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Baseline Assessment of Groundwater Quality
in Wayne County, Pennsylvania, 2014

By Lisa A. Senior, Charles A. Cravotta, lll, and Ronald A. Sloto

Abstract

The Devonian-age Marcellus Shale and the Ordovician-
age Utica Shale, geologic formations which have potential
for natural gas development, underlic Wayne County and
neighboring counties in northeastern Pennsylvania. In 2014,
the U.S. Geological Survey, in cooperation with the Wayne
Conservation District, conducted a study to assess baseline
shallow groundwater quality in bedrock aquifers in Wayne
County prior to potential extensive shale-gas development.
The 2014 study expanded on previous, more limited studies
that included sampling of groundwater from 2 wells in 2011
and 32 wells in 2013 in Wayne County. Eighty-nine water
wells were sampled in summer 2014 to provide data on the
presence of methane and other aspects of existing groundwa-
ter quality throughout the county, including concentrations
of inorganic constituents commonly present at low levels in
shallow, fresh groundwater but elevated in brines associated
with fluids extracted from geologic formations during shale-
gas development. Depths of sampled wells ranged from 85 to
1,300 feet (ft) with a median of 291 ft. All of the groundwater
samples collected in 2014 were analyzed for bacteria, major
ions, nutrients, selected inorganic trace constituents (including
metals and other elements), radon-222, gross alpha- and gross
beta-particle activity, selected man-made organic compounds
(including volatile organic compounds and glycols), dissolved
gases (methane, ethane, and propane), and, if sufficient meth-
ane was present, the isotopic composition of methane.

Results of the 2014 study show that groundwater quality
generally met most drinking-water standards, but some well-
water samples had one or more constituents or properties,
including arsenic, iron, pH, bacteria, and radon-222, that
exceeded primary or secondary maximum contaminant levels
(MCLs). Arsenic concentrations were higher than the MCL of
10 micrograms per liter (ug/L) in 4 of 89 samples (4.5 percent)
with concentrations as high as 20 pg/L; arsenic concentrations
were higher than the Health Advisory level of 2 pg/L in 27 of
89 samples (30 percent). Total iron concentrations exceeded
the secondary maximum contaminant level (SMCL) of 300
pg/Lin 9 of 89 samples (10 percent). The pH ranged from 5.4
to 9.3 and did not meet the SMCL range of greater than 6.5 to

less than 8.5 in 27 samples (30 percent); 22 samples had pH
values less than 6.5, and 5 samples had pH values greater than
8.5. Total coliform bacteria were detected in 22 of 89 samples
(25 percent); Escherichia coli were detected in only 2 of those
22 samples. Radon-222 activities ranged from 25 to 7,400
picocuries per liter (pCi/L), with a median of 2,120 pCi/L, and
exceeded the proposed drinking-water standard of 300 pCi/L
in 86 of 89 samples (97 percent); radon-222 activities were
higher than the alternative proposed standard of 4,000 pCi/L in
12 of 89 samples (13.5 percent).

Water from 8 of the 89 wells (9 percent) had concentra-
tions of methane greater than the reporting level of
0.24 milligrams per liter (mg/L) with the detectable methane
concentrations ranging from 0.74 to 9.6 mg/L. Of 16 replicate
samples submitted to another laboratory with a lower reporting
level of 0.0002 mg/L, 15 samples had detectable methane con-
centrations that ranged from 0.0011 to 9.7 mg/L. Of these 15
samples, low levels of ethane (0.00032 to 0.0017 mg/L) were
detected in 6 of 7 samples with methane concentrations greater
than 0.75 mg/L. The isotopic composition of methane in 6 of §
samples with sufficient dissolved methane (about 1 mg/L) for
isotopic analysis is consistent with a predominantly thermo-
genic methane source (sample carbon isotopic ratio "°C,,,
values ranging from -56.36 to -45.97 parts per thousand (%o)
and hydrogen isotopic ratio 3D, values ranging from -233.1
to -141.1 %o). However, the low levels of ethane relative to
methane indicate that the methane may be of microbial origin
and subsequently underwent oxidation. Isotopic compositions
indicated a possibly mixed thermogenic and microbial source
(carbon dioxide reduction process) for the methane in 1 of
the 8 samples (3"°C,,,, of -63.72 and 3D, of -192.3 %o) and
potential oxidation of microbial and (or) thermogenic methane
in the remaining sample (3"°C_,,, of -46.56 and 8D, of
-79.7 %o).

Groundwater samples with relatively elevated methane
concentrations (near or greater than 1 mg/L) had a chemical
composition that differed in some respects (pH, selected major
ions, and inorganic trace constituents) from groundwater with
relatively low methane concentrations (less than 0.75 mg/L).
The seven well-water samples with the highest methane
concentrations (from about 1 to 9.6 mg/L) also had among the
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highest pH values (8.1 to 9.3, respectively) and the highest
concentrations of sodium, lithium, boron, fluoride, arsenic,
and bromide. Relatively elevated concentrations of some other
constituents, such as barium, strontium, and chloride, com-
monly were present in, but not limited to, those well-water
samples with elevated methane.

Groundwater samples with the highest methane concen-
trations had chloride/bromide ratios that indicate mixing with
a small amount of brine (0.02 percent or less, by volume)
similar in composition to that reported for gas and oil well
brines in Pennsylvania. Most other samples with low methane
concentrations (less than about 1 mg/L) had chloride/bromide
ratios that indicate predominantly man-made sources of
chloride, such as road salt, septic systems, and (or) animal
waste. Although naturally occurring brines may originate from
deeper parts of the aquifer system, the man-made sources are
likely to affect shallow groundwater.

Geochemical modeling showed that the water chemistry
of samples with elevated pH, sodium, lithium, bromide, and
alkalinity could result from dissolution of calcite (calcium
carbonate) combined with cation exchange and mixing with
a small amount of brine. Through cation exchange reactions
(which are equivalent to processes in a water softener)
calcium ions released by calcite dissolution are exchanged
for sodium ions on clay minerals. The spatial distribution of
groundwater compositions generally shows that (1) relatively
dilute, slightly acidic, oxygenated, calcium-carbonate type
waters tend to occur in the uplands along the western border of
Wayne County; (2) waters of near neutral pH with the highest
amounts of hardness (calcium and magnesium) generally
occur in areas of intermediate altitudes; and (3) waters with
pH values greater than 8, low oxygen concentrations, and
the highest arsenic, sodium, lithium, bromide, and methane
concentrations can occur in deep wells in uplands but most
frequently occur in stream valleys, especially at low elevations
(less than about 1,200 ft above North American Vertical
Datum of 1988) where groundwater may be discharging
regionally, such as to the Delaware River. Thus, the baseline
assessment of groundwater quality in Wayne County prior
to gas-well development shows that shallow (less than about
1,000 ft deep) groundwater is generally of good quality, but
methane and some constituents present in high concentrations
in brine (and produced waters from gas and oil wells) may
be present at low to moderate concentrations in some parts of
Wayne County.

Introduction

Wayne County, in northeastern Pennsylvania (fig. 1), is
underlain by the Marcellus Shale and, at greater depths, the
Utica Shale. These formations are being developed in western
and northern Pennsylvania for natural gas using unconven-
tional methods that involve hydrofracturing. The Marcellus

Shale is present from depths less than approximately 2,000
feet (ft) to more than 7,000 ft below land surface in Wayne
County (Sloto, 2014), and the Utica Shale is present thousands
of feet below the Marcellus Shale. All residents of largely
rural Wayne County rely on groundwater as a source of
water supply. Drilling and hydraulic fracturing of horizontal
natural gas wells used to develop the shale gas deposits have
the potential to contaminate freshwater aquifers that provide
drinking water and the base flow of streams (Kargbo and
others, 2010; Kerr, 2010; U.S. Environmental Protection
Agency, 2014). Since 2006, permits have been issued for 33
Marcellus Shale gas wells in Wayne County (Pennsylvania
Department of Environmental Protection, 2014b). However,
because of a drilling moratorium imposed by the Delaware
River Basin Commission (DRBC) in 2010 (Delaware River
Basin Commission, 2014), only nine vertical exploratory gas
wells have been drilled in Wayne County (fig. 1) as of January
2014 (Pennsylvania Department of Environmental Protection,
2014a). No horizontal drilling has been done, and no well has
been hydraulically fractured in Wayne County. In contrast, in
neighboring Susquehanna County where the DRBC morato-
rium is not applicable, a total of 1,218 gas wells (fig. 1) have
been drilled from 2005 through August 2015 (Pennsylvania
Department of Environmental Protection, 2015a, b).

Without baseline water-quality data, it is difficult to
determine the effects of natural-gas production activities on
the shallow groundwater chemistry. This study, conducted
by the U.S. Geological Survey (USGS) in cooperation with
Wayne Conservation District, expands upon a preliminary
baseline assessment of groundwater quality done in 2013 by
USGS in cooperation with the Pennsylvania Department of
Conservation and Natural Resources, Bureau of Topographic
and Geologic Survey (also known as Pennsylvania Geological
Survey).

