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Abstract

Production of oil and gas from unconventional natural gas reservoirs such a s
impermeable organic-rich shale formations was made possible through the use of
horizontal drilling and high volume slick water hydraulic fracturing (HVHF). This
combination of technologies has changed the energy landscape in the Unites States and
possibly provided a vast new energy source from multiple sedimentary basins in the
United States (Kargbo et al., 201Q Kerr, 2010) (Figure 1). HVHF requires large volumes
of water (~5 million gallons/well) (Lutz et al., 2013 injected under high pressure to
stimulate methane release from the fracture systems in the shale formations. The process
is conducted within low -permeability formations, which include organic -rich shale
rocks that are often the source rock for overlying conventional oil and gas reservoirs but
do not easily transport gas to the well bore without stimulation. Once the permeability
of the target formation is increased to a level that oil and gas can be recovered, pressure
is releasal and 20-30% of the fluid that was injected flows back up to the surface
through the well (Lutz et al., 2013. The remaining 70% stays underground, either lost to
adjacent formations or imbed within the formation itself .

While HVHF operations rapidly expanded in many shale plays (e.g., Marcellus,
Fayetteville), the possible negative environmental impacts remained un -quantified but a

debated topic (Howarth et al., 2011). This dissertation focuses on quantification and



evaluation of several water resources for evidence of mntamination from HVHF. My
hypotheses are: (1) HVHF have distinctive chemical and isotopic fingerprints that are
different from other potential contamination sources; and (2) these fingerprints could be
identified in aquifers and surface water systems.

| tested these hypothesedn two shallow drinking water aquifers overlying
current unconventional gas development, northeastern Pennsylvania and north -central
Arkansas, and one area of surface water disposal in western Pennsylvania. | used
specific geochemial (Br, Cl, SO, Na, Ca, Mg, Ba, Sr, B, and Li) and isotopic §’Sr/e¢Sr,
2H/H, 180/1%0, 1B, and 22Ra/??%Ra) tracers to characterize the targetformation brines
and delineate possible contamination. The combined geochemical fingerprint
distinguished hyd raulic fracturing fluids and brines from other types of contamination
that could influence water quality (e.g., road salt, sewage, acid mine drainage).

In Pennsylvania (Chapter 1), geochemical and isotopic data shows no direct
evidence of contamination in shallow drinking -water aquifers associated with natural
gas extraction of the Marcellus Formation. The data instead demonstrated that brine
with the same geochemical (Br/Cl, Sr/Cl, and Ba/Cl) and isotopic fingerprint ( 87Sr/8¢Sr) of
the Marcellus brine was likely naturally present in the shallow formations prior to the
most recent oil and gas development. The data indicates that there may be areas in
northeastern Pennsylvania that may be at increased risk of contamination from HVHF

because of the presence bnatural pathways that connect the shallow drinking water



aquifers with deeper formations. This Chapter was published in Proceedings of the
National Academy of SciencdesJuly 2012.

A very different result was observed in Arkansas (Chapter 2). While the shallow
groundwater data indicated that there was no direct evidence of contamination, there
was also no indication of hydrodynamic connections between the deeper formation
brine and the shallow aquifers. Indeed 8Sr/8Sr, 1 11B, 180, and ?H values exclude
Fayetteville Formation water as a source of salinity in shallow aquifers in the study area.
The combined studies indicate that site and basin-specific studies of groundwater
guality are necessary in order to evaluate the potential for contamination from HV HF.
The Chapter was published in Applied Geochemistiyn May 2013.

Surface water disposal of hydraulic fracturing fluids and brines (Chapter 3)
clearly impacted western Pennsylvania sediment and water quality. Sediments in the
stream at the point of efflue nt discharge from a treatment facility indicate radium
activities 200 times higher than any background values. The 222Ra/22%Ra ratios in the
sediments also indicate that the source of contamination is likely the recent treatment
and disposal of Marcellus brine. Impacts were also observed farther downstream. The
concentrations of bromide and chloride in the effluent were so high that an increase in
the concentrations measured in the stream was elevated almost two kilometers
downstream. Chapter 3 was submitted to Environmental Science and Technolagyay

2013.
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Overall, this thesis aims to establish inorganic geochemical and isotopic tools for
identification of hydraulic fracturing fluids in the environment and assess their possible

impact on both surface and ground water resources.
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Figure 1: Unconventional shale plays of the contiguous United States. Adapted
from USEIA (2011).
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this and previous studies (Taylor, 1984; Williams et al., 1998). The linear relationship
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concentrations of Sr in the shallow aquifers are likely derived from two component
mixing: (1) a low salinity, radiogenic 87Sr/Sr sourced from local aquifer reactions; and
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relationship to the salinized shallow groundwater. 10b) 8’Sr/8sSr versus 1/Sr
concentrations (mg/L). Mixing appear as a straight line in the lower graph,

demonstrating the apparent mixing of a Marcellus Formation Brine with shallow
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formations (Venango, Bradford sandstone, and organic-rich shales). See Figure 6 legend
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Figure 12:225Ra activities (pCi/L) versus total dissolved salts (TDS) in shallow
groundwater and Marcellus brines (Rowan et al., 2011) from NE PA. The increase of
226Ra with salinity appears consistent with conservative mixing (Type D: r 2=0.93,
p=3.39x10) with Marcellus Formation brine from the study area. The activities of Ra in
most of the shallow aquifer samples are rarely above the EPA guideline (5 pCi/L). See
Figure 6 legend for Symbol deSCriptioN. ...........oeiiiiiiiiiiiiiieeei e eeea e 29

Figure 13: Study site location in north -central Arkansas. Unconventional shale-gas wells
completed into the Fayetteville Shale are shown in black. Shallow groundwater samples
were cataloged based on major element chemistry into four water categories: low-TDS
(beige triangles), CaHCOs (blue circles), Na-HCOs (green squares), and C-20 mg/L (red
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Figure 14: Map of sample location and bedrock geology in the study area of north-

central Arkansas. The majority of samples were collected from the Atoka (southern area)

and Hale Formations (northern area). North -to-south geological crosssection in the
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Figure 15: Comparison of results for duplicate samples submitted to a private laboratory
(Isotech) to those performed using a cavity-ring -spectroscopy (CRDS) analyzer at Duke
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concentration (ug/L). Mixing relationships would appear as straight lines in both

graphs, however the lack of strong linear strontium and boron isotopic variations

exclude possible mixing between the Fayetteville Shale water and the shallow

groundwater. Instead the isotopic variations appear to be contro lled by weathering and

water-rock interactions. Note that Cl> 20mg/L samples with less than 60 ug/L boron
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Figure 18: Dissolved methane concentrations (mg/L) in domestic wells plotted versus
distance of the domestic wells to nearest natural gas well. Only one of 51 wells analyzed
contained methane at concertrations above the potential action level set by the
Department of Interior (10 mg/L). There is no statistically significant difference in
dissolved methane concentrations from wells collected within 1 km of a gas well and
those collected >1 km from a well. The highest dissolved methane concentrations were
detected iN Na-HCO 3 WALEK. .........ooeiiiiiiiiieeeeeeeeeeee e e e e s e e e e e e s emeee e eerreennnnnees 52
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2012). Concentrations of the dissolved methane in shallow groundwater are indicated by

color. The majority of samples, including all of those at higher CH 4 concentrations plot

at lower ®3C-CHa4 values indicating that shallow biogenic origin likely contribute to the

formation of methane. The lone sample that overlaps with Fayetteville Shale values may

represent migration of stray production gas, b ut at very low concentrations. ................. 53
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Figure 20: Dissolved methane (mg/L) versus n3C-CHspU A pWE A O w- BecedC v + A pWE A
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observed between methane and Na (2=0.46) and DIC (2=0.79) indicate that the highest
methane is found in Na-HCOs groundwater. At the higher DIC and CH 4 concentrations
the depleted ®3C-CHa4 indicates that methanogens *° likely contribute to the formation of
methane. #3C-DIC versus ®*C-CH.pU A oWl AWEOE w# (" wepldl v+ AW AwbOduw
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DIC is derived from weathering of silicate minerals that would approach -I | U8 w
Methanogens in some of the Na-HCO s waters would generate DIC with elevated
residual #3C-DIC (QrEEIN @ITOW). ...cceeiiiiiiiiiirreeieeeeeamme e e e e s e r e e e e e e e e s ammme e e s s annnnrreeeaeeeens 55

Figure 21: The sum of Na, Ca and Mg (meg/L) versus dissolved inorganic carbon (DIC;
meq/L) in shallow groundwater samples. Note that DIC balances the majority of the
total cations in shallow groundwa ter samples across all water types..........cccccvvvvvvvvennnns 57

Figure 22: The DIC, Ca and boron concentrations versus Na in shallow groundwater
SAMPIES....coieeeiieeeeeeeee ettt eee e ————eaeaaaeaaaaaaaaaaaaeeeeeinnaane 59

Figure 23: The variations of major elements as normalized to chloride contents in
shallow groundwater and the FS saline water. The composition of the FS water infers
modified seawater through evaporation and halite precipitation (high Br/Cl ratio),
water-rock interactions (enrichment of Na, Sr, Mg, and Ca relative to the expected
evaporated seawater curve), followed by dilution wi th meteoric water. Note that there is
no apparent relationship between concentrations of constituents in shallow groundwater
and the deeper FS waters. Variations of DIC (mg/L), chloride (mg/L), Ca and Na in
Fayetteville Shale (FS) flowback and produced waters. The negative correlation between
Cl and DIC indicates that dilution is the main factor for the high DIC in the formation
water. The positive correlation of Na/Cl and Ca/Cl with DIC concentration indicates that
Na, Ca, and DIC within the FS are likely sourced from carbonate dissolution combined
with base-exchange reactions that have modified the original composition of the FS
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Figure 25: Map of Pennsylvania and the locations of 74 facilities permitted in 2010 to
accept and treat produced and flowback waters (red squares). This investigation is at a
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centralized waste treatment facility in Indiana County where treated wastewa ter is
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Figure 26. Josephine Brine Treatment Facility sample locations..........ccccoeeeeeiiiiiiiiieeeee, 74
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western PA streams (open black circles) and from wastewater discharged from the

Josephine Brine Treatment Facility (orange circles), compared to the Local Meteoric

Water Line (LMWL). The isotopic composition of the wastewater effluent is consistent

with the isotopic range reported for produced and flowback waters from oil and gas

wells drilled in the Appalachian Basin (blue SQUAres). .........ccevvvevveeevieiiirieeeeieeieeeeeeeeeenn 80

Figure 28: 87Sr/86Sr isotopic ratios in flowback fluids and produced waters from the
Marcellus Shale, Acid Mine Drainage (AMD), treatment facility discharge, surface

waters upstream of the treatment facility, river waters directly downstream of the

facility, and background surface waters in western PA. The ranges in 87Sr/86Sr(0.7101
to 0.7108) of the discharge effluent and downstream river are consistent with Marcellus
flowback waters and distinct from AMD (0.7145), background river values upstream of
the facility (0.7131), and the range of background samples of surface waterin western
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Figure 29: Enrichment factors (EFs) in logarithmic scale of Cl and Br plotted versus
distance from the discharge site of the investigated treatment facility in western PA. EFs
were calculated relative to upstream concentrations for each of 5 sampling events.
Samples plotted upstream (negative values on the Xaxis) include surface water samples
collected directly upstream of the disposal site and acid mine drainage contribution to

the stream near the facility. Concentrations in the discharged effluent were 1000-6000
times the upstream background concentrations, but concentrations decreased within 500
meters downstream because of dilution with the river water. The data show variability

in concentrations during the same sampling event at the same distance downstream due
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Figure 31: Activities of 228Ra versus 226Ra (Bg/kg) in river sediments collected
upstream, adjacent, and downstream of the wastewater discharge site. Note that the
maximum of both 226Ra (8732 Bg/kg) and 228Ra (2072 Bg/kg) activities were from
samples collected in river sediments adjacent (<10 meters) to the effluent discharge point
and are 200 times greater than any sediment sample collected upstream of the facility or
any background sediment samples collected from other western PA surface waters. The
228Ra/226Ra ratio (0.22 0.27) in the sediments at the discharge point is consistent with
Marcellus brine and flowback waters (dashed line; ratio =0.25). This isotopic signature
measured in sediments from the disposal site is distinct from any background river
sediment samples with higher 228Ra/226Ra ratios (0.56 to 0.97; dashed line ratio of 1)89

Figure 32: Map displaying the location of Appalachian Basin brine samples analyzed
and/or evaluated during this STUAY. ...........ceiiiiiiiiiiiiiiiee e a5

Figures 33a, b and c: Box plots of’Sr/eeSr (a)! 1B (b) and 228Raf22%Ra (c¢) measured during
this study from conventional oil and gas wells (Silurian, Mississippian, and Upper
Devonian) compared to unconventional o rganic-rich shales (Marcellus, Fayetteville and
Utica). The total numbers of conventional samples analyzed for 8’Sr/e¢Sr, 1 11B, and
228Ra/?Ra during this study were 41, 36, and 12, respectively. For unconventional
samples, the total numbers of samples wae 34, 23, and 22 fol’Sr/eSr, 1 11B, and
228RAP2HRA FESPECHIVEIY ....cce i e 102

%D 1 U U Rwd &Y IwrE 30 far conventional oil and gas wells compared to
unconventional shale-gas wells (Marcellus and Fayetteville). Note that the effluent
EDUEUUUI EwbOw" T ExUIl Uwt wx OO UHBYesDY U A GE@ERNY |
(0.7100.711). This range coincide with produced water and flowback from
unconventional wells of both the Fayetteville and Marcellus. The narrow range of both
isotopes is distinct from other conventional formations in the Appalachian Basin. ....... 103

Figure 35: Radium 228/226 ratios versusg’Sr/8eSr ratios of conventional and
unconventional produced waters. Upper Devonian 22%Raf?2%Ra ratios plotted based on the
ranged presented by Rowan et al. (2011). All other values analyzed at Duke University.
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1. Geochemic al evidence for p ossible natural migration
of Marcellus Formation brine to shallow aquifers in
Pennsylvania

1.1 Introduction

The extraction of natural gas resources from the Marcellus Shale in the
Appalachian Basin of the northeastern United States (Kargbo et al., 2010 Kerr, 2010 has
increased awareness of potential contamination in shallow aquifers routinely used for
drinking water . The current debate surrounding the safety of shale gas extraction

(Howarth et al., 2011) has focused on stray gas migration to shallow groundwater

(Osborn et al., 20113 and the atmosphere (Jianget al., 2013, as well as the potential for

contamination from toxic substances in hydraulic fracturing fluid and/or produced

brines during drilling, transport, and disposal (Dresel and Rose, 2010Gregory et al.,

2011 Hayes, 2009 Rowan et al., 201).

The potential for shallow groundwater contamination caused by natural gas
drilling is often dismissed because of the large vertical separation between the shallow
drinking water wells and shale gas formations and the relatively narrow zone (up to 300
meters) of seismic activity reported during the deep hydraulic fracturing of gas wells

(Fisher, 2010 Veil, 2011). Recent findings in northeastern Pennsylvania (NE PA)

demonstrated that shallow water wells in close proximity to natural gas wells (i.e. <1km)
yielded, on average, higher concentrations of methane ethane and propane with a heavy

carbon isotopic signature (i.e. more thermally mature). By comparison, water wells

1



farther away from natural gas development had lower combustible gas concentrations
and a isotopic signature consistent with a mixture between thermogenic and biogenic

components (Osborn et al., 20113. In contrast, when inorganic water geochemistry from

active drilling areas was compared to hon-active wells and historical backgrou nd values,
no statistically significant differences were observed (5). Increasing reports of changes in
water quality have nevertheless been blamed on the accelerated rate of shale gas
development.

The study area in NE PA consigts of six counties (Figure 2) that lie within the
Appalachian Plateaus physiographic province in the structurally and tectonically
complex transition between the highly deformed Valley and Ridge Province and the less

deformed Appalachian Plateau (Faill, 1985 Vengosh, 2003.
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Figure 2: Digital elevation model (DEM) map of northeastern PA. Shaded
brown areas indicate higher elevations and green shaded areas indicate lower
elevations (valleys). The distribution of shallow (<90m) groundwater samples from
this study and previous studies (Taylor, 1984; Williams et al., 1998) are labeled based
on water type. Two low salinity (CI<20 mg/L) water types dominated by Ca -HCO3
(type A=green circles) or Na-HCO3 (type B=blue triangles) were the most common,
and two higher salinity (CI>20 mg/L) water types were also observed: Br/Cl<0.001
(type C=pink squares) and brine -type groundwater Br/CI>0.001 (type D=red
diamonds). Type D groundwater samples appear associated with valleys (Table 1) and
are sourced from conservative mixing between a brine and fresh mete oric water. The
EPT DPUEOQuwI Ol YEUPOOWOOET Owp#$, AWEEUEwPI Ul wOEUE
Topography Mission http://srtm.usgs.gov/ .

The geologic setting and shallow aquifer characteristics are described and mappedin

greater detail in multiple sources (Alexander, 2005, Geyer, 1982; Lohman, 1957, 1973

Osborn et al., 2011aTaylor, 1984, Williams et al., 1998). The study area contains a

surficial cover composed of a mix of unconsolidated glacial till, outwash, alluvium and
3
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deltaic sediments, and post glacial deposits (the Alluvium aquifer) that are thicker in the

valleys (Geyer, 1982; Taylor, 1984 Williams et al., 1998) (Figure 3).

< - ——  cross-section AA’
This study @ TypeA 4 TypeB 1 TypeC ¢ TypeD !__ Dck | Alluvium erass.aection BB
Previous studies s TypeA . TypeB TypeC + TypeD | | Dlh Miss. and Penn. Formations =---- :ine:sment
----- au

Figure 3: Geologic map of the study area with the three major aquifers
Alluvium, Catskill (Dck), and Lock Haven (Dhl) and samples collected during this
study. Other formations of Mississippian and Pennsylvanian are ~ shown in gray.
Cross section lines are approximated based on (Osborn et al., 2011a) and (Molofsky et
al., 2011).

These sediments are underlain by Upper Devonian through Pennsylvanian age
sedimentary sequences that are gently folded and dip shallowly (1-3’) to the east and
south (Figure 3). The gentle folding creates alternating exposure of synclines and

anticlines at the surface that are offset surface expressions of deeper deformation.
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Figure 4: Generalized cross sections adapted from (Osborn et al., 2011a) and
(Molofsky et al., 2011) that display the relative vertical separation between the
shallow aquifers (Alluvium, Catskill, and Lock Haven) and underlying formations.

Note that the alluvium aquifer is not depicted, nor was i

t included in the source for

the well logs (Geological Sample Co., Farmington, NM); however, it is present and is
thicker in valleys than uplands. The vertical separation between the water wells and
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the Marcellus Formation ranges between 800 -2000 m with th e minimum found at the
apex of the anticlinal hinge displayed in S2b. Note that these low amplitude anticline -
syncline features are common in this region of the Appalachian plateau.

The two major bedrock aquifers in the study area are the Upper Devonian

Catskill and the underlying Lock Haven Formations (Lohman, 19571973 Taylor,

1984Williams et al., 1998). The average depth of drinking water wells in our study is
between 60 to 90 m (Tablel). The underlying geological formations, including the
Marcellus Shale (at a depth of 1,2002,500 m below the surface), are presented in Figures

4a, H, and 5.
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Figure 5: Generalized stratigraphic section in the subsurface of western PA
and Eastern plateau, PA, adapted from (Lohman, 1957, 1973; Taylor, 1984; Williams et
al., 1998). Variations of 8Sr/8Sr ratios in Appalachian Brine and type -D groundwater

samples all show enrichment compared to the Paleozoic secular seawater curve
(dashed grey line) (Denison et al., 1998). Note the overlap in value s of type-D shallow
ground water with reported 8’Sr/8Sr values in Marcellus brines or older formations
(Chapman et al., 2012 Osborn et al., submitted 2011;0sborn and Mclintosh, 2010) but
little/no overlap with reported values for the Upper Devonian brine sin
stratigraphically equivalent for mations (Table 2) (Chapman et al., 2012 Osborn et al.,
2012.

In this study, we analyze the geochemistry of 109 newly-collected water samples

and 49 wells from our previous study (Osborn et al., 20113 from the three principal

aquifers, Alluvium (n=11), Catskill (n=102), and Lock Haven (n=45), categorizing these

waters into four types based on their salinity and ¢ hemical constituents (Figures 2 and



3). We combine these data with 268 previously-published data for wells in the Alluvium

(n=57), Catskill (h=147), and Lock Haven (n=64) aquiferqTaylor, 1984; Williams et al.,

1998 for a total of 426 shallow groundwater samples. We analyzed major and trace

1 O1 O1 OUwi 1 OET 1 OPUUUA& wEOE WE WE U® EOAdpsrSEXRA/U OwOi wb

226R3q), in shallow ground water and compared these to published (Dresel and Rose,

201Q Chapman et al., 2012 Osborn and Mcintosh, 2010 and new data of 83 samples
from underlying brines in deeper for mations from the region (Table 2) to examine the
possibility of fluid migration between the hydrocarbon p roducing Marcellus Formation
and shallow aquifers in NE PA. We hypothesize that integration of these geochemical
tracers could delineate possible mixing between the Appalachian brines and shallow

groundwater.

