Geochemical evidence for possible natural
migration of Marcellus Formation brine to
shallow aquifers in Pennsylvania

Nathaniel R. Warner®, Robert B. Jackson*®, Thomas H. Darrah®, Stephen G. Osborn‘, Adrian Down®, Kaiguang Zhao",

Alissa White?, and Avner Vengosh?®'

*Division of Earth and Ocean Sciences, Nicholas School of the Environment, Duke University, Durham, NC 27708; ®*Center on Global Change, Nicholas
School of the Environment, Duke University, Durham, NC 27708; and “Geological Sciences Department, California State Polytechnic University, Pomona,

CA 91768

Edited by Karl K. Turekian, Yale University, North Haven, CT, and approved May 10, 2012 (received for review January 5, 2012)

The debate surrounding the safety of shale gas development in the
Appalachian Basin has generated increased awareness of drinking
water quality in rural communities. Concerns include the potential
for migration of stray gas, metal-rich formation brines, and hydrau-
lic fracturing and/or flowback fluids to drinking water aquifers.
A critical question common to these environmental risks is the
hydraulic connectivity between the shale gas formations and the
overlying shallow drinking water aquifers. We present geochem-
ical evidence from northeastern Pennsylvania showing that path-
ways, unrelated to recent drilling activities, exist in some locations
between deep underlying formations and shallow drinking water
aquifers. Integration of chemical data (Br, Cl, Na, Ba, Sr, and Li) and
isotopic ratios (87Sr/%6Sr, 2H/H, '80/160, and 2?®Ra/??6Ra) from
this and previous studies in 426 shallow groundwater samples and
83 northern Appalachian brine samples suggest that mixing rela-
tionships between shallow ground water and a deep formation
brine causes groundwater salinization in some locations. The
strong geochemical fingerprint in the salinized (Cl >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 re-
gion; 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 contam-
ination of shallow drinking water resources, particularly by fugi-
tive gases, because of natural hydraulic connections to deeper
formations.
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he extraction of natural gas resources from the Marcellus

Shale in the Appalachian Basin of the northeastern United
States (1, 2) has increased awareness of potential contamination
in shallow aquifers routinely used for drinking water. The current
debate surrounding the safety of shale gas extraction (3) has
focused on stray gas migration to shallow groundwater (4) and
the atmosphere (5) as well as the potential for contamination
from toxic substances in hydraulic fracturing fluid and/or pro-
duced brines during drilling, transport, and disposal (6-9).

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 m)
of seismic activity reported during the deep hydraulic fracturing
of shale gas wells (10, 11). Recent findings in northeastern
Pennsylvania (NE PA) demonstrated that shallow water wells in
close proximity to natural gas wells (i.e., <1 km) yielded, on
average, higher concentrations of methane, ethane, and propane
with thermogenic isotopic signature. By comparison, water wells
farther away from natural gas development had lower combusti-
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ble gas concentrations and an isotopic signature consistent with a
mixture between thermogenic and biogenic components (4). In
contrast, when inorganic water geochemistry from active drilling
areas was compared to nonactive areas and historical background
values, no statistically significant differences were observed (4).
Increasing reports of changes in drinking water quality have
nevertheless been blamed on the accelerated rate of shale gas
development.

The study area in NE PA consists of six counties (Fig. 1) 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 de-
formed Appalachian Plateau (12, 13). The geologic setting and
shallow aquifer characteristics are described and mapped in
greater detail in multiple sources (4, 14-19) and in SI Methods.
The study area contains a surficial cover composed of a mix of
unconsolidated glacial till, outwash, alluvium and deltaic sedi-
ments, and postglacial deposits (the Alluvium aquifer) that are
thicker in the valleys (17-19) (Fig. S1). These sediments are under-
lain by Upper Devonian through Pennsylvanian age sedimentary
sequences that are gently folded and dip shallowly (1-3°) to the
east and south (Fig. S2). The gentle folding creates alternating
exposure of synclines and anticlines at the surface that are offset
surface expressions of deeper deformation (12, 20). The two major
bedrock aquifers are the Upper Devonian Catskill and the under-
lying Lock Haven Formations (14, 15, 18, 19). The average depth
of drinking water wells in the study area is between 60 and 90 m
(Table S1). The underlying geological formations, including the
Marcellus Shale (at a depth of 1,200-2,500 m below the surface)
are presented in Fig. 2, Fig. S2 A and B, and SI Methods.

In this study, we analyze the geochemistry of 109 newly-col-
lected water samples and 49 wells from our previous study (4)
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 chemical constituents
(Figs. 1 and 2, and SI Text). We combine these data with 268
previously-published data for wells in the Alluvium (n = 57),
Catskill (n = 147), and Lock Haven (n = 64) aquifers (18, 19)
for a total of 426 shallow groundwater samples. We analyzed
major and trace element geochemistry and a broad spectrum of
isotopic tracers (6130, §2H, 87Sr/30Sr, 228Ra/??°Ra) in shallow
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ground water and compared these to published (6, 21, 22) and
new data of 83 samples from underlying Appalachian brines in
deeper formations from the region (Table S2) to examine the
possibility of fluid migration between the hydrocarbon producing
Marcellus Formation and shallow aquifers in NE PA. We hypo-
thesize that integration of these geochemical tracers could deline-
ate possible mixing between the Appalachian brines and shallow

groundwater.

Results and Discussion

The water chemistry data from the Alluvial, Catskill, and Lock
Haven shallow aquifers (Table S1) reveal a wide range of solute
concentrations from dilute groundwater with total dissolved so-
lids (TDS) <500 mg/L and Cl < 20 mg/L to highly saline water
(e.g., a salt spring with TDS of 7,800 mg/L and Cl approximately
4,000). Based on these characteristics, we divide the water sam-
ples into four types of ground water (Fig. 1). Two groundwater
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Fig. 1. Digital elevation model (DEM) map of
northeastern PA. Shaded brown areas indicate
higher elevations and blue-green shaded areas
indicate lower elevations (valleys). The distribution
of shallow (<90 m) groundwater samples from this
study and previous studies (18, 19) are labeled
based on water type. Two low salinity (Cl<
20 mg/L) water types dominated by Ca-HCO3 (type
A =green circles) or Na-HCO; (type B=
blue triangles) were the most common, and two
higher salinity (Cl > 20 mg/L) water types were also
observed: Br/Cl < 0.001 (type C = pink squares) and
brine-type groundwater Br/Cl >0.001 (type
D = red diamonds). Type D groundwater samples
appear associated with valleys (Table S1) and are
sourced from conservative mixing between a brine
and fresh meteoric water. The DEM data were
obtained from NASA' Shuttle Radar Topography
Mission http://srtm.usgs.gov/.

types (A and B; n = 118 of 158 samples from this and our pre-
vious study (4) are characterized by low salinity and high Na/Cl
and Br/Cl (all ratios reported as molar) ratios (Table S1). The two
elevated salinity (Cl > 20 mg/L) water types (C and D) were
divided based on their B1/Cl ratios. Type (C) (n = 13 of 158)
has a distinctive low (<0.001) Br/Cl ratio (Fig. 3) and higher
NO;~ concentrations that we attribute to salinization from
domestic sources such as wastewater and/or road salt that have
typically low Br/Cl ratios. 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/Cl < 5) with
a statistically significant difference in water chemistry from types

A-C (Table S3).

A geochemical analysis of published data collected in the
1980s (18, 19) 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 indis-
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Fig. 3. Bromide vs. chloride concentrations (log-log scale) in shallow
groundwater in NE PA and Appalachian brines from this and previous studies
(18, 19). The linear relationship (type D: r2 = 0.99, p < 1 x 10~%; sample types
A-C: r2 = 0.14) between the conservative elements Br and Cl demonstrates
that the majority of the higher salinity samples of type D are derived from
dilution of Appalachian brines 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 (Cl > 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 (25).

tinguishable (Table S3) concentrations of major cations and an-
ions (Fig. 4 A and B); however, bromide concentrations were not
available in the historical data set. Nonetheless, we designated
historical samples with high CI (>20 mg/L) and low Na/Cl ratio
(Na/Cl < 5) as possible type D (n = 56 of 268). The remaining

Na (meq%)

historical samples with Cl concentrations (>20 mg/L) were
designated as type C. All water types (A-D) were statistically
indistinguishable from their respective historical types (A-D)
(Table S3).

Type D saline waters are characterized by a Na-Ca-Cl compo-
sition with Na/Cl, Sr/Cl, Ba/Cl, Li/Cl, and Br/Cl ratios similar to
brines found in deeper Appalachian formations (e.g., the Marcel-
lus brine) (4, 6, 21, 22) (Table S2). This suggests mixing of shallow
modern water with deep formation brines. Furthermore, the lin-
ear correlations observed for Br, Na, Sr, Li, and Ba with chloride
(Fig. 3 and Fig. S3 A-F) demonstrate the relatively conservative
and nonreactive behavior of these constituents and that the sali-
nity in these shallow aquifers is most likely derived from mixing of
deeper formation brines.