The 2014 groundwater-quality assessment is intended
to provide current data on the presence, concentrations, and
distribution of methane, inorganic constituents, and selected
man-made organic compounds in shallow groundwater (less
than about 1,000 feet deep) in bedrock aquifers prior to shale-
gas production in Wayne County. Analyses were conducted for
constituents recommended by the Pennsylvania Department of
Environmental Protection (2012; 2014c) for testing of private
wells in areas where gas drilling may occur in the future; other
constituents were analyzed to provide a more comprehensive
characterization of groundwater quality than the constituents
on the basic pre-drill list. The data collected during the 2014
study described in this report and the previous 2013 study
document groundwater quality in Wayne County. In addition
to serving as a baseline for future evaluations that might
determine the effect of shale-gas development or other land-
use changes on groundwater quality, the assessment also may
be used to evaluate overall general groundwater quality in the
county and identify constituents in local drinking water that
may pose a health risk.
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Purpose and Scope

This report presents analytical data for water samples
collected from 89 domestic wells sampled in Wayne County
during summer 2014. The water samples were analyzed for
chemical and physical properties, and a suite of constituents
including nutrients, major ions, trace elements and metals,
radioactivity, selected man-made organic compounds, bacteria,
radon-222, and methane and other dissolved hydrocarbon
gases. The groundwater-quality data and summary statistics
are presented to provide a pre-gas-well drilling baseline and
compared to drinking-water standards to identify existing
water-quality problems. The isotopic composition of methane
in groundwater samples with sufficient methane to perform the
analysis is compared to reported compositions for methane of
thermogenic or biogenic origins.

Relations among constituents are described to provide
insight into common presence of, and geochemical controls
on, selected constituents, including those that pose health risks
at elevated concentrations, such as arsenic, and others of con-
cern, such as methane. Data evaluated in this report include
results for 32 wells sampled in 2013 (Sloto, 2014) and results
for 89 wells sampled in 2014 for this study. Statistical tests
are used to identify groupings of constituents. Geochemical
controls on the solubility of selected trace elements are shown
in illustrations in relation to pH and oxidation-reduction
conditions. Piper diagrams are presented to show the types
of groundwaters in Wayne County. Use of chloride/bromide
ratios to identify sources of chloride is discussed. Results of
geochemical modeling, including mineral dissolution, ion-
exchange, and mixing with brine, are shown in illustrations to
provide an explanation of the observed chemical compositions
of groundwater samples. The spatial distribution of selected
constituents is displayed on maps to illustrate the spatial pat-
terns and to indicate the possible role of hydrogeologic setting
on the presence of elevated concentrations of constituents of
concern.

Description of Study Area

Wayne County, which occupies 750.5 square miles in
northeastern Pennsylvania (fig. 1), is rural with a 2013
estimated population of 51,548 (U.S. Census Bureau, 2014).
Seasonal dwellings (summer or vacation homes) made up
35.5 percent of housing units in the county in 2010 (Wayne
County Planning Commission, 2010). In 2008, 65 percent
of Wayne County was forested (Wayne County Planning
Commission, 2010). Approximately 22 percent of the county
was devoted to agriculture with about 11 percent of the land
in pasture or brushland and 12.4 percent in cropland. About
8 percent of the county was developed with 6.2 percent of
the land classified as residential and 0.9 percent classified as
commercial.

Physiography and Geologic Setting

Most of Wayne County is in the Glaciated Low Plateau
Section (fig. 2) of the Appalachian Plateaus Physiographic
Province. A small part of western Wayne County is in the
Anthracite Valley Section (fig. 2) of the Ridge and Valley
Physiographic Province. The Glaciated Low Plateau Section
is characterized by low to moderately high rounded hills and
broad to narrow valleys, all of which have been modified by
glacial erosion and deposition. Swamps and peat bogs are
common. The Anthracite Valley Section is a canoe-shaped
valley with irregular to linear hills and is enclosed by a steep-
sloped mountain rim. The southern tip of the county is in
Glaciated Pocono Plateau Section (fig. 2) of the Appalachian
Plateaus Physiographic Province, which is characterized by
broad, undulatory upland surfaces with dissected margins
(Sevon, 2000).

Wayne County is underlain by bedrock of Devonian and
Pennsylvanian ages nearest the land surface (figs. 2 and 3).
Alluvium and glacial outwash and drift overlie the bedrock.
Geologic mapping is more recent and detailed in the southern
half of the county than in the northern half. Most of the
bedrock units that crop out in Wayne County are members of
the Catskill Formation of Devonian age, as described briefly
below. Sloto (2014) provides more detailed descriptions of
the geologic formations of Devonian and Pennsylvania age in
Wayne County.

Beds of the Catskill Formation in the vicinity of Wayne
County are reported to be nearly flat-lying but generally dip-
ping slightly (less than about 10 degrees) to the northwest
(Sevon and others, 1989; Harrison and others, 2004).
Underlying these units are the Devonian-age Trimmers Rock
Formation, Mahantango Formation, and Marcellus Shale
(fig. 3). Depth to the Marcellus Shale ranges from less
than about 2,000 ft below land surface in southern Wayne
County to more than 7,000 ft below land surface in western
Wayne County (Sloto, 2014). Two of three deep wells drilled
in nearby Pike County for natural gas exploration during
1958-71 penetrated the Marcellus Shale at depths of 5,500 to
7,500 ft below land surface, and the deepest of the three pene-
trated the Ordovician-age Utica Formation (another formation
with potential for shale-gas development) at depth of about
13,000 feet below land surface (Sevon and others, 1989).

The Catskill Formation of Devonian age in the northern
half of Wayne County was mapped by White (1881) and has
not been differentiated into the individual members that make
up the Catskill Formation. The Catskill Formation (undif-
ferentiated) underlying the northern half of Wayne County
consists of a succession of sandstone, siltstone, and shale with
some conglomerate. In the southern half of Wayne County,
various members of the Catskill Formation have been identi-
fied and mapped (fig. 3), including the Walcksville, Long Run,
Packerton, Poplar Gap, and Duncannon Members (Berg and
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System

Geologic unit

Lithology

Alluvium

Llewellyn Formation

Poorly sorted clay,
sand, and gravel

Sandstone, siltstone, shale,
and some conglomerate
and anthracite coal

§ Pennsylvanian § Quaternary

Devonian

Pottsville Formation

Conglomerate, conglomeratic
sandstone, sandstone,
siltstone, and anthracite coal

N e e e U W W YN
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= Sandstone, siltstone
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= Poplar Gap Member and shale
E
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% Poplar Gap and Conglomeratic sandstone,
é‘E’ Packerton Members, sandstone, and minor
undivided shale and siltstone
Long e Sandstone, siltstone,
Walcksville Members,
. and shale
undivided
Siltstone, shale,
Trimmers Rock Formation and fine-grained
sandstone
S| Mahantango Formation Shale and siltstone
&
c
o
=
IS
£ Marcellus Formation Carbonaceous shale

Figure 3. Stratigraphic correlation chart for Devonian-age and younger geologic units,
Wayne County, Pennsylvania.

others, 1977; Sevon and others, 1975). These geologic units
consist of sandstone, siltstone, and shale. The Poplar Gap
Member is reported to have calcareous cementation in the
base of some sandstone beds (Sevon and others, 1975). The
Packerton and Duncannon Members include conglomerate or

conglomeratic sandstone. A small area on the western edge of
Wayne County is underlain by the Pottsville and Llewellyn
Formations of Pennsylvanian age; these formations are com-
posed of conglomerate, sandstone, siltstone, and shale, with
some anthracite coal (Taylor, 1984).



Hydrogeologic Setting

The sedimentary bedrock units that underlie Wayne
County form fractured-rock aquifers that are recharged locally
by precipitation. Annual precipitation varies throughout the
county with higher total precipitation measured at meteorolog-
ical stations at higher elevations; long-term (30-year normal)
total annual precipitation is about 49.5 inches (in.) at Pleasant
Mount 1 W meteorological station (elevation 1,800 ft above
NAVD 88) in western Wayne County and about
42.9 in. at Hawley 1E meteorological station (elevation 890 ft
above NAVD 88) in eastern Wayne County (National Oceanic
and Atmospheric Administration, 2015) (fig. 1). Precipitation
falls approximately evenly throughout the year, although
recharge rates differ seasonally because frozen ground can
inhibit recharge during winter months and evapotranspiration
reduces recharge during warm spring and summer months of
the growing season. The seasonal pattern in net recharge rates
is reflected in annual fluctuations in long-term (about 27 years,
1987 to 2014) daily median groundwater levels in observa-
tion well WN-64 in Wayne County (fig. 1), a 52-ft deep well
completed in glacial deposits. Each year, generally rising
water levels occur during 2 periods (March to mid-May and
October to mid-November), indicating net positive recharge,
and generally flat to declining water levels occur during 2 peri-
ods (mid-November to March and June through September),
indicating reduced to negligible recharge (fig. 4). During this
study, groundwater levels measured in long-term observation
well WN-64 were slightly greater than the long-term daily
median in July 2014 but fell to slightly below the long-term
daily median by October 2014 (fig. 4). From June through
August 2014, reported precipitation was lower than the long-
term normal at Pleasant Mount 1 W meteorological station but
near or slightly above average at Hawley 1 E meteorological
station; total monthly precipitation was about 3 in. lower than
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Figure 4. Observed daily mean water levels during 2013-14 and
long-term (1987-2014) daily median water levels in an observation
well WN-64, Wayne County, Pennsylvania. (Data from the U.S.
Geological Survey National Water Information database.)
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long-term normal at both meteorological stations in September
2014 (National Oceanic and Atmospheric Administration,
2015). Thus, the groundwater-level and precipitation data indi-
cate that the hydrologic conditions during 2014 were similar
but slightly drier than long-term average or median conditions.