1.2 Methods

Drinking water wells were purged u ntil pH, electrical conductance, and
temperature were stabilized. Samples were collected prior to any treatment systems and

filtered/ preserved following USGS protocols (Kumar and Martinez, 1982). All major

element and isotopic chemistry analyses were conducted at Duke University. Major
anions were determined by ion chromatography (IC), major cations by direct current
plasma optical emission spectrometry (DCP-OES), and tracemetals by VG PlasmaQuad-
3 inductively coupled plasma mass-spectrometer (ICP-MS). Alkalinity was determined

in duplicate by titration with HCI to pH 4.5. Stable isotopes were determined by



continuous flow isotope ra tio mass spectrometry, using a ThermoFinnigan TCEA and
Delta+XL mass spectrometer at the Duke Environmental Isotope Laboratory (DEVIL).
OE Oa UbE E OwxU lWE B Detp@ttimdted sy 6 iU WE BDE i Bi® w
respectively. Radium isotope analyses @®Ra and228Ra) were measured at the Laboratory
for Environmental Analysis of RadioNuclides (LEARN) using a Durridge RAD7 radon -

in-air monitor ( 22°Ra) and Canberra DSA2000BEGe gamma detectorz{®Ra) following

methods described in (Williams et al., 2001) and (Vinson et al., 20090. Strontium

isotopes were analyzed by thermal ionization mass spectrometer (TIMS) on a
ThermoFisher Triton. The mean &’Sr/f¢Sr of the SRM-987 standard was 0.710266 +/
0.000005 (SD).

For strontium isotopes measurements, water samples were prepared by total
desiccation of sample aliquot containing approximately 2 -4 ug of Sr. The dried sample
was then digested in 3 N ultra-pure HNO s acid and extracted using Teflon micro
columns containing Eichrom Sr resin. The extracted Sr was then dried again before
digestion with TaCl solution and loaded onto Re filaments for a final drydown.

The derived distance-to-valley and distance-to-gas well distances represent
planimetric lengths from sampling locations to either nearest gas wells or valley
centerlines and do not account for the direction or extent of horizontal drilling in the
subsurface. Distancesto valley centerline were either automatically determined with

respect to the national stream network (i.e., Distance to Valley  National Stream



Network) or manually measured in reference to the digital elevation model (DEM) layer
(i.e., Distance to Valley Manual Calculation) valley centers in northeastern PA.
Statistical analysis was performed using SPSS v.17.0 statistical software. Before
each statistical comparison, the normality was verified using a 1-sample Kolmogorov -
Smirnov test. Parameters that did not achieve normality were transformed using log
transformation and verified for normality. Statistical summaries of elemental
concentrations and isotopic composition including mean and median are shown for each
water type (i.e. A, B, C, D) in Table4. In order to simultaneously test whether several
means are equal (e.g. whether type D [CI], Br/CI, 8’Sr/eSr are significantly different than
the types A-C and the variance observed in the suite of samples), we performed a post
hoc one-way analysis of variance (ANOVA) for each of th e water types (Table4). We

compare the historical (Taylor, 1984; Williams et al., 1998) and current dataset (2010

2011), using an independent 2way t-test of log transformed data (and verified with non -
parametric 2-sample independent Mann-Whitney U test) similar to methods shown

previously (e.g. Darrah et al., 20@).

1.3 Geological Setting

In the northern Appalachian Basin, sedimentary deposition is relatively
continuous throughout the Paleozoic era, although several unconformities erase

sequence records regionally (e.g. The TriStates unconformity removes Lower Devonian
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strata in western New York, while complete sequences are found in central New York

and northeastern PA) (Brett et al., 1996. The sedimentary column represents periods of

deposition, burial, lithification, uplift and subsequent erosion that form relatively simple
sets of horizontal strata (~ 1-3 degree dip to the south and east) derived from various
depositional environments (ranging from proposed deep - to mid - basin black shale to
terrestrial red beds) within the Plateau region (northeastern and western PA and most of

NY) (Brett et al., 2011 Brett et al., 1996 Lash and Engelder, 2011 Straeten et al., 201}.

The monocline, including the entire Appalachian sedimentary sequence is bound on the
north by the Precambrian Canadian Shield and Adirondack uplift (N -NE), on the west
by the Algonqg uin and Findlay arches, and on the south and east by the Appalachian fold

belt (i.e. Valley and Ridge Province) (Jenden et al., 1993Milici and W. de Witt, 1988 ).

Bedrock thickness ranges within the basin from ~920 meters along the southern shore of
Lake Ontario in the north (northern NY) to ~7600 meters along the Appalachian
structural front in the south. Erosion has beveled the monocline flat, allowing for
elongate, eastwest trending outcrop belts of strata across the majority of the
Appalachian Plateau physiographic province. The stratigraphic names and continuity of
specific stratigraphic sequences change regionally. As a result, we present a simplified
stratigraphic reconstruction in Figure 5 showing the stratigraphy from western and

eastern PA(Brett and Baird, 1996 Brett et al., 2011 Brett et al., 1996 Lash and Engelder,

2011 Straeten et al., 2011Straeten et al., 1994 The study area constitutes a transition

11



from the Valley and Ridge to the Plateau province, and includes sequential low
amplitude anticline/syncline structures, numerous thrust faults, lineament s, joints, and

natural fractures (Alexander, 2005, Engelder et al., 2009 Jacobi, 2002Lash and Engelder,

2009 Pohn, 200Q Trenton et al., 2006 (Figure 3).

The Appalachian Basin sedimentary sequence is underlain by Precambrian

crystalline basement rocks of the (Grenville province) Canadian Shield (Brett et al.

1996. The Appalachian Basin consists primarily of sedimentary sequences of Ordovician
to Pennsylvanian age that are derived from the Taconic (~450Ma), Acadian (~410

380Ma), and Alleghanian (~333250Ma) orogenic events(Jenden et al., 1993Rast, 1989.

Exposed at its northern extent near Lake Ontario is the Upper Ordovician -Lower
Silurian contact (Cherokee unconformity). Younger deposits (Upper Silurian, Devonian,
and Mississippian) occur in successive outcrop belts to the south towards the

Appalachian structural front (Brett et al., 1996 Lash and Engelder, 2011 Straeten et al.,

2011). While erosion has removed any post-Pennsylvanian deposition within western -
central New York and the majority of our study area within northeastern PA (exceptions
noted in Figure 3).

The Middle Ordovician Trenton/Black River Group consists of interbedded
limestones and shales overlain by the calcareous and organicrich Utica Shale derived

primarily by sediment offloading from the Taconic orogeny ~420Ma (Brett et al., 1996

Lavoie, 1994 Lehmann et al., 1995. The lower most Silurian age strata is the fine-

12



grained Tuscarora Formation sandstones, which is overlain by the middle Silurian
Clinton Group with locally inter -bedded limestone, dolostone, sandstone, and shale
(Figures 3 and 5). The Upper Silurian is characterized by the transition from the Silurian
Lockport Dolomite/McKenzie argillaceous limestone to the Bloomsburg red sandstone

and evaporiti ¢ Salina Group in the plateau region of the Appalachian Basin (Brett et al.

1996 Ryder et al., 1996 Ryder, 1999. The Salina Group consists of interbedded shales,

dolomites, and primarily salt deposits that acts as the decollement to younger

stratigraphic units (Frey, 1973 Scanlin and Engelder, 2003. As a result, structural folds

and faults above the decollement (i.e. Devonian and younger stratigraphic units) bear no

resemblance in deformation style to those present beneath the Salina Group(Faill, 1985

Faill and Nickelsen, 1999 Frey, 1973 Scanlin and Engelder, 2003. The transition from

Upper Silurian to Lower Devonian is comprised of the Helderberg Group (layered
dolomites and limestones often lost in western NY) and Tri -States Group consisting of
the Oriskany Sandstone and Onondaga and Selinsgrove Limestones, which ies directly

beneath the Hamilton Group (Baird and Staeten, 1999Straeten et al., 2011Straeten et

al., 1994. The Hamilton Group is an eastward to southeastward thickening wedge of

marine sediments that includes the Marcellus Formation.
The Marcellus Formation is an organic-rich, hydrocarbon producing, silic iclastic-
rich black shale present beneath much of Pennsylvania, New York, and the northeastern

US. The Marcellus Formation constitutes the stratigraphically lowest subgroup of the

13



Middle Devonian Hamilton Group (Baird and Staeten, 1999Brett et al., 2011 Straeten et

al., 2012 Straeten et al., 199%and was deposited in the foreland basin of the Acadian

Orogeny (~385375 Ma). The Marcellus Formation includes two distinct calcareous and
iron -rich black shale members; i.e. the Union Springs (lower) and Mount Mario n/Oatka

Creek (upper)) interrupted by the Cherry Valley limestone (Baird and Staeten, 1999

Brett et al., 2011 Lash and Engelder, 2009 Straeten et al., 2011Straeten et al., 1993 By

comparison to the Valley and Ridge province or the region in close proximity to the
Appalachian Structural Front, the plateau portion of the Marcellus Formation is

significantly less deformed (e.gFaill and Nickelsen, 1999 Faill, 19973 b).

Like the Marcellus, the upper part of the Devonian sequence is deposited from
material sourced from the Acadian orogeny. Above the Marcellus, the Hamilton Group
consists of the Mahantango grey shale, locally interbedded by limestones and the Tulley
limestone. The Upper Devonian consists of thick synorogenic sequences of grey shales
(i.e. the Brallier Formation), beneath the Lock Haven Formation sandstone and Catskill
Formation clastic deltaic red sandstones deposited in foreland basin of the Acadian
Orogeny. The latter two sequences, the Lock Haven and Catskill Formations, constitute
the two primary aquif er lithologies in northeastern PA along with the overlying glacial
and sedimentary alluvium, which is thicker in valleys than the uplands. Deformation of
Devonian lithologies (i.e. the Hamilton Group including the Marcellus Formation) and

the Upper Devonian (Lock Haven and Catskill aquifers)) began during the onset of the
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Alleghanian orogeny in the latest (330-250Ma) in the Carboniferous Age. In the plateau
physiographic province, deformation is accommodated by a combination of layer
parallel shortening, fo Iding that lead to the gentle anticline/syncline sequences, and low

angle thrust faulting structures observable in northeastern PA (Davis and Engelder,

1985 Engelder, 1979 Engelder and Engelder, 1977 Engelder and Geiser, 1980 Engelder

and Whitaker, 2006; Evans, 1995 Gray and Mitra, 1999; Lash et al., 2004 Lash and

Engelder, 2009 Scanlin and Engelder, 2003. The initiation of deformation during the

Alleghanian orogeny also likely led to the onset of catagenesis for the Marcellus
Formation and the joint sets observed in the Upper Devonian sedimentary rocks

(Engelder and Whitaker, 2006). The majority of stratigraphic sequences above the

Catskill Formation are eroded in our study area and therefore only briefly discussed.
More complete reviews of Carboniferous Age deposition (Mississippian and

Pennsylvanian) are available elsewhere(e.g. Faill and Nickelsen, 1999 Faill, 19973b).

1.4 Results and Discussion

The water chemistry data from the Alluvial, Catskill, and Lock Haven shallow
aquifers (Table 1) reveal a wide range of solute concentrations, from dilute groundwater
with total dissolved solids (TDS) <500 mg/L and Cl < 20 mg/L to highly saline water
(e.g., asalt spring, with TDS of 7,800 mg/L and Cl ~ 4,000). Based on these
characteristics, we divide the water samples into four types of ground water (Figure 1).

Two groundwater types (A and B; n=118 of 158 samples from this and our previous
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study (5)) are characterized by low salinity and high Na/Cl and Br/Cl ratios (Table 1).
The two elevated salinity (CI>20 mg/L) water types (C and D) were divided based on
their Br/Cl ratios. Type (C) (n=13 of 158) has a distinctive low (<0.001) Br/Cl ratio (Figure
6) and higher NO3s-concentrations that we attribute to salinization from domestic

sources such as wastewater and/or road salt that have typically low Br/Cl ratios (28, 29).
The fourth subset of shallow ground water (type D) (n=27 of 158) was identified with a
relatively high Br/Cl ratio (>0.001) and low Na/Cl ratio (Na/CI<5) with a statistically

significant difference in water ¢ hemistry from types A -C (Table 3).
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(Taylor, 1984; Williams et al., 1998). The linear relationship (type D r2=0.99, p=1.94x10-
2 all type A -D samples r2=0.88) baween the conservative elements Br and Cl
demonstrates that the majority of the higher salinity samples of type D are derived
from dilution of Appalachian Brine that originated from evaporated seawater. Even
with a large dilution of the original brine, the ~ geochemical signature of type -D waters
are still discernable in shallow groundwater from other high salinity (CI> 20 mg/L)
groundwater with low Br/Cl ratios (type C). Type C water likely originated from
shallow sources such as septic systems or road deicing. Seawater evaporation line is
from (McAfferty, 1987 ).

A geochemical analysis of published data (268 samples) collected in the 1980s

(Taylor, 1984 Williams et al., 1998) revealed similar shallow salinized groundwater with

a distinctive higher Cl (>20 mg/L) and low Na/Cl ratio. The saline groundwater mimics
Type D water with statistically indistinguishable (p=0.56 -0.83) concentrations of major

cations and anions (Figure 7a and 7b).
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Figure 7: Ternary diagrams that display the relative percent of the major
cations (A) and anions (B) in shallow groundwater samples from this and previous
studies (Taylor, 1984; Williams et al., 1998). The overlap indicates that Na -Ca-Cl type
saline water was present prior to the recent shale -gas development in the region and
could be from natural mixing.

However, bromide concentrations were not available in the historical data set.

Nonetheless, we designated historical samples with high Cl (>20 mg/L) and low Na/Cl
19



ratio (Na/Cl<5) as possible type-D (n=56 of 268). The remaining historical samples with
Cl concentrations (> 20 mg/L) were designated as type C. All water types (A-D) were
statistically indistinguishable from their respective histori cal types (A-D)(Table 4).
Type D saline waters characterized by a Na-Ca-Cl composition with Na/Cl, Sr/Cl,
Ba/Cl, Li/Cl, and Br/Cl ratios similar to brines found in deeper Appalachian formations

(e.g., the Marcellus brines) (Dresel and Rose, 2010Chapman et al., 2012 Osborn and

Mclintosh, 2010, Osborn et al., 2011 (Table 2). This suggests mixing of shallow modern

water with deep formation brines. Furthermore, the linear correlations observed for Br,
Na, Sr, Li, and Ba with chloride (Figures 6 and 8a-8f) demonstrate the relatively
conservative and non-reactive behavior of these constituents and that the salinity in

these shallow aquifers is most likely derived from mixing of deeper formation brines.
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Figure 8: Na, Ca, Mg, Sr, Ba,and Li versus Cl concentrations (log -log scale) in
investigated shallow groundwater in NE PA and deep Appalachian basin brines from
this and previous studies (Taylor, 1984; Williams et al., 1998). The linear relationship
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between the different elements and the conservative Cl demonstrates that the
majority of the higher salinity samples of type D are derived from conservative
dilution (mixing) of Appalachian brine in NE PA. Type D regression results (r2, p t
value) between Cl and Ca (0.89, 2.17x109), Mg (0.83, 2.4x189 Sr (0.92, 4.8x1@%, Na
(0.94, 1.33x105 Ba (0.92, 3.23x1®) and Li (0.96, 3.7x10"). See Figure 6 legend for
symbol description.

The stabO1 wbH U OBDG-8 fo bk w BHYB3tew-A K O AL wOi wEOOwWUT EQOC
groundwater types (A -D) are indistinguishable (p >0.231) and fall along the local

meteoric water line (LMWL) (Kendall and Copl en, 2007 (Figure 9).

52H (%.VSMOW))

520 (%VSMOW)

Figure 9: . wY I U# thbhallpw groundwater from this study and
Appalachian brines. The water isotope composition of the shallow groundwater
samples, including the Salt Spring, appear indistinguishable from the local meteoric
water line (LMWL) (Kendall and Copl en, 2001) and do not show any apparent trends
toward the stable isotope ratios of the Appalachian brines (Dresel and Rose, 2010;
Osborn and Mcintosh, 2010). The data indicate that dilution of the type -D waters
likely occurred on modern time scales (<10,000 years). Symbol legend is provided in
Figure 6.
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The similarity of the stable isotopic compositions to the modern LMWL (Kendall and
Coplan, 2007 likely indicate dilution with modern (<10,000 year) meteoric water.
Shallow ground water isotopic compositions EQwOOU wUT O b wEshiftsx OUDUD Y I wy
UOPEUEUWUT T wUl EPEUI Uwli YEx OUE U8B Qi BAEGERGS B udbg O
observed in the Appalachian brines (Figure 9 and Table 2). Because of the large
difference in concentrations between the brines and fresh water, very small
contributions of brine have a large and measureable effect on the geochemistry and
isotopes of dissolved salts (Figure6&A OwWE U U wO b O B wE Gl iMbsh-aldnog O wy
calculations indicate that only a brine fraction of high er than ~20% would change the
ns. wE GHE afisalinized groundwater measurably. Oxygen and hydrogen isotopes are
therefore not sensitive tracers for the mixing of the Appalachian brines and shallow
groundwater because of the large percentage of the fresh water component in the mixing
blend. For example, the salt spring at Salt Springs State Park with the highest salinity
among shallow groundwater samples is calculated to contain less than 7% brine.
The discrete areas of typeD water have lower average elevations and closer
distances to valley centers but do not correlate with distance to the nearest shale gas
wells (Figures 2 and 3, Table 1). The lack of geospatial association with shalegas wells
and the occurrence of this type of saline water prior to shale gas development in the

study area (Lohman, 1957, 1973 Taylor, 1984; Williams et al., 1998) (see distribution in

Figures 7a and 7b) suggests that it is unlikely that hydraulic fracturing for shale gas
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caused this salinization and that it is instead a naturally occurring phenomenon that
occurs over longer timescales.

Distinguishing the ultimate source of the salinized water in NE PA requires an
evaluation of the geochemical signatures of underlying brines in the Appalachian Basin.
The data presented in this study (Table 2, Figures6 and 8a-8f) and previous studies

(Dresel and Rose, 20100sborn et al.,2012; Osborn and Mclintosh, 2010 Osborn et al.,

20119, suggest that the Appalachian brines evolved by evaporation from a common
seawater origin, but under went varying stages of alteration. The first stage of evolution,
common to all of the brines, is the evaporation of seawater beyond halite saturation
resulting in brines with high Br/Cl and low Na/Cl ratios relative to seawater (Dresel and

Rose, 201). The degree of evaporation that is computed based on the Br/Cl ratio in the

Appalachian brines (4-7%103; Figure 6) as compared to evaporated sea water curve
(McCaffrey et al., 1987 is equivalent to 20-40-fold. The brines then likely underwent
dolomitization with carbonate rocks that enriched Ca and depleted Mg in the brine

relative to the seawater evaporation curve (Dresel and Rose, 201P(Figures 8b, 8c) and

sulfate reduction. In addition, the composition of each respective hypersaline Ca-Cl
Appalachian brine (i.e. Ordovician, Salina, and/or Marcellus), was differentially altered
by inter actions with the host aquifer rocks, presumably under tectonically -induced

thermal conditions (Saunders and Swann, 1990that resulted in resolvable variations in
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Sr/Ca, Ba/Sr, and®’Sr/eeSr ratios. The final stage of brine alteration that accounts for the

observed brine compositions is dilution (Dresel and Rose, 2010

The net results of these processes generated large variations in brine salinity
(TDS of 10 to 343 g/L), relatively homogeneous elevated Br/Cl ratios (range of 2.4x10to
7.6x1034 WE O E wi B.Ub@EY GAEDKWE Etun U wkOWA wb OWEOOw xxEOEEI]
brines. The remnant geochemical signatures (i.e. Sr/Ca, Ba/Sr, ané'Sr/8Sr) of formation
specific brine-rock interactions provide the most suitable basis for different iating the
original formation unit that produced brines. The Sr/Ca ratios (0.03 -0.10) of the
produced waters from Marcellus wells are significantly higher than brines evolved
through calcite (0.4-1.6x103) or aragonite (1.52.2x10?) dolomitization, but ar e consistent

with equilibrium with other minerals such as gypsum or celestite (Sass and Starinsky,

1979. Similarly, the Ba/Sr (0.0%1.78) ratios range up to values observed for typical

upper continental crust (Ba/Sr=1.31.7) (Kesler et al., 2012.