The stable isotopes (680 = -8 to —11%o0; §*H = -53 to
—74%o0) of all shallow groundwater types (A-D) are indistin-
guishable (p > 0.231) and fall along the local meteoric water line
(LMWL) (23) (Fig. 5). The similarity of the stable isotopic
compositions to the modern LMWL likely indicate dilution with
modern (post-glacial) meteoric water. Shallow groundwater iso-
topic compositions do not show any positive §'80 shifts towards
the seawater evaporation isotopic signature (i.e., higher §'30 re-
lative to 56°H) as observed in the Appalachian brines (Fig. 5 and
Table S2). 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 (Fig. 3) but limited effect on
5'80 and 52H. Mass-balance calculations indicate that only a
brine fraction of higher than approximately 20% would change
the 'O and 62H of salinized 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 <7% brine.

The discrete areas of type D water have lower average eleva-
tions and closer distances to valley centers but do not correlate
with distance to the nearest shale gas wells (Fig. 1 and Fig. S1 and
Table S1). The lack of geospatial association with shale-gas
wells and the occurrence of this type of saline water prior to shale
gas development in the study area (14, 15, 18, 19) (see distribu-
tion in Fig. 4 A and B) suggests that it is unlikely that hydraulic
fracturing for shale gas caused this salinization and that it is in-
stead 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
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Fig. 4. Ternary diagrams that display the relative percent of the major cations (A) and anions (B) in shallow groundwater samples from this and previous
studies (18, 19). 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.
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Fig. 5. 62H vs. 6'80 in shallow groundwater from this study and Appala-
chian brines. The water isotope composition of the shallow groundwater
samples including the Salt Spring appear indistinguishable from each other
and the local meteoric water line (LMW.L) (23) and do not show any apparent
trends toward the stable isotope ratios of the Appalachian brines (6, 22). The
data indicate that dilution of the type-D waters likely occurred on modern
(post-glacial) time scales. Symbol legend is provided in Fig. 3.

in this study (Figs. 2 and 3, and Fig. S3 A-F and Table S2) and
previous studies (4, 6, 22, 24), suggest that the Appalachian brines
evolved by evaporation from a common seawater origin but un-
derwent 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 (6). The degree of evaporation that is
computed based on the Br/Cl ratio in the Appalachian brines
(4-7 - 1073)(Fig. 3) as compared to the evaporated sea water
curve (25) is equivalent to 20-40-fold, though mixing between
brines of different evaporation stages cannot be excluded. The
brines then likely underwent dolomitization with carbonate rocks
that enriched Ca and depleted Mg in the brine relative to the
seawater evaporation curve (6) (Fig. S3 B and C) and sulfate re-
duction that removed all sulfate. In addition, the composition of
each respective hypersaline Ca-Cl Appalachian brine (i.e., Salina
and/or Marcellus) was differentially altered by interactions with
the host aquifer rocks presumably under tectonically-induced ther-
mal conditions (26) that resulted in resolvable variations in Sr/Ca,
Ba/Sr, and 7Sr/30Sr ratios. The final stage of brine alteration that
accounts for the observed brine compositions is dilution (6).

The net results of these processes generated large variations
in brine salinity (TDS of 10-343 g/L), relatively homogeneous
elevated Br/Cl ratios (range of 2.4 - 1073 to 7.6 - 1073?) and en-
riched 6'80 (0%o to —7%0) and 6°H (-33%o to —45%o0) in all
Appalachian brines. The remnant geochemical signatures (i.e.,
Sr/Ca, Ba/Sr, and ¥7Sr/3¢Sr) of formation specific brine-rock
interactions provide the most suitable basis for differentiating
the Appalachian brines. The Sr/Ca ratios (0.03-0.17) of the
produced waters from Marcellus wells are significantly higher
than brines evolved through calcite (0.4-1.6 - 10~3) or aragonite
(1.5-2.2 - 1072) dolomitization but are consistent with equili-
brium with other minerals such as gypsum or celestite (27). Simi-
larly, the Ba/Sr (0.01-1.78) ratios range up to values observed for
typical upper continental crust (Ba/Sr = 1.3-1.7) (28).

New and compiled data presented in Table S2 show distinctive
geochemical fingerprints (Sr/Ca, Ba/Sr, Sr/Cl, Ba/Cl, Li/Cl, and

40f 6 | www.pnas.org/cgi/doi/10.1073/pnas.1121181109

87Sr/%9Sr) among the Appalachian brines in the different forma-
tions. 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 system-
atically low (less radiogenic) ®7Sr/%Sr (0.71000-0.71212;
n = 50) and high Sr/Ca (0.03-0.17) ratios compared to the more
radiogenic Upper Devonian brines (37Sr/3¢Sr ratio = 0.71580-
0.72200; n = 12; Fig. 6) and low Sr/Ca (0.002-0.08)(Fig. S4).
Because of the relatively high Sr concentration and diagnostic
Sr/Ca, Ba/Sr, and 37Sr/86Sr ratios, this geochemical proxy has
the potential to elucidate regional flow paths, salinity sources,
and the specific source of the Appalachian brines (21, 24) (Fig. 6).
The 37Sr/36Sr ratios (0.71030-0.71725 £ 0.000003 SE) of low-
saline groundwater (type A and B) vary widely in the shallow
aquifers, but the overwhelming majority are distinctly different
from values of produced water brines from Upper Devonian
(0.71580-0.72200) (24) (Table S2) and Middle Devonian Marcel-
lus Formation (0.71000-0.71212) (21) (Fig. 6). Conversely, the
type D shallow groundwater data show a linear correlation be-
tween Sr and Cl (i.e., conservative behavior of Sr) (Fig. S3D)
and a decrease of 37Sr/3Sr from 0.71453-0.70960 with increas-
ing Sr concentrations and salinity confirming that the resulting
salinity is likely derived from mixing with Marcellus Formation
brine (Fig. 6). Our data also display a strong association between
87Sr/86Sr and Sr/Ca ratios (Fig. S4), a relationship suggested as a
sensitive indicator of Marcellus brines because of the unique
combination of low 87Sr/%Sr ratios and high Sr/Ca ratios re-
ported for brines from the Marcellus Formation (21).

The saline waters in the eastern portion of the study area
follow the expected Sr-isotope mixing trend hypothesized from
new and published data on produced water from the Marcellus
Formation (Fig. 6). In contrast, the saline waters from the wes-
tern portion of our study area show systematic mixing with an end
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Fig. 6. 87Sr/8Sr vs. Sr concentrations (log scale) of Appalachian Brines (21,

24) and shallow groundwater samples in the study area. The shallow ground-
water samples are divided in the figure based on water types. Increased
concentrations of Sr in the shallow aquifers are likely derived from two com-
ponent mixing: (i) A low salinity, radiogenic 8Sr/86Sr groundwater sourced
from local aquifer reactions; and (i) A high salinity, less radiogenic & Sr/86Sr
water consistent with Marcellus Formation brine. The Marcellus Formation
875r/86Sr appears lower in western Bradford than in Susquehanna and
Wayne counties. Other brine sources such as the Upper Devonian formations
have a more radiogenic 8Sr/88Sr ratio that does not appear to show any
relationship to the salinized shallow groundwater. Symbol legend is provided
in Fig. 3.
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member of a slightly lower #7Sr/80Sr ratio (0.70960). 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 (21). In sum, whereas the high Br/Cl
ratio in type D saline groundwater reflects mixing with underlying
Appalachian brines from a common evaporated seawater origin,
the 37Sr/38Sr ratios indicate mixing with brines with lower
87Sr/36Sr fingerprints of approximately 0.7096-0.7110 that can-
not be accounted for by Upper Devonian formations but are
similar to the underlying Marcellus Formation brines.

Other features that characterize the produced waters from
the Marcellus Formation are the high activities of naturally oc-
curring nuclides of ??°Ra and ?**Ra and low ??®Ra/??°Ra ratios
(7). 2*°Ra and ??®Ra are the disintegration products of 2¥U and
232Th, respectively, and are generated in groundwater from alpha
recoil, desorption from sediments, and dissolution of aquifer
material (7, 29). In most of the shallow groundwater we sampled
(Table S1), combined Ra activities were low (<5 pCi/L). In
contrast, reported activities of Ra in Marcellus brines from the
study area were high (1,500-3,100 pCi/L) (Fig. S5) with low
228Ra/?*%Ra ratios (0.12-0.73) (7). The highest Ra activities
that we measured were in type D waters, and the range (0.4 to
28 pCi/L) is consistent with our calculated mixing range of
approximately 0.01-7% based on chloride and bromide mass-
balance calculations (Fig. 3), though some interaction such as
adsorption with the aquifer rocks (29) is likely. In addition, the
228Ra/??%Ra ratio in the salinized groundwater (mean = 0.56)
is higher than that of the majority of the Marcellus produced
waters from the study area (mean = 0.33) (7) (Table S2) indicat-
ing that the dissolved Ra in the shallow groundwater is likely
derived from a combination of local water-rock interactions and
conservative mixing.

Methane data from our previous studies (4, 30) can be exam-
ined based on the four water types (A-D) we found in this study.
The highest average methane concentrations were observed in
type 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 ele-
vated methane concentrations (>10 mg/L). One newly sampled
type D water from the spring at Salt Springs State Park (30) 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 2-4 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 drilling sites had methane concentrations
<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 (31) but at concentrations much
lower than those observed near drilling (4).