The groundwater flow system in Wayne County is
thought to consist of local, intermediate, and regional com-
ponents, with topography affecting directions of local and
intermediate flow, as described in studies of nearby counties
and in other areas of the Appalachian Plateau region (Carswell
and Lloyd, 1979; Davis, 1989; Reese, 2014). Shallow- to
intermediate-depth fresh groundwater flows from recharge
areas at higher elevations and discharges locally and region-
ally into streams at lower evelations as base flow. In Wayne
County, groundwater likely discharges regionally to the largest
streams, including the Delaware River, which forms the north-
eastern border, and the Lackawaxen River, which flows in a
southeastern direction across the center of Wayne County
(fig. 5A). The surface-water divide between the Susquehanna
River Basin to the west and the Delaware River Basin to the
east lies near and along the western border of Wayne County
(fig. 1), which is also the area of highest elevation in the
county (figs. 5SA, B).

Most wells in Wayne County currently are completed in
fractured bedrock aquifers rather than the overlying uncon-
solidated glacial deposits. However, in earlier periods in
Wayne County (1930s), many domestic wells were reported
to have been completed in the unconsolidated glacial deposits
(Lohman, 1937, p. 276). In the Catskill Formation, wells
completed in sandstones are reported to have larger yields than
wells completed in red shales (Lohman, 1937, p. 276).

Previous Investigations

Prior to 2011, little to no publicly available, quality-
assured data had been collected to describe baseline
groundwater quality in Wayne County in relation to the
constituents listed by the Pennsylvania Department of
Environmental Protection ( PADEP) in 2012 for pre-drill test-
ing (Pennsylvania Department of Environmental Protection,
2012). Lohman (1937) presents limited historical water-
quality data for a few wells in the county. As part of a regional
assessment of wells on the National Park Service (NPS) lands,
two wells in northern Wayne County near the Delaware River
in the NPS Upper Delaware Scenic and Recreation River area
were sampled by USGS in 2011 and analyzed for a suite of
trace constituents and methane gas (Eckhardt and Sloto, 2012).
In 2013, 32 additional wells throughout Wayne County were
sampled by USGS (fig. 2) for a preliminary baseline assess-
ment of groundwater quality that included analyses for 2012
PADEP pre-drill constituents, additional major ions, trace
metals, radon-222, gross alpha- and gross-beta particle radio-
activity, hydrocarbon gases methane and ethane, and isotopic
composition of methane for samples with sufficient methane
concentrations (Sloto, 2014). Results of the 2011 and 2013
sampling (Sloto, 2014), which are limited to concentrations
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of dissolved inorganic constituents (because samples were
filtered before analysis) and are partially summarized in
Appendix 1 (tables Al-1 and A1-2), indicate four conditions:
(1) groundwater quality in Wayne County meets drinking-
water standards for most constituents analyzed, although
arsenic, sodium, and pH did not meet standards in some well
samples; (2) arsenic concentrations in 3 of 34 well-water
samples (9 percent) exceeded the maximum contaminant level
(MCL) of 10 micrograms per liter (ng/L), and these elevated
arsenic concentrations are associated with samples that have
a pH greater than 8; (3) methane was detectable in most of
the samples at low (less than 1 pg/L) to moderate concentra-
tions [as much as about 3 milligrams per liter (mg/L)]; and
(4) methane present in concentrations sufficient for isotopic
analysis (equal to or greater than about 1 mg/L) had isotopic
compositions that were similar to methane of thermogenic
or mixed thermogenic-microbial origin, where thermogenic
methane is consistent with a deeply buried gas source, such
as the Marcellus Shale, and microbial gas is consistent with
biodegradation of organic compounds in the aquifer materials
and soil.

T
25,000
Distance from origin of transect, in meters

T T T T T
30,000 35,000 40,000 45,000 50,000 55,000

Methods of Sample Collection and
Analysis

To provide current data on the occurrence and spatial
distribution of methane and various inorganic and man-made
organic constituents in groundwater used for water supply in
Wayne County, 89 domestic wells throughout Wayne County
were sampled during summer 2014. The selected laboratory
analyses were intended to determine baseline groundwater
concentrations of methane and inorganic constituents, includ-
ing radionuclides, that are commonly present in elevated
concentrations in brines that, when disturbed, contribute to
flowback fluids generated as a result of drilling and hydraulic-
fracturing activities (table 1). Water samples were collected
once per site from 89 domestic wells from July through
September 2014 and analyzed to characterize their physical
properties and chemical characteristics. Samples were ana-
lyzed for all constituents on the 2012 PADEP pre-drill basic
constituent list (table 2) and the PADEP modified pre-drill
list as of 2014 (Pennsylvania Department of Environmental
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Protection, 2014c¢). Analyses also were conducted for addi-
tional major ions, trace constituents, selected man-made
compounds [volatile organic compounds (VOCs), glycols,

and alcohols], and dissolved gases, including methane, ethane,

and radon-222. The analyses performed on samples collected
in 2014 were more comprehensive than those done on the 32

well-water samples collected in 2013 (Sloto, 2014). The 2014
data extend the 2013 data on groundwater quality in Wayne

County by providing greater spatial and chemical characteriza-

tion of constituents, including determination of both total and
dissolved concentrations of major ions, selected metals and
trace elements, and additional man-made organic compounds.

Table 1.
Pennsylvania.

Selection of Sampling Locations

Well locations were selected to provide spatially dis-
tributed data on groundwater quality in bedrock aquifers
throughout Wayne County. Although the goal was to have an
evenly spaced sample distribution, the availability of wells
constrained the selection process. Most wells considered
for inclusion in the study are domestic wells used to supply
individual residences or other facilities in Wayne County.
Criteria for well selection included availability of informa-
tion about well construction from driller records submitted to
the Pennsylvania Geological Survey and from well owners

Maximum concentrations reported for selected inorganic constituents in oil and gas well brines or flowback waters in

[mg/L, milligrams per liter; CaCO,, calcium carbonate; pCi/L, picocuries per liter; --, no data]

Reported maximum concentration

Constituent Concentration unit i Marcellus Shale
Western Pennsylvania’ flowback fluid?
Major ions
Calcium mg/L 41,600 17,900
Magnesium mg/L 4,150 --
Potassium mg/L 4,860 5,240
Sodium mg/L 83,000 37,800
Chloride mg/L 207,000 105,000
Sulfate mg/L 850 420
Alkalinity mg/L as CaCO, 1,520 939
Total dissolved solids mg/L 354,000 197,000
Minor ions, trace elements, and metals
Barium mg/L 4,370 6,270
Bromide mg/L 2,240 613
Copper mg/L 0.13 --
lodide mg/L 56 --
Iron mg/L 494 --
Lithium mg/L 315 --
Lead mg/L 0.04 --
Manganese mg/L 96 29
Strontium mg/L 13,100 3,570
Zinc mg/L 1.3 --
Radionuclides
Radium-226 pCi/L 5,300 5,830
Radium-228 pCi/L -- 710

! Brines from oil and gas wells in Devonian- and Silurian-age rocks in Western Pennsylvania (Dresel and Rose, 2010).

2 Data from Pennsylvania Department of Environmental Protection Bureau of Oil and Gas Management reported in Haluszczak and others (2013).



or other sources. Additionally, the ability to obtain a raw-
water sample from a well was a requirement. The Wayne
Conservation District provided support in identifying wells
and obtaining permission from well owners for the study.

Eighty-nine wells were selected for sampling in 2014
(fig. 2), 4 of which had been previously sampled in 2013
(WN-295, WN-298, WN-304, and WN-309). The four wells
sampled in 2013 that were selected to be resampled in 2014
had relatively elevated pH (greater than 8.1) and detectable to
relatively elevated (about 1 to 3 mg/L) methane concentrations
in 2013.

Table 2.
analysis in private water supply wells prior to gas drilling.

Methods of Sample Collection and Analysis 1"

Depths and other characteristics of the 89 wells sampled
in 2014 are listed in table 10 (at the back of the report). Wells
sampled in 2014 range in depth from 85 to 1,300 ft, with a
median depth of 291 ft, and have casing lengths that range
from 14 to 223 ft, with a median length of 55 ft. For wells with
known construction, most were completed as 6-inch-diameter
open holes for which steel (or, less commonly, plastic) casing
was extended into competent bedrock with the remainder of
the borehole left open. Two wells (WN-354 and WN-342),
which were 85 and 121 ft in depth, respectively, were reported
to be cased along the entire depth, a type of construction fre-
quently used for wells in unconsolidated glacial deposits, so it

Pre-drill lists of constituents recommended by the Pennsylvania Department of Environmental Protection (2012; 2014c) for

[E. Coli, Escherichia Coli; PADEP, Pennsylvania Department of Environmental Protection]

Analyte Analyte Analyte Analyte
(inorganic) (trace metal) (organic) (microbiologic)
2012 List
Alkalinity Barium Ethane' Total coliform/E. coli
Chloride Calcium Methane'
Conductivity Iron' Oil and grease
Hardness Magnesium
pH' Manganese'
Sulfate Potassium
Total dissolved solids' Sodium'
Residue, filterable Strontium
Total suspended solids
Residue, non filterable
2014 List
AlKkalinity? Barium? Ethane? Total coliform/E. coli
Chloride? Calcium’ Methane?
Conductivity Iron? Propane’
Hardness Magnesium Total petroleum hydrocarbons*
Bromide Manganese?
pH? Potassium
Sulfate? Sodium?
Total dissolved solids’ Strontium
Turbidity’ Arsenic
Total suspended solids Zinc
Aluminum
Lithium
Selenium

' PADEP (2012) recommendations note that “As a minimum, a homeowner wishing to have their private well tested should analyze for these parameters.”