New and compiled data presented in Table 2 show distinctive geochemical
fingerprints (Sr/Ca, Ba/Sr, Sr/Cl, Ba/Cl, Li/Cl, and &’Sr/8Sr) among the Appalachian
brines in the different formations. We therefore used these variables as independent
tracers to differentiate possible brine sources for the shallow Type-D groundwater.
Brines from the Marcellus Formation show systematically low (less radiogenic) 87Sr/8Sr

(~0.710 to 0.712; n=50) and high Sr/Ca (0.11 to 0.17) ratios compared to the more
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radiogenic Upp er Devonian brines (87Sr/eéSr ratio= 0.71580 to 0.72200; n=12; Figud)

and low Sr/Ca (0.002 to 0.006; Figurell).
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Figure 10a: 87Sr/8Sr versus Sr concentrations (log scale) of Appalachian Brines
(Chapman et al., 2012 Osborn et al., 2012 and shallow groundwater samples in the
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study area. The shallow groundwater samples are divided in the figure based on
water types. Increased concentrations of Sr in the shallow aquifers are likely derived
from two component mixing: (1) al ow salinity, radiogenic 8Sr/#Sr sourced from local
aquifer reactions; and (2) a high salinity, less radiogenic 8'Sr/86Sr water consistent with

Marcellus Formation brine. The Marcellus Formation  8’Sr/Sr appears lower in

western Bradford than in Susqueha nna and Wayne counties. Other brine sources
such as the Upper Devonian formations have a more radiogenic 8’Sr/8Sr ratio, which
does not appear to show any relationship to the salinized shallow groundwater.  10b)

87Sr/8Sr versus 1/Sr concentrations (mg/L). Mixing appear as a straight line in the
lower graph, demonstrating the apparent mixing of a Marcellus Formation Brine with

shallow groundwater. Symbol legend is provided in Figure 6.
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Figure 11. 87Sr/8Sr versus Sr/Ca ratios in shallow ground water samples in NE
PA and Appalachian brines. The distinctive high Sr/Ca and low  87Sr/86Sr fingerprints
of the Marcellus Formation brine (Chapman et al., 2012 appear to control the Sr/Ca
and &’Sr/#Sr variations of the saline gro undwater of type D. These values are distinct
from the compositions of other Appalachian Brines collected from Upper Devonian
formations (Venango, Bradford sandstone, and organic -rich shales). See Figure 6
legend for symbol description.
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Because of the reldively high Sr concentration and diagnostic Sr/Ca Ba/Sr, and
87Sr/8SSr ratios, this geochemical proxy has the potential to elucidate regional flow paths
(16, 17), salinity sources (18, 19), and the specific source of the Appalachian brines

(Chapman et al., 2012 Osborn et al., 2012) (Figure 10). The 8’Sr/8¢Sr ratios (0.71030

0.71725 +0.000003 SE) of lowaline groundwater (type A and B) vary widely in the
shallow aquifers, but the overwhelming majority are distinctly different from values o f

produced water brines from both Upper Devonian (0.71580-0.72200)Osborn et al.

2012; Table 2) and Middle Devonian Marcellus Formation (0.71000-0.71210; Figurel0)

(Chapman et al., 2012. Conversely, the type D shallow grou ndwater data show both a

linear correlation between Sr and Cl (i.e., conservative behavior of Sr; Figure8d) and a
decrease oft’Sr/#Sr from 0.71533 to 0.70962 with increasing Sr concentrations and
salinity, confirming that the resulting salinity is deriv ed from mixing with Marcellus
Formation brine (Figure 10). Our data also display a strong association betweeng’Sr/8eSr
and Sr/Ca ratios (Figure 11), a relationship suggested as a sensitive indicator of
Marcellus brines because of the unique combination of low 87Sr/eéSr ratios and high

Sr/Ca ratios reported for brines from the Marcellus Formation (Chapman et al., 2013.

While the saline waters in the eastern portion of the study area follow the
expected Srisotope mixing trend hypothesized from ne w and published data on
produced water from the Marcellus Formation (Figure 10), the saline waters from the

western portion of our study area show systematic mixing with an end -member of a
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slightly lower 87Sr/8¢Sr ratio (0.70962). This lower ratio could reflect provenance
variations within the formation (e.g. lower siliclastic detrital component away from the

Acadian clastic source) in the region (Chapman et al., 2013. In sum, while the high Br/ClI

ratio in type D saline groundwater reflects mixing with underlying Appalachian brines
from a common evaporated seawater origin, the 8’Sr/eéSr ratios indicate mixing with
brines with lower 8&'Sr/¢Sr fingerprints of ~0.7096:0.7110 that cannot be accounted for by

Upper Devonian formations but similar to the underlying Marcellus Formation brines.
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Figure 12:226Ra activities (pCi/L) versus total dissolved salts (TDS) in shallow
groundwater and Marcellus brines (Rowan et al., 2017) from NE PA. The increase of
226Ra with salinity appears consistent with conservative mixing (Type D: r  2=0.93,
p=3.39x10) with Ma rcellus Formation brine from the study area. The activities of Ra
in most of the shallow aquifer samples are rarely above the EPA guideline (5 pCi/L).
See Figure 6 legend for symbol description.
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Other features that characterize the produced waters from the Marcellus
Formation are the high activities of naturally occurring nuclides of 2?%Ra and?Ra and

low 228Ra/2%Ra ratios (Rowan et al., 201). 2%Ra and 228Ra are the disintegration products

of 28U and 232Th, respectively, and are generated in groundwater from alpha recaoill,

desorption from sediments, and dissolution of aquifer material (Rowan et al., 2013

Vinson et al., 2009. In most of the shallow groundwater we sampled (Table 1),

combined Ra activities were low (<20 pCi/L). In contrast, reported activities of Ra in
Marcellus brines from the study area were high (1,500 to 3,100 pCi/L) (Figure 12) with

low 228Ra/?28Ra ratios (0.12 to 0.73JRowan et al., 201). The highest Ra activities that we

measured were in Type-D waters, and the range (0.07 to 18 pCi/L)is consistent with our
calculated mixing range of ~0.01% to 7% based on chloride and bromide massbalance
calculations (Fig. 3), although some interaction such as adsorption with the aquifer rocks

(Vinson et al., 20093 is likely. In addition, the 228Raf22%Ra ratio in the salinized

groundwater (mean=0.5) is higher than that of the majority of the Marcellus produced

waters from the study area (mean=0.33;(Rowan et al., 201); Table 2), indicating that

some of the dissolved Ra in the shallow groundwater is likely derived from water -rock
interactions and not from conservative mixing. Overall, because of the increase of Ra
content (Figure 12) and decrease of??8Ra/??Ra with salinity (Table 1) we infer that Ra

content in the saline groundwater could be derived from both mixing with the brine and
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mobilization of Ra from the a quifer rocks, a geochemical process that is known to be

enhanced with increasing salinity (Vinson et al., 20098.

Methane data from our previous studies (Osborn et al., 2011ab) can be

examined based on the four water types (A-D) we found in this study. The highest
average methane concentrations were observed in ype-D waters throughout the
dataset, followed by type B and A. In locations >1 km away from shale gas drilling sites,
only one sample, a type B water, out of total of 41 samples contained elevated methane
concentrations (>10 mg/L); one newly sampled type D water from the spring at Salt

Springs State Park(Osborn et al., 2011 also had concentrations >10 mg/L. Within 1 km

of a natural gas well, three type A, three type B, and five type D samples had methane
concentrations >10 mg/L. In three type D groundwater samples that were located in the
lowland valleys >1 km from shale gas drilling sites, methane concentrations were 2 to 4
mg/L for the two previously sampled shallow ground waters and 26 mg/L for the newly
sampled salt spring. In contrast, type A groundwater >1 km away from drilli ng sites had
methane concentrations less than 0.01 mg/L in all samples (n=14). This could suggest

that methane in type D water >1 km away from drilling sites could be derived from

natural seepage(Molofsky et al., 2011), but at concentrations much lower than those

observed near drilling (Osborn et al., 20114

Cross-formational pathways allowing deeper saline water to migrate into

shallower, fresher aquifers have been documented in numerous studies, including
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western TexagHogan et al., 2007 Mehta et al., 20003, Michigan Basin (Long et al., 1988

Weaver et al., 1999, Jordan Rift Valley (Farber et al., 2004, Appalachian Basin (Saunders

and Swann, 1990, and Alberta, Canada(Eltschlager et al., 200). In the Michigan Basin,

upward migration of saline fluid into the overlying glacial (Long et al., 1988 Weaver et

al., 1995 sediments was interpreted to reflect isostatic rebound following the retreat of

glaciers, leading to fracture intensification and increased permeability (Weaver et al.

1995. The dynamics and rate of this brine migration was suggested to be of a recent

geological time scale (Mehta et al., 20008). Alternatively, vertical migration of over-

pressured hydrocarbons has been proposed for the Appalachian Basin in response to
tectonic deformation and catagenesis (i.e. natural gas induced fracturing) during the

Alleghenian Orogeny (Engelder, 2009 Lash and Blood, 2007 Lash and Engelder, 2009.

This deformation resulted in joints that cut across for mations (&) in Middle and Upper

Devonian formations (Engelder, 2009. In addition, the lithostatic and isostatic reb ound

following glacial retreat significantly increased fracture intensification and permeability
in the Upper Devonian aquifers within our study area.
We hypothesize that regions with the combination of deep high hydrodynamic

pressure and enhanced naturd flowpaths (i.e., fracture zones) (Engelder, 2009 Jacobi,

2002 Llewellyn, 2011) could induce steep hydraulic gradients and allow the flow of

deeper fluids to zones of lower hydrodynamic pressure (Harrison, 1983, 1985. The

higher frequency of the saline type D water occurrence in valleys (Table 1) is consistent
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with hydrogeological modeling of regional discharge to lower hydrodynamic pressure

in the valleys with greater connectivity to the deep subsurface (Harrison, 1983, 1985

T6th, 1970).

The possibility of drilling and hydraulic fracturing causing rapid flow of brine to
shallow groundwater in lower hydrodynamic pressure zones is unlikely but still
unknown. By contrast, the time scale for fugitive gas contamination of shallow aquifers
can be decoupled from natural brine movement, specifically when gas concentrations
exceed solubility (~30cc/kg) and forms mobile free phase gases (i.e. bubbles). In western
PA, on the Appalachian Plateau, contamination of shallow aquifers has been described
as leakage of highly pressurized gas through the over-pressurized annulus of gas wells

and into the overlyi ng freshwater aquifers via fractures and faults (Harrison, 1983, 1985.

The faults are often connected to local and regional discharge areas (i.e., valleys) where

the methane contamination is observed (Harrison, 1983). Buoyant flow of methane gas

bubbles through these fractures is far more rapid than head-driven flow of dense brine,

occurring on time scales of less than a yearnEtiope and Klusman, 2002.

This study shows that some areas of elevated salinity with type D compositi on in
NE PA were present prior to shale-gas development and most likely are unrelated to the
most recent shale gas drilling. However, the coincidence of elevated salinity in shallow
groundwater with a geochemical signature similar to produced water from th e

Marcellus Formation suggest that these areas could be at a greater risk of contamination
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from shale-gas development because of a preexisting network of cross-formational
pathways that has enhanced hydraulic connectivity to deeper geological formations

(Harrison, 1983). Future research should focus on systematically monitoring these areas

to test potential mechanisms of enhanced hydraulic connectivity to deeper formations,

confirm the brin e source, and determine the timescales for possible brine migration.

2. Geochemical and isotopic variations in ~ shallow
groundwater in areas of Fayetteville S hale development,
north -central A rkansas

2.1 Introduction

The combined technological development of horizontal drilling and hydraulic
fracturing has enabled the extraction of hydrocarbons from unconventional sources,
such as organicrich shales, and is reshaping the energy landscape of the United States

(Kargbo et al., 2010 Kerr, 2010. Unconventional natural gas currently supplies ~20% of

US domestic gas production and is projected to provide ~50% by 2035(USEIA, 2010.

Therefore, ensuring that unconventional natural gas resource development results in th e
minimal possible negative environmental impacts is vital, not only for domestic
production within the U.S., but also for establishing guidance for worldwide

development of shale gas resources. Recent work in the Marcellus Shale basin
demonstrated a relation between methane levels in shallow groundwater and proximity

of drinking water wells to shale -gas drilling sites in northeastern Pennsylvania,
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suggesting contamination of shallow groundwater by stray gas (Osborn et al., 20113. In

addition, previous study has shown evidence for natural pathways from deep
formations to shallow aquifers in northeastern Pennsylvania that may allow leakage of
gas or brine, and might pose a potential threat to groundwater in areas of shale gas

extraction (USGS, 2013 While previous studies have focused on the Pennsylvania and

New York portion of the northern Appalachian Basin, many other shale -gasbasins
currently are being developed that have not been examined for potential effects on water
guality. One of the critical aspects of potential contamination of shallow aquifers in
areas with shale-gas development is the hydraulic connectivity between shale and other
deep formations and overlying shallow drinking water aquifers. Here we investigate

the quality and geochemistry of shallow groundwater directly overlying the Fayetteville
Shale (FS) in north-central Arkansas. The Fayetteville Shale is an unconventional natural

gas reservoir with an estimated total production of 906 billion cubic meters (EIA, 2017),

where approximately 4,000 shale-gas wells have been drilled since 2004. This value
includes vertical wells and also more recently horizontal shale -gas wells.

In this study, we analyzed water samples from 127 shallow domestic wells in the
Hale, Bloyd, and Atoka formations in north -central Arkansas and six
flowback/produced water samples from the underlying FS in an attempt to identify
possible groundwater contamination. Five of the produced water samples were collected

within 21 days of fracturing (i.e., defined as flowback water) and a sin gle sample was
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collected at about a year following hydraulic fracturing (i.e., defined as produced water).

We analyzed the concentrations of major anions (Cl, SO, NOs,Br, and dissolved

inorganic carbon [DIC]), cations (Na, Ca, Mg, and Sr), trace elements(Li and B), and a

smaller subset of samples for dissolved CHiE OE wU1 O1 EUI E wb®B,&8H8sr,DE WUUEE |

w2 O nOECycO w E Bl AJsing multiple geochemical and isotopic tracers together
with their geospatial distribution provides a multidimensional approach to examine
potential groundwater contaminatio n in areas of shale gas development. We
hypothesize that shallow groundwater could be contaminated by stray gas migration

associated with poorly cemented gas wells, similar to the observations of previous

studies (Osborn et al., 20113. Shallow drinking water may also be contaminated with

deeper saline fluids at the same time as the migration of stray gas associated with
drilling. A third possibility would be natural migration and connectivity between the
shallow drinking water and deep formations with higher salinity formation waters

through faults or other more permeable pathw ays(Warner et al., 2013. This study is to

our knowledge the first to report s uch a comprehensive geochemical evaluation of
possible shallow groundwater contamination outside the Marcellus Shale basin (Osborn

etal., 2011aUSGS, 2013}
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2.2 Geologic Setting

The study area is located within the currently active development area for the FS
in north -central Arkansas with the majority of sample s collected in Van Buren County

and the northern part of Faulkner County (Figure 1 3).

GCS NAD 138
*Hillshade relief 0 5 10 20 km
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Figure 13: Study site location in north -central Arkansas. Unconventional shale -
gas wells completed into the Fayetteville Shale are shown in black. Shallow
groundwater samples were cataloged based on major element chemistry into four
water categories: low -TDS (beige tria ngles), Ca-HCO s (blue circles), Na-HCO s (green
squares), and CI>20 mg/L (red diamonds).

The area is characterized by a rugged and mountainous landscape to the north
and rolling hills to the south, spanning the southern area of the Ozark Mountains, to the

northern Arkansas River valley (Imes and Emmett, 1994. The bedrock in the study area

comprises the Pennsylvanian-age Hale, Bloyd, and Atoka formations, which are
composed of shale with interbedded minor occurrences of relatively permeable

sandstone, limestone, and coal(Cordova, 1963 (Figure 14).
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Figure 14: Map of sample location and bedrock geology in the study area of
north -central Arkansas. The majo rity of samples were collected from the Atoka
(southern area) and Hale Formations (northern area). North -to-south geological cross-
section in the study area (A- z wODO1 wbUwUT OPOAS w&il OOOT PEEOwWUOD
with the Atoka formation outcropping  in the southern portion of the study area. The
underlying Fayetteville shale shoals to the north.
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The shale portion of the Atoka underlies the lowlands because its lack of

resistance to weathering (Cordova, 1963 thin beds of coal are present throughout but

limestone is only present in the north of the study area (Cordova, 1963. The

Mississippian -age Fayetteville Shale is the target formation during drilling and lies
approximately 500-2,100 meters below the ground surface (mgbs), with thesouthern
portion of the study area being the deepest. These formations are part of the Western
Interior Confining System with groundwater flow restricted to the weathered and

fractured upper 100 m of bedrock (Imes and Emmett, 1994. No one formation within

this confining system, even where representing a source of local water supply, forms a
distinct aquifer regionally, and the regional designation as a confining unit indicates that
on a regional scale these formations impede the vertical flow of water and confine the
underlying aquifers. Domestic wells in the area typically provide limited groundwater

yields (Imes and Emmett, 1994). The average reported drinking water well depth is 26 m

and minimum and maximum of 7.8 m and 120 m, respectively. Wells drilled deeper than
100 m revealed much more compacted and less permeable section of the formations

(Imes and Emmett, 1994.

The underlying Fayetteville Shale production zone is ~ 17 to 180 m thick and 500
m to 2,100 mbgs. The Fayetteville Shale production zone occupies an area of
approximately 6,500 km?; the area of groundwater samples for this study covered

approximately 1/3 of the area of the production zone. The density of shale-gas drilling
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varied widely across the study area. For our sample set of drinking water the total
number of unconventional shale -gas wells within 1 km ranged from zero natural gas
wells to over 14 natural gas wellswithin 1 km and represents an area of moderate to
intense unconventional shale-gas development, similar to other areas of extensive shale

gas developments, such as NE Pennglvania (Osborn et al., 20113. Importantly the

Fayetteville Shale is thefirst oil and gas development in this study area, and we did not
find records that indicated the presence of historical conventional wells, which may
provide possible conduits for vertical migration of stray gas and/or hydraulic fracturing
fluids. Saline water unsuitable for human consumption was identified between 150 to

600 mbgs but generally is 300 mbgs in the study arealmes and Emmett, 1999.

The exposed and shallow subsurface geolajic formations serving as local
aquifers for Van Buren and Faulkner Counties are a series of dominantly sandstone and
shale units of the Hale, Bloyd, and Atoka Formations (Figure 14). Subsurface geology,
particularly with respect to lateral facies within t he Fayetteville Shale, was poorly
defined prior to development of gas and most of the detailed stratigraphic and reservoir
analysis were held as proprietary by a few companies.

The Fayetteville Shale is a black, fissile, concretionary shale, which contairs
pyrite and silica replacement fossils in some intervals. The Fayetteville Shale formation
dips from north to south (Figure 14). The highly organic-rich facies within the

Fayetteville Shale is present in the middle and lower part of the formation. Vitrin ite
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reflectance falls within 1.93 to 5.09 percent, which corresponds to the dry gas window

(Imes and Emmett, 1999.

The Hale Formation is made up of two members; the lower is the Cane Hill
Member, which is typically composed of silty shale interbedded with siltstone and thin -
bedded, fine-grained sandstone. The upper is the Prairie Grove Member, which is
composed of thin to massive limey sandstone. The Hale Formation thickness is up to 90

m (Imes and Emmett, 1994. The Cane Hill Member of the Hale Formation is exposed in

the extreme northern part of Van Buren County (Figure 14).

The Bloyd Formation in northwestern Arkansas is formally divided into five
members, two of which are limestone members absent in the study area. The lower two
thirds of the Bloyd Formation consists dominantly of very thin - to thinly -bedded
sandstone with shale interbeds. The upper Bloyd is dominantl y a shale with interbedded
sandstone that is commonly calcareous; the sandstone units can reach a thickness of up

to 24 m (Imes and Emmett, 19949. Total thickness for the Bloyd can exceed120 m in the

study area. Exposures of the Bloyd Formation are found in northern Van Buren County
(Figure 14).

The Atoka Formation in the study area consists of a sequence of thick shales that
are interbedded with typically thin -bedded, very-fine grained sandstone. The Atoka

Formation is unconformable with the underlying Bloyd Formation with a thickness of
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up to 7,500 m in the Ouachita Mountains (Imes and Emmett, 1994. The Atoka

Formation is exposed throughout the southern portion of the study area (Figure 14).

2.3 Materials and Methods

All shallow groundwater samples from homes were collected by USGS
personnel in July and November 2011. Methods for collection of field parameters (pH,
temperature, and specific conductance) and water sampling followed standard USGS

protocols (Wilde, 2006) and included purging water wells until field parameters

stabilized, followed by 0.45 micron water filtering on site for water samples collected for
trace and major ion analyses. Dissolved gas sample collection followed Isotech
Laboratories, Inc. methods (Isotech Laboratories, Inc., 2012). Samples of FS water were
collected from production wells (flowback or produced waters) by Arkansas Oil and Gas
Commission personnel.. Sampleswere labeled flowback waters if collected within 3
weeks of hydraulic fracturing (5 total samples) and produced water if collected more
than 3 weeks after fracturing (1 sample; ~ 50 weeks following fracturing). All water
samples were preserved on ice andshipped to Duke University (Durham, North
Carolina, USA), where they were refrigerated until analysis.

Samples for major cations, anions, trace metals and selected isotopes (oxygen,
hydrogen, boron, strontium, and carbon -DIC) were analyzed at Duke Univer sity.
Isotech Laboratories performed dissolved gas analysis for concentrations of methane

and higher-chain hydrocarbons on twenty samples using chromatographic separation
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followed by combustion and dual -inlet isotope ratio mass spectrometry to measure
UB3Ccha.

#DUUOOYI EwOIl U1 EOI wEaCHEnWer® detéimine OyOcavityHithE w

down spectroscopy (CRDS)(Busch and Busch, 1997 on an additional 31 samples at the

Duke Environmental stable Isotope Laboratory (DEVIL) using a Picarro G2112i.
Dissolved methane concentrations were calculated using a headspace equilibration

method (Kampbell and Vandegrift, 1998). Headspace equilibrations and extractions and

concentration calculations were performed by a modification of the method of Kampbell
and Vandegrift (1998). For each 1. sample bottle, 100 mL of headspace was generated by
displacing water with zero air (methane -free air) injected with gastight syringes

equipped with luer -lock valves. Bottles were shaken at 300 rpm for 30 minutes to
equilibrate headspace with dissolved methane. The equilibrated headspace was then
extracted with gastight syringes while compensating volume with deionized water from
plastic syringes. The extracted headspace was then injected into tedlar bags
(Environmental Supply, Durham, NC) equipped with se ptum valves and introduced

into the Picarro model G2112-i CRDS (Picarro, Inc, Santa Clara, CA). In some cases,
dilution into a second tedlar bag with zero -air was required to keep the measured
concentration in the optimal range for the instrument. Concentr ations were corrected for
YOOUO!I UUPEWEOGEW' 1 OUazUw+EPuwl i i (Kahpba&hd ®OT wUT 1 wi

Vandeqrift, 1998). Calculated detection limits of dissolved methane were 0.002 mg/L
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corrected for instrument calibrations using known methane standards from Airgas
(Durham, NC) and Isometric Instruments (Victoria, BC).