Cross-formational pathways allowing deeper saline water to
migrate into shallower, fresher aquifers have been documented
in numerous study areas including western Texas (32, 33), Michi-
gan Basin (34, 35), Jordan Rift Valley (36), Appalachian Basin
(26), and Alberta, Canada (37). In the Michigan Basin, upward
migration of saline fluid into the overlying glacial sediments
(34, 35) was interpreted to reflect isostatic rebound following
the retreat of glaciers, leading to fracture intensification and in-
creased permeability (34). Alternatively, vertical migration of
over-pressured hydrocarbons has been proposed for the Appala-
chian Basin in response to tectonic deformation and catagensis
(i.e., natural gas induced fracturing) during the Alleghenian
Orogeny (38-40). This deformation resulted in joints that cut
across formations (J,) in Middle and Upper Devonian formations
(39). In addition, the lithostatic and isostatic rebound following
glacial retreat significantly increased fracture intensification and
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permeability in the Upper Devonian aquifers within our study
area.

We hypothesize that regions with the combination of deep high
hydrodynamic pressure and enhanced natural flow paths (i.e.,
fracture zones) (39, 41, 42) could induce steep hydraulic gradients
and allow the flow of deeper fluids to zones of lower hydro-
dynamic pressure (43, 44). The higher frequency of the saline
type D water occurrence in valleys (Table S1) is consistent with
hydrogeological modeling of regional discharge to lower hydro-
dynamic pressure in the valleys with greater connectivity to the
deep subsurface (43-45).

The possibility of drilling and hydraulic fracturing causing
rapid flow of brine to shallow groundwater in lower hydrody-
namic 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 (approximately 30 cc/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 overlying
freshwater aquifers via fractures and faults (43, 44). The faults are
often connected to local and regional discharge areas (i.e., val-
leys) where the methane contamination is observed (43). 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 year (46).

This study shows that some areas of elevated salinity with type
D composition in NE PA were present prior to shale-gas devel-
opment 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 the Marcellus Formation suggests that these areas
could be at greater risk of contamination from shale gas devel-
opment because of a preexisting network of cross-formational
pathways that has enhanced hydraulic connectivity to deeper geo-
logical formations (43). Future research should focus on system-
atically monitoring these areas to test potential mechanisms of
enhanced hydraulic connectivity to deeper formations, confirm
the brine source, and determine the timescales for possible brine
migration.

Methods

Drinking water wells were purged until pH, electrical conductance, and
temperature were stabilized. Samples were collected prior to any treatment
systems and filtered/preserved following USGS protocols (47). All major
element and isotopic chemistry analyses were conducted at Duke University.
Major anions were determined by ion chromatography, major cations by
direct current plasma optical emission spectrometry, and trace metals by
VG PlasmaQuad-3 inductively coupled plasma mass-spectrometry. Alkalinity
was determined by titration with HCl to pH 4.5. Stable isotopes were deter-
mined by continuous flow isotope ratio mass spectrometry using a Thermo-
Finnigan TCEA and Delta + XL mass spectrometer at the Duke Environmental
Isotope Laboratory (DEVIL). Analytical precisions for §'80 and 62H were
estimated as +0.1%0 and =+1.5%o, respectively. Radium isotope analyses
(?5Ra and 2%8Ra) were measured at the Laboratory for Environmental Ana-
lysis of RadioNuclides (LEARN) using a Durridge RAD7 radon-in-air monitor
(%%°Ra) and Canberra DSA2000BEGe gamma detector (??Ra) following
methods described in (29) and (48). Strontium isotopes were analyzed
by a thermal ionization mass spectrometer on a ThermoFisher Triton. The
mean & Sr/86Sr of the Standard Reference Material-987 standard was
0.710266 + 0.000005 (SD).
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(mg/L)

12

10
20
21
13

10

18

12

12

10

14
14
18

22

14

15

13

22

13

14

12

17

11

52

15

10

Ba (mg/L) Li(ng/L)

0.11

0.10

0.16

0.22

0.15

0.15

0.15

0.14

0.05

0.05

0.15

0.03

0.10

0.18

0.04

0.12

0.10

0.22

0.05

0.02

0.08

0.10

0.06

0.28

0.23

0.06

0.08

0.06

0.06

1.59

0.05

0.04

0.18

0.15

0.17

0.05

0.13

0.01

0.16

0.12

0.10

0.05

0.04

0.15

0.03

0.03

0.08

0.19

0.26

0.25

0.12

0.16

0.16

0.04

0.05

0.11

0.07

24

20

20

35

29

26

15

17

14

16

10

17

26

13

39

33

24

28

41

13

15

16

10

17

32

18

15

22

19

13

32

17

20

15

12

Ra-226
(pCi/L)

0.14

na

na

na

na

na

na

na

na

na

0.22

na

na

na

na

na

0.08

0.21

na

na

0.14

na

na

0.24

na

0.14

na

na

na

0.66

0.14

0.14

0.13

0.13

0.19

na

na

na

na

na

na

na

0.08

na

na

na

0.40

na

na

na

na

na

na

na

na

Ra-228
(pCi/L)

0.15

na

na

na

na

na

na

na

na

na

0.13

na

na

na

na

na

0.05

na

na

na

0.11

na

na

0.21

na

na

na

na

0.28

0.17

0.16

0.18

0.20

na

na

na

na

na

na

na

0.16

na

na

na

0.24

na

na

na

na

na

na

na

na

¥7sr/%sr

0.71327
0.71342
0.71329
0.71343
0.71349
0.71328
0.71317
0.71339
0.71554
0.714461
0.71354

0.71485

0.71345

0.71318
0.71299

0.71444

0.71306

0.71304

0.71304

0.71725
0.71501
0.71190

0.71275

0.71368
0.71629
0.71302
0.71224
0.71091
0.71119
0.71405
0.71360

0.71348

0.71166

0.71393

0.71175
0.71271

0.71225

0.71503

0.71369

62H

-65.0

-62.4

-69.3

-64.2

-62.9

-63.7

-63.7

-63.8

-67.4

-62.4

-66.2

-66.4

-58.8

-61.9

-59.1

-62.7

-64.5

-67.0

-64.7

-69.3

-64.1

-73.4

-72.7

-69.1

-69.2

-67.2

-64.7

-65.0

-58.7

-64.8

-64.0

-70.6

-65.2

-61.9

-62.3

-63.5

-58.0

-66.8

-63.4

-66.5

-59.2

-65.8

-63.1

-57.3

-56.9

-58.7

-69.0

-64.6

-72.0

-68.6

-67.8

-64.8

-62.9

-63.5

-64.3

6180

-10.3

-10.9

-10.1

-9.9

-9.9

-10.5

-10.3

-10.1

-9.2

-10.1

-10.6

-11.0

-10.3

-11.3

-10.3

-11.4

-11.1

-10.6

-10.6

-10.4

-10.4

-10.5

-10.1

-10.0

-10.1

-10.2

Rep.
Well
Depth
(feet)

200

175

200

400

150

117

250

274

250

390

270

430

375

300

150

375

300

250

225

250

400

260

195

57

375

305

270

275

200

438

330

45-50

20

240

100

195

500

400

Water
Type

Distance Distance

Distance

to nearest to Valley to Valley

NG well
(km)

5.33

4.86

5.15

5.17

2.74

3.19

4.90

4.39

3.65

1.72

1.72

1.48

0.27

2.48

0.23

1.98

0.20

0.22

1.57

2.72

2.20

0.16

0.13

0.32

0.16

0.29

0.05

0.28

1.39

0.65

1.46

0.55

2.49

2.16

1.98

0.87

3.55

3.40

3.40

0.11

1.77

1.25

0.69

1.20

2.44

2.07

0.43

0.27

0.54

114

1.06

0.63

0.78

1.52

4.52

2.96

Center

Line* (km) Line? (km)

0.87

1.08

0.72

0.51

0.06

0.52

0.86

0.06

3.07

1.68

1.30

1.36

0.57

1.72

3.02

2.90

1.97

0.91

2.10

2.00

1.83

1.43

212

1.30

114

1.02

1.92

0.91

0.70

0.20

1.24

2.23

0.85

0.87

2.78

1.71

131

1.67

1.67

1.19

0.54

0.15

0.14

0.11

0.10

0.07

0.62

2.31

1.43

1.95

0.38

1.20

0.31

1.89

1.09

0.10

Center

0.85

1.39

0.67

0.52

0.06

0.52

0.86

0.06

2.12

0.08

0.39

0.36

0.54

0.55

0.87

0.51

0.51

0.07

111

0.56

0.38

0.33

0.50

0.05

0.07

0.07

0.93

0.02

0.70

0.20

1.24

0.32

0.85

0.87

114

0.50

0.05

123

123

0.58

0.54

0.15

0.14

0.38

0.11

0.10

0.07

0.34

0.88

1.24

0.38

0.40

0.31

0.64

0.48

0.10

Digital
Elevation
model (m)