2 PADEP (2014) recommendations note that “As a minimum, a homeowner wishing to have their private well tested should analyze for these parameters.”

3 Consider where coal formations are present.

4 Consider in western Pennsylvania’s oil-producing regions.
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is possible that the wells draw water from the glacial deposits.
Other wells are reported or presumed to be completed in
bedrock on the basis of well construction information. All
wells are in areas underlain by various mapped and undif-
ferentiated members of the Devonian-age Catskill Formation.
Characteristics of wells sampled in 2013 are provided in Sloto
(2014).

Collection of Samples

The USGS sampled the 89 wells using standard USGS
field-sampling protocols. Samples were collected at an
untreated tap, typically at a pressure tank or outside tap and
before any filtration, water softening, or bacteriological treat-
ment. Water samples were analyzed in the field for unstable
physical and chemical properties (such as temperature) and
dissolved oxygen (DO), then shipped overnight to laboratories
for analysis for major ions, nutrients, metals, trace elements,
gross alpha and beta radioactivity, bacteria, man-made organic
compounds, and dissolved gases. All well-water samples were
collected and processed for analysis by methods described in
USGS manuals for the collection of water-quality data
(U.S. Geological Survey, variously dated).

Sampling was conducted at each well using the follow-
ing steps. The existing submersible well pump was turned on
and allowed to run. A raw-water tap was opened, and the water
was allowed to flush to minimize possible effects of plumbing
and ensure that the water was representative of the aquifer.
The water was analyzed with a multi-parameter probe meter
for temperature, specific conductance (SC), pH, and DO con-
centration. After the values of these characteristics stabilized,
sample bottles were filled according to USGS protocols (U.S.
Geological Survey, variously dated). Samples were collected
through Teflon tubing attached to the raw-water tap, which
avoided all water-treatment systems.

Unfiltered (whole-water) samples were collected for
determination of physical properties and for analyses for
radioactivity, dissolved gases, and the PADEP pre-drill
constituents to obtain total concentrations. Samples for
analyses for concentrations of dissolved nutrients, major ions,
metals, and trace elements were filtered through a field-rinsed
0.45-micrometer pore-size cellulose capsule filter. To prevent
sample degradation, nitric acid was added to the major cation,
metals, and trace-element samples. No preservative was
added to samples for analysis of major anions and dissolved
nutrients. Samples for analysis for total Kjeldahl nitrogen
(TKN), and oil and grease, were preserved with sulfuric acid.
Samples for VOC analysis were preserved with ascorbic acid.
Samples for radon analysis were obtained through an in-line
septum with a gas-tight syringe to avoid atmospheric contact.
Samples for dissolved gases were obtained through Teflon
tubing placed in bottles that were filled and stoppered while
submerged to avoid atmospheric contact.

The samples were stored on ice in coolers and shipped by
overnight delivery to the following laboratories: (1) the USGS
National Water Quality Laboratory in Denver, Colorado,
for analysis for major ions, nutrients, total dissolved solids
(TDS), metals, and trace elements in filtered water samples,
and radon; (2) TestAmerica, Inc., in Richland, Washington,

a USGS contract laboratory, for analysis of gross alpha- and
gross beta-particle activity (also referred to as gross alpha and
gross beta radioactivity); (3) Isotech Laboratories, Inc., in
Champaign, Illinois, a USGS contract laboratory, for analysis
of dissolved methane, other dissolved gases including hydro-
carbons, and isotopes of hydrogen and carbon in methane;

and (4) Mountain Research, LLC, in Altoona, Pennsylvania,

a Wayne Conservation District contract laboratory accredited
by PADEP Bureau of Laboratories, for analysis of unfiltered
samples using approved drinking-water methods of (a) the
PADEP pre-drill constituents, including major ions, iron, man-
ganese, barium, strontium, TDS, total suspended solids (TSS),
total solids, oil and grease, and total coliform and Escherichia
Coli (E.Coli) bacteria and (b) selected man-made organic com-
pounds (VOCs, glycols. alcohols), TKN, and dissolved meth-
ane, ethane, and propane gases. The Mountain Research labo-
ratory subcontracted analyses for barium, manganese, VOCs,
and alcohols to Seewald Laboratories, Inc., in Williamsport,
Pennsylvania; methane, ethane, and propane to Environmental
Service Laboratories, Inc., in Indiana, Pennsylvania; and
glycols, chloride, sulfate, and TKN to Fairways Laboratories,
Inc., in Altoona, Pennsylvania.

Water samples containing a sufficient concentration of
methane (as measured in replicate samples by Environmental
Service Laboratories, Inc.), generally greater than 0.9 mg/L,
were submitted to Isotech Laboratories, Inc., for determination
of (1) the isotopic composition of methane with analysis for
the stable carbon isotopes ?C and C and the stable hydrogen
isotopes 'H (protium) and ?H (deuterium) and (2) dissolved
gases (oxygen, nitrogen, carbon dioxide, carbon monoxide,
hydrogen, and argon) and selected hydrocarbons (methane,
ethane, propane, and higher-carbon alkanes).

Analysis of Chemical, Physical, and Other
Characteristics and Reporting Units

Analytical methods and reporting levels for constituents
analyzed by PADEP Bureau of Laboratories accredited labora-
tories and other laboratories are listed in Appendix 2
(table A2-3). Descriptions of analytical methods for constitu-
ents analyzed by the USGS National Water Quality Laboratory
(NWQL) are available from the U.S. Geological Survey
(2014a). Reporting levels for constituents analyzed by NWQL
are listed in Appendix 2 (tables A2—1 and A2-2). The analyti-
cal results are available online from the USGS National Water
Information System (U.S. Geological Survey, 2014b).



The water-quality constituents have various reporting
units. Reporting units for dissolved and total chemical concen-
trations are milligrams per liter (mg/L) or micrograms per liter
(ng/L); 1 mg/L is approximately equal to 1 part per million,
and 1 pg/L is approximately equivalent to 1 part per billion.
One mg/L equals 1,000 pg/L. Reporting units for bacteria are
the most probable number of colonies per 100 milliliters of
sample (MPN/100 mL). Reporting units for radioactivity are
picocuries per liter (pCi/L), a commonly used unit for radio-
activity in water. One picocurie (pCi) equals 102 Curie or
3.7 x 10 atomic disintegrations per second. Activity refers
to the number of particles emitted by a radionuclide. The rate
of decay is proportional to the number of atoms present and
inversely proportional to half-life, which is the amount of time
it takes for a radioactive element to decay to one-half its origi-
nal quantity. In gas samples analyzed by Isotech Laboratories,
Inc., dissolved gas values were reported in terms of mole per-
cent in headspace for the water sample, and also for methane
as a dissolved concentration in units of mg/L.

Methane was the only hydrocarbon with sufficient mass
in the Wayne County groundwater samples for isotopic carbon
and hydrogen determination by Isotech Laboratories, Inc.,
using a method that involved initial separation of hydrocar-
bons followed by conversion into carbon dioxide and water
for subsequent mass-spectrometric analysis and comparison
to standards (Alan R. Langenfeld, Isotech Laboratories, Inc.,
written commun., 2012). The hydrocarbons were separated
from the water sample by allowing gases to transfer into head-
space; then gases were separated from each other using a gas
chromatograph and channeled into a combined combustion-
collection unit. The combined combustion-collection unit uses
quartz combustion tubes filled with cupric oxide to convert
the hydrocarbons into carbon dioxide and water, which are
then collected and purified for isotopic analysis. The carbon
dioxide component derived from the methane was transferred
into Pyrex tubing and sealed for mass spectrometric analysis
to determine the '*C/'>C isotopic ratio. Isotopic ratios for the
sample are reported relative to the isotopic ratio of a standard,
where the difference (delta or ) commonly is given in parts
per thousand (ppt; also denoted as %o) with positive values
indicating enrichment of the heavier isotope and negative
values indicating depletion of the heavier isotope. Thus, for
R =ratio of heavier to lighter isotope,

S (in %o) = [Rsample/(Rstan sra — D17(1,000). The carbon isotope
ratio value of a sample relative to a standard (3"3C) is reported
in terms of the %o notation with respect to the Vienna Pee Dee
Belemnite (VPDB) standard. The water component derived
from the methane was sealed into Pyrex tubing along with a
measured quantity of zinc for hydrogen isotope analysis. Each
sample tube was reacted in a heating block at 500 degrees
Celsius (°C) for 35 minutes to generate hydrogen gas. Once
the sample had been reacted, the 2H/'H isotopic ratio was
determined by mass spectrometric analysis and is reported in
terms of the parts per thousand notation (6D) with respect to
the Vienna Standard Mean Ocean Water (VSMOW) standard.
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Quality Control and Quality Assurance

For quality control (QC), replicate samples collected
from six wells (WN-321, 330, 346, 348, 356, and 368) and six
field blanks were submitted to the laboratories for analysis.
The QC replicate results are listed in Appendix 3 (table A3-1).
None of the blanks contained detectable concentrations of
any constituent, except for low values (near or below report-
ing levels) of radioactive constituents, which likely reflect
the uncertainty in values measured near the reporting levels
for those constituents (within method uncertainty) rather than
sample contamination. Therefore, low concentrations (near
reporting level) of radioactive constituents are to be inter-
preted with caution. Four of the six field-blank samples con-
tained three radioactive constituents at low concentrations near
but below the laboratory reporting levels of 3 pCi/L for gross
alpha radioactivity, 4 pCi/L for beta radioactivity, and
20 pCi/L for radon-222. In one blank, gross alpha radioactivity
counted at 72 hours was measured at 0.4 pCi/L, and gross beta
radioactivity counted at 72 hours was measured at 1.8 pCi/L,
although gross alpha and gross beta radioactivity counted at
30 days were less than the reporting level in the blank
sampled. Gross alpha radioactivity counted at 72 hours was
measured at 0.7 pCi/L in a second blank, and gross beta
radioactivity counted at 72 hours was measured at 1.7 pCi/L in
a third blank. In a fourth blank, radon-222 was measured at
19 pCi/L.