To confirm the accuracy of the CRDS results, a set of 49 field duplicate
groundwater samples was collected analyzed at Isotech. These grandwater samples
were collected from North Carolina, New York, Pennsylvania, and Arkansas in order to
span a wider range of both concentrations (<0.002 mg/L through values well above
saturation ~100 mg/L) and carbon isotope values ¢ Y Uw U1 GACUT A dusoBpadisan
of the field duplicates using these two independent methods showed good correlation
for concentration (r2=0.90; Figurel5E A WE OE wl BRET OO OChwE+H095; Figle OU wi OU
15b). Relative standard deviation of dissolved methane concentrations determined by
"1#2wOOwi Pl OEWEUx OPEEUI Uwb B0 mddsutdmentsu2 OEOEEUE wE
EI Ul UOPOI EwEaw" 1#2wi OUwWwi P1 OEWEUxODPEEUI WUEOXO
EWOERDPOUOWOI whdYUOwpbPUTI wEwWOI EOwYdkk UOwUI UUOUDOI

1.7%.
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Figure 15: Comparison of results for duplicate samples submitted to a private
laboratory (Isotech) to those performed using a cavity -ring -spectroscopy (CRDS)
analyzer at Duke University for both dissolved methane concentr E UB O O URGEBDE wy
Dissolved methane concentrations from the two independent methods showed a good
correlation (r 2=0.90, p<1x10°% with some variability at higher concentrations. The
E OO x E UbD U O BauCHis waluds bbtamed from the two analytical te  chniques
showed a strong correlation (r 2=0.95, p<1x160%). The CRDS methodology showed some
E b E U wE U%e@A fednpaned to the private laboratory. Note that this comparison
includes samples from other study areas to cover a wide range of concentrations and
U13C-CHa4 values.

Major anions were determined by ion chromatography, major cations by direct
current plasma optical emission spectrometry (DCP-OES), and tracemetals by VG
PlasmaQuad-3 inductively coupled plasma mass-spectrometer (ICP-MS). Four replicate
samples showed good reproducibility for both major and trace element concentrations
(Online Supplement). Strontium and boron isotopes were analyzed by thermal
ionization mass spectrometer (TIMS) on a ThermoFisher Triton at the TIMS lab in Duke
University. The average®’Sr/¢Sr of the SRM987 standard measured during this study
was 0.710266 +0.000005 (SD). The averagé&B/1B of NIST SRM-951 during this study

was 4.0055 +/0.0015. The longterm standard deviation of ©B in the standard and
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thermochemical elemental analysis/continuous flow isotope ratio mass spectrometry
(TCEA-CFIRMS), using a ThermoFinnigan TCEA and Delta+XL mass spectrometer at
Ul T wgUOI wsOYPUOOOI OUEOW( Ud WG Gl uagestvé@d) E0OU a wop# $5
normalized to V -SMOW and V-SLAP. The carbon isotope ratio of dissolved inorganic
carbon was analyzed by acid digestion on a ThermoFinnigan (Bremen, Germany)
GasBench Il feeding a ThermoFinnigan Delta+XL Isotope Ratio Mass Spectrometer
(IRMS) in the DEVIL lab. Several mL (volume depending on DIC concentration) of each
sample were injected into 11 mL septum vials that had each been predosed with 150
micro-liter (uL) phosphoric acid and pre -flushed 10 minutes with helium at 50 mL/min
to remove air bE E OT U O U O BG alrgskltngu@O 2 was normalized vs Vienna Pee Dee
Belemnite (VPDB) using NBS19, IAEA CO-8 standards, and an internal CaCGs standard.
Natural gas well locations were obtained from the Arkansas Oil and Gas
Commission database. Arkansas Ol and Gas Commission also provided ?8Ra and ?Ra
values. Historical water data were gathered from the USGS National Water Information
System (NWIS) data base for the six counties that comprise the bulk of permitted and
active gas production wells: Clebur ne, Conway, Faulkner, Independence, Van Buren,

and White Counties (Figure 14). The data set includes 43 groundwater samples collected

near the study area prior to shale-gas development 1948 and 1983.
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2.4 Results and Discussion
2.4.1 Geochemical characteri zation of the shallow groundwater
We divided the 127 shallow groundwater samples into four major water
categories (Figure 13 and Online Supplement). The first category was low-TDS (<100
mg/L) and generally low -pH (pH<6.6; n=54) water. The second was a Ca&HCOs water
(n=40), with moderate TDS (100>TDS<200 mg/L). The third was a NeHCOs water with a
wider range of TDS (100>TDS<415 mg/L; n=24). The fourth group was classified as Ca
Na-HCOs water type with the highest TDS (200>TDS<487 mg/L) and slightly elevated ClI
(>20 mg/L) and Br/Cl molar ratios> 1x103 (n=9). The fourth group was identified because
the elevated Cl and Br/ClI could potentially indicate contamination from the underlying
saline formation water (see description below).
The carbon isotope ratio of dissolved inorganic carbon (#:3Coic; n= 81 samples)
ranged from -I | U wi) YY) UDntme Supplement). The low-TDS and CaHCOs water
Uaxi Uwl EEwOOP] Uw# (" wEOOEIT OUUE UBGOL,While tdds$twiE OO wb E U
water samples fell within a narrower and lower range of -1 Y U w6 the Na-HCOs
T UOUOGEPEUI Uwbkl WwOEUI UYI EWEWxOUPUDYI wE Wkl OEUDOO

values (r2=0.49, p<0.05; Figurel6).
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Methanogens in some of the Na -HCO s waters would generate DIC with elevated
residual ©13C-DIC (green arrow).

The strontium isotope ratios (8’Sr/88Sr) vary from 0.7097 to 0.7166 (Figurel7a).
Most of the Ca-HCOs waters have slightly lower 8Sr/Sr (mean =0.71259; n=12) relative
to the Na-HCOs waters (mean =0.71543; n=13). Boron isotope ratios (¢*'B) show a wide
range from 4%o to 33%o, with a general increase of @B with boron content (Figure 17b)

with no systematic distinction between the water types (p>0.05).
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concentration (ug/L). Mixing relationships would appear as straight lines in both
graphs, however the lack of strong linear strontium and boron isotopic variations
exclude possible mixing between the Fayetteville Shale water and the shallow
groundwater. In stead the isotopic variations appear to be controlled by weathering
and water -rock interactions. Note that CI> 20mg/L samples with less than 60 ug/L
boron were not able to be analyzed for u11! U because of inadequate sample volume.

The stable isotope composition of all water types did not show any distinctions
(p>0.05) related to the water composition (Online SupplementA& w E & EwB(GH w
variations are consistent with the Local Meteoric Water Line (LMWL) (Kendall and
Coplan, 2007) of modern precipitation in the region. This similarly suggests a common
meteoric origin, and also indicates that all of the geochemical modifications presented
below were induced from water -rock interactions along groundwater flowpath in the
shallow aquifers.

Historical groundwater quality data from in or near the study area from the
NWIS data base (Figure14) includes 43 samples collected prior to shalegas

development between 1948 and 1983 QOnline Supplement). Although collected from the
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same formations, the majority of historical samples were collected to the east and only
three sampling sites overlap with our study area (Figure 14) and therefore a complete
statistical comparison to historical data was not possible. However, the reported
chemical composition of the water samples collected prior to shale gas development in
the area is consistent with the CaHCO3s and Na-HCOs water types, with a
predominance of Na-HCOs water type in the Atoka formation (Figure 14) as reported in

previous studies (Cordova, 1963 Imes and Emmett, 1994. Likewise, the range of

concentrations in this study fell within the minimum and maximum reported values in

the NWIS (Online Supplement).

2.4.2 Methane sources in shallow groundwater

#DUUOOYI EwOIl UT EOI WEOOEI OUUEUDPDOOwWBROE)WEEUEOOU
were analyzed in 51 of the 127 water samples from wells collected for this study (Online
Supplement). Methane was detected (>0.002 mg/L) in 63% of wells (32 of the 51), but
only six wells had concentrations >0.5 mg CHy/L, with a single sample point (28.5 mg/L)

above the potential recommended action level 10 mg/L in the United States (Eltschlager

et al., 2002 (Figure 18).
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Figure 18 Dissolved methane concentrations (mg/L) in domestic wells plo tted
versus distance of the domestic wells to nearest natural gas well. Only one of 51 wells
analyzed contained methane at concentrations above the potential action level set by
the Department of Interior (10 mg/L). There is no statistically significantdi  fference in
dissolved methane concentrations from wells collected within 1 km of a gas well and
those collected >1 km from a well. The highest dissolved methane concentrations
were detected in Na -HCO s water.

Dissolved methane concentrations were not higher closer to shale gas wells
(Online Supplement and Figure 18), nor was any statistical difference (student t-test)
apparent between concentrations in groundwater of 32 wells collected within 1 km of
shale-gas production and 19 wells >1km away from gas wells (p> 0.1;0nline
Supplement).
3 1 1'%Dagsranged from -K | 8 + GAWKOEOWD w @O0 uFDU Guu O T 4CemthE OT 1T wb O

the six samples with concentrations greater than 0.5 mg/L was systematically (p<0.01)

lower (-k A 6+ GAWKOBOMWI A Qwpk T DET wx UOQY Bré bidgenic ofigirEdf theE T wi OUWE u
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dissolved gas (i.e., <k k U(Zaleman et al., 198)8 w3 PdcHaok 13 out of 14 samples did

not overlap the reported values (Zumberge et al., 2019 for Fayetteville Shale production

gas (Figure 19).
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published values for Fayetteville Shale produced gas %3C-CH 4 p U(Bumberge et al.,
2012. Concentrations of the dissolved methane in shallow groundwater are indicated
by color. The majority of samples , including all of those at higher CH 4 concentrations
plot at lower u13C-CHa values indicating that shallow biogenic origin likely contribute
to the formation of methane. The lone sample that overlaps with Fayetteville Shale
values may represent migration of stray production gas, but at very low
concentrations.

Theonlyoni wUE O x Ol #Cendrvélie @EIwdt O A w0l ECWEx x UOEET 1T Uwl
reported for shale gas well had low methane content (0.15 mg/L). Samples with trace
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reflect either flux of de ep-source thermogenic gas(Schoell, 1980 or a mixtu re of biogenic

EOQEwUI 1 UOOT 1 OPEwl EUS w3 T FavkhalGe-@1 @b B EwiulEwdOp i |
chloride concentration (2 mg/L). The combined low chloride and methane rules out

possible contamination from underlying fluids (gas and water) (see discussion be low).

Further evidence for a biogenic origin of methane in the shallow groundwater is

provided by the lack of detectable higher chain hydrocarbons (C 2<0.0005 mol%) in the 20

samples analyzed at the commercial laboratory (Co+ was detected in only 1 of 20

samples analyzed). The single detection of a higher chain hydrocarbon (C2=0.0277 mol%)

was in a sample with a higher C1/Cz+ ratio= (C/C2=730) consistent within the expected

biogenic range (~1,000)Boschetti et al; Coleman et al., 1981 Ferrar et al., 2013 or

biogenic mixed with a small portion of thermogenic g as (Online Supplement). The
distribution of dissolved methane concentrations and #3Cchs values (Figure 20a) suggest
a local, shallow origin of dissolved methane unrelated to shale-gas extraction in the vast

majority of
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correlations observed between methane and Na (r 2=0.46) and DIC (r2=0.79) indicate
that the highest methane is found in Na -HCO s groundwater. At the higher DIC and
CHa4 concentrations the dep leted %'3C-CH4indicates that methanogens *°likely

U13C-DIC versus ©3C-CHapU A Wl AWE OE w# ( "

(mg/L)(8f) in shallow groundwater. The average #3C-DIC (-tuA U wlUNDWA wbD O wUT 1 wE UC

groundwater indicates the majority of DIC is de

rived from weathering of silicate

minerals that would approach - | U6 w, 1 OT EOOT 1 OU wiHOQsWaedd woOi wUIl 1
U13C-DIC (green arrow).

would generate DIC with elevated residual

If the methane was sourced from biogenic processes within the shallow aquifers,

the ground water chemistry could provide further support for its biogenic origin
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(Aravena et al., 1995 NYDEC, 1999. Median dissolved CH 4 concentrations were highest

in the Na-HCOs water type, with positive correlations to Na and DIC (r 2=0.46 and 0.79,
respectively; Figure 20b and 20d). In addition, the positive correlation between DIC
EOOEIT OUUE B&OHAIUes(RD Bupx0.05; Figureof) could suggest that

methanogenesis is occurring within the formations, perhaps within the minor coal beds

(Imes and Emmett, 1994 under reduced conditions. If the minor concentrations of

observed methane were souced from microbial CO 2 reduction, we would expect

generation of #%Ccns of -A Y U wllp YluaZerte, 1981 Renner, 2009 parallel to elevated

residual #53Coic pl 6 1 8 Ow g Huy UA wE U U P O (Arav@rha@rid Bv@ssanaal) OE UEUD OO

significantly lower (-1 Y 0wl OWA OwE]l OOOUUUEUDOT wlOi ECwOI U1 EQOT
source of DIC in the aquifer. In the low TDS water only trace levels (CH 4<0.8 mg/L) of

dissolved methane were recorded (n=9) and only two low -TDS samples had detectable

I BT THCthag#2.3and-k N6t UAGw3T 1 Ul wYEOUI UWEOUOEWDOEDPEEUI

thermogenic gas in the shallow aquifers (Renner, 2009 or bacterial oxidation (Coleman

et al., 198).

2.4.3 Water-rock interactions and mixing with external fluids

The geochemical variations from low TDS, Ca-HCOs, and Na-HCOs water types
infer different modes of water -rock interactions. The low-TDS waters could reflect early

stage of groundwater recharge without much mineralization induced from water -rock

56



interactions, while the Ca-HCOs waters suggest dissolution of carbonate minerals in the

aquifers. A Na-HCOs water type typically (e.g. (NYDEC, 1999 indicates silicate

weathering and ion exchange processes (e.g., reversbaseexchange reaction). In the
majority of the shallow groundwater samples, regardless of the water type, DIC nearly
balances the sum of sodium, calcium, and magnesium concentrations (in equivalent

units; Figure 21).
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Figure 21: The sum of Na, Ca and Mg (meq/L) versus dissolved inorganic
carbon (DIC; meq/L) in shallow groundwater samples. Note that DIC balances the
majority of the total cations in shallow groundwater samples across all water types.

DIC could be generated in the shallow aquifers by either weathering of silicate
minerals in the shale, dissolution of marine carbonate by carbonic acid produced
through oxidation of organic matter, or bacterial sulfate reduction. Silicate weathering

would mobilize Na, Ca, Mg, and Sr w ith a radiogenic 8’Sr/sSr signature (Bullen et al.
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boron in silicate minerals (Lemarchand and Gaillardet, 2006)to 151 Y UwbD Ow? E1 UOUEE E (

boron on marine clay surfaces (Spivack and Edmond, 198798 w 3 doavajue would

reflect the isotopic fractionation between DIC species and expect to be similar to the
composition of the carbonic acid that triggered the silicate weathering (~-1 | UA8 w( | Ow
instead, dissolution of marine carbonate minerals was occurring, one would expect
contributions of Ca, Mg, and Sr with a low 8'Sr/8¢Sr (~0.7082) for the Pennsylvaniarage

marine formation (Busch and Busch, 1997, and boron with 1B of a marine carbonate

UDbT OE U UU (VangosH eyall, A99). Dissolution of marine carbonate would

generate HCO:. b B U#Cun~uhiO O wE U UUOD O1T WEWEOOUI EwUaulil OQwbbI(

~ o~ N s A

DIC-bearing species would be in isotopic equilibrium (Bullen et al., 1996. Carbonate

dissolution could contribute Ca that would be exchanged with Na from exchange sites
on clay minerals, resulting in Na -HCOs water. In such a scenario, the Ca concentrations
would be inversely correlated with that of Na.

Examining all of these geochemical and isotopic constraints, we clearly show that
neither of these two mechanisms (i.e., silicate weathering versus marine carbonate
dissolution combined with base -exchange reaction) is explicitly consistent with the
geochemical variations measured in the shallow groundwater in this study. For

example, in most of the groundwater samples, including those defined as the Na-HCO3s
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type, Na is positively correlated with Ca, indicating contribution of both elements that
would reflect silicate weathering. In contrast, the most DIC -rich (Figure 22a) waters
show an inverse relationship between Na and Ca (Figure 22b) that typi cally mimics

reverse baseexchange reactions.
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Figure 22 The DIC, Ca and boron concentrations versus Na in shallow
groundwater samples.

Likewise, all of the water types show a positive correlation (r 2=0.79) between Na and
boron (Figure 22c), a combination that could reflect mobilization from exchangeable

sites on clay minerals. The most DICGrich waters have a lower Ca/Na ratio and lower Na
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relative to B (Figure 22c), inferring a different source. The ®B of the Na-HCO 3 waters

UEOT I woOi wht 8 k ATo)a@ alsotcdnsistahs Bith botbh sourced from

exchangeable sites on marine clay minerals.

radiogenic &’Sr/8sSr ratios (0.7097 to 0.7166) (Figurel7a) in the majority of the studied
groundwater rule out the possibility that marine carbonate dissolution is the major
process that controls the generation of CaHCOs water. Nonetheless, given the shale in

the study area is carbomate-rich (Imes and Emmett, 1994, carbonate dissolution likely

contributes Ca and HCOs, in which Ca would be exchanged with Na to generate Na -
HCOs water. Reverse baseexchange reaction would remove Ca and Sr, and thus the
uptake of Sr is not expected to modify its original isotopic ratio (i.e., 8’Sr/8¢Sr ratio of the
Pennsylvanian-age marine carbonate). One possible explanation for the high8’Sr/Sr
ratio is that the carbonate in the shale was diagenetically-modified from bacterial sulfate
reduction process with modified fluids containing radiogenic  8’Sr/8Sr and depleted
U3Coic relative to the original composition of the marine carbonates. Given that the

groundwater has a radiogenic 8’Sr/#Sr ratio (0.7097 to 0.7166) that is similar to the

composition of the local shale formations (Kresse and Hays, 2009, we conclude that the
water chemistry was controlled by bothsilicate minerals weathering and dissolution by
diagenically modified carbonate cement followed by ion -exchange reactions. Further

study is needed to characterize the composition of the carbonate cement and delineate
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the specific mechanism that has caused evolution of the groundwater into Na-HCO3
composition.

The fourth shallow groundwater type, the higher -chloride waters, shows a high
correlation between Cl and Br (r2=0.89; Figure23a) with a high Br/Cl ratio (>1x10-3) that is
similar to the elevated Br/Cl in the FS brine (see below). This geochemical compogion
could be interpreted as mixing of shallow groundwater with underlying formation
water, similar to the salinization phenomena observed in NE Pennsylvania (USGS,
2013. However, the variations of other dissolved constituents such as boron and
strontium are not correlated with chloride (Figure 23f-23h), and their isotopic ratios,
are distinctly different from expected mixing relations with the FS brines ( Online
Supplement). This infers that the composition of the groundwater with (CI> 20mg/L)
was moadified by weathering and water-rock interaction and our ability to delineate the

exact saline endmember that generated the saline groundwater is limited.
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Figure 23: The variations of major elements as normalized to chloride contents
in shallow groundwa ter and the FS saline water. The composition of the FS water
infers modified seawater through evaporation and halite precipitation (high Br/Cl

ratio), water -rock interactions (enrichment of Na, Sr, Mg, and Ca relative to the
expected evaporated seawater cuve), followed by dilution with meteoric water. Note
that there is no apparent relationship between concentrations of constituents in
shallow groundwater and the deeper FS waters. Variations of DIC (mg/L), chloride
(mg/L), Ca and Na in Fayetteville Shale ( FS) flowback and produced waters. The
negative correlation between Cl and DIC indicates that dilution is the main factor for
the high DIC in the formation water. The positive correlation of Na/Cl and Ca/Cl with
DIC concentration indicates that Na, Ca, and DIC within the FS are likely sourced
from carbonate dissolution combined with base -exchange reactions that have
modified the original composition of the FS water.

Finally, neither the Na -HCOs water type, nor the fourth water type with CI>20
mg/L are located closer to shalegas wells (Online Supplement), which rules out the
likelihood of salinization induced from shale gas exploitation and migration of fluids
UT UOUT T wOT 1T wOEUUUEOW! EVUwPkT OOUZz WEOOUOUUB w( OUUI E
of the water types; the majority of Na-HCOs samples were identified in the southern
portion of the study area (Figure 13) and at lower average elevations Online
Supplement), which could indicate increased Na and DIC to the southern portion of the
study area, corresponding to a regional groundwater flow and increased water -rock

interaction along regional flow paths (Imes and Emmett, 1994 and/or greater

predominance of shale lithology in the low lying regions (Cordova, 1963).

