n.d. 0.51
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