The differences in concentrations between replicate
paired samples varied on the basis of analyte group, and the
relative magnitude of differences tended to be greatest when
concentrations were lowest. The analytes with the largest
relative differences [where the relative difference, in percent,
is calculated as [100*(c1-c2)/((c1+c2)/2)] in concentrations
between the sample and its replicate were low-concentration
analytes with concentrations near the laboratory reporting
level. Typically, acceptable precision for many analyses is
5 percent. However, small absolute differences in reported
concentrations between replicates can result in relative dif-
ferences greater than 5 percent. For major ions, most relative
differences were less than 5 percent. Only three ion replicates
had a difference of more than plus or minus (£) 5 percent, and
these were for low potassium and sodium concentrations. The
difference between concentrations in replicate samples for
metals and trace elements generally was less than 5 percent,
but relative differences greater than 5 percent were apparent
for a few total iron and total manganese concentrations, dis-
solved copper at low concentrations (<10 pg/L), and dissolved
lithium at low concentrations (<1.0 pg/L). For example, one of
the largest relative differences (70 percent) was for dissolved
lithium. The difference in concentrations between the sample
(0.9 ng/L) and the replicate sample (0.16 ug/L) is 0.74 pg/L;
these values are close to the laboratory reporting level
0.13 pg/L for dissolved lithium. Differences among replicates
for gross alpha and gross beta radioactivity were commonly
10 to 20 percent, which reflects some intrinsic uncertainty in
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the analysis, particularly for results near the reporting level
of 3 pCi/L. Therefore, no corrective action to the analytical
results was needed, but replicate results show that analytical
uncertainty may be relatively greater for constituent concen-
trations near detection limits.

Results of replicate analyses for determination of bacteria
show the maximum difference in the number of colonies
between replicates was 9 for total coliform and 1 for E.Coli,
but generally results of replicate analyses were consistent.

All replicates had relatively low (<20 and <3 MPN/100 mL
for total coliform and E.Coli, respectively) to undetectable
numbers of bacteria (Appendix 3). Two samples (one for .
Coli and one for total coliform) had a low-level detection and
a non-detection in the replicate pair, which may be related to
inherent variability in analyses for bacteria, especially at very
low levels. Additional uncertainty in results of analyses for
bacteria may have been introduced because the holding times
(elapsed time from sample collection to sample preparation in
the laboratory) exceeded the 6-hour limit used for compliance
monitoring (although holding times were usually within the
24-hour limit used for routine monitoring).

Other QC checks on the accuracy of the data included
computation of cation-anion balance, specific conductance
(SC), and dissolved solids. These checks largely involve major
ion concentrations. Differences in the sum of cation and anion
milliequivalents

[calculated, in percent, as 100*(C — A)/(C + A),

where C is cation milliequivalents and A is anion
milliequivalents]

of 5 percent or less are considered good balances and
indicate accurate determination of major ion concentrations.
The Wayne County groundwater samples, using alkalinity
determined in the field and laboratory, generally had cation-
anion balances that met this criterion. However, in a few cases,
the cation-anion balances computed using field alkalinity had
differences of greater than 5 percent, and in these cases, the
field alkalinity did not match laboratory alkalinity, indicating
that those field alkalinity values were likely inaccurate. Thus,
on the basis of the cation-anion balance evaluation, the labora-
tory alkalinities were determined to be generally more reliable
than field alkalinities, and consequently, laboratory alkalinity
values were used in all subsequent data analysis. Generally,
the field and laboratory measured values were in good agree-
ment for pH and SC. Furthermore, the SC, which is measured
with a meter in the field or laboratory, and TDS, which is
measured in the laboratory as residue on evaporation (ROE)
or computed from measured ion concentrations, were linearly
related with strong correlation coefficients. The field and labo-
ratory measured SC were equivalent to one another and to the
computed SC on the basis of ionic conductivity contributions.
Likewise, the measured TDS was equivalent to the computed
TDS from the sum of ions (see figures in Appendix 3). These
results indicate that field and laboratory measurements were
consistent with one another and with the major ion analyses
and, therefore, could be presumed to be accurate.

Temporal Variability

Samples were collected only once per site at most loca-
tions in 2014, and these groundwater-quality data from those
samples are assumed to be representative for the purpose of
evaluating spatial distributions in water quality for this study.
Overall, the distribution of groundwater quality, as inferred
from the summary statistics (range and median values), was
similar for one-time sampling of wells located throughout
Wayne County for summer 2013 (32 wells) and summer 2014
(89 wells), regardless of differences in well locations and
sampling period. The similarity between the 2013 and 2014
summary results indicates little temporal variability in general
overall findings between the two summer sampling events
conducted 1 year apart. However, groundwater quality may
vary locally or regionally through time as a result of seasonal
or annual differences in recharge, land use, or other factors.
A 2-year study of 35 wells in Susquehanna County indicated
that groundwater quality generally varies more spatially from
well to well than temporally at a single well, although some
changes in water quality in a single well may be relatively
rapid if there is good hydraulic connection to the land surface
or near surface where contaminants, such as road salt, have
been applied (Rhodes and Horton, 2015). In a 1-year study
of temporal variability in groundwater quality with monthly
sampling of four wells in Pike County, large increases in
salt concentrations related to road-salt application near the
well head were measured in samples from one well during
winter months, and smaller differences in water quality were
measured in samples from all wells during the study period
(Senior, 2014).

To provide some assessment of possible differences in
water quality in individual wells through time, four of the
sites sampled in summer 2013 that had elevated concentra-
tions of methane or other unusual characteristics were sampled
again, approximately 1 year later, in summer 2014. Results
of the analyses for four wells sampled in 2013 and 2014 were
compared (see Appendix 3, table A3-2). Comparisons were
limited to the constituents analyzed in the 2013 samples,
which included dissolved major ions, nutrients, selected trace
metals, gross alpha and gross beta radioactivity, radon-222,
and methane. Although most constituents were similar in
value (within 5 percent), all four samples had at least one
constituent for which values from 2013 and 2014 differed by
more than 20 percent. Minor differences may be expected
owing to analytical uncertainty; however, differences greater
than 20 percent for constituents occurring in concentrations
substantially higher than the reporting level may represent
real differences in water quality between samples collected at
different times. In particular, the 2013 and 2014 samples col-
lected from well WN-304 had more constituents that differed
to a greater extent than samples from the other wells. This
well was not typical of the domestic wells sampled throughout
Wayne County. According the field technician that interviewed
the owner and collected the samples, well WN-304 had been



used solely for irrigation, did not have any treatment, and had
been out of service for several years prior to sampling because
of'its poor yield and quality. Concentrations of some alkali
metal cations (sodium and lithium) decreased from 2013 to
2014, whereas concentrations of alkaline earth metal cations
(calcium, magnesium, strontium, barium) increased from 2013
to 2014, indicating that the samples may represent different
mixtures of waters from more than one water-bearing zone in
well WN-304 because compositional differences could not be
attributed to variations in water treatment prior to sampling,
such as a water softener that would remove calcium and simi-
lar ions.

Evaluation of these limited results for four wells sampled
twice 1-year apart indicate that temporal variability in water
quality may be a factor to consider when establishing baseline
water quality. Additional monitoring through time beyond the
one-time sampling conducted for this assessment would be
needed to determine seasonal or other types of variability in
water quality.

Graphical and Statistical Analyses

Various graphical and statistical techniques were used
in this study to compare water-quality data among different
sites, to estimate natural and man-made sources of dissolved
constituents, and to identify possible factors affecting the pres-
ence, concentration, spatial distribution, or transport of solutes
in the aquifers in the study area. Scatter plots were created to
investigate potential relations among pH, selected constituent
concentrations, and the saturation index (SI) values for miner-
als that may be sources or controls of the constituents. Major
ion data were plotted on trilinear (Piper) diagrams (Appelo
and Postma, 2005; Back, 1966; Hem, 1985) to illustrate the
range of water composition of the samples collected for this
study and to investigate possible processes, such as calcite
dissolution, cation exchange, and mixing with road deicing
salt or brine, that could produce the observed variations in
major ions. The Piper diagrams were generated using the
Geochemist’s Workbench (Bethke and Yeakel, 2010).