402

455

405

387

335

374

431

337

536

470

484

476

465

463

512

502

430

343

496

484

471

387

439

360

355

351

406

343

341

277

419

394

397

518

471

452

462

465

465

297

448

291

330

526

292

317

310

471

457

414

392

322

371

452

531

492

414

Aquifer

Type

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Alluvium

Dlh

Dlh

Dlh

Dck

Dck

Dck

Dck

Dck

Dck

Dlh

Dlh

Dlh

Dck

Dck

Dck

Dck

Dck

Dck

Dck

Dlh

Dlh

Alluvium

Dlh

Dck

Dck

Dck

Dck



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

108

109

110

111

112

113

114

115

116

117

118

119

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

Spring

Spring

Spring

Spring

Spring

Spring

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

GW

6.67

8.08

7.4

7.87

na

7.33

7.56

7.71

7.86

7.65

7.27

6.88

6.94

8.65

8.65

7.58

6.77

7.78

6.71

6.53

6.09

7.75

7.25

7.69

6.3

6.29

5.91

5.97

5.96

5.55

6.35

5.97

8.85

6.95

8.30

6.58

9.32

6.59

6.45

8.24

8.04

7.23

8.08

7.76

8.89

7.29

7.81

9.07

8.14

8.3

8.28

7.6

7.94

7.48

7.44

7.62

7.38

7.9

8.07

7.68

7.93

6.01

116

214

277

273

na

295

237

320

324

461

305

250

315

127

64

241

158

237

153

145

133

261

305

278

148

229

114

66

155

140

57

54

492

354

450

315

529

243

473

240

320

176

456

335

308

275

406

520

294

389

335

513

348

272

515

380

372

252

351

463

475

298

55

116

148

146

146

149

124

173

173

262

159

124

160

92

44

132

79

123

85

73

65

152

172

150

74

117

63

30

78

86

29

26

291

246

269

177

297

141

285

142

266

89

303

195

166

149

198

307

180

190

145

202

158

298

215

211

136

198

263

291

159

18

16

19

18

15

15

17

18

17

13

10

18

40

0.02

0.02

0.05

0.02

0.02

0.02

0.02

0.02

0.02

0.07

0.02

0.02

0.09

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.01

0.04

0.05

0.05

0.02

0.02

0.08

0.02

0.14

0.04

0.08

0.02

0.14

0.08

0.10

0.05

0.04

0.09

0.05

0.07

0.03

0.06

0.04

0.08

0.08

0.04

0.10

0.02

0.02

0.02

0.02

0.02

0.02

0.03

0.02

0.04

0.13

0.74

1.43

0.33

1.00

1.36

0.01

0.01

0.01

0.02

0.70

0.80

2.55

0.22

0.74

0.22

0.39

0.24

1.02

0.58

1.32

0.57

2.73

0.21

1.07

1.43

137

0.43

5.51

6.22

0.33

0.08

0.06

0.69

0.02

7.57

0.03

0.06

131

1.43

131

0.03

0.01

0.04

0.32

2.10

0.02

0.00

0.01

0.02

0.05

0.02

0.05

0.01

0.10

0.01

0.01

0.28

0.01

0.01

1.72

4.67

6.15

11.42

15.95

12.25

7.50

17.25

12.06

10.21

13.33

20.33

15.93

12.75

14.72

10.11

7.58

9.80

9.24

11.99

12.23

11.85

9.36

9.65

16.30

10.15

13.62

14.52

9.40

5.86

10.19

9.78

6.54

7.79

5.84

7.89

1.60

16.71

3.11

18.44

9.98

8.33

3.72

2.94

12.88

15.06

5.80

10.51

7.82

9.85

8.48

4.02

30.25

8.45

19.56

23.79

23.26

39.18

13.20

8.16

22.32

13.19

13.99

59

132

145

161

149

125

129

205

197

294

176

117

143

98

42

145

83

134

83

74

66

171

156

173

67

116

58

26

62

46

26

17

304

284

300

143

335

120

290

148

293

106

320

191

160

202

319

203

252

224

188

153

326

230

135

219

293

339

89

12

29

42

35

44

38

30

38

36

51

36

31

43

22

11

36

19

26

17

15

17

34

40

31

16

25

16

20

17

22

34

34

30

21

12

26

26

27

39

13

27

25

20

51

37

19

46

30

36

25

27

50

19

35

11

11

15

10

11

12

16

16

11

13

14

0.03

0.07

0.07

0.48

0.07

0.17

0.28

0.37

134

0.44

0.28

0.21

0.06

0.03

0.60

0.05

0.53

0.19

0.19

0.10

0.90

1.06

0.60

0.10

0.20

0.06

0.02

0.04

0.05

0.03

0.03

0.12

119

0.08

0.20

0.15

0.12

0.43

0.52

0.83

0.25

1.09

0.22

0.24

0.22

0.91

0.85

0.84

0.42

0.40

0.41

1.82

0.63

2.13

0.28

0.39

194

0.65

2.09

0.27

10

11

13

28

10

15

12

16

11

112

66

101

24

119

23

103

19

84

15

83

43

57

17

37

109

35

72

46

45

36

38

47

35

22

14

a1

31

82

13

0.05

0.02

0.05

0.08

0.16

0.05

0.03

0.31

0.22

0.10

0.20

0.30

0.14

0.02

0.02

0.10

0.09

0.11

0.09

0.05

0.06

0.34

0.33

0.15

0.07

0.11

0.05

0.03

0.03

0.05

0.02

0.02

0.06

0.30

0.04

0.18

0.07

0.03

0.06

0.06

0.32

0.10

0.26

0.14

0.45

0.12

0.12

0.32

0.50

0.74

0.47

0.07

0.26

0.09

0.45

0.08

0.03

0.18

0.66

0.09

0.75

0.20

11

12

26

10

14

16

18

29

24

17

14

14

20

12

15

14

25

16

173

82

348

50

380

149

33

65

615

66

53

84

11

48

208

36

80

62

43

6

37

66

36

28

76

30

164

10

na

na

na

na

na

na

na

na

0.65

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

0.35

na

0.09

0.14

0.21

na

0.28

0.18

0.33

0.23

na

na

0.37

0.30

0.56

0.10

0.51

0.31

0.76

0.33

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

0.36

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

0.25

na

0.10

0.16

0.18

na

0.21

0.22

na

0.18

na

na

0.34

0.27

0.41

0.10

0.47

0.33

0.75

0.22

na

na

na

na

na

na

na

na

na

na

0.71448

0.71661

0.71104

0.71218

0.71212

0.71441

0.71320

0.71182

0.71172

0.71120

0.71117

0.71433

0.71365

0.71337

0.71245

0.71202

0.71321

0.71296

0.71226

0.71289

0.71030

0.71225

0.71206

0.71253

0.71286

0.71291

0.71385

0.71443

0.71391

0.71500

0.71157

0.71089

0.71180

0.71401

0.71437

0.71341

0.71108

0.71175

0.71346

-69.2

-66.3

-62.5

-64.5

-58.0

-61.3

-63.6

-64.6

-70.5

-69.2

-66.2

-68.0

-62.3

-62.6

-58.4

-63.4

-62.0

-60.9

-63.9

-55.1

-64.8

-63.9

-60.2

-64.1

-62.2

-55.5

-53.9

-56.4

-60.0

-61.8

-60.1

-65.4

-66.6

-67.1

-65.6

-68.2

-65.1

-65.4

-66.6

-73.1

-75.4

-71.8

-63.0

-71.9

-71.3

-68.4

-64.3

-67.5

-68.9

-65.8

-62.6

-64.9

-63.3

-10.3

-10.0

-10.1

-9.2

-9.8

-10.0

-9.3

-10.0

-8.4

-10.2

-9.8

-9.7

-9.2

-9.2

-10.2

-10.1

-10.3

-10.5

-10.3

-10.1

-10.4

-10.8

-10.4

-10.5

-10.0

-10.3

-10.2

-10.3

150

300

200

138

100

104

175

200

100

300

500

154

485

280

100

300

180

380

280

180

250

280

180

210

175

700

160

200

250

30

125

127

180

80

140

390

275

186

100

300

3.29

4.35

4.06

0.19

1.24

0.48

0.54

0.52

2.15

114

2.19

0.29

1.56

1.04

1.24

2.00

2.46

1.07

2.34

0.71

0.90

1.02

0.78

1.00

0.89

4.58

134

0.65

1.43

2.65

0.72

0.71

0.71

179

0.32

0.22

1.05

0.67

0.21

0.84

3.51

2.88

0.12

2.46

2.61

0.11

0.45

2.10

0.56

0.27

137

2.47

1.89

0.80

1.02

0.34

2.96

0.55

2.15

0.37

5.50

0.41

0.41

0.16

0.97

1.78

0.41

0.26

0.15

0.15

0.69

0.88

1.25

0.77

0.67

1.29

0.57

0.81

0.44

0.28
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120 GW 6.69 439 238 59 0.04 5.20 19.47 134 68 6 0.10 14 0.07 6 na na -60.7 -9.7 C 0.35 2.96 0.89 508 Dck