2.4.4 The Fayetteville Shale flowback and produced waters

The FS flowback and produced water samples (Online Supplement) are saline

(TDS ~ 20,000 mg/L), yet our data show that the salinity is substantially lower than
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produ ced waters from other shale gas basins (e.g., Marcellus brine with TDS ~200,000

mg/L; Table 5). The FS saline water is composed of NaCI-HCO3, with a linear

correlation (r2=0.39) between chloride and bromide and a high Br/Cl ratio (~4x103 to

7x103; Figure 23a). This composition infers modified evaporated seawater (seawater

evaporation, salt precipitation, followed by dilution with meteoric water) with Na, Sr,

Mg, and Ca enrichments relative to the expected evaporated seawater curve(McCaffrey

et al., 1987 (Figure 23a-231 A6 wBd { @06 € W A vaHE (EENudHU BrukO8O wd A wO i w

OT 1 wi OUOGEUDPOOwWPEUT UwUE 02Ot uMAD Gend®GrdU T T wUDT T Ow

Coplan, 2007) (Figure 24).
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groundwater is consistent with the local meteoric water line (LMWL) while the
Fayetteville brines plot to the right of the LMWL and could reflect mixing between

DIC content was elevated (8001800 mg/L) compared to many other produced waters in

other shale basins in the US (TablesSA OWE OE wi EE WE wE DYOH-GE 6§D YiwWid@l YE
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#+ 6AUAOwPT PET wOEawUI i O1 EQw0T 1 wEOOxOUPUDOOWOI wll
O1i UT EOOT 1 O1 UBApstuwy (Il BupplEment, Figure 17b) and strontium

(8Sr/eeSr = 0.70960.7111;0nline Supplement, Figure 17a) isotopic fingerprints are

different than would be expected for unaltered Mississippian -age evaporated seawater,

Pl DET wbp OUOEHISH NIOWE DIEwE w O ¥Iu*surbtig Hrivt>-D.7062b E w

(Busch and Busch, 1997 Denison et al., 1998. The 226Ra and 228Ra concentrations

(activities) were relatively low (20 -260 pCi/L) (Online Supplement) compared to

Appalachian brines (Rowan et al., 2011 USGS, 2013with 222Ra/?2®Ra range of 0.1 to 0.5.

This relatively low Ra level could have important implications for management
strategies and evaluation of possible environmental effects, following disposal of the
flowback and produced waters.

The chemical composition of the five flowback samples reflects mixing between
the original formation water (represented by the produced water) and lower -saline
water that was injected as fracturing fluids. Given the higher salinity of the formation
water (relative to the injected water) its chemistry overwhelming controlled the
composition of the flowback waters. Similar results were observed in the composition of

flowback water from the Marcellus Formation (Haluszczak et al.). Overall, the combined

geochemical data from five flowback and one produced water samples indicate that the
FS water is likely the remnant of seawater that evaporated beyond the halite saturation

stage (McCaffrey et al., 1987). Similar to the Appalachian brines (Dresel and Rose, 2010
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USGS, 2013the evaporated seawater was modified by water-rock interactions that

resuted D Ow- EOQOw2UO0w, 1 OWEDOEw" Ewl OUPET O1 OUUWMBEOE WEOUI
and 87Sr/8Sr isotopic fingerprints. The brine was subsequently diluted by meteoric water

PP UT wdO mIE @i walges that reduced the original salinity to levels lower than

seawater (TDS<32,000 mg/L).

Another unique characteristic of the FS is the substantial DIC enrichment that is
inversely correlated (r2=0.55) of chloride content (Figure23E A wb B U1 -0 ValuésU wxy
(-hul 8 A U w0 Onlihe@applénant). This suggests that the FS water is diluted with
DIC-UPET whPEUI U3 w31 | wCo®doMdariet riethanbyerdisiBvdchey et
al.) in the low -saline water that diluted the original FS brine. Alternatively, dissolution
Of wOi 1T wOPOI UL OET i ElabrasipddiEs) coplacvit h reverse
base-exchange reaction within the FS would generate Ca, Na (from baseexchange) and
DIC with a positive #3Coic signature. This is confirmed by the correlation of Na/Cl and
Ca/Cl ratios and inverse correlation of Cl with DIC (Figure 23b and 23c). Combined, the
chemistry and isotopic results indicate a major modification and dilution of the original

FS brine composition.

2.5 Conclusions and Implications

This study examined water quality and hydrogeochemistry in groundwater from
shallow aquifers in an attempt to delineate possible groundwater contamination. We

considered three types of contamination 1) stray gas contamination; 2) migration of
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saline fluids from depth that were directly associated with drilling and exploration of

the underlying Fayetteville Shale; and 3) natural migration of saline fluids from depth
through leaky geological formations. The resu lts of this study clearly show lack of saline
fluid contamination (scenario #2) in wells located near shale gas sites, which is consistent
with previous studies in shallow groundwater in the Marcellus in northeastern PA

(Osborn et al., 2011aWarner et al., 2013. However, the lack of apparent methane

contamination with thermogenic carbon isotope composition in sh allow groundwater
near shale gas sites in the Fayetteville Shale differs from results reported for shallow

groundwater aquifers overlying the Marcellus Formation (Osborn et al., 20113. It has

been proposed that the stray gas contamination likely resulted from poorly constructed
and cemented natural gas well casings that allowed leakage and migration of methane

to the shallow aquifers (Jackson et al., 201;10sborn et al., 2011ab). In this study we

found no evidence for stray gas contamination in groundwater wells located near shale
gas sites and most of the methane we identified (mostly low levels) had a biogenic
composition that is different from the thermogenic fingerprint of the Fayetteville Shale
gas.

Likewise, this study did not find evidence for natural hydraulic connectivity

between deeper formations and shallow aquifers (Osborn et al., 2011aUSGS, 201 3that

might provide conduits for flow of saline fluids from depth to the shallow groundwater.

The spatial distribution of the slightly saline groundwater (CI>20 mg/L) that could be
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derived from dilution of t he FS brine or another saline source is not associated with the
location of the shale gas wells. Shallow groundwater samples for this study were
collected from formations that are part of the Western Interior Confining System (Imes

and Emmett, 1994). Previous investigation has shown that these formations impede the

vertical flow of groundwater and restrict groundwater movement for domestic supply

wells to only local near -surface flow systems (Imes and Emmett, 1994. The natural

impermeability and perhaps lack of deformation of these formations seems to prevent
hydraulic connectivity that might allow flow of saline fluids b  etween deep saline
formations and shallow drinking water aquifers in north -central Arkansas.

The lack of fracture systems that would enable hydraulic connectivity is very
different from the geological formations overlying the Marcellus Shale in the

Appalachian basin (USGS, 2013and references therein). These differences could be

explained by two structural deformation scenarios: 1) recent glaciation and isostatic
rebound of shallow bedrock that was reported in the Appalachian and Michigan basins

(Weaver et al., 1999; and 2) tectonic deformation that shaped particularly the

Appalachian Basin (Lutz et al., 2013. These natural deformation events could explain

the increased hydraulic connectivity and pathways that provide conduits for fluids and
gas between the deeper production zones and shallow groundwater in the shallow
geological formations overlying the Marcellus Shale in the Appalachian basin bu t

apparently not in the study area in Arkansas.
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Previous studies in the Marcellus Basin have suggested that the methane leakage
to shallow drinking water wells is due to leakage and inadequate cement sealing in the

shale gas well{Osborn et al., 20113. Such human factors could also explain the lack of

methane contamination in Arkansas, particularly due to: 1) possibly better wellbore
integrity; and/or 2) a lack of conventional oil and gas development in north -central
Arkansas prior to the shale gas extraction from the Fayetteville Formation (Arkansas Oil

and Gas Commission, 20132.

In conclusion, this study demonstrates the importance of basin- and site-specific
investigations in an attempt to determine the possible effects of shale gas drilling and
hydraulic fracturing on the quality of water resources. The study shows that possible
groundwater impacts from shale -gas development differ between basins and variations
in both local and regional geology could play major roles on hydraulic connectivity and
subsurface contamination processes. Based on the results of this and previous studies

(Osborn et al., 2011aUSGS,2013, we conclude that systematic monitoring of multiple

geochemical and isotopic tracers is necessary for assessing possible groundwater
contamination in areas associated with shale gas exploration as well as the possible

hydraulic connectivity between shallow aquifers and deeper production zones.
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3. Impacts of Shale Gas Wastewater Disposal on Water
Quality

3.1 Introduction

The safe disposal of large volumes ofliquid waste associated with natural gas
and oil production is a major challenge given that the waste fluids often contain high
levels of salinity, toxic metals, and radioactivity (Kargbo, Wilhelm and Campbell 2010,
Dresel and Rose 2010Haluszczak, Rose and Kump 2013 Osborn and Mclntosh 2010,
Rowan et al. 201). For example, in Pennsylvania the increase of oil and gas production
from unconventional reservoirs through horizontal drilling and hydraulic fracturing has
generated anincreased volume of liquid wastes (Maloney and Yoxtheimer 2012, Lutz,
Lewis and Doyle 2013) including (1) drilling fluids; (2) hydraulic fracturing flowback
fluid ; and (3) produced water . Here we collectively define all of these fluids as residual
shale gas wastewater (wastewater).

In Pennsylvania, while the overall estimated volume of wastewater (3.1x10°to
3.8x10 cubic meters per year) has increased during the last few years (Maloney and
Yoxtheimer 2012 Lutz et al. 2013 an increasing fraction of the wastewater is also reusel.
In 2011, 70% of flowback and produced fluids were reused and current operations aim
to reuse more of the wastewater (Maloney and Yoxtheimer 2012). However, options for
the proper disposal and management of the wastewater that is not recycled are limited,
due to the poor water quality of flowback and produced waters. In 2011, ~20% of

drilling fluids, 8% of hydraulic fracturing flowback fluid, a nd 13.8% ofproduced water
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(i.e., brine) from unconventional Marcellus Shale wells were treated at centralized waste
treatment facilities (treatment facilities ) and then discharged to rivers (Maloney and
Yoxtheimer 2012). The salinity of shale gas waste fluidsvaries from 5,000mg/L to
>200,000mg/L. This high -salinity water typically contains concentrated bromide,
chloride, metals such as barum and strontium, and naturally occurring radioactive
material (NORM), in the form of radium isotopes with activities of 185 to 592
Bg/L(Rowan et al. 201). The elevated salinity and radioactivity in both flowback and
produced waters reflect primarily the naturally occurring hypersaline brines that are
present within the shale formations that are targeted for natural gas production
(Haluszczak et al. 2013 Warner et al. 2012.

Pennsylvania has historically managed wastewater from conventional wells by
hauling it to industrial brine treatment facilities, which then discharge to surface waters
(Veil 2010). There are 74facilities (including both brine treatment facilities and publicly
owned treatment works (POTWSs) permitted or awaiting permit a pproval to accept
wastewater in Pennsylvania(Veil 2010 (Figure 25). Ferrar et al. (2013)Ferrar et al. 2013
showed that treatment of wastewater by POTWSs releases elevated concentrations of Cl,
Br, Sr, and Ba to streams, at concentrabns above US Environmental Protection Agency
(USEPA) maximum contaminant levels, secondary maximum contaminant levels,
criterion maximum concentrations, and criterion chronic concentrations (Ferrar et al.

2013. The disposal of Marcellus wastewater through treatment facilities was also
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suggested to be linked to an overall increase of 5% in chloride concentrations at
downstream surface water monitoring sites in western Pennsylvania (Olmstead et al.
2013 (in press).

Ferrar et al. (2013) and Veil (2010) desibed in detail the treatment process of
one facility, the Josephine Brine Treatment Facility, in western Pennsylvania that
exclusively treats oil and gas wastewater. One key component involves the addition of
Naz2S0s to remove salts and metals as a solid pecipitate. The residual solid is then
hauled to residual waste landfills (Ferrar et al. 2013. At the facility, treated wastewater
is releasedat a rate of ~0.45million liters per day [M Ld] (Veil 2010) to a streamwith an
average flow of 756 MLd(U.S. Geological Survey accessed March 12 20}3During 2010
and 2011, a large portion (>50%) of wastewater treated in this fadity was from
unconventional wells (i.e., Marcellus) but by September 2011the relative proportion was
decreasing compared toconventional produced water (Ferrar et al. 2013.

In this study , we analyzed the effluent from the Josephine Brine Treatment
Facility (facility) as well as river water and sediments both upstream and downstream
from the effluent discharge site (Figure 26). The study aims to quantify the short - and
long-term environmen tal impacts of shale gas wastewater disposal on surface water
guality and stream sediments. We hypothesize that 1) the distinctive geochemical and
isotopic fingerprints of the wastewater effluent would enable us to distinguish the

unconventional Marcellus wastewater from conventional wastewaters, in spite of the
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treatment process; 2) massbalance calculations can quantify the relative contribution of
salts in the effluent to the receiving stream; and 3) stream sediments could provide a
record for the long-term impact that the disposal of treated wastewater has on the local

environment.
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Figure 25: Map of Pennsylvania and the locations of 74 facilities permitted in
2010 to accept and treat produced and flowback waters (red squares) . This
investigation is at a centralized waste treatment facility in Indiana County where
treated wastewater is discharged to a stream.
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Figure 26. Josephine Brine Treatment Facility sample locations.

3.2 Methods

We analyzed the concentrations of major elements (Cl, Br, SQ, Ca, Na, Mg, Ba,
Sr) and isotopic ratios (4180, w2H , 87Sr/eeSr, and 228Ra/22%Ra) in effluents from Josephine
Brine Treatment Facility as well as stream water and sediments upstream and at
different distanc es downstream of the discharge site. Wastewater data was compared to
background concentrations collected upstream of the facility, other streams in western
PA, and published values for produced water and flowback of Appalachian Basin

Brines.
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3.2.1 Sample C ollection

Samplesfrom the treatment facility site were collected during five field
campaigns across a 2year period beginning in August 2010 and continuing through
November 2012 Eighteen effluent and 32 surface water samples were collected Surface
water samples were collected from 200 metersupstream to 1780 meters downstream of
the effluent discharge from the treatment facility . Seven samples were collectedn 2011
from other streams/rivers in western PA , including the Conemaugh, Alleghany, and
Monongahela Rivers, in an effort to establish background concentrations and variability .
Sample collection began with the downstream locations and proceeded upstream to
avoid mobilizing sediment. Following collection, a Il samples were stored on ice for

transport to Duke University for analysis.

3.2.2 Analytical methods

Major anions were determined by ion chromatography on a Dionex IC DX -2100,
major cations by direct current plasma optical emission spectrometry (DCP -OES)at
Duke University. Additional information is available in Supplemental Information.
Strontium isotopes were analyzed by thermal ionization mass spectrometer (TIMS) on a
ThermoFisher Triton at Duke University. Oxygen and hydrogen isotopes were
determined by thermochemical elemental analysis/continu ous flow isotope ratio mass
spectrometry (TCEA-CFIRMS), using a ThermoFinnigan TCEA and Delta+XL mass

spectrometer at the Duke Environmental Isotope Laboratory (DEVIL ).
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3.2.3 Radium

A large volume (1-4 L) of treated wastewater was collected immediately before
the discharge entered the stream during two of the sampling campaigns in 2011. The
samples were filtered through a plastic column containing manganese -oxide covered

acrylic fibers (Moore, 1984), which efficiently adsorbed the radium isotopes. The fibers

were transported to the Laboratory of Environmental RadioNuclides (LEARN) at Duke
University. The fibers were then incubated in a sealed glass cylinder for 3 weeks and
measured for 22°Ra using a Radorin-Air monitor (RAD7, Durridge Inc.), following the

method of Kim et al. (2001). After determination o f 226Ra, the fibers were then crushed to

achieve a uniform geometry and sealed in 90 mL tin cans. Their22Ra was then measured
by a Canberra DSA2000 BEGe gamma detector at LEARN at Duke University following

methods outlined in Vinson et al. (2009.

In addition to water samples, a total of 12 sediment samples were collected from
the upper 5 cm interval over 3 separate sampling campaigns (20112012). Sediments
were placed into 90 mL tin cans and then dried in an oven at 50°C for 24 hours. The
dri ed sediments were crushed to a diameter < 5 mm using a mortar and pestle, weighed,
and sealed in the can with electrical tape to prevent gas escape during incubations. The
sealed cans were incubated for at least 3 weeks before each sample was counted on a
Canberra DSA2000 broad energy germanium (BEGe) gamma detector at LEARN at

Duke University. 22%Ra activities were obtained through the 609keV energy line of its
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radioactive granddaughter, 2Bi assuming secular equilibrium. 228Ra activities were
obtained through the 911keV energy line. The activities of all nuclides were calibrated
using CCRMP U-Th ore standard DL-1a measured under similar physical conditions

(e.g., can geometry).

3.3 Results
3.3.1 Characterization and sources of the wastewater effluent

The concentrations of major elements (ClI, Br, Ca, Na, and Sr) in the treated
wastewater effluent varied throughout the two -year sampling period, with levels up to
6,700 times higher than the concentrations measured in the upstream river sites (Table
2). For example, chloride concentrations in upstream river water were low (15 -21 mg/L)
throughout the study 2010-2012, while chloride in wastewater effluent concentrations
ranged between 55,000 and 98,000 mg/L.

Major element concentrations of wastewater efflue nt were similar to the
concentrations reported for produced and flowback waters from the Appalachian Basin

(Table 1XChapman et al. 2012 Dresel and Rose 2010Warner et al. 2012 Osborn and

Mclintosh 2010, Haluszczak et al. 2013 . For example, wastewater effluents had high

Br/Cl ratios (3-4x1(), which characterize the Appalachian produced and flowback
waters and behave conservatively (i.e., are not altered) throughout the treatment

process. Other nan-conservative elements (e.g., Na/Cl, Ca/Cl, Sr/Cl and Ba/Cl) varied on
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both yearly and hourly time -scales, which is consistent with previous findings (Ferrar et
al. 2013. Sulfate, which is reported in very low concentrations in produced and
flowback water was enriched in the treated effluent by over 5000% relative to Marcellus
flowback, likely due to the addition of Na 2SQu as part of the treatment process. In
contrast, barium and radium cont ents in the effluents showed an average reduction of
99% (Table 1) relative to Marcellus flowback, indicating generally effective removal
during the treatment process.

The total activity of radium (i.e., 2?Ra +228Ra) in wastewater effluent (0.11-0.29
Bg/L; Table 2) was well below the industrial discharge limit of 2.2 Bg/L (60 pCi/L in the
USA). The total activities we measured were within the range of the radium values
measured in May-June 2011 by the treatment facility and reported to the USEPA ¢®Ra
range of zero to 0.74 Bg/L and??Ra range 0.05 to 3.24 Bq/LQUSEPA 201). The 228Raf??Ra
ratio of the effluent sample we collected in August 2011 was 0.39, consistent with ratios

reported for Marcellus flowback and produced water (Rowan et al. 201). In June 2012,

the 228Raf22Ra ratio was 0.69, which is closer to ratios reported for wastewaters from
conventional oil and gas wells in the Appalachian Basin (0.79 to 1.61 rangejJRowan et al.
2011). The increase in22Ra/?2®Ra ratio could reflect a change in the relative proportions
of the different types of wastes treated at the treatment facility, with a decrease in the

percentage of Marcellus flowback(Ferrar et al. 2013.
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to the local meteoric water line (LMWL) (Kendall and Coplen 2001). The 8’Sr/8sSr ratios of

the wastewater effluent ranged from 0.7101 to 0.7111, which is consistent with Marcellus

produced waters specifically (Chapman et al. 2013 and Middle Devonian or older

formations in the Appalachian Basin in general (Warner et al. 2019 (Figure 28). These

values are distinct from the 8’Sr/8Sr ratios of acid mine drainage (AMD; 0.7145-0.7146),
surface water collected upstream of the facility (0.7130¢ 0.7131), and background surface
water (upstream from any disposal site) samples collected in western PA (0.71220.7145;
Figure 28). We observed a slight increase in8’Sr/8sSr in effluent with time, from 0.7101 in
2010 to 0.7111 in 2012. The increase HiSr/#Sr from 2010 to 2012 is consistent with the
changes we observed in the??Ra/??Ra ratios. One possible explanation for this change is
a decrease in the relative volume of Marcellus Shale wastewater treated at the
investigated treatment facility during 2012. Overall, the use of multiple geochemical and
isotopic tracers (Br/Cl, 87Sr/8sSr, 228Ra/?261 E @.w@ w E 28)Eonfiyms that the majority of

the wastewater effluent from the investigated site originated from wastewater

associated with shale gas development.
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Figure 27: The values of #2H versus %180 in surface water samples collected
from western PA streams (open black circles) and from wastewater discharged from
the Josephine Brine Treatment Facility (orange circles), compared to the Local
Meteoric Water Line (LMWL). The isotopic composition of the wastewater efflue nt is
consistent with the isotopic range reported for produced and flowback waters from
oil and gas wells drilled in the  Appalachian Basin ( blue squares).
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Figure 28: 87Sr/86Sr isotopic ratios in flowback fluids and produced wat  ers
from the Marcellus Shale, Acid Mine Drainage (AMD), treatment facility discharge,
surface waters upstream of the treatment facility, river waters directly downstream of
the facility, and background surface waters in western PA. The ranges in  87Sr/86Sr
(0.7101 to 0.7108) of the discharge effluent and downstream river are consistent with
Marcellus flowback waters and distinct from AMD (0.7145), background river values
upstream of the facility (0.7131), and the range of background samples of surface
water in western PA (0.7122-0.7145)

3.3.2 Salt Flux

We calculated the total flux of salts discharged by the facility to the stream by
multiplying the mean concentrations of dissolved salts in the effluent by the total
permitted volume of effluent. We assume t he average concentrations of our data reflect

the yearly average concentration and that the facility discharges its permitted volume,
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0.45 ML/day. Our calculations show that the total annual chloride and bromide fluxes to
the stream were 13.4x108and 105 metric tons/year, respectively. For comparison, the
annual chloride flux of the upstream river was only 4.8 x10 3 metric tons/year. Therefore
averaged over the year, the discharged effluent from the treatment facility contributes
about 64% of the total downstream chloride flux from only 0.1% of the average flow
volume.