In general, nonparametric, rank-based statistical
approaches were used to accommodate non-normally distrib-
uted and censored data typical of most environmental samples
(Helsel and Hirsch, 2002). Data for individual continuous
variables, such as chemical concentrations, were censored to
a common level, and censored values were set to a common
reporting limit before ranks were computed for use in statisti-
cal tests. Relations between continuous variables were evalu-
ated with scatter plots and correlation coefficients (Spearman’s
rho); distributions of continuous variables were compared
among different sample classifications using notched boxplots
(Velleman and Hoaglin, 1981; Helsel and Hirsch, 2002).
Statistically significant (p<<0.05) correlation coefficients and
boxplots are presented in Appendix 4 (table A4—1). Where
the median for a group is greater than the common reporting
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limit, it is displayed as a horizontal line within the box that
is defined by the 25th and 75th percentiles for that group;
otherwise, the median is displayed at the reporting limit. If
the notched intervals around the medians for sample subsets
do not overlap, the medians are statistically different at the
95-percent confidence interval.

Notched boxplots were constructed with P-STAT
(P-STAT, Inc., 2008) to compare concentrations of major
ions, trace elements, and other water quality variables among
different subsets of the combined data for 2013 and 2014 on
the basis of the pH, specific conductance, redox variables, or
topographic position index. The pH classes considered in this
report were (1) acidic, pH 5.4 to 6.4; (2) neutral, pH 6.5 to 7.4;
(3) alkaline, pH 7.5 to 7.9; and very alkaline, pH 8.0 to 9.4.
The specific conductance classes were (1) 40 to
<150 microsiemens per centimeter at 25 degrees Celsius
(uS/cm at 25 °C); (2) 150 to <300 uS/cm at 25 °C; (3) 300 to
<450 puS/cm at 25 °C; and (4) 450 to 670 puS/cm at 25 °C.

For the pH and SC classifications, the middle two groups
represented approximately one-half and two-thirds of the data
values, respectively. The redox classifications used in this
report were based on concentration thresholds of McMahon
and Chapelle (2008) but were simplified to consider only three
major classes: (1) anoxic (DO < 0.5 mg/L), (2) mixed (DO >
0.5 mg/L and either manganese > 50 pug/L or iron > 100 pg/L),
and (3) oxic (DO > 0.5 mg/L, manganese < 50 pg/L, and iron
< 100 pg/L). The topographic position index (TPI) was com-
puted on the basis of the 30-meter digital elevation model and
criteria reported by Llewellyn (2014) to indicate five potential
classes for topographic setting—(1) ridge, (2) upper slope, (3)
gentle slope, (4) lower slope, and (5) valley.

Principal components analysis (PCA), computed with
SAS 9.2 (SAS Institute, Inc., 2012), was used to evaluate
multivariate correlations among the elements in the regional
groundwater dataset without prior classification. The goal was
to identify important hydrochemical processes or master vari-
ables that could explain element associations and distributions
(Joreskog and others, 1976; Drever, 1997; Thyne and others,
2004). The Spearman-rank correlation coefficient matrix for
the groundwater dataset provided the standardized input for
the PCA. Because the PCA model would exclude the entire
record for any sample with a missing value, those constituents
that were missing or those that were censored in more than
40 percent of the samples were excluded, including dissolved
fluoride, organic nitrogen, and various trace elements. The
PCA model was optimized with varimax rotation to maximize
the differences among the principal components; only princi-
pal components with eigenvalues greater than unity, equiva-
lent to correlations with a probability greater than or equal to
0.999, were retained (Joreskog and others, 1976; Thyne and
others, 2004). Loadings for each constituent included in the
PCA model are equivalent to the Spearman-rank correlation
coefficient between that constituent and the principal compo-
nent. To aid in interpretations, the scores for each principal
component in the PCA model were compiled, then evaluated
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by correlation or graphical analysis with additional variables
that had been excluded from the PCA, including lithology,
land use, well depth, and chemical constituents. For simplifi-
cation of displayed results, the loading values and Spearman-
rank correlation coefficient values were multiplied by 100 and
rounded. Significant correlation coefficients for the additional
variables are displayed beneath the main PCA model results;
only correlation coefficients with a probability greater than or
equal to 0.999 are considered significant.

Geochemical Modeling

Quantitative geochemical modeling of inorganic constitu-
ents was done to assess the potential for geochemical factors
to affect water quality. Aqueous speciation computations were
conducted using the computer program PHREEQC (Parkhurst
and Appelo, 2013) with the WATEQA4F thermodynamic data-
base (Ball and Nordstrom, 1991) and cation-exchange equilib-
rium reactions as defined by Appelo and Postma (2005). The
molal concentrations of aqueous species were used to estimate
the ionic contributions to specific conductance (McCleskey
and others, 2012). The mineral SI values for various major and
trace minerals were used to indicate the potential for mineral
dissolution and precipitation. If a mineral phase is undersatu-
rated in groundwater (SI less than 0), that mineral phase (if
present) has the potential to be dissolved by the groundwater.
In contrast, if a mineral is supersaturated in groundwater
(ST greater than 0), that mineral phase will not dissolve
(if present), feasibly could precipitate, and thus be a limiting
factor for the related dissolved constituent concentrations.

Inverse modeling with PHREEQC was used to evaluate
mass-transfer processes that could feasibly produce the
observed concentrations of constituents in the groundwater
samples (Parkhurst and Appelo, 2013). The first series of mod-
els simulated reactions between rainfall or relatively dilute
background water samples and ubiquitous silicate, oxide,
carbonate, sulfate, and sulfide minerals that could produce
the range of observed groundwater quality. Relatively dilute
background water quality was estimated using groundwater
from wells WN-371 and WN-345, which had specific conduc-
tance values of 80 and 40 pS/cm at 25 °C, respectively, and
pH of 6.1 and 5.8, respectively. In addition to mineral dissolu-
tion and precipitation, the inverse models also considered the
potential for cation exchange and mixing with brine to explain
the observed compositions of various groundwater samples.
On the basis of predominant processes indicated by the inverse
models, a series of forward reaction models was developed
that simulated the progressive addition of calcite, road deic-
ing salt, or brine to the dilute background water in order to
illustrate the general trends in concentrations of major and
minor ions. The chemical compositions indicated by the mass-
transfer models could then be plotted on graphs relative to the
amount of solid reactant or brine added to the groundwater and
on Piper diagrams and scatter plots showing the changes in pH
or constituent concentration with reaction progress.

Baseline Groundwater Quality in
Wayne County

The 2014 groundwater-quality assessment was intended
to provide current data on the occurrence and concentrations
of methane and a suite of inorganic constituents in ground-
water in bedrock aquifers prior to shale-gas development in
Wayne County. Many of the inorganic constituents selected for
analysis may be present in elevated concentrations in naturally
occurring brines and in flowback and produced waters associ-
ated with unconventional shale-gas development (table 1) and,
therefore, are part of the PADEP pre-drill list of constituents
recommended for assessment (table 2), but these same con-
stituents are commonly present at low to moderate concentra-
tions in shallow, fresh (non-saline) groundwater. Additionally,
some of the inorganic constituents included in groundwater
analyses for this study can be introduced by human activities
not directly related to shale-gas production, such as use of
road salt or onsite-wastewater disposal. In this report, the term
“brine-related” refers to inorganic constituents present at high
concentrations in brines but does not necessarily imply any
direct contribution of brines to freshwater.

Dissolved constituents in groundwater may be derived
from atmospheric, geologic, biologic, and man-made sources
as the recharge and groundwater interacts with various materi-
als along transport pathways. Solute concentrations can range
widely depending on the presence of constituent elements
in the source(s), the extent of contact between water and the
source, the aqueous solubility and interactions among the
dissolved elements, plus geochemical conditions such as pH
and oxidation-reduction (redox) state that affect element form,
mobility, and transport in the aqueous environment.

Major ions typically are derived by the dissolution of
common minerals, including carbonates, silicates, oxides, sul-
fates, and sulfides, and their concentrations can be affected by
ion exchange, redox processes, and mixing of freshwater with
residual brines that remain in the aquifer matrix or that could
be mobilized from deep sources. The concentrations of major
ions, TDS, salinity, and SC of groundwater are directly related
and generally expected to increase with progressive evapora-
tion or mineral weathering (Hem, 1985). The concentrations of
trace elements in solution may increase with TDS or SC, not
only because of the release of trace constituents with the major
ions dissolved from minerals, but because of the potential for
increased displacement of adsorbed or exchangeable trace ions
from mineral surfaces.

Major cations (positively charged ions such as calcium,
magnesium, sodium, and potassium), major anions (nega-
tively charged ions such as sulfate, chloride, fluoride, and
bicarbonate), and nonionic solutes (uncharged solutes such
as silica) typically are present in natural waters at concentra-
tions greater than 1 mg/L, whereas dissolved trace constituents
(such as iron, manganese, zinc, lead, copper, nickel, vanadium,
molybdenum, arsenic, selenium, radium, uranium, lithium,
bromide) typically are present at concentrations less than



1 mg/L (Hem, 1985). Concentrations of DO range from less
than 1 mg/L in geochemical environments in which oxygen is
consumed through oxidation of organic compounds or miner-
als up to saturation concentrations of about 12 mg/L at 7.5 °C
(saturation concentration is 11.4 mg/L at 9.5 °C, the minimum
measured groundwater temperature during 2014 sampling in
Wayne County) in freshly recharged or organic-poor ground-
water. Concentrations of nutrients (such as nitrogen and phos-
phorus compounds) typically range from less than 1 mg/L in
most natural settings to greater than 1 mg/L because of man-
made inputs. Although biological (biochemical) processes can
affect the concentrations of nutrients and trace constituents in
groundwater directly or indirectly because of changes to pH
and redox, such processes generally have minor effects on
major ion concentrations.