121 GW 6.88 516 258 63 0.08 1.36 15.46 170 38 12 0.20 44 0.07 50 0.24 0.26 0.71473  -64.6 -9.9 C 0.53 0.04 0.04 274 Dlh
122 GW 6.35 274 139 36 0.05 0.81 14.36 82 29 7 0.16 12 0.08 3 0.12 0.17 0.71446  -62.6 -9.6 260 C 1.60 131 131 409 Dlh
123 GW 8.58 688 403 69 0.15 3.82 18.76 329 25 8 0.17 117 0.08 122 0.20 0.13 0.71443  -63.9 -9.8 265 C 1.55 0.88 0.88 424 Dck
124 GW 7.66 293 150 24 0.05 4.39 10.80 123 31 11 0.23 8 0.17 13 0.12 0.17 -66.1  -10.3 360 C 4.34 1.80 0.47 513 Dck
125 GW 6.06 386 198 73 0.04 6.35 9.65 78 28 6 0.28 36 0.14 7 na na 0.71136  -61.7 -9.4 351 C 1.25 0.27 0.12 348 DIh
126 GW 6.01 349 196 46 0.09 0.63 15.12 111 27 6 0.11 47 0.07 1 na na 0.71325 -53.4 -8.3 305 C 0.31 0.04 0.04 307 Dlh
127 GW 7.02 296 157 31 0.05 5.29 12.98 121 35 3 0.12 11 0.06 5 na na -64.3 -9.8 C 1.92 1.16 0.32 521 Dck
128 GW 6.74 627 345 112 0.08 30.96 21.05 134 56 9 0.15 50 0.19 19 na na 0.71353  -70.7 -9.9 40 C 111 0.44 0.20 408 DIh
129 GW 6.95 473 251 79 0.04 13.01 18.65 110 48 6 0.10 31 0.11 15 na na -66.4  -10.0 65 C 1.02 0.59 0.19 410 DIh
130 GW 6.31 280 143 23 0.02 0.70 15.06 114 31 5 0.12 13 0.05 8 na na -65.5 -9.5 375 C 1.30 1.52 0.80 424 Dck
131 Spring 5.98 175 87 27 0.05 3.95 9.56 35 13 6 0.02 10 0.01 140 na na 0.71446  -58.6 -9.3 C 1.60 131 131 409 Dlh
132 GW 8.04 418 220 59 0.56 0.02 2.48 153 27 9 0.68 47 2.12 144 na na 0.71346  -65.3 -10.3 150 D 4.25 0.18 0.11 343 Dck
133 GW 6.27 290 175 21 0.09 2.27 11.47 171 41 8 0.45 7 0.09 13 na na 0.71343  -64.5 -10.6 340 D 0.39 3.15 0.74 522 Dck
134 GW 6.94 800 327 197 1.75 0.03 0.31 31 21 6 0.94 84 1.44 514 0.47 0.28 0.71201 -69.4 -11.5 220 D 3.37 0.05 0.05 270 Dck
135 GW 7.11 497 301 29 0.26 1.30 0.58 293 28 6 2.35 90 0.06 64 0.49 0.31 0.71037 -64.0 -10.1 250 D 0.16 0.64 0.64 386 Dlh
136 GW 6.62 604 335 57 0.50 1.32 0.01 299 18 3 1.45 107 0.78 95 na na 0.71034 -65.2 -10.0 200 D 0.21 0.69 0.69 388 DIh
137 GW 7.06 524 312 30 0.28 1.30 1.28 319 36 9 1.13 77 0.55 64 0.95 0.52 0.71453  -62.1 -9.8 240 D 0.51 0.16 0.16 280 DIh
138 GW 8.53 417 245 22 0.18 11.86  11.02 208 36 8 151 52 0.06 83 0.46 na 0.71258 -72.3  -10.9 200 D 0.63 1.57 0.62 290 Dck
139 GW 6.99 275 146 21 0.13 1.78 13.91 116 35 8 0.28 9 0.06 8 0.19 0.19 -65.1  -10.1 475 D 0.13 1.80 0.56 442 Dck
140 GW 8.38 324 204 45 0.42 0.02 0.69 185 22 7 0.68 37 0.69 16 0.32 0.22 -64.6  -10.2 300 D 3.64 0.04 0.03 265 Dck
141 GW 9.34 525 316 54 0.48 0.01 0.60 272 4 1 0.34 122 0.19 678 na na 0.71232 -65.2 -10.4 220 D 271 0.43 0.15 278 Dck
142 GW 7.46 469 228 60 0.32 0.01 12.49 148 48 8 0.95 26 0.43 67 1.18 0.29 -61.5 -9.5 D 0.26 0.07 0.07 278 Alluvium
143 GW 7.65 441 243 59 0.43 0.01 4.19 161 23 3 0.43 73 0.40 216 na na -60.9 -9.3 D 1.43 0.14 0.14 290 Alluvium
144 GW 7.30 474 241 33 0.09 0.02 10.21 236 59 11 0.88 11 1.18 24 na na 0.71015 -64.1 -9.8 303 D 0.50 0.05 0.05 302 Dlh
145 GW 7.56 1088 558 183 1.19 0.02 2.69 365 85 18 3.50 85 2.42 237 1.26 0.47 0.70991 -60.9 -9.4 305 D 0.47 0.06 0.06 308 DIh
146 GW 7.80 628 330 71 0.50 0.01 0.10 232 41 14 3.00 87 1.25 127 na na 0.70983  -63.1 -9.6 307 D 0.82 0.02 0.02 304 DIh
147 GW 7.23 4700 2385 1412 9.51 7.23 0.10 399 254 47 23.11 437 13.97 1701 3.54 1.63 0.70962 -63.6 -9.8 293 D 151 0.08 0.08 293 Dlh
148 GW 7.72 1080 547 191 1.51 0.01 1.69 319 33 9 2.40 152 3.35 212 2.03 0.77 0.71198 -65.0 -10.0 75 D 0.15 0.61 0.12 292 Dlh
149 GW 8.37 1180 570 292 2.26 0.02 0.00 179 22 4 2.74 160 1.50 302 na na 0.71183 -68.5 -10.6 212 D 3.22 0.12 0.12 337 Dck
150 GW 8.2 3568 2058 1003 9.99 5.40 30.82 266 105 20 1.80 752 1.82 853 154 110 0.71173 -71.8  -10.3 D 0.67 211 0.14 321 DIh
151 GW 8.13 808 644 143 1.13 0.11 0.11 276 42 9 4.10 310 2.12 488 na na 0.71175 -69.6  -10.5 90 D 0.73 1.16 0.09 272 Dlh
152 GW 7.84 1951 919 425 3.00 0.02 1.59 252 66 12 9.79 278 5.24 692 na na 0.70960 -65.5 -9.6 37 D 0.40 0.01 0.01 298 Dlh
153 GW 8.52 1452 789 368 2.55 0.01 237 199 26 5 1.92 285 1.50 42 na na 0.71187 -68.0 -9.9 250 D 113 0.12 0.12 219 Dlh
154 GW 7.64 695 355 108 0.73 0.01 18.16 187 48 11 1.18 76 0.55 233 na na 0.71287 -64.3 -9.6 D 3.88 0.28 0.28 232 Alluvium
155 GW 8.15 688 391 178 1.25 0.01 0.08 175 52 9 0.86 64 0.35 38 na na 0.71277 130 D 0.24 0.07 0.07 278 Alluvium
156 S:ilrtlg 7.59 11950 6418 4014 37.9 1.69 0.65 169 370 61 48.5 1800 84.4 4345  18.42 9.27 0.71115 -63.7 -9.8 800 D 221 0.31 0.31 426 Dek
157 GW 7.85 1791 1151 623 5.10 0.01 5.30 163 58 11 4.10 364 6.22 663 na na 0.71155 -65.2  -10.3 100 D 1.60 0.01 0.01 358 Dlh
158 GW 8.08 2050 328 141 1.08 0.01 0.10 40 9 3.01 134 2.99 142 na na -71.6  -10.6 125 D 0.78 1.15 0.02 271 Dlh

Table S1. Analytical results for shallow groundwater samples collected during this and previous studies (4, 30). Blank spaces= no reported data. na = no available data. Alluvium = Alluvium Aquifer, Dck = Upper Devonian
Catskill Formation, Dlh = Upper Devonian Lock Haven Formation. * Distance calculated with respect to the national stream network. > Distance determined manually in reference to the digital elevation model (DEM) layer
valley centers.



Formation Source Sample Age cl Br S04 Ca Mg Sr Na Ba Ra-226 Ra-228 87Sr/%Sr 5°H 80 TDS ppm