Maloney and Yoxhiemer (2012) reported a total of 390 ML of Marcellus
wastewater that were disposed to wastewater treatment plants during 2011. Lutz et al.
(2013) reported larger volumes disposed at treatment facilities, 1,752.8 ML in 2010 and
~1,200 ML in 2011. Assuming that the studied site represents the Marcellus waste stream
approximately, we estimate that in 2010-2011 the overall chloride flux to streams directly
from Marcellus wastewater disposal were between 32x1G and 143x10 metric tons/year.
Bromide fluxes were between 250 and 1,130 metric tons/year, respectively. For
comparison, these estimates would represent between 4.5% and 20% of the total annual
chloride flux (714x103metrictonU¥ a1l EUA WP OWEQuw. T POw1 DYl UwbbDUT w?E
concentration of 24 mg/L and an average flow rate of 28.5x10 ML/year measured near

Pittsburgh.

3.3.3 Effects on stream water quality

Samples collected downstream of the wastewater effluent discharge showed a

significant dilution relative to the effluent for concentrations of all major elements (Table
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2). To evaluate the impact of the wastewater discharge, we calculated the enrichment
factors (EFs) for each sample, using the concentrations measured at downstrem sites
divided by the upstream concentrations. For a conservative element like chloride, the EF
was >6,000 at the point of discharge. The EF substantially decreased downstream as the
effluent mixed with the stream. However, an EF value of 16 for chloride was recorded
1.78 km downstream of the effluent discharge (Figure 29a). Likewise, bromide
concentrations were very low in upstream samples (0.03-0.1 mg/L) and were enriched by
6,00312,000 in the wastewater effluent. The downstream bromide EF values at digances
of 300, 600, and 1,780 meters were 186, 33, and 37, respectively (Figu2éb). Our data
show that in spite of a major dilution of the bromide -rich wastewater effluent,
downstream river water had a significant bromide enrichment of almost 40 fold eve n at
a distance of 1.78 km from the disposal site (a single sampling event during low ~5 m3/s
stream flow).

The EF data, calculated above, represent single sampling events. But a more
robust estimate of yearly average EF in the stream can be determined byusing the
average concentrations of Br upstream of the facility (0.045 mg/L) and in the effluent
(643 mg/L), combined with the average discharge of the stream (756 ML/d) and the
UUIl EUOI OUwi EEPOPUazUwxIl UOPUUI EwE b Udnlaverddel wpy 6 K k
yearly EF of 5 and 16 for Cl and Br, respectively (Fig. 4). It is important to note that this

is an average EF, and seasonal fluctuations in stream flow can substantially alter the EF
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on any given day. However, the overall Br enrichment in rive r water could be critical to
downstream municipal water treatment plants given the risks of formation of
carcinogenic trihalomethane compounds in chlorinated drinking water upon
chlorination of water with even slightly enriched bromide (USEPA 201).

More reactive constituents such as Sr, Ba, and Na showed somewhat lower EFs
in the wastewater effluent d ischarge (200 to 20,000), which likely reflects the partial
removal of these metals during the treatment process. Much lower EFs (1-:3) were also
recorded in the downstream river sites, inferring an additional uptake of these elements
in the river sediments (Figure 30). The 8Sr/8Sr measured in downstream river waters
(0.71020.7130) were in many cases identical to the wastewater effluents and
significantly lower relative to the upstream values (0.71307-0.71309). The upstream
section of the investigated stream was also influenced by AMD discharge with 8Sr/8Sr
of 0.714550.71447, higher than values measured upstream (~0.713) and other reported

values of AMD in western Pennsylvania (~0.712)(Sharma et al. 2013and (0.712

0.718)Chapman et al. 2013. Overall, our data show that in spite of the dilution of the

wastewater effluent in the river system, different elements, in particular bromide, were

elevated in downstream water compared to the upstream river.
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Figure 29: Enrichment factors (EFs) in log arithmic scale of Cl and Br plotted
versus distance from the discharge site of the investigated treatment facility in
western PA. EFs were calculated relative to upstream concentrations for each of 5
sampling events. Samples plotted upstream (negative valu es on the X-axis) include
surface water samples collected directly upstream of the disposal site and acid mine
drainage contribution to the stream near the facility. Concentrations in the discharged
effluent were 1000 -6000 times the upstream background con centrations, but
concentrations decreased within 500 meters downstream because of dilution with the
river water. The data show variability in concentrations during the same sampling
event at the same distance downstream due to differential mixing of the ef  fluents and
river waters perpendicular to stream flow. Concentrations of conservative elements
(Cl and Br) in river samples collected over 1,700 meters downstream remained at
levels 16-37 times above background levels, respectively, during a period of
moderate-low flow. Values of the estimated average yearly mass balance between
effluent discharge and river flow rates are marked in dashed lines. These calculations
assume that the annual discharge volume is mixed with the annual river flow
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Figure 30. Enrichment factors of strontium, barium and boron, downstream of
the effluent discharge.

3.3.4 Effects on stream sediments

The 225Ra activities in the upstream river sediments were low (22.2 Bg/kg to 44.4
Bqg/kg; Figure 31) with 22Ra/??’Ra ratios of 0.560.97. These Ra activities are consistent

with background Ra activities reported in soils of western New York (mean 22%Ra = 33.3
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Bg/kg and 222Ra =51.8 Bg/kgNYDEC 1999). Likewise, similar low levels of radium

activities were reported for background river sediments (4 to 126 Bg/kg (Shahul Hameed

et al. 1997 and 44 Bqg/kg to 91 Bg/kg for suspended matter(Peterson et al. 2013). In

contrast, immediately adjacent to the treatment facility discharge site, we recorded much
higher maximum activities of both 226Ra (8732 Bg/kg) and??®Ra (2072 B/kg) (Figure 31).
These values were 200 times greater than any background sediment samples collected
either upstream of the facility or from other western PA surface waters (Table 2). The
mean values of all river sediment samples collected from within 10 meters of the
discharge site (n=7) were 4255 Bg/kg and 1110 Bg/kg fo?®Ra and22Ra, respectively.
These radioactivity levels are typical values for technologically enhanced naturally
occurring radioactive material (TENORM), and are above management regulations in
the USA that range from 5 to 50 pCi/gram (185-1850 Bqg/kg;

http://www.tenorm.com/regs2.htm ). For example, in Michigan a radiation threshold that

would require transportation of solid waste to a lic ensed radioactive waste disposal

facility is 1850 Bg/kg or 50 pCi/g(Michigan Department of Environmental Quality 2007 ).

Consequently, our data show that in spite of a significant reduction in Ra activities, the
treated effluent discharged from the facility has an impact on the stream sediments
because Ra has adsorbed and accumulated at the disposal site.

The 28Raf*?Ra ratio measured in the river sediments at the disposal site (0.22-

0.27) is consistent with ratios reported for Marcellus flowback and produced
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water(Rowan et al. 2013 and lower than the ratios recorded in all other background

sediment samples we collected throughout western PA (0.56 to 0.97;Figure 31). The
relatively low 228Ra/?2®Ra ratio in the sediments near the discharge site likely represents
the influence of recent discharge of Marcellus flowback and produced waters. Because
the decay of 228Ra (5.76 years halfife) is faster than 2%Ra (1,600 year hallife), disposal of
fluids with 2?!Ra/”?Ra of ~0.9 would also result in 2?Ra/??Ra ratios measured in the
sediments of ~0.220.27 after 10 to 12 years of decay. Given the longer istory (i.e.,
several decades) of conventional oil and gas wastewater disposal to streams in western
PA, this would result in much lower 2?Ra/??Ra ratios. The accumulation of Ra in the
river sediments therefore appears to be primarily related to recent w astewater disposal

that was dominated by unconventional shale gas wastes.
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Figure 31: Activities of 228Ra versus 226Ra (Bg/kg) in river sediments collected
upstream, adjacent, and downstream of the wastewater discharge site. Not e that the
maximum of both 226Ra (8732 Bg/kg) and228Ra (2072 Bqg/kg) activities were from
samples collected in river sediments adjacent (<10 meters) to the effluent discharge
point and are 200 times greater than any sediment sample collected upstream of th e

facility or any background sediment samples collected from other western PA surface
waters. The 228Ra/226Ra ratio (0.22- 0.27) in the sediments at the discharge point is
consistent with Marcellus brine and flowback waters (dashed line; ratio =0.25). Thi s
isotopic signature measured in sediments from the disposal site is distinct from any
background river sediment samples with higher 228Ra/226Ra ratios (0.56 © 0.97;
dashed line ratio of 1) .
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3.4 Discussion

Our data show that the signature of Marcellus wastewater is apparent, even after

treatment, in the effluent from the treatment facility and in the downstream water and
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22%Ra/?*Ra) in treated wastewater effluent during 2010 and 2011 were similar to the
compositions of flowback and produced waters from the Marcellus shale gas operations.
Therefore we conclude that despite treatment, the isotopic ratios in the effluent can still
be used as tracers.

The disposal of wastewater effluent to surface water has a discernable impact on
the water quality of the stream. The chloride concentrations 1.7 kilometers downstream
of the treatment facility were 2 -10 times higher than any Cl concentrations recorded in
any background western PA streams that we examined. The average yearly EFs of Cl in
the stream were calculated to be 5 times background concentrations. These data support
recent models that suggest treatment facilities have an impact on concentrations of

chloride throu ghout western PA (Olmstead et al. 2013 (in press). These results also

demonstrate that even a 5003,000 dilution of the wastewater effluent is not sufficient to
reduce bromide content to background levels; thus, discharge of wastewater could
potentially increases the concentrations of Br in downstream drinking -water treatment

facilities.
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A large portion (>50%) of the brine treated by the facility in 2010 and 2011 was

Marcellus Formation flowback (Ferrar et al. 2013, with an average reported activity of

185 BgL (Rowan et al. 201). Assuming that the mean value of combined ??®Ra and ??®Ra

reported for Marcellus flowback and produced waters by Rowan et al. (2011)
represented the brine accepted and treated at the facility, then22Ra +228Ra was reduced
by over 1000 times before the treated wastewater was discharged to the stream (Table 1).
The wastewater treatment through the facility involves Na 2SO: addition that likely
promotes radium co -precipitation with solid barium sulfate within the facility. The
accumulation of Ra as this solid sludge that is then hauled to residual landfills

represents a TENORMrisk, common in oil and gas industry wastes such as scale and
sludge, that could pose significant exposure risks if not properly managed (Smith 1992

U.S. Geological Survey 1999.

Based on the measurements of drastically reduced radium in the effluent, we
calculated the total radium likely removed from the wastewater by the treatment
facility. Assuming one -half of the 0.45ML/d treated in the facility in 2010 was Marcellus
flowback or produced water with an estimated Ra activity of 180 Bg/L, and that for
every liter of liquid wastewater, 100 g (10%) was precipitated as a solid during the
wastewater treatment process, the solid product would contain roughly 900 Bg/kg of

radium.
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The estimated level of radiation in the waste treatment solids/sludge suggested
in this study exceeds the U.S. regulations for22%Ra disposal to soil of 5 to 15 pCi/g (185

555 Bg/kg) (http://www.tenorm.com/regs2.htm ). These values could also exceed many of

the typical municipal landfill li mits for TENORM in the USA, which range from 5 to 50

pCi/gram (185-1850 Bg/kg;http://www.tenorm.com/regs2.htm ). It should be noted that

our calculations for the possible Ra content in the treatment residual solids assume that
only wastewaters from shale gas contained Ra. Yet, produced waters from conventional
oil and gas wells in Pennsylvania and New York also have elevated levels of

radioactivity, similar to those from the Marcellus (Rowan et al. 201J.

Although the treatment facility substantially reduces the Ba and Ra in the treated
discharge, there is also still a flux of Ra to the stream that we estimate to be 30 x 10
Bqg/year (i.e., 0.45 ML/day x 0.185 Bg/L x 365 days). However, our data show that the Ra
does not remain in the liquid phase and flow downstream; instead, most of the Ra
appears tobe adsorbed and retained in river sediments near the discharge site. Since Ra

adsorption increases with decreasing salinity (Krishnaswami, Bhushan and Baskaran

1991, Webster, Hancock and Murray 1995, Sturchio et al. 200) the mixing of the saline

wastewater effluents and upstream low -saline water apparently enhances Ra adsorption
onto the sediments.
The sediments we analyzed near the treatment facility are likely remobilized and

transported downstream during storm events, but the impact of Ra appears to be
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localized (<500 meters downstream; Table2), creating a zone of concentrated Ra in the
river bottom sediments. The accumulation of Ra in sediments could pose significant
ecological risks. Bioaccumulation of Ra in known to occur in freshwater fish,
invertebrates, mollusks, and shells with reporte d concentration factors (CF) of 100 to

100Qlyengar and Nrayana Rao 199Q Jeffree 1990Justyn and Havlik 1990, Shahul

Hameed et al.). Radium also accumulates in freshwater plants with an apparent CF of

432 in algagWilliams 1990) and up to 1,000 in phytoplankton in rivers (Shahul Hameed

et al.). Further investigations should focus on the possible bioaccumulation of radium in
areas of wastewater discharge.

Overall we show that treatment in Josephine Brine Treatment Facility reduces the
concentrations of many elements before releasing them into the stream, but in spte of
the treatment, wastewater disposal deteriorates the quality of surface water and
sediments. Disposal of conventional and unconventional shale gas wastewaters has
generated a large flux of contaminants to surface water that created an extended mixing
zone with high concentrations of contaminants above background levels. These fluxes
include elevated Br concentrations in downstream river water and generation of
TENORM contamination in river sediments at the disposal sites. Given the long decay
rate of 2%Ra (i.e., haltlife of 1600 years), Ra will remain in the environment generating
radiation over a long time period. Future studies should explore Ra bioaccumulation

and other ecological effects at wastewater disposal sites. Moreover, advanced treatment
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technologies should be applied to prevent discharge of contaminants, including Ra and

Br, to the environment in areas of shale gas development and hydraulic fracturing.

Future studies should also examine the disposal options for residue solids generated

duUDOT wOT T wOUI EUOI OUwxUOET UUWEOEWUT I PUWUUDUEEDC

landfills, given the expected high levels of radioactivity .

4. Synthesis

This thesis utilized novel geochemical and isotopic tracers (Br/Cl, 87Sr/252 U @Bu 1
28Ra/228Ra) for the identification of hydraulic fracturing fluids by using the specific
geochemical signatures of flowback and produced waters from the Marcellus, Utica, and
Fayetteville Formations (Figure 13 and Figure 32). These tracers were aplied to study
possible contamination of private drinking water wells in shallow aquifers of both
Pennsylvania and Arkansas. In both cases, the studies showed no direct evidence for
groundwater contamination from HVHF (Warner et al., 2012; 2013). Nonethel ess, the
variability in shallow groundwater quality has demonstrated the need for basin -specific
analyses in order to delineate natural salinity occurrence and areas of possible greater
risk for contamination. The tracers were also applied to investigate the impact of shale
gas wastewater disposal on a river in western Pennsylvania. The geochemical and

isotopic signature of the treated effluent discharged from the Josephine Industrial Brine
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Treatment facility resembled the original isotopic ratios of the Ma rcellus brines,
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and disposal process. A detailed summary of each project is below.
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Figure 32 Map displaying the location of Appalachian Bas
analyzed and/or evaluated during this study.
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4.1 Shallow groundwater quality overlying the Marcellus Shale in
northeastern Pennsylvania

The critical question common to many environmental risks associated with
hydraulic fracturing is the h ydraulic connectivity between the shale gas formations and
the shallow drinking water aquifers. Geochemical evidence from northeastern
Pennsylvania shows that pathways, unrelated to recent drilling activities, exist between
deeper underlying formations an d shallow drinking water aquifers in some locations.
Integration of major element (Br, Cl, Na, Ba, and Sr) and trace element (Li) chemistry
and isotopic ratios (87Sr/8Sr, 2H/H, 180/10, 228Ra/?2%Ra) in 95 newly-collected water
samples suggest that mixing relationships between a fresh, shallow groundwater and
Marcellus brine causes groundwater salinization. The strong geochemical fingerprint in
the salinized (CI>20 mg/L) groundwater sampled from the Alluvium, Catskill, and Lock
Haven aquifers suggests possible migration of Marcellus brine through naturally -
occurring pathways. The occurrences of saline water do not correlate with the location of
shale-gas wells and are consistent with reported data before rapid shale-gas
development in the region. However, the presence of these fluids suggests conductive
pathways and specific geostructural and/or hydrodynamic regimes in northeastern
Pennsylvania that are at increased risk for contamination of shallow drinking water
resources, particularly by fugitive gases, because of natural hydraulic connections to

deeper formations.
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4.2 Shallow groundwater quality overlying the Fayetteville Shale
in north -central Arkansas

Aquifers overlying the Fayetteville Shale in north -central Arkansas, where
approximately 4,000 wells have been drilled since 2004 to extract unconventional natural
gas, were investigated for indicators of contamination. The geochemistry of 127
drinking water wells was compared for major ions, trace metals, methane gas content
and its carbon isotopes #3Ccruk OWE OE wU1 Ol E U uBpsGB O 00U EET UUwpy
U3Coic) to the composition of flowback -water samples directly from Fayetteville Shale
gas wells. Dissolved methane was detected in 63% of the drinking-water wells (32 of 51
samples), but only six wells exceeded concentrations of 0.5 mg CHy + & wBCkcHk ofu 1
dissolved methane ranged from -K | § + GAWKISOWI Owb B UOT wlOT 1T wOOU U wOI 1T EUE
characteristic of a biogenic source also associated with the highest observed methane
concentrations, with po ssible minor contribution of trace values of thermogenic
methane. The majority of these values are distinct from the reported thermogenic
EOOxOUPUDOOWOT wll 1T whEas kB KYCRUWENNWZ B &80T wi EUwpy
Based on major element chemistry, we identified four shallow groundwater
types: (1) low (<100 mg/L) total dissolved solids (TDS), (2) TDS>100 mg/L and CeHCOs
dominated, (3) TDS> 100 mg/L and NaHCOs dominated, and (4) slightly saline
groundwater with TDS> 100 mg/L and CI >20 mg/L with elevated Br/Cl ratios (>0.001).
The strontium (87Sr/26Sr = 0.7097 to 0.7166), carbomCoic =-21.3t0-K 8 A UAOQWE OE WE OU OC
o Awt ENwOOwt | 6 NUK wb U O UddkintethaiiBn® withit)thedaquier | O1 E U wb E |
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rocks, while the stable oxygen and hydrogen isotopic compaosition mimics the local
meteoric water composition. Overall, a geochemical gradient from low -mineralized
recharge water to more evolved Ca-HCOs, and higher-mineralized Na -HCO3s
composition generated by a combination of carbonate dissolution, silicate weathering,
and reverse baseexchange reactions was observed.

The chemical and isotopic compositions of the bulk shallow groundwater
samples were distinct from the Na-Cl type Fayetteville flowback/produced waters (TDS
~10,00620,000 mg/L). Yet, the high Br/Cl variations in a small subset of saline shallow
groundwater suggest that t hey were derived from dilution of saline water similar to the
brine in the Fayetteville Shale. Nonetheless, there was not an apparent spatial
relationship between methane and salinity occurrences in shallow drinking water wells
with proximity to shale -gasdrilling sites. The integration of multiple geochemical and
isotopic proxies shows no direct evidence of contamination in shallow drinking -water

aquifers associated with natural gas extraction from the Fayetteville Shale.

4.3 Surface Water Disposal of Wa stewater

The safe disposal of liquid wastes associated with oil and gas extraction in the
United States is a major challenge given their large volumes and typically high levels of
toxic and radioactive chemicals. In Pennsylvania, oil and gas operations in the Marcellus

Shale generate ~3.8x10cubic meters of wastewater a year, some of which is currently
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treated at centralized waste treatment facilities and discharged to rivers. This study
examined the water quality and isotopic compositions of discharged ef fluent, surface
water, and river sediments at a treatment facility site in western Pennsylvania. The
elevated levels of salinity (up to 180,000 mg/L total dissolved solids), chloride, and
bromide, as well as the chemical and isotopic (boron, strontium, oxy gen and hydrogen)
compositions of the effluent reflect the composition of Marcellus Shale produced waters.

The discharge of the effluent from the treatment facility increased chloride and
bromide concentrations in the downstream river. Based on water quali ty data measured
in this study and the volumes of Marcellus wastewater disposed in 2011, we estimate a
flux of ~32x10 tons of chloride were released from treatment facilities in 2011. Barium
and radium were substantially (>90%) reduced in the treatment f acility effluent
compared to the original concentrations in shale gas wastewater. In spite of relatively
low radium content in effluent (<2.2 Bg/L), elevated radium levels in stream sediments
at the point of discharge were 11107400 Bg/kg, far exceeding bakground activities (33 -
41 Bg/kg) and posing potential environmental risks of radium bioaccumulation in

ecological systems in localized areas of wastewater disposal.