Geochemical Controls on Selected Constituents
in Groundwater

Elevated concentrations of major and trace constituents in
groundwater tend to be present locally or are associated with
specific aquifer settings, particularly under (1) acidic (low
pH) or basic (high pH) conditions where the solubilities and
mobilities of many element species are increased (Langmuir,
1997), (2) reducing conditions where the dissolution of iron
and manganese oxides can release adsorbed and coprecipitated
metals (Langmuir, 1997; McMahon and Chapelle, 2008), or
(3) conditions where residual brines may mix with freshwaters
(Whittemore, 2007; Haluszczak and others, 2013).

Although the release of trace elements through mineral
weathering is a natural process, accelerated mineral decom-
position that accompanies the development of strongly acidic
or reducing conditions could be a consequence of human
activities. For example, groundwater acidification can result
from the excavation and oxidation of sulfide minerals or the
release of gaseous emissions containing sulfur or nitrogen
oxides (acid rain), and groundwater reduction can result from
the infiltration of organic wastes (septic systems) or over-
fertilization. Furthermore, some constituents may originate
from industrial sources, man-made materials, or land applica-
tions. Thus, in order to determine constituent concentrations
that may have been added to groundwater as a consequence
of land-use or waste-disposal practices, natural background
concentrations for specific geologic or environmental settings
need to be established.

In order to identify geochemical environments where
elevated concentrations of constituents may be present, water-
quality conditions such as pH and redox state, and major ion
composition, need to be characterized. For example, some
trace elements and metals may be more soluble in acidic
waters (such as copper and lead), whereas others may be
more soluble in basic waters (such as arsenic as arsenate, and
phosphorus as phosphate). Relative solubilities and tendency
of selected trace elements and metals (as commonly occurring
ions) to adsorb onto or desorb from iron oxides in relation to
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pH are shown in Appendix 4 (fig. 4-2), which can be used to
explain the presence of these constituents in aquifer settings
such as that in Wayne County.

Wayne County Groundwater Quality and Its
Relation to Drinking-Water Standards

Because groundwater is the main source of drinking
water in Wayne County, assessment of groundwater quality
relative to drinking-water standards is important. Naturally
occurring constituents and constituents introduced by human
activities may pose a risk to human health when present at
certain concentrations in groundwater used for drinking-water
supply. The U.S. Environmental Protections Agency (EPA) has
established MCLs for many constituents in drinking water to
protect human health (U.S. Environmental Protection Agency,
2012). These MCLs, also known as primary drinking-water
standards, may be used as a guideline for private well owners
but are mandatory for public drinking-water supplies. Other
EPA non-regulatory drinking-water guidelines include Health
Advisory (HA) levels, and secondary maximum contaminant
levels (SMCLs). HA levels are listed by EPA for selected con-
stituents that have no MCL or, in some cases, in addition to the
MCL. SMCLs are listed for selected constituents that pose no
known health risk but may have adverse aesthetic effects, such
as staining or undesirable taste or odor (U.S. Environmental
Protection Agency, 2012).

The concentrations of chemical constituents in the
well-water samples were compared to established criteria for
protection of human health, including the EPA MCLs and
HAs (U.S. Environmental Protection Agency, 2012), also
defined by USGS as health-based screening levels (HBSLs).
Groundwater quality was also compared to SMCLs. Because
water quality at a given location will vary temporally owing
to natural hydrologic processes and seasonality, the assess-
ment of water quality relative to established standards on the
basis of samples collected only once from each well is limited
to conditions at that time. Although not done for this study,
constituent concentrations also could be evaluated with respect
to a fraction (such as one-half) of the relevant human health
criteria to allow for unknown but estimated variability related
to seasonal changes, water use, analytical accuracy, and other
factors.

Overall, the quality of the groundwater sampled in Wayne
County in 2014 was generally within EPA drinking-water
standards established for selected constituents and, therefore,
considered to be very good. However, in some samples, the
concentrations of certain constituents exceeded drinking-water
standards and HAs (U.S. Environmental Protection Agency,
2012). Complete results for the 89 water samples are given
in table 11 (back of report). Summary statistics for results are
discussed in the following sections. The range of and median
values for the water-quality characteristics measured in the
89 groundwater samples collected in 2014 are very similar
to those determined for the 32 samples collected in 2013
(Appendix 1).
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General Characteristics

Water quality often is characterized in terms of general
characteristics, such as pH, conductivity, or hardness. Some of
these characteristics, such as pH, change after sample collec-
tion and, being unstable, typically are measured in the field at
the time of sample collection. Summary statistics for chemical
and physical properties measured in the field, in addition to
measures of general water quality, are listed in table 3.

Field measurements of pH, Alkalinity, Specific
Conductance, and Dissolved Oxygen

Water temperature, pH, and DO concentration are
unstable properties and were determined in the field at the time
a water sample was collected. Alkalinity and SC were both
determined in the field and in the laboratory. Of the physical
and chemical properties measured in the field, drinking-water
standards have been established only for pH, and results show
that some samples have pH values that exceed SMCLs
(table 3).

pH is a measurement of the activity of hydrogen ions
in water and is expressed in logarithmic units with a pH of 7
considered neutral. Water with a pH less than 7 is acidic; water
with a pH greater than 7 is basic (or alkaline). The pH of 89
water samples collected in Wayne County ranged from 5.4
to 9.3; the median pH was 7.3 (table 3). The pH of 27 of 89
samples (30 percent) was outside the EPA SMCL range of 6.5
to 8.5 (U.S. Environmental Protection Agency, 2012). Twenty
of 89 samples (22 percent) had a pH less than 6.5, and 7 of 89
samples (8 percent) had a pH greater than 8.5 (table 3). The
spatial distribution of pH values in Wayne County groundwa-
ter is shown in figure 6.

The alkalinity of a solution is a measure of the capacity
for the solutes it contains to react with and neutralize acid and
typically consists largely of carbonate and bicarbonate ions
(Hem, 1985, p. 106). Alkalinity ranged from 10 to 202 mg/L
as calcium carbonate (CaCO,); the median concentration was
84 mg/L as CaCO, (table 3). Alkalinity is related to the pH of
a water sample. In general, water samples with a higher pH
have a higher alkalinity (fig.7A).

Specific conductance is a measurement of the ability of
water to conduct an electric current. Specific conductance
ranged from 28 to 678 pS/cm at 25 °C; the median specific
conductance was 192 uS/cm at 25 °C (table 3). Specific
conductance measured in the 89 water samples is linearly
related to the TDS concentration, a measure of dissolved ionic
concentrations, in the water sample (r> = 0.94) (fig. 8). Specific
conductance (and TDS) tended to increase as pH increased in
the Wayne County groundwater samples (fig. 7B).

Concentrations of DO ranged from 0.1 to 10.7 mg/L;
the median concentration was 3.2 mg/L (table 3). The DO
concentration was low, less than 0.5 mg/L, in water samples
from 18 (20 percent) of 89 wells (table 11 at back of report).
Low DO concentrations are related to chemical or biochemi-
cal reactions that consume oxygen and may result in reducing

conditions that promote the release of some metals. The chem-
ical reactions that consume oxygen can be naturally occurring
in soil or aquifer materials and are commonly associated with
microbial activity or oxidation of selected minerals such as
pyrite. In the groundwater samples collected in Wayne County,
DO concentrations tend to decrease with increasing pH; DO
concentrations generally were highest in acidic (low pH) water
and lowest (less than 0.5 mg/L) in alkaline water (pH greater
than 7.8) (fig. 7C). These relations indicate that consump-

tion of oxygen increases as mineral weathering increases in
groundwater.

Total Dissolved Solids, Total Solids, Hardness, and
Corrosivity

Concentrations of TDS in the 89 water samples ranged
from 24 to 370 mg/L and were all less than the SMCL of
500 mg/L (table 3). Total solids concentrations were similar
to TDS, indicating that most constituents in the groundwater
are present in dissolved form rather than particulate (or
suspended) form. TDS concentrations often are used as a
measure of salinity. Freshwater commonly is defined as having
TDS concentrations less than 1,000 mg/L and saline water
as having TDS concentrations greater than 1,000 mg/L. In a
regional study of the presence of saline water in the United
States, depth to saline water (TDS greater than 1,000 mg/L)
was estimated to be greater than or equal to 1,000 ft in north-
eastern Pennsylvania in the vicinity of Wayne County (Feth
and others, 1965). On the basis of geophysical logs in similar
hydrogeologic settings in Pike, Wayne, and Monroe Counties,
the depth of freshwater circulation was estimated to be greater
than 800 ft below land surface in Monroe County, which is
southeast of, and adjacent to, Wayne County (Carswell and
Lloyd, 1979). Results from the 2014 sampling of the 89 wells
with depths of as much as 1,300 ft are consistent with these
estimates of depth to saline water.