Ref Name ppm ppm ppm ppm ppm ppm ppm ppm pCi/L pCi/L Y00 %0
Berea Ss. 22,24 M1 L. Miss. 32,579 228 88 4,520 972 221 11,381 0.710800 -335 -4.9
Berea Ss. 22,24 M4 L. Miss. 87,881 894 412 15,320 3,281 609 30,457 -35.4 -2.7
Berea Ss. this study ! M1 L. Miss. 32,579 228 88 4,548 1,092 173 12,279 12 0.710886
Berea Ss. this study ! M4 L. Miss. 87,881 894 412 16,078 3,293 476 32,101 8 0.711479
Organic-rich Sh. 22,24 D6 U. Dev. 60,903 602 194 9,560 1,604 123 25,327 0.718300 -42.4 -5.7
Organic-rich Sh. 22,24 D7 U. Dev. 80,542 783 127 12,360 2,066 180 30,503 -38.9 -4.7
Organic-rich Sh. 22,24 D14 U. Dev. 60,655 675 184 10,000 1,920 104 23,289 0.715800 -37.9 -4.6
Organic-rich Sh. 22,24 D17 U. Dev. 60,655 675 184 10,000 1,920 104 23,289 -47.2 -5.5
Venango Grp. Ss. 22,24 D24 U. Dev. 70,581 642 483 10,920 1,798 171 27,457
Venango Grp. Ss. 22,24 D33 U. Dev. 99,792 918 564 18,720 2,333 128 34,510 -39.7 -3.1
Bradford Grp. Ss. 22,24 D10 U. Dev. 61,399 653 - 8,640 1,823 85 23,198 0.719000 -39.3 -5.1
Bradford Grp. Ss. 22,24 D27 U. Dev. 62,108 631 119 11,160 1,458 84 24,411 -41.2 -4.6
Bradford Grp. Ss. 22,24 D29 U. Dev. 131,697 944 62 24,760 2,430 2,317 44,586 -43.5 -5.8
Bradford Grp. Ss. 22,24 D30 U. Dev. 148,784 1,037 - 30,760 2,965 3,601 57,548 -39.2 -4.7
Bradford Grp. Ss. 22,24 D31 U. Dev. 81,003 692 706 12,680 1,823 74 29,770 -40.9 -5.1
Bradford Grp. Ss. 22,24 D32 U. Dev. 83,095 734 314 12,760 1,944 77 32,701 -46.7 -4.7
Bradford Grp. Ss. 22,24 D34 U. Dev. 91,213 804 110 15,800 2,138 325 30,114 -39.8 -4.5
Bradford Grp. Ss. 22,24 D37 U. Dev. 45,376 463 1,182 8,440 1,191 47 19,305 -55.6 -7.1
Bradford Grp. Ss. 22,24 D38 U. Dev. 96,424 984 657 16,080 2,430 126 34,739 -40.4 -4.3
Bradford Grp. Ss. 22,24 D39 U. Dev. 72,070 723 286 10,880 1,774 62 29,060 0.720500 -42.9 -5.1
Bradford Grp. Ss. 22,24 D40 U. Dev. 72,566 730 249 10,960 1,677 52 27,343 0.721000 -40.0 -5.1
Upper Devonian 6 ED-82-01 U. Dev. 122,000 1,170 4 18,000 2,520 691 56,700 171 -39.0 -2.5
Upper Devonian 6 ED-82-02 U. Dev. 123,000 1,180 1 18,800 2,500 1,490 58,300 843
Upper Devonian 6 ED-82-03 U. Dev. 123,000 1,100 19,000 2,520 1,470 58,500 815
Upper Devonian 6 ED-82-04 U. Dev. 111,000 1,070 8 17,100 2,410 1,290 52,100 1020
Upper Devonian 6 ED-82-05 U. Dev. 151,000 1,340 2 24,700 2,880 2,340 63,500 1840
Upper Devonian 6 ED-82-06 U. Dev. 155,000 1,350 11 25,100 2,850 2,420 63,700 2010 1900
Upper Devonian 6 ED-82-07 U. Dev. 181,000 1,250 18 34,400 3,140 6,080 71,900 698
Upper Devonian 6 ED-82-08 U. Dev. 70,600 622 5 11,000 1,650 404 30,600 174
Upper Devonian 6 ED-82-09 U. Dev. 151,000 1,210 140 24,500 2,970 1,420 61,900 7 200 -35.0 -1.9
Upper Devonian 6 ED-82-10 U. Dev. 105,000 983 50 14,900 2,150 578 47,400 623 -39.0 -3.0
Upper Devonian 6 ED-82-11 U. Dev. 123,000 1,190 1 17,700 2,600 936 58,900 668 -39.0 -2.0
Venango Second 6 ED-82-13 U. Dev. 57,400 586 270 8,150 1,570 129 25,000 2
Venango First and Third 6 ED-82-15 U. Dev. 35,400 365 8 3,930 910 124 15,200 355
Venango Second and Third 6 ED-82-23 U. Dev. 50,000 472 17 6,490 1,400 137 21,800 52 -39.0 -5.6
Red Valley 6 ED-82-12 U. Dev. 6,780 94 2 1,580 195 22 3,400 17
Glade 6 ED-82-14 U. Dev. 80,500 800 570 12,700 2,110 117 35,000 1
Glade 6 ED-82-16 U. Dev. 63,200 792 390 11,800 2,050 152 30,000 3
Glade 6 ED-82-17 U. Dev. 55,800 609 350 8,680 1,510 141 24,000 ND
Glade 6 ED-82-18 U. Dev. 67,800 835 850 12,600 2,180 151 31,000 ND -41.0 -4.4
Cooper 6 ED-82-19 U. Dev. 5,760 99 4 920 100 5 3,000 7
Kane 6 ED-82-20 U. Dev. 44,000 436 14 5,780 1,150 191 19,800 ND
Cooper 6 ED-82-21 U. Dev. 41,200 437 310 6,110 1,040 39 17,400 ND
Upper Devonian SS this study PAGB-3a U. Dev. 87,000 780 93 13,677 1,740 160 37,054 69
Upper Devonian SS this study PAGB-4a U. Dev. 90,000 826 36 14,786 1,777 216 36,350 165
Organic-rich Sh. this study ! D6 U. Dev. 60,903 602 194 9,419 1,692 107 27,883 10 0.718347
Organic-rich Sh. this study ! D14 U. Dev. 60,655 675 184 10,375 2,050 96 25,402 13 0.715800
Bradford Grp. Ss. this study ! D27 U. Dev. 62,108 631 119 10,693 1,535 82 26,187 22 0.719459
Bradford Grp. Ss. this study ! D31 U. Dev. 81,003 692 706 12,639 1,912 72 31,107 7 0.719670
Bradford Grp. Ss. this study ! D32 U. Dev. 83,095 734 314 13,098 2,004 72 32,771 8 0.720131
Venango Grp. Ss. this study ! D33 U. Dev. 99,792 918 564 18,243 2,504 115 39,383 8 0.719725
Bradford Grp. Ss. this study ! D34 U. Dev. 91,213 804 110 14,707 2,083 266 35,642 13 0.716113
Bradford Grp. Ss. this study ! D37 U. Dev. 45,376 463 1,182 7,937 1,308 47 20,517 7 0.722000
Bradford Grp. Ss. this study ! D40 U. Dev. 72,566 730 249 10,770 1,718 61 28,950 10 0.721026
Marcellus Sh. 21 BR-Al M. Dev. 77,000 6,120 538 1,970 30,400 5490 0.710653
Marcellus Sh. 21 BR-A2 M. Dev. 159,000 20,800 1,750 5,230 49,400 12000 0.710270
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333,000



Marcellus Sh. this study2 4-7 M. Dev. 75,000 733 34 10,308 1,134 1,732 32,622 771 3548 0.710185

Marcellus Sh. this study2 4-15 M. Dev. 68,000 668 29 10,884 1,235 1,611 31,628 1746 5863 0.711197
Marcellus Sh. this study2 4-20 M. Dev. 66,000 655 32 9,138 1,178 1,321 24,735 1388 5383 0.711220
Ridgeley 6 ED-82-37 L. Dev. 58,900 349 2 8,930 797 4,400 24,400 1510 -41.0 -0.5
Ridgeley 6 ED-82-38 L. Dev. 133,000 763 17,600 1,580 8,930 61,300 3890 -51.0 -1.7
Ridgeley 6 ED-82-39 L. Dev. 174,000 1,010 1 23,800 2,050 13,100 79,900 4370 5000
Ridgeley 6 ED-82-40 L. Dev. 207,000 1,130 28,400 2,390 12,800 83,300 3680 -42.0 2.0
Medina Ss. 6 ED-82-22 L Sil. 93,000 943 400 16,600 2,050 477 37,600 ND
Medina Ss. 6 ED-82-27 L Sil. 159,000 2,240 280 41,600 4,150 1,610 42,400 500
Medina Ss. 6 ED-82-28 L Sil. 151,000 1,860 360 26,900 2,750 1,030 59,900 4
Medina Ss. 6 ED-82-29 L Sil. 187,000 270 36,300 3,790 1,430 78,900 4 -38.0 -3.1
Medina Ss. 6 ED-82-30 L Sil. 130,000 1,490 260 22,000 2,160 893 51,100 3 -39.0 -3.6
Medina Ss. 6 ED-82-31 L Sil. 159,000 1,990 300 30,100 3,120 1,160 65,300 4
Tuscarora 6 ED-82-36 L Sil. 152,000 1,540 3 25,500 1,370 3,810 70,700 919 5300 -40.0 -2.3
Medina Ss. 22,24 S70 L Sil. 159,383 1,609 262 27,800 2,989 747 60,639
Medina Ss. 22,24 S73 L Sil. 141,623 1,311 164 25,040 3,353 705 54,571 0.711900 -32.3 -39
Medina Ss. this study ! S73 L Sil. 141,623 1,311 164 22,201 2,836 520 45,253 7 0.711954
Utica this study RW-1 Ord. 43,866 440 363 3,717 516 747 19,113 578 157 0.710505

Table S2. Analytical results for produced water and flowback samples collected during this and previous studies (4, 6, 7, 21, 22, 24). * Results from analysis of cation and strontium isotope samples analyzed at Duke University. Data presented for anions of
these samples are originally reported in (22, 24).2 Split samples of GR samples published in (21). If blank, no value reported/recorded. Ss.=sandstones; Sh.=shales; L. Miss.=Lower Mississippian; U. Dev.=Upper Devonian; M. Dev.=Middle Devonian; Sil.=Silurian;
Ord. = Ordovician, ppm = part per million, pCi/L = pico Curie per liter.