4.4 Geochemical Signature of Unconventional Oil and Gas
Produced Water

As part of this th esis, over 50 brine samples across thirteen producing formations

were analyzed for major and minor elements coupled with #7Sr/e2 U @Buand 225Ral?Ra
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ratios (Figure 32). This database provides, for the first time, a comprehensive
characterization of variability and isotopic differences between produced waters from
conventional reservoirs and unconventional organic -rich black shale deposits. The
produced waters from the unconventional Marcellus, Utica, and Fayetteville Formations
share similar geochemical characteristics including an evaporated seawater Br/Cl ratio
(3-7x10%) and particularly narrow and specific ranges of &’Sr/eSr ratios (0.7090.712)
(Figure 33a), 1B values (26t + U A wop %)l dddr¥Rar#Ra ratios (0.10.6) (Figure
33c). These values appear distinct from the majority of produced waters collected from
conventional oil and gas wells in a variety of geological formations (e.g., sandstone and

siltstone) and ages (Silurian, Mississippian, and Upper Devonian).
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Figures 33a, b and c: Box plots of 87Sr/8eSr (a) 1 11B (b) and 28Ra/?2®Ra (c)
measured during this study from conventional oil and gas wells (Silurian,

Mississi ppian, and Upper Devonian) compared to unconventional organic  -rich shales
(Marcellus, Fayetteville and Utica). The total numbers of conventional samples
analyzed for &Sr/8¢Sr, 1 1B, and 228Ra/?2®Ra during this study were 41, 36, and 12,

respectively. For unconventional samples, the total numbers of samples were 34, 23,
and 22 for 87Sr/eeSr, 1 11B, and 228Ra/f22Ra respectively.

However, the data show some overlap in the isotopic ratios 87Sr/8¢Sr (Figure 33a),
1B values (Figure 33b) and 22Ra/2®Ra (Figure 33c) across produced waters from both
conventional and unconventional wells. Therefore, a single isotopic tracer may be
OPUOI EEDPOT w( OUUI EEOwWDPOUI T UE U b8 Qens@sFSuédr | wb U OU O x
(Figure 34) and &’Sr/85Sr versus 228Raf%Ra (Figure 35) provides a more powerful and
robust distinction between the different produced water sources compared to a lone

isotopic tracer.
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unconvention al wells of both the Fayetteville and Marcellus. The narrow range of
both isotopes is distinct from other conventional formations in the Appalachian
Basin.
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Figure 35: Radium 228/226 ratios versus 8’Sr/8Sr ratios of conventional and

unconventional produced waters. Upper Devonian

228Raf228Ra ratios plotted based on

the ranged presented by Rowan et al. (2011). All other values analyzed at Duke

University.

The geochemical and isotopic data of produced waters consistently demonstrate

that lower -saline fluids injected during HVYHF mix with the remnants of brine present

within (or immediately adjacent to) the organic -rich black shales. The resulting

chemistry implies that there is fluid present within the black shales that is highly s aline

(TDS >200,000 mg/L) in the Marcellus Shale or less saline (TDS < 30,000 mg/L) in the
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Fayetteville Shale. Despite the large range in TDS values, the narrow and consistent
isotopic values within the unconventional formations implies these tracers are universal
and could be applied in multiple basins for tracing groundwater and surface water
contamination even after dilution with fresh water. The data also shows that combining
87Sr/662 U ERuand 228Raf?Ra isotope ratios enable the distinction between wastewaters
from unconventional oil and gas development relative to conventional oil and gas

production.
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108
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121

GW
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GW

Gw
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GW
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Gw

Gw

GW

GwW

GwW

Gw

Gw

Gw

GwW
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3.45

3.80

2.20

0.17

0.52

0.40

1.32

0.72

0.75

1.27

2.05

3.33

0.62

0.7

5.69

0.6

0.44

13

0.39
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406
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372
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9.85
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0.19
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0.18

na

0.34
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8.0

132 4

Gw

6.2

133 GW

134 GW

7.1

135 GW

6.6

136 GW

7.0

137 GW

8.5

138 GW

139 GW

140 GW

141 GW

7.4

142 GW

7.6

143 GW

7.3

144 GW

75

145 GW

7.8

146 GW
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2.7
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6.12

2.80
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0.47

0.39

0.57

0.33
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296
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0.01

0.02

0.02

0.01

14.3

18.7

10.8

9.65

15.1

129

21.0

18.6

15.0

9.56

2.48

11.4

0.31

0.58

0.01

1.28

11.0

13.9
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147 GW 732 005 4700 2385 1412 951 7.23 010 399 254 47 zi'l 437 1.85 1?'9 1701354 1.63° %636 08 203 D 151 008 008 208 DN
7.7 07119 DIh
148 6w ' 158 1080 547 191 151 001 169 319 33 9 240 152 0.343.35 212 203 0.77 '/ -650 -100 75 D 015 061 012 292
149 GW 8%3 395 1180 570 292 2.26 002 000 179 22 4 274 160 010 150 302 na na 0'7;18—68.5 106 212 D 322 012 o012 337 O
30.8 07117 DIh
150 GW 82 235 3568 2058 1003999 540 ~,° 266 105 20 180 752 117 182 853 154 110 .~ 718 -10.3 D 067 211 014 321
8.1 0.7117 DIh
151 GW . 354 808 644 143 113 011 011 276 42 9 410310 012212488 na na o 696 -105 9 D 073 116 009 272
78 0.7096 DIh
152 6w 1951 919 425 300 002 159 252 66 12 979 278 0.12524 692 na na 655 96 37 D 040 00L 001 298
85 07118 DIh
163 GW )’ 225 1452 789 368 255 001 237 109 26 5 102285 010150 42 na na ~ -680 99 250 D 113 012 012 219
154 GW 7"‘6 108 695 355 108 0.73 0.01 12‘1 187 48 11 118 76 017 0.55 233 na na 0'77128-64.3 956 D 38 028 028 232 A"r‘:]"'”
155 GW 851 134 688 391 178 1.25 001 008 175 52 9 086 64 008035 38 na na 0'77127 130 D 024 007 007 278 A"r‘:]"'”
156 S 75 410 11050 6418 4014 5% 160 065 160 370 61 “°° 1800 1.90 54 4345 184 02707637 08 800 D 221 031 o031 426 O
Spring 9 9 2 4 2
78 0.7115 DIh
157 GW 101 1791 1151 623 510 001 530 163 58 11 410 364 0.36 6.22 663 na na ~, 652 -103 100 D 160 00l 001 358
8.0 DIh
158 GW .’ 850 2050 328 141 108 001 010 40 9 301 134 018 2.99 142 na na 716 -106 125 D 078 115 002 271
Table 2: Geochemical data for Appalachian Bas in Brines.
) Sourc Ag Ra Ra %sif® 12 1® DS
Formation Sample Cl Br S04 Ca M Sr Na Ba
e p e 9 226 228 sr H o ppm
Supp. . .
Ci pCi 5
Info. Name m m pp m pp m m pp P §
pom  ppm P pp P ppm  ppm o B ES .
Ref
L -
Berea Ss. 5 M1 Mis 32579 228 88 4520 o972 221 1% 0.71080 g5 - 10950
. 1 0 o 49 0
L. -
Berea Ss. 5 M4 Mis 87881 894 412 15320 28 go9 3048 3. o, 10980
. 1 7 > 27 3
L.
Berea Ss. this M1 Mis 32579 228 88 asas U0 17z 1227 gy 0.71088
study s 2 9 6
L.
Berea Ss. this M4 Mis 87881  8o4 412 16078 20 476 210 g 0.71147
study s 3 1 9
- u. -
Organierich 1,60 25,32 0.71830 - 109,50
o 5 D6 Dev 60,903 602 194 9,560 4 123 g o 45. oy 0
- u. .
Organierich 5 D7 Dev 80542 783 127 12360 2% 180 3050 38 109%0
sh. 6 3 . A7 6
- u. i
Organierich 5 D14 Dev 60,655 675 184 10000 1% 104 2328 071580 47 - 109,51
sh. 0 9 0 46 3
- u. _
Organierich 5 D17 Dev 60655 675 184 10000 92 104 2328 a7, o, 1098
sh. 0 9 Y 55 6
u.
Ve”aggo Grp. 5 D24 Dev 70,581 642 483 10,920 1,; ° 171 277'45 102'52
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Venango Grp.
Ss.

Bradbrd Grp.
Ss.

Bradford Grp.
Ss.
Bradford Grp.
Ss.
Bradford Grp.

Ss.

Bradford Grp.
Ss.

Bradford Grp.
Ss.

Bradford Grp.
Ss.

Bradford Grp.
Ss.

Bradfod Grp.
Ss.
Bradford Grp.
Ss.

Bradford Grp.
Ss.

Upper
Devonian

Upper
Devonian

Upper
Devonian

Upper
Devonian

Upper
Devonian

Upper
Devonian

Upper
Devonian

Upper
Devonian

Upper
Devonian

Upper
Devonian

Upper
Devonian

Venango
Second

Venango First
and Third

Venango
Second and
Third
Red Valley
Glade
Glade
Glade

Glade

Cooper

Kane

6

D33

D27

D29

D30

D31

D32

D34

D38

D39

D40

ED82-01

ED82-02

ED82-03

ED82-04

ED82-05

ED82-06

ED82-07

ED82-08

ED82-09

ED82-10

ED82-11

ED82-13

ED82-15

ED82-23

ED82-12

ED82-14

ED82-16

ED82-17

ED82-18

ED82-19

ED82-20

Dev

Dev

Dev

Dev

Dev

Dev

Dev

Dev

Dev

Dev

Dev

Dev

Dev

Dev
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Marcellus Sh. 7 3 Dev 50 37 333’00
this M. 21,30 127 0.71011
Marcellis Sh. 40 Dev 46000 451 55 6522 660 1229 . a2 : 77,208
study’ 0 7 5
this M. 2622 278
Marcellus Sh. 41 Dev 59000 583 18 7898 972 1047 ; 899 97,211
study?’ 4 0
. M.
Marcellus sh. ™S 42 Dev 59,000 581 30 830 02 1108 202 gy0 404 0.71101 98,929
study?’ 3 6 4 6
) M.
Marcellus sh, ™S 43 Dev 56000 543 2 796 95 1170 22 1o73 488 0.71099 92,756
study’ 5 5 8
this M. 25,99 498 0.71099
Marcellus Sh. 44 Dev 54000 531 37 818 983 1236 . 1135 - 91,789
study?’ 3 8 5
N M.
Marcelus sh. S 45 Dev 62000 608 27 8310 00 1256 70 gy99 476 0.71099 102,24
study?’ 9 3 9 7 0
. M.
Marcellus sh, ™S 47 Dev 75000 733 3¢ 10308 M 173 %282 4y 34 0.71018 12228
study’ 4 2 8 5 2
) M.
Marcellus Sh, ™S 415 Dev 68000 668 20 10884 2 1611 L2 ggu 586 0.71119 115,74
study’ 5 8 3 7 8
N M.
Marcellus sh. ™S 420 Dev 66000 655 32 o1 MY 13;1 2478 q3gg 538 0.71122 10485
study’ 8 5 3 0 9
L 24,40 y
Ridgeley 6 ED8237  Dev 58,900 349 2 8930 797 4400 v 1510 . g 99746
. 0 :
L. -
Ridgeley 6 ED82-38 Dev 133,000 763 17,600 158 8,930 61,30 3890 51. . 22749
0 0 Y 17 7
L.
Ridgeley 6 ED82-39 Dev 174,000 1,010 1 23,800 2'[?5 13610 79690 4370 580 293'56
L. -
Ridgeley 6 ED8240  Dev 207,000 1130 2gagp 230 1280 830 g4 a2 20 B2
. 0
Medina Ss. 6 ED82-22 SLil 93,000 943 400 16,600 2'[?5 477 37660 ND
Medina Ss. 6 ED82-27 SL“ 159,000 2,240 280 41,600 435 1,610 420'40 500 25;71
Medina Ss. 6 EDS228 & 151000 1860 30 26900 7% 1030 %0 4 24‘2"29
Medina Ss. 6 ED82:20 L 187,000 270 38300 ° 1430 80 4 s o, 8IS
Sil. 0 0 0 3.1 8
Medina Ss. 6 ED82:30 L 130000 1490 260 22000 26 gog  SLI0 3 3. . 20808
sil. 0 0 Y 36 3
Medina Ss. 6 ED82-31 S"” 159,000 1,990 300 30,100 3'32 1,160 65630 4 262"‘6
Tuscarora 6 ED82-36 L 152000 1540 3 25500 37 3gi0 %0 g9 5% 0. 610
sil. 0 0 0 S 23 1
Medina Ss. 5 s70 S"” 150383 1,600 262 27,800 2’38 747 60563 102'56
Medina S. 5 S73 L 141,623 1,311 164 25,040 335 705 54,57 071190 32. . 109,57
sil. 3 1 0 39 2
this L 283 4525 0.71195
Medinass. (o, s73 s 141623 1311 1e4 22200 OP 520 i 7 A
Utica this RWA Od 43866 440 363 3717 516 747 %Y 573 57 0.71050 69,864
study . 3 5
Table 3. Statistical analysis of shallow groundwater types.
Descriptive Statistics for Each Water Type
95% Confidence
Interval for Mean
Std.
Deviatio Std. Lower | Upper | Minimu Maxi
N Mean n Error | Bound | Bound m mum
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pH A 88 6.92 77 .08 6.76 7.08 5.09 8.65
B 29 7.89 73 13 7.61 8.16 6.45 9.32
C 13 6.71 75 21 6.26 7.17 5.98 8.58
D 27 7.72 66 13 7.46 7.98 6.27 9.34
Total | 157 7.22 86 .07 7.08 7.35 5.09 9.34
Cl (mglL) A 89 6.25 5.30 56 5.14 7.37 49 19.35
B 29 6.49 5.91 1.10 | 4.24 8.74 1.64 | 18.22
C 13 52.35 2638 | 7.32 | 3641 | 6829 | 2279 | 111.7
3
D 26 224.06 328.85 | 64.49 | 91.23 | 356.88 | 20.75 | 4014.
00
Total | 157 46.18 15455 | 12.33 | 21.82 | 70.55 49 4014.
00
Br (mg/L) A 89 .04 .02 .00 .03 .04 01 12
B 29 .07 .04 01 .05 .08 .02 14
C 13 .06 .03 01 .04 .08 .02 15
D 27 3.08 7.41 1.43 15 6.01 .09 37.89
Total | 158 56 3.23 26 .06 1.07 01 37.89
Ca(mg/L) A 89 30.02 14.00 | 1.48 | 27.07 | 32.97 6.56 | 102.3
4
B 29 23.65 1194 | 222 | 1911 | 2820 | 238 | 51.06
13 35.63 1454 | 403 | 26.85 | 44.42 | 12.96 | 68.47
D 27 60.78 7717 | 1485 | 3025 | 9131 | 424 | 3704
7
Total | 158 3457 3591 | 2.86 | 28.93 | 40.21 2.38 | 3704
7
Mg(mg/L) A 89 6.64 4.50 48 5.69 7.59 .95 26.37
B 29 6.45 3.86 72 4.98 7.92 31 15.84
C 13 7.19 2.45 68 5.71 8.67 329 | 11.76
D 27 12.15 12.98 | 250 | 7.02 | 17.28 1.33 | 61.23
Total | 158 7.59 6.83 54 6.52 8.66 31 61.23
Sr(mg/L) A 89 32 33 .04 25 39 .02 1.69
B 29 56 50 .09 37 74 .08 2.13
c 13 16 .07 .02 11 20 .02 28
D 27 4.52 9.87 1.90 62 8.43 28 48.52
Total | 158 1.07 4.33 34 39 1.75 .02 48.52
Na(mg/L) A 89 9.31 7.20 76 7.80 | 10.83 .00 52.24
B 29 55.07 3131 | 5.81 | 43.16 | 66.98 | 1545 | 118.8
4
c 13 31.42 30.14 | 836 | 1321 | 4964 | 7.86 | 117.2
9
D 27 212.10 357.35 | 68.77 | 70.74 | 353.46 | 7.20 | 1800.
16
Total | 158 54.18 163.99 | 13.05 | 28.41 | 79.95 .00 1800.
16
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Ba (mg/L) A 89 127 175 .019 .090 .164 .014 1.592
B 29 195 .180 .033 127 .264 .032 .745
C 13 .100 .059 .016 .064 .136 .006 .199
D 27 5.028 16.123 3.103 | -1.350 | 11.406 .064 84.43
9
Total 158 .975 6.818 .542 -.096 2.046 .006 84.43
9
Descriptive Statistics for Each Water Type
95% Confidence
Std. Interval for Mean
Deviatio Std. Lower | Upper | Minimu Maxi
N Mean n Error | Bound | Bound m mum
Br/Cl A 89 4.3E-03 4.1E-03 | 4.4E- 3.5E- 5.2E- 4.7E-04 | 2.0E-
(molar) 04 03 03 02
B 29 7.9E-03 6.5E-03 1.2E- 5.5E- 1.0E- 9.4E-04 | 2.3E-
03 03 02 02
C 13 5.8E-04 2.7E-04 | 7.4E- 4.2E- 7.4E- 2.4E-04 | 9.6E-
05 04 04 04
D 27 3.4E-03 7.6E-04 | 1.5E- 3.1E- 3.7E- 1.1E-03 | 4.4E-
04 03 03 03
Total 158 4.5E-03 4.6E-03 | 3.6E- 3.8E- 5.2E- 2.4E-04 | 2.3E-
04 03 03 02
Sr/Ca A 89 4.61E-03 4.11E- 4.36E | 3.74E- | 5.47E- 5.58E- 2.02E
03 -04 03 03 04 -02
B 29 1.20E-02 8.38E- 1.56E | 8.85E- | 1.52E- 1.65E- 3.08E
03 -03 03 02 03 -02
C 13 2.19E-03 1.21E- 3.36E | 1.46E- | 2.92E- 6.88E- 4.63E
03 -04 03 03 04 -03
D 27 2.62E-02 1.81E- 3.49E | 1.91E- | 3.34E- 3.64E- 6.74E
02 -03 02 02 03 -02
Total 158 9.47E-03 1.20E- 9.54E | 7.58E- | 1.14E- 5.58E- 6.74E
02 -04 03 02 04 -02
¥'Sr/%sr A 53 71332 .00138 | .0001 | .71294 | .71370 | .71091 | .7172
9 5
B 25 .71283 .00107 .0002 | .71239 | .71327 .71030 .7150
1 0
C 8 71371 .00110 .0003 | .71279 | .71463 71136 7147
9 3
D 22 71162 .00138 .0002 | .71101 | .71223 .70960 .7145
9 3
Total 108 .71289 .00145 .0001 | .71261 | .71317 .70960 7172
4 5
“’Ral**R A 13 .967 467 129 .685 1.249 422 2.160
a B 15 .920 .164 .042 .829 1.011 .683 1.212
C 4 1.113 .329 .165 .589 1.636 .666 1.368
D 11 .556 201 .061 421 .691 247 978
Total 43 .859 352 .054 .751 .967 247 2.160
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Distance A 89 1.73 1.42 15 1.43 2.03 .05 5.33
Chearest g 24 1.21 100 | 20 | 79 | 164 11 | 351
Gas Well C 13 1.72 1.52 42 .80 2.64 31 5.50
(km) D 27 1.33 131 .25 .82 1.85 .13 4.25
Total 153 1.58 1.36 A1 1.36 1.79 .05 5.50
Distance A 89 1.03 .75 .08 .87 1.18 .06 3.07
Vallet)cl)l(km B 24 1.11 .86 17 .75 1.48 A1 3.85
) C 13 1.10 .85 .24 .59 1.61 .04 2.96
D 27 .56 .79 15 .25 .87 .01 3.15
Total 153 .96 .80 .06 .84 1.09 .01 3.85
Distance A 89 .52 41 .04 43 .61 .02 2.12
val etsz(km B 24 47 31 06 34 60 03 | 1.06
) C 13 51 A7 13 .22 .80 .04 131
D 27 .20 .23 .04 A1 .29 .01 74
Total 153 46 .39 .03 .39 .52 .01 2.12
DEM (m) A 89 397 74 8 382 413 217 536
B 24 391 58 12 366 416 272 508
C 13 419 78 22 372 466 274 521
D 27 316 67 13 290 343 219 522
Total 153 384 77 6 372 396 217 536
Multiple Comparisons - Dunnett T3
95% Confidence
Mean Interval
Dependent ) ) Difference Std. Lower | Upper
Variable Type  Type (I-J) Error Sig. Bound | Bound
pH A B -.968 .158 .000 -1.399 -.537
C 0.209 224 917 -.457 .876
D -797 .152 .000 -1.212 -.382
B A 968" .158 .000 .537 1.399
C 1.177 .249 .001 464 1.890
D 0.171 .186 .927 -.335 .676
C A -0.209 .224 917 -.876 457
B -1.177 249 .001 | -1.890 | -.464
D -1.007 .245 .003 -1.712 -.301
D A 797 152 .000 382 | 1.212
B -0.171 .186 .927 -.676 .335
C 1.007° 245 003 | 301 | 1712
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Cl (mg/L) A B -0.237 1.233 1.000 | -3.627 | 3.152
- | 7.339 .000 - -
46.0968346 68.764 | 23.430
D -217.805 64.495 .014 - -
401.06 | 34.549
1
B A 0.237 1.233 1.000 | -3.152 | 3.627
C - | 7.399 .000 - -
45.8594774 68.593 | 23.126
D -217.568 64.502 .014 - -
400.83 | 34.298
7
C 46.0968346 | 7.339 .000 | 23.430 | 68.764
B 45.8594774° | 7.399 .000 | 23.126 | 68.593
-171.708 64.906 .077 - 12.361
355.77
8
D A 217.805147 | 64.495 .014 | 34.549 | 401.06
2 1
B 217.567790 | 64.502 .014 | 34.298 | 400.83
0 7
C 171.708 64.906 .077 - 355.77
12.361 8
Br (mg/L) A B -.0318427 .007 .000 -.051 -.012
C -0.026 .009 .084 -.054 .003
D -3.045 1.427 .218 | -7.088 .997
B A .0318427 .007 .000 | .012 .051
C 0.006 .011 .994 -.026 .038
D -3.013 1.427 .228 | -7.056 1.029
C A 0.026 .009 .084 -.003 .054
B -0.006 .011 .994 -.038 .026
D -3.019 1.427 .226 | -7.062 1.023
D A 3.045 1.427 .218 -.997 7.088
B 3.013 1.427 .228 | -1.029 | 7.056
C 3.019 1.427 .226 | -1.023 | 7.062
Multiple Comparisons - Dunnett T3
Dependent 0] ) Mean Std. 95% Confidence
Variable Type Type Difference Error Sig. Interval
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(I-9)