Historical and 2010-2011 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 S3. Statistical comparison of major element chemistry in water types A-D in shallow groundwater
samples collected during this and previous (18, 19) studies. p-values > 0.05 for all values indicate that
there is statistical similarity in major element chemistry between the historical data set collected in the
1980’s and the 2010-2011 groundwater when divided by water type. N/A -Not analyzed because of
limited reported values in the historical data for Type C water.



Descriptive Statistics for Each Water Type

95% Confidence
Interval for Mean
Std. Std. Lower Upper
Mean Deviation Error Bound Bound Minimum | Maximum
pH A 88 6.92 a7 .08 6.76 7.08 5.09 8.65
B 29 7.89 .73 A3 7.61 8.16 6.45 9.32
C 13 6.71 .75 .21 6.26 717 5.98 8.58
D 27 7.72 .66 A3 7.46 7.98 6.27 9.34
Total 157 7.22 .86 .07 7.08 7.35 5.09 9.34
Cl (mg/L) 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 26.38 7.32 36.41 68.29 22.79 111.73
D 26 224.06 328.85 64.49 91.23 356.88 20.75 4014.00
Total 157 46.18 154.55 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 6.56 102.34
B 29 23.65 11.94 2.22 19.11 28.20 2.38 51.06
C 13 35.63 14.54 4.03 26.85 44 .42 12.96 68.47
D 27 60.78 77.17 14.85 30.25 91.31 4.24 370.47
Total 158 34.57 35.91 2.86 28.93 40.21 2.38 370.47
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 3.29 11.76
D 27 12.15 12.98 2.50 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 .08 213
C 13 .16 .07 .02 1 .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 31.31 5.81 43.16 66.98 15.45 118.84
C 13 31.42 30.14 8.36 13.21 49.64 7.86 117.29
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
Ba (mg/L) A 89 27 A75 .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 84.439
Total 158 .975 6.818 .542 -.096 2.046 .006 84.439




Descriptive Statistics for Each Water Type

95% Confidence
Interval for Mean
Std. Std. Lower Upper
N Mean Deviation Error Bound Bound Minimum | Maximum
Br/Cl A 89 4.3E-03 | 4.1E-03 | 4.4E-04 | 3.5E-03 | 52E-03| 4.7E-04 | 2.0E-02
(molar) B 29 79E-03 | 6.5E-03 | 1.2E-03 | 55E-03 | 1.0E-02 | 94E-04 | 2.3E-02
C 13 58E-04 | 2.7E-04 | 7.4E-05 | 4.2E-04 | 7.4E-04 | 2.4E-04 | 9.6E-04
D 27 34E-03 | 7.6E-04 | 15E-04 | 3.1E-03 | 3.7E-03 | 1.1E-03 | 4.4E-03
Total 158 45E-03 | 4.6E-03 | 3.6E-04 | 3.8E-03 | 5.2E-03| 2.4E-04 | 2.3E-02
Sr/Ca A 89 4.61E-03 | 4.11E-03 4.36E- 3.74E- 547E- | 5.58E-04 | 2.02E-02
04 03 03
B 29 1.20E-02 | 8.38E-03 1.56E- 8.85E- 1.52E- | 1.65E-03 | 3.08E-02
03 03 02
C 13 2.19E-03 | 1.21E-03 3.36E- 1.46E- 2.92E- | 6.88E-04 | 4.63E-03
04 03 03
D 27 2.62E-02 | 1.81E-02 3.49E- 1.91E- 3.34E- | 3.64E-03 | 6.74E-02
03 02 02
Total 158 9.47E-03 | 1.20E-02 9.54E- 7.58E- 1.14E- | 5.58E-04 | 6.74E-02
_ 04 03 02
873r/%0gr A 53 71332 .00138 .00019 71294 71370 71091 71725
B 25 71283 .00107 .00021 71239 71327 .71030 .71500
C 8 71371 .00110 .00039 71279 71463 71136 71473
D 22 71162 .00138 .00029 71101 71223 .70960 71453
Total 108 71289 .00145 .00014 71261 71317 .70960 71725
“2Ral®Ra A 13 .967 467 129 .685 1.249 422 2.160
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
Distanceto A 89 1.73 1.42 15 1.43 2.03 .05 5.33
nearest B 24 1.21 1.00 20 79 1.64 A1 3.51
Natural Gas
Well (km) C 13 1.72 1.52 42 .80 2.64 31 5.50
D 27 1.33 1.31 25 82 1.85 13 4.25
Total 153 1.58 1.36 11 1.36 1.79 .05 5.50
Distance to A 89 1.03 75 .08 87 1.18 .06 3.07
Valley (km) g 24 1.11 86 17 75 1.48 11 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 to A 89 52 41 .04 43 61 .02 2.12
valley'(km) g 24 47 31 06 34 60 03 1.06
C 13 51 A7 13 22 .80 .04 1.31
D 27 20 23 .04 11 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 (J) 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 1177 .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 1.712
Cl (mg/L) A B -0.237 1.233 1.000 -3.627 3.152
C -46.0968346 7.339 .000 | -68.764 | -23.430
D -217.805 64.495 .014 | -401.061 -34.549
B A 0.237 1.233 1.000 -3.152 3.627
C -45.8594774 7.399 .000 | -68.593 | -23.126
D -217.568 64.502 .014 | -400.837 | -34.298
C A 46.0968346 7.339 .000 23.430 68.764
B 45.8594774 7.399 .000 23.126 68.593
D -171.708 64.906 .077 | -355.778 12.361
D A 217.8051472 64.495 .014 34549 | 401.061
B 217.5677900° 64.502 .014 34.298 | 400.837
C 171.708 64.906 .077 | -12.361 | 355.778
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

Mean
Dependent Difference Std. 95% Confidence
Variable () Type (J) Type (I-J) Error Sig. Interval
Ca(mg/L) A B 6.364 2.668 115 -.902 13.630
C -5.612 4.297 721 -18.428 7.205
D -30.762 14.925 .249 -72.980 11.457
B A -6.364 2.668 115 -13.630 .902
C -11.976 4.601 .094 -25.336 1.384
D -37.125 15.015 110 -79.527 5.276
C A 5.612 4.297 721 -7.205 18.428
B 11.976 4.601 .094 -1.384 25.336
D -25.150 15.388 493 -68.347 18.048
D A 30.762 14.925 .249 -11.457 72.980
B 37.125 15.015 110 -5.276 79.527
C 25.150 15.388 493 -18.048 68.347
Mg(mg/L) A B 0.189 .862 1.000 -2.159 2.537
C -0.548 .830 .984 -2.900 1.805
D -5.511 2.542 .203 -12.677 1.654
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 -12.983 1.583
C A 0.548 .830 .984 -1.805 2.900
B 0.737 .988 .972 -2.009 3.483
D -4.963 2.588 317 -12.228 2.301
D A 5.511 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
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 Difference Std. 95% Confidence
Variable () Type (J) Type (I-J) Error Sig. Interval
Na(mg/L) A B -45.7581696 5.865 .000 -62.246 -29.270
C -22.112 8.394 A1 -48.017 3.793
D -202.785 68.776 .038 | -397.618 -7.951
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 | -352.341 38.288
C A 22.112 8.394 A1 -3.793 48.017
B -23.647 10.183 .154 -52.674 5.380
D -180.673 69.278 .082 | -376.515 15.169
D A 202.7848115 68.776 .038 7.951 | 397.618
B 157.027 69.017 .166 -38.288 | 352.341
C 180.673 69.278 .082 -15.169 | 376.515
Ba (mg/L) A B -0.068 .038 .388 -173 .037
C 0.027 .025 .855 -.041 .095
D -4.901 3.103 .532 -13.691 3.889
B A 0.068 .038 .388 -.037 173
C 0.095 .037 .084 -.008 .198
D -4.833 3.103 547 -13.624 3.958
C A -0.027 .025 .855 -.095 .041
B -0.095 .037 .084 -.198 .008
D -4.928 3.103 .526 -13.718 3.862
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 Difference Std. 95% Confidence
Variable () Type (J) Type (I-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
B -.0098464 .002 .000 -.014 -.005
D -.0240417 .004 .000 -.034 -.014
D A 0216215 .004 .000 012 .032
B .0141953" .004 .004 .004 .025
C 0240417 .004 .000 014 .034
*'Sr/>°Sr A B 0.000 .000 432 .000 .001
C 0.000 .000 926 -.002 .001
D .001700109 .000 .000 .001 .003
B A 0.000 .000 432 -.001 .000
C -0.001 .000 .328 -.002 .001
D .001211504 .000 011 .000 .002
C A 0.000 .000 926 -.001 .002
B 0.001 .000 .328 -.001 .002
D .002088614 .000 .004 .001 .004
D A -.001700109° .000 .000 -.003 -.001
B -.001211504 .000 011 -.002 .000
C -.002088614 .000 .004 -.004 -.001
““Ra/*°Ra A B 0.047 136 .999 -.362 456
C -0.146 209 973 -.871 580
D 0.411 143 .058 -.011 833
B A -0.047 136 .999 -.456 .362
C -0.193 170 811 -1.008 622
D .3639082" 074 .001 149 579
C A 0.146 209 973 -.580 871
B 0.193 170 811 -.622 1.008
D 0.557 175 139 -.226 1.339
D A -0.411 143 .058 -.833 011
B -.3639082" 074 .001 -.579 -.149
C -0.557 175 139 -1.339 226




Multiple Comparisons - Dunnett T3

Mean
Dependent Difference Std. 95% Confidence
Variable () Type (J) Type (I-J) Error Sig. Interval
Distance to A B 0.514 254 249 -179 1.208
RleareSt c 0.006 448 1.000 | -1.333 1.345
atural Gas
Well (km) D 0.395 293 693 -.409 1.199
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 1409
B 0.120 324 999 -.767 1.007
c -0.389 491 961 | -1.807 1.029
Distance to A B -0.086 192 998 -.622 449
\C/z'r'ﬁgﬁ (km) c -0.072 248 1.000 -815 672
D 0.468 A71 052 -.002 939
B A 0.086 192 998 -.449 622
c 0.014 293 1.000 -.818 847
D 0.555 231 115 -.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 71 052 -.939 002
B -0.555 231 415 | -1.188 079
c -0.540 280 318 |  -1.342 262
Distance to A B 0.051 077 985 ~161 263
Valley’(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
B -.2676800° 077 .008 -.481 -.054
c -0.307 138 211 -722 108




Multiple Comparisons - Dunnett T3
Mean
Dependent Difference Std. 95% Confidence
Variable () Type (J) Type (I-J) Error Sig. Interval
DEM (m) A B 6.204 14.226 998 | -32.840 45.249
C -22.130 22.902 903 | -90.478 46.218
D 80.7953782 15.129 .000 39.330 | 122.261
B A -6.204 14.226 998 | -45.249 32.840
C -28.334 24.568 .814 | -99.710 43.041
D 74.5913087 17.550 .001 26.577 | 122.605
C A 22.130 22.902 903 | -46.218 90.478
B 28.334 24.568 .814 | -43.041 99.710
D 102.9254139° 25.102 .003 30.524 | 175.327
D A -80.7953782 15.129 .000 | -122.261 -39.330
B -74.5913087 17.550 .001 | -122.605 | -26.577
C -102.925 25.102 .003 | -175.327 | -30.524

Table S4. Statistical results and comparison between water types for shallow groundwater results. p-values < 0.05
indicate a statistically significant difference between the water types. Note that type-D water is statistically different in
nearly every category.
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S| Methods. For strontium isotope measurements, water samples
were prepared by total desiccation of sample aliquot containing
approximately 2—4 pg of Sr. The dried sample was then digested
in 3 N ultrapure HNOj; and extracted using Teflon microcolumns
containing Eichrom Sr resin. The extracted Sr was then dried
again before digestion with TaCl solution and loaded onto Re
filaments for a final dry down. Distance to natural gas wells was
calculated using data collected from (1).

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 Table S4. Before each statistical
comparison, the normality was verified using a one-sample Kol-
mogorov-Smirnov test. Parameters that did not achieve normality
were transformed using log transformation and verified for nor-
mality. In order to simultaneously test whether several means are
equal [e.g., whether type D (Cl), Br/Cl, and 3Sr/86Sr are signif-
icantly different than the types A-C and the variance observed in
the suite of samples], we performed a post-hoc, one-way ANOVA
for each of the water types (Table S4).

Geological setting. In the northern Appalachian Basin, sedimen-
tary deposition is relatively continuous throughout the Paleozoic
Era, though several unconformities erase sequence records
regionally (e.g., The Tri-States unconformity removes Lower
Devonian strata in western New York, whereas complete se-
quences are found in central New York and northeastern PA) (2).
The sedimentary column represents periods of deposition, burial,
lithification, uplift, and subsequent erosion that form relatively
simple sets of horizontal strata (approximately 1-3 degree dip
to the south and east) derived from various depositional environ-
ments (ranging from proposed deep-to midbasin black shale to
terrestrial red beds) within the Plateau region (northeastern
and western PA and most of NY) (2-5). 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 Algonquin and Findlay arches, and on
the south and east by the Appalachian fold belt (i.e., Valley and
Ridge Province) (6, 7). Bedrock thickness ranges within the basin
from approximately 920 meters along the southern shore of Lake
Ontario in the north (northern NY) to approximately 7,600 me-
ters along the Appalachian structural front in the south. Erosion
has beveled the monocline flat allowing for elongate, east-west
trending outcrop belts of strata across the majority of the Appa-
lachian Plateau physiographic province. The stratigraphic names
and continuity of specific stratigraphic sequences change region-
ally. As a result, we present a simplified stratigraphic reconstruc-
tion in Fig. 2 showing the stratigraphy from western and eastern
PA (2-5, 8, 9). The study area constitutes a transition from the
Valley and Ridge to the Plateau province and includes sequential
low amplitude anticline/syncline structures, numerous thrust
faults, lineaments, joints, and natural fractures (10-15) (Fig. S1).

The Appalachian Basin sedimentary sequence is underlain
by Precambrian crystalline basement rocks of the (Grenville pro-
vince) Canadian Shield (2). The Appalachian Basin consists pri-
marily of sedimentary sequences of Ordovician to Pennsylvanian
age that are derived from the Taconic (approximately 450 Ma),
Acadian (approximately 410-380 Ma), and Alleghanian (approxi-
mately 330-250 Ma) orogenic events (7, 16). Exposed at its north-
ern extent near Lake Ontario is the Upper Ordovician-Lower
Silurian contact (Cherokee unconformity). Younger deposits
(Upper Silurian, Devonian, and Mississippian) occur in successive
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outcrop belts to the south towards the Appalachian structural
front (2, 4, 5), whereas erosion has removed any post-Pennsylva-
nian deposition within western-central New York and the majority
of our study area within northeastern PA (exceptions noted
in Fig. S1).

The Middle Ordovician Trenton/Black River Group consists of
interbedded limestones and shales overlain by the calcareous
and organic-rich Utica Shale derived primarily by sediment off-
loading from the Taconic orogeny approximately 420 Ma (2, 17,
18). The lower most Silurian age strata is fine-grained Tuscarora
Formation sandstones that are overlain by the middle Silurian
Clinton Group with locally interbedded limestone, dolostone,
sandstone, and shale (Fig. 2). The Upper Silurian is characterized
by the transition from the Silurian Lockport Dolomite/McKenzie
argillaceous limestone to the Bloomsburg red sandstone and
evaporitic Salina Group in the plateau region of the Appalachian
Basin (2, 19, 20). The Salina Group consists of interbedded
shales, dolomites, and primarily salt deposits that act as the
decollement to younger stratigraphic units (21, 22). As a result,
structural folds and faults above the decollement (i.e., Devonian
and younger stratigraphic units) bear no resemblance in deforma-
tion style to those present beneath the Salina Group (21-24).
The transition from Upper Silurian to Lower Devonian is
comprised of the Helderberg Group (layered dolomites and lime-
stones often lost in western NY) and Tri-States Group consisting
of the Oriskany Sandstone and Onondaga and Selinsgrove Lime-
stones, that lie directly beneath the Hamilton Group (4, 9, 25).
The Hamilton Group is an eastward to southeastward thickening
wedge of marine sediments that includes the Marcellus For-
mation.

The Marcellus Formation is an organic-rich, hydrocarbon
producing, siliciclastic-rich black shale present beneath much of
Pennsylvania, New York, and the northeastern US. The Marcel-
lus Formation constitutes the stratigraphically lowest subgroup of
the Middle Devonian Hamilton Group (3, 4, 9, 25) and was de-
posited in the foreland basin of the Acadian Orogeny (approxi-
mately 385-375 Ma). The Marcellus Formation includes two
distinct calcarcous and iron-rich black shale members; i.e., the
Union Springs (lower) and Mount Marion/Oatka Creek (upper)
interrupted by the Cherry Valley limestone (3, 4, 9, 15, 25). 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.g., 23, 26, 27).

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 Ma-
hantango grey shale, locally interbedded by limestones, and the
Tulley limestone. The Upper Devonian consists of thick synoro-
genic sequences of grey shales (i.e., the Brallier Formation),
beneath the Lock Haven Formation sandstone and Catskill For-
mation 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 aqui-
fer 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 Devo-
nian (Lock Haven and Catskill aquifers) began during the onset
of the Alleghanian orogeny in the latest Carboniferous Age (330-
250 Ma). In the plateau physiographic province, deformation is
accommodated by a combination of layer parallel shortening,
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folding that leads to the gentle anticline/syncline sequences, and
low angle thrust faulting structures observable in northeastern PA
(15, 22, 28-35). The initiation of deformation during the Allegha-
nian orogeny also likely led to the onset of catagenesis for the
Marcellus Formation and the joint sets observed in the Upper
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Catskill, and Lock Haven) and underlying formations. Note that the alluvium aquifer is not depicted nor was it included in the source for the well logs (Geo-
logical Sample Co., Farmington, NM); however, it is present and is thicker in valleys than uplands. The vertical separation between the water wells and the
Marcellus Formation ranges between 800-2,000 m with the minimum found at the apex of the anticlinal hinge displayed in S2B. Note that these low amplitude
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Fig. $3. 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 (1, 2). The linear relationship between the different elements and the conservative CI 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-value) between
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for symbol description. Seawater evaporation line is adapted from (3).
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