Ca(mg/L) A B 6.364 2.668 115 | -902 | 13.630
-5.612 4.297 721 - 7.205
18.428
D -30.762 14.925 | .249 - 11.457
72.980
B A -6.364 2.668 115 - .902
13.630
C -11.976 4.601 .094 - 1.384
25.336
D -37.125 15.015 | .110 - 5.276
79.527
C 5.612 4.297 721 | -7.205 | 18.428
B 11.976 4.601 094 | -1.384 | 25.336
-25.150 15.388 | .493 - 18.048
68.347
D A 30.762 14.925 | .249 - 72.980
11.457
B 37.125 15.015 | .110 | -5.276 | 79.527
25.150 15.388 | .493 - 68.347
18.048
Mg(mg/L) A B 0.189 862 1.000 | -2.159 | 2.537
-0.548 .830 984 | -2.900 | 1.805
D -5.511 2.542 .203 - 1.654
12.677
B A -0.189 862 1.000 | -2.537 | 2.159
c -0.737 988 972 | -3.483 | 2.009
D -5.700 2.598 .190 - 1.583
12.983
C 0.548 .830 984 | -1.805 | 2.900
B 0.737 988 972 | -2.009 | 3.483
D -4.963 2.588 317 - 2.301
12.228
D A 5511 2.542 203 | -1.654 | 12.677
B 5.700 2.598 190 | -1.583 | 12.983
c 4.963 2.588 317 | -2.301 | 12.228
Sr(mg/L) A B -0.236 .098 121 | -509 .037
c .1646630" 041 .001 .055 274
D -4.202 1.900 .189 | -9.584 | 1.180
B A 0.236 .098 121 | -.037 509
c .4003334 .094 .001 137 664
D -3.966 1.902 239 | -9.352 | 1.420
C A -.1646630° .041 .001 -274 -.055
B -.4003334" .094 001 | -664 | -137
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D -4.366 1.900 159 | -9.748 1.015
D A 4.202 1.900 .189 -1.180 9.584
B 3.966 1.902 .239 -1.420 9.352
C 4.366 1.900 .159 -1.015 9.748
Multiple Comparisons - Dunnett T3
Mean
Dependent 0] J) Difference Std. 95% Confidence
Variable Type Type (1-J) Error Sig. Interval
Na(mg/L) A B - | 5.865 .000 - -
45.7581696 62.246 | 29.270
C -22.112 8.394 111 - 3.793
48.017
D -202.785 68.776 .038 - -7.951
397.61
8
B A 45.7581696 | 5.865 .000 | 29.270 | 62.246
C 23.647 10.183 .154 -5.380 | 52.674
D -157.027 69.017 .166 - 38.288
352.34
1
C 22112 8.394 111 -3.793 | 48.017
B -23.647 10.183 154 - 5.380
52.674
D -180.673 69.278 .082 - 15.169
376.51
5
D A 202.784811 68.776 .038 7.951 397.61
5 8
B 157.027 69.017 .166 - 352.34
38.288 1
C 180.673 69.278 .082 - 376.51
15.169 5
Ba (mg/L) A B -0.068 .038 .388 -173 .037
0.027 .025 .855 -.041 .095
D -4.901 3.103 532 - 3.889
13.691
B A 0.068 .038 .388 -.037 73
C 0.095 .037 .084 -.008 .198
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D -4.833 3.103 .547 - 3.958
13.624

C -0.027 .025 .855 -.095 .041

B -0.095 .037 .084 -.198 .008

D -4.928 3.103 .526 - 3.862

13.718

D A 4.901 3.103 532 | -3.889 | 13.691
B 4.833 3.103 547 | -3.958 | 13.624
C 4.928 3.103 .526 -3.862 | 13.718

Br/Cl A B -.0036013 .001 .045 -.007 .000

(molar) «

C .0037570 .000 .000 .003 .005

D 0.001 .000 .193 .000 .002

B A .0036013" .001 .045 .000 .007

C .0073583" .001 .000 .004 011

D .0045809 .001 .004 .001 .008

C A -.0037570° .000 .000 -.005 -.003

B -.0073583" .001 .000 | -011 | -.004

D -.0027774 .000 .000 -.003 -.002

D A -0.001 .000 .193 -.002 .000

B -.0045809" .001 .004 -.008 -.001

C 0027774 .000 .000 .002 .003

Multiple Comparisons - Dunnett T3
Mean
Dependent 0] ) Difference Std. 95% Confidence
Variable Type Type (1-J) Error Sig. Interval

Sr/Ca A B -.0074262" .002 .000 -.012 -.003
C .0024202" .001 .000 .001 .004

D -.0216215 .004 .000 | -.032 | -012

B A .0074262" .002 .000 .003 012

C .0098464 .002 .000 .005 .014

D -.0141953 .004 .004 | -025 | -.004

C A -.0024202" .001 .000 -.004 -.001
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B -.0098464 .002 .000 | -.014 | -.005
D -.0240417 .004 000 | -.034 | -014
A 0216215 .004 .000 012 .032
B 0141953 .004 .004 .004 025
C 0240417 .004 .000 014 034
*'Sr/™°sr B 0.000 .000 432 .000 .001
C 0.000 .000 926 | -.002 .001
D |.001700109" | .000 .000 .001 .003
A 0.000 .000 432 | -.001 .000
C -0.001 .000 328 | -.002 .001
D .001211504" | .000 011 .000 .002
A 0.000 .000 926 | -.001 .002
B 0.001 .000 328 | -.001 .002
D |.002088614" | .000 .004 .001 .004
A - | 000 .000 | -.003 | -.001
.001700109
B - | 000 011 | -.002 .000
.001211504
C - | 000 .004 | -004 | -.001
.002088614
““Ra/“°R B 0.047 136 999 | -.362 456
a c -0.146 209 | 973 | -871 | .580
D 0.411 143 058 | -.011 .833
A -0.047 136 999 | -.456 362
C -0.193 170 811 | -1.008 | .622
D 3639082 074 .001 149 579
A 0.146 .209 973 | -580 871
B 0.193 170 811 | -.622 | 1.008
D 0.557 175 139 | -226 | 1.339
A -0.411 143 058 | -.833 011
B -.3639082 074 001 | -579 | -.149
C -0.557 175 139 | -1.339 | .226
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Multiple Comparisons

- Dunnett T3

Mean
Dependent 0] J) Difference Std. 95% Confidence
Variable Type Type (1-J) Error Sig. Interval
Distance A B 0.514 254 249 | -179 | 1.208
tON';‘iﬁrr:ft c 0.006 448 | 1.000 | -1.333 | 1.345
Gas Well D 0.395 293 693 | -409 | 1.199
(k) B A -0.514 254 249 | -1.208 | .179
C -0.509 469 850 | -1.884 | .867
D -0.120 324 999 | -1.007 | .767
C A -0.006 448 1.000 | -1.345 | 1.333
B 0.509 469 850 | -.867 | 1.884
D 0.389 491 961 | -1.029 | 1.807
D A -0.395 293 693 | -1.199 | .409
B 0.120 324 999 | -767 | 1.007
C -0.389 491 961 | -1.807 | 1.029
Distance A B -0.086 192 998 | -.622 449
&Xtae':?(‘{( c -0.072 248 | 1.000 | -815 | .672
m) D 0.468 A71 052 | -.002 939
B A 0.086 192 998 | -.449 622
C 0.014 293 1.000 | -.818 847
D 0.555 231 A15 | -079 | 1.188
C A 0.072 .248 1.000 | -.672 815
B -0.014 .293 1.000 | -.847 818
D 0.540 .280 318 | -262 | 1.342
D A -0.468 A71 052 | -.939 .002
B -0.555 231 115 | -1.188 | .079
C -0.540 280 318 | -1.342 | .262
Distance A B 0.051 .077 985 | -.161 263
vall et;)"‘(km C 0.012 .138 1.000 | -.403 426
) D 3187538 .062 .000 151 486
B A -0.051 077 985 | -.263 161
C -0.039 146 1.000 | -.467 .388
D 2676800 077 .008 .054 481
C A -0.012 138 1.000 | -.426 403
B 0.039 146 1.000 | -.388 467
D 0.307 138 211 | -.108 722
D A -.3187538 .062 .000 | -486 | -.151
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B -.2676800" 077 008 | -481 | -.054
C -0.307 .138 211 -.722 .108
Multiple Comparisons - Dunnett T3
Mean
Dependent ) J) Difference Std. 95% Confidence
Variable Type Type (1-J) Error Sig. Interval
DEM (m) A B 6.204 14.226 .998 - 45.249
32.840
C -22.130 22.902 .903 - 46.218
90.478
D 80.7953782" | 15.129 .000 | 39.330 | 122.26
1
B A -6.204 14.226 .998 - 32.840
45.249
C -28.334 24.568 .814 - 43.041
99.710
D 745913087 | 17.550 .001 26.577 | 122.60
5
C A 22.130 22.902 .903 - 90.478
46.218
B 28.334 24.568 .814 - 99.710
43.041
D 102.9%5413 25.102 .003 30.524 | 175.32
9 7
D A - X 15.129 .000 - -
80.7953782 122.26 | 39.330
1
B - X 17.550 .001 - -
74.5913087 122.60 | 26.577
5
C -102.925 25.102 .003 - -
175.32 | 30.524
7
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Table 4: Comparison of Historical data and this study.

Historical and 2012011 Groundwater Comparison
Constituent Type A Type B Type C Type D
p-value p-value p-value p-value
Ca 0.06 0.78 0.97 0.79
Cl 0.96 0.93 0.15 0.18
Na 0.11 0.68 0.55 0.38
Ba 0.89 0.68 N/A 0.12
Sr 0.38 0.66 N/A 0.89

Table 5: Comparison of total dissolved solids in produced water of various
unconventional formations.

TDS DIC
(mg/L)  (mg/L)
Fayetteville
Shale 25,000 1300

Barnett Shale 60,000 610*
Woodford Shale 110,000
Haynesvle Shale 120,000

Permian Basin 140,000
Marcellus Shale 180,000 140*

a- this
study

* EPA workshop on hydraulic fracturirtgtp://www.epa.gov/hfstudy/12_Hayes: Marcellus_Flowback_Reuse_508.pdf
Source, Kimball, 2012 citatiof 0SGS produced water databasgailable at http://energy.cr.usgs.gov/prov/prodwat/data.htm

Table 6: Comparison of the mean values of major and trace elements reported
for Upper Devonian Brines, Marcellus flowback waters, and th e wastewater effluent
from the Josephine Brine Treatment Facility in western PA. Also shown is the relative
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percent of each constituent in the wastewater discharge effluent relative to Marcellus

flowback waters .

Mean values of produced wate

Ra-22¢ Ra-22¢ Ra-22¢ Ra-22¢ 8'gy/%%g

and flowback compared t DS cl Br S04 Ca Mg Sr Na Ba, . : 1H 1%
discharge (pCi/lL) (Bg/L) (pCi/lL) (Bg/L) r
POM___ ppm___ppm _ ppm __ ppm _ ppm _ ppm _ ppm _ ppm _ pGil pCilL
"Upper Devonian 120,791 84861 787 214 13495 1920 586 34,150 332 700 26 0.71906 -41.25 -450
"Marcellus 93170 69516 744 21 9,634 1056 1594 28,050 1692 3231 120 452 17071119
“LowerDevonianor Older 216,482 139,196 1,283 222 23,766 2,393 3,491 55625 1361 273¢ 101 071145 -40.47 -1.87
Sf::;::gze(;u"zm(“ea‘ed 98,809 8177. 643 1,092 12710 830 1363 27,670 13 2 0.09 4 071047 -44.14 -4.33
Treated Discharge Percentagt ¢ 118 86 5186 132 79 86 99 08 01 0.9
of Marcellus
NOTES:

*- Only 2 measurements available
“Includes data from Dresel and Rose (2010), Chapman et al. (2012), Osborn and Mclntosh (2010)

Table 7: Chemical and isotopic data for surface waters and effluent from the

Josephine Brine Treatment Facility disposal site in western Pennsylvania

- Distance TDS .
Location Location Type ~ Sample Type Downstrea ate calculated ClI(mg/L) Br(mg/L) SO4 (mg/L) Alkalinty Ca(mg/L) Mg(mg/L) Sr(mg/L) Na(mg/L) Ba(mg/L) *srsr OH 1340
Number m Sampled (mall) (mglL)
AMD-1 AMD Sw 2011 659 26 0.14 441 114 28 0.6 14 0.1 0.714474 -59.4 -9.2
AMD-2 AMD Sw 2012 164 17 0.07 80 24 0.5 11 0.0 0.714549
AMD-3 AMD Sw 2012 539 15 0.05 377 73 23 0.4 9 0.0
Us-1 Upstream SW -25 2011 403 17 0.10 244 22 59 14 0.3 43 0.1 0.713120 -49.9 -8.1
uUs-2 Upstream SW -25 2010 194 17 0.02 118 25 7 0.1 16 3.4
uUs-3 Upstream Sw -50 2012 240 15 0.04 161 4 34 10 0.2 12 0.1 0.713096
us-4 Upstream SwW -100 2010 189 17 0.02 115 25 7 0.1 15 2.8
us-5 Upstream SwW -100 2010 197 17 0.03 119 26 8 0.1 16 28
Us-6 Upstream sSw -25 2012 117 20 0.05 3 52 13 0.3 22 0.0 0.713155
us-7 Upstream Sw -25 2012 119 21 0.06 3 53 14 0.3 23 0.0 0.713000
EFF-1 Effluent Brine Discharge 0 2011 94079 61260 522 585 241 16837 653 2230 11702 1 0.710124 -40.9 -4.4
EFF-2 Effluent Brine Discharge 0 2010 131362 74309 602 1013 250 16957 1087 2326 34727 13 0.710185 -44.3 -4.3
EFF-3 Effluent Brine Discharge 0 2010 250 13996 919 1871 29520 7
EFF-4 Effluent Brine Discharge 0 2010 250 10245 682 1340 22601 6 -44.6 -3.8
EFF-5 Effluent Brine Discharge 0 2010 250 12693 832 1686 27143 6 -44.9 -3.7
EFF-6 Effluent Brine Discharge 0 2010 86438 60751 474 1118 250 6663 455 856 15682 4 0.710183 -45.7 -4.4
EFF-7 Effluent Brine Discharge 0 2010 108412 55077 477 200 250 16127 1050 2197 32980 14 0.710597 -45.6 -3.7
EFF-8 Effluent Brine Discharge 0 2010 126829 74026 605 746 250 15490 1016 2120 32485 14 0.710831 -43.5 -4.3
EFF-9 Effluent Brine Discharge 0 2010 250 16330 1063 2296 34718 14 0.710883 -46.4 -4.2
EFF-10 Effluent Brine Discharge 0 2011 144559 85656 674 1136 272 15813 961 1419 38495 21 0.710500 -44.3 -4.3
EFF-11 Effluent Brine Discharge 0 2011 257 13420 860 1155 33523 21 -39.1 -3.8
EFF-12 Effluent Brine Discharge 0 2011 135909 89299 738 1010 269 12233 689 976 30584 19 0.710800 -40.8 -4.2
EFF-13 Effluent Brine Discharge 0 2011 120290 78827 609 928 241 10276 612 777 27907 19 -39.8 -3.9
EFF-14 Effluent Brine Discharge [ 2011 127026 75277 622 1103 252 13619 783 1031 34234 20 0.710800 -45.7 -4.4
EFF-15 Effluent Brine Discharge 0 2011 183648 150153 1266 2911 249 7611 624 612 20134 17 -39.7 -3.9
EFF-16 Effluent Brine Discharge 0 2011 104919 76877 605 1116 268 7003 565 632 17743 17 0.710579 -43.5 -4.3
EFF-17 Effluent Brine Discharge 0 2011 90406 67773 543 1405 273 5509 517 542 13752 17 0.710197 -46.4 -4.2
EFF-18 Effluent Brine Discharge 0 2011 151009 97756 632 1012 249 15336 1200 912 33900 12 0.711100
DS-1 Downstream Sw 1 2012 13343 8193 69 194 27 1421 106 114.2 3216 1.9 0.711000
DS-2 Downstream Sw 10 2012 8131 5000 42 208 17 890 70 69.6 1832 11
DS-3 Downstream SwW 20 2011 4409 2403 18 260 33 555 39 49.4 1048 0.6 0.710258 -47.0 -8.0
DS-4 Downstream Sw 180 2012 900 367 2.42 153 5 123 19 6.3 219 0.2
DS-5 Downstream SW 300 2012 248 97 0.58 2 71 15 14 53 0.1
DS-6 Downstream Sw 300 2012 240 95 0.58 2 69 15 13 51 0.1
DS-7 Downstream SwW 1 2010 75085 650 397
Ds-8 Downstream sSw 10 2010 7076 4191 36 199 837 92 78.0 1584 273
Ds-9 Downstream Sw 20 2010 4375 2411 17 664 82 55.8 1100 234
DS-10 Downstream sSw 100 2010 810 401 3.32 112 100 13 9.7 160 2.8
DS-11 Downstream sSw 600 2010 52 27 8 0.1 14 0.0
DS-12 Downstream sSw 300 2010 78 35 9 1.2 30 0.1 0.711181
DS-13 Downstream Sw 300 2010 52 27 8 0.2 14 0.0 0.713004
DS-14 Downstream Sw 300 2010 206 17 0.04 118 32 9 0.1 18 3.4 0.710207
DS-15 Downstream Sw 600 2010 304 85 0.58 110 40 9 16 46 3.1 0.710362
DS-16 Downstream SW 600 2010 189 18 0.03 105 29 8 0.2 18 3.0 0.712109
DS-17 Downstream SW 600 2010 197 16 0.03 114 29 9 0.1 17 3.1 0.713002
DS-18 Downstream SW 1780 2012 543 233 143 157 3 73 23 0.4 9 0.0
BG-1 Background SwW 2011 360 32 0.12 144 79 48 11 0.3 43 0.0 0.714500 -41.7 -6.4
BG-2 Background SW 2011 127 24 0.02 10 59 18 3 0.1 12 0.0 0.712545 550 -8.5
BG-3 Background Sw 2011 184 28 0.11 11 93 29 5 0.1 16 0.1 0.712880  -60.8 -9.2
BG-4 Background sw 2011 91 13 0.02 9 a4 13 3 0.0 8 0.0 0.713900  -45.4 73
BG-5 Background Sw 2011 376 37 0.21 189 44 57 17 0.3 29 0.1 0.712200  -45.3 -7.8
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Table 8. Radium isotope data of effluents from Josephine Brine Treatment
Facility and river s ediments collected upstream, adjacent to, and downstream of the
discharge site of the treated effluent. Also included are measurements from
background streams throughout western Pennsylvania (Figure 1).

Location _ Sample Distance vear Effluent  Effluent Sediment Sediment
Number Location Type Type Downstream |Samplec 228Ra 226Ra 226Ra 228Ra 228Ra/226R4
(By/L) _ (Ba/L) _ (Balkg) (Ba/kg)

EFF-1  Effluent Discharge 0 2011 1.19 3.09 0.39
EFF-18 Effluent Discharge 0 2011 3.5 5.1 0.7
BG-1 Background  Sediment -300 2011 26 24 0.92
BG-2 Background  Sediment -300 2011 32 18 0.56
BG-3 Background  Sediment -300 2011 22 13 0.61
BG-4 Background  Sediment -300 2011 27 19 0.73
BG-5 Background  Sediment -300 2011 44 33 0.77
Us-1 Upstream Sediment -25 2011 34 22 0.66
Us-3 Upstream Sediment -50 2012 31 25 0.82
USS-1  Upstream Sediment -50 2012 34 33 0.98
Us-7 Upstream Sediment -25 2012 27 24 0.89
AMD-1  AMD Sediment -200 2011 34 30 0.88
AMD-3 AMD Sediment -200 2012 41 33 0.82
EFF-1  Effluent Sediment 0 2011 8759 2187 0.25
EFF-18 Effluent Sediment 0 2011 3497 1016 0.29
EFFS-2 Effluent Sediment 0 2011 3497 1016 0.29
EFFS-3  Effluent Sediment 1 2011 1419 355 0.25
EFFS-4 Effluent Sediment 5 2011 3036 757 0.25
EFFS-5 Effluent Sediment 0 2012 7708 2083 0.27
EFFS-6 Effluent Sediment 10 2012 1908 426 0.22
EFFS-1 Effluent Sediment 50 2011 544 164 0.30
DS-1 Downstream  Sediment 1 2012 5967 1617 0.27
DS-2 Downstream  Sediment 10 2012 1923 478 0.25
DS-3 Downstream  Sediment 20 2011 299 75 0.25
DS-4 Downstream  Sediment 180 2012 348 87 0.25
DS-5 Downstream  Sediment 300 2012 38 22 0.57
DS-6 Downstream  Sediment 300 2012 53 34 0.63
DS-18  Downstream  Sediment 1780 2012 33 22 0.67
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