Hardness reflects the concentrations of calcium and
magnesium ions, which are released into groundwater from
the dissolution of calcium- and magnesium-bearing minerals.
Hard water decreases lathering of soap and increases accumu-
lation of mineral deposits in plumbing and cooking utensils.
Hardness of the 89 well-water samples ranged from less than
1 to 170 mg/L as calcium carbonate (CaCO,) with a median
value of 74.5 mg/L as CaCO, (table 3). Hard water has greater
potential than soft water to form scale or encrustations on
plumbing and fixtures. Using a common hardness classifica-
tion (Dufor and Becker, 1964), the measured values (sum of
dissolved calcium and magnesium concentrations) indicate
that 35 (39 percent) of the 89 water samples were soft (less
than 60 mg/L as CaCO,), 48 samples (54 percent) were mod-
erately hard (61 to 120 mg/L as CaCO,), and 6 samples
(7 percent) were hard (121 to 180 mg/L as CaCO,) (table 11 at
back of report). Hardness varied with pH; hardness generally
was greatest at intermediate pH values (6.5 to 7.8)

(fig. 9A). Water samples with low pH (less than 6.5) and high
pH (greater than 7.8) typically had hardness less than 60 mg/L
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Table 3. Minimum, median, and maximum of chemical and physical properties measured in the field, and concentrations of total
dissolved solids, major ions, nutrients, and bacteria determined in the laboratory for water samples collected from 89 wells in Wayne
County, Pennsylvania, July-September 2014.

[uS/cm, microsiemens per centimeter at 25 degrees Celsius; mg/L as CaCO,, milligrams per liter as calcium carbonate; mg/L, milligrams per liter; °C, degrees
Celsius; SiO,, silica; mg/L as N, milligrams per liter as nitrogen; mg/L as P, milligrams per liter as phosphorous; col/100 mL, colonies per 100 milliliters; --, no
data or not applicable; <, less than; > greater than; MCL, maximum contaminant level; HA, Health Advisory; SMCL, secondary maximum contaminant level]

V:::L::‘::’:ﬁ:::::ﬂg?’ Unite (':::22::) Concentration range and median ('::rl::::) Dri:tk;:g;\:;?ter
a.nd above reporting Minimum Median Maximum exceeding MCL HA | SMCL
constituents level standard
Well characteristics
Well depth feet "85 85 291 1,300 -- -- - --
Casing length feet 69 14 55 223 -- -- - --
Field properties
Water temperature “C 89 (100) 9.5 10.9 18.2 -- -- -- --
Dissolved oxygen mg/L 89 (100) 0.1 32 10.7 -- -- -- --
Specific conductance, field uS/cm 89 (100) 28 192 678 -- -- -- --
pH, field pH units 89 (100) 5.4 7.3 9.3 27 (30) | 6.5-85| -- --
Alkalinity (dissolved) mg/L as CaCO, "85 (100) 10 84 202 -- -- - --
Laboratory analyses?®
Total dissolved solids mg/L 89 (100) 24 120 370 0 (0) -- -- 500
Total solids mg/L 89 (100) 32 127.5 363
Hardness, total mg/L as CaCO, 89 (100) <1 74.5 170 -- -- C-m
Major ions (dissolved and total)

Calcium, dissolved mg/L 89 (100) 0.21 23.7 62.3 -- -- -- --
Calcium, total mg/L 89 (100) 0.20 239 57.7
Magnesium, dissolved mg/L 89 (100) 0.02 2.92 7.86 -- -- -- --
Magnesium, total mg/L 89 (100) 0.02 2.80 7.7 -- -- -- --
Sodium, dissolved mg/L 89 (100) 0.53 6.54 143 14 (16) - 20 | 30-60
Sodium, total mg/L 87 (98) <5 6.8 158 114 (16) -- 20 | 30-60
Potassium, dissolved mg/L 89 (100) 0.29 0.89 2.15 -- -- -- --
Potassium, total mg/L 89 (100) 0.30 0.90 2.1 -- -- -- --
Alkalinity (dissolved) mg/L as CaCO, 89 (100) 13.2 87.4 204 -- -- -- --
Bromide, dissolved mg/L 89 (100) <0.03 <0.03 0.966 -- -- -- --
Chloride, dissolved mg/L 89 (100) 0.45 3.83 117 0 (0) - - 250
Chloride, total mg/L 58 (65) <l,<5 5.7 110 0 (0) -- - 250
Fluoride, dissolved mg/L 89 (100) 0.02 0.06 0.35 0 (0) 4 - 2
Sulfate, dissolved mg/L 89 (100) 1.08 7.51 19.8 0(0) -- 500 250
Sulfate, total mg/L 77 (87) <l,<5 9.4 20.0 0 (0) -- 500 | 250
Silica, dissolved mg/L as SiO, 89 (100) 2.50 8.05 14.6 -- -- -- --
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Table 3. Minimum, median, and maximum of chemical and physical properties measured in the field, and concentrations of total
dissolved solids, major ions, nutrients, and bacteria determined in the laboratory for water samples collected from 89 wells in Wayne
County, Pennsylvania, July-September 2014.—Continued

[uS/cm, microsiemens per centimeter at 25 degrees Celsius; mg/L as CaCO,, milligrams per liter as calcium carbonate; mg/L, milligrams per liter; °C, degrees
Celsius; SiO,, silica; mg/L as N, milligrams per liter as nitrogen; mg/L as P, milligrams per liter as phosphorous; col/100 mL, colonies per 100 milliliters; --, no
data or not applicable; <, less than; > greater than; MCL, maximum contaminant level; HA, Health Advisory; SMCL, secondary maximum contaminant level]

VZ::L::‘:LTzL‘:::::S’ Unite ('::::2::) Concentration range and median ('::::2::) Dri:tk;:g;\:\;?ter
a.nd above reporting Minimum Median Maximum exceeding MCL HA | SMCL
constituents level standard
Nutrients (dissolved or total)
Kjeldahl nitrogen, total mg/L as N 5(6) <1.0 <1.0 2.6 -- -- -- --
Ammonia, dissolved mg/L as N 12 (13) <0.01 <0.01 0.08 0(0) -- 30 --
Nitrite, dissolved mg/L as N 10 (11) <0.001 <0.001 0.012 0(0) 1 -- --
Nitrate + Nitrite, dissolved* mg/L as N 76 (85) <0.04 0.42 4.36 0(0) 10 -- --
Orthophosphate, dissolved mg/L as P 84 (94) <0.004 0.014 0.061 -- -- -- --
Bacteria (total)
Total coliform col/100 mL 22 (25) <1 >200 22 (25) <1 - -
Escherichia Coli col/100 mL 2(2) <1 2 2(2) 0 - --

!''U.S. Environmental Protection Agency (2012).

2 Laboratory analysis for dissolved concentrations in filtered samples done by U.S. Geological Survey National Water Quality Laboratory (NWQL).

3 Laboratory analysis for total concentrations in unfiltered samples done by contract laboratories using drinking-water methods (see Appendix 2).

4 Because nitrite concentrations are low, nitrate is nearly equivalent to nitrate plus nitrite.

2 pH was less than 6.5 in 20 samples (22 percent) and greater than 8.5 in 7 samples (8 percent).

® Same standard established by Pennsylvania Department of Environmental Protection (2010) for flow-back discharge to streams.

¢ No drinking-water standard but water characterized as: soft, 0—-60 mg/L in 35 samples (39 percent); moderately hard, 61-120 mg/L in 48 samples
(54 percent); hard, 121-180 mg/L in 6 samples (7 percent); and very hard, >180 mg/L in 0 samples (0 percent).

414 samples exceeded HA of 20 mg/L and 6 samples exceeded upper SMCL limit of 60 mg/L for sodium.

" Data on depths available for 85 wells.

** Data on casing lengths available for 69 wells.

“* Only 85 of 89 samples had reliable field alkalinity measurements on the basis of cation-anion balances.

as CaCO, and were soft. There are no health-related standards
established specifically for hardness in drinking water.
Water-resources engineers commonly identify the cor-
rosion and encrustation potential of water on the basis of the
Langelier Index (LI), which provides an indication of the
potential for lead and copper to enter water supplies from
pipes and plumbing (Snoeyink and Jenkins, 1981). The LI,
which is the difference between the measured pH and the pH
at equilibrium with calcite (CaCO,), is equal in value to the
calcite saturation index (SICAL), discussed in more detail in
section “Geochemical Modeling.” If the LI or SICAL is posi-
tive, the pH is greater than that at equilibrium with CaCO,,
and the water will tend to deposit a CaCO; coating or scale

that can insulate pipes, boilers, and other components of a
system from contact with water; however, if the LI is nega-
tive, the water is undersaturated with CaCO, and will tend to
be corrosive in the distribution system. The optimum value
for the LI or SICAL is close to zero, whereby the water will
neither be strongly corrosive or scale forming. For the Wayne
County groundwater samples, SICAL ranged from -4.7 to 0.5,
increasing with pH (fig. 9B). Of the water samples collected
from 89 wells in 2014, 41 (46 percent) had LI values that were
less than -1, indicating potentially strongly corrosive charac-
teristics, and these samples were acidic with pH less than 7
(and also soft, fig. 9A). The remaining samples are considered
neither strongly corrosive nor scale forming.
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Figure 7. Relation between field measured pH and A, laboratory

alkalinity, B, field specific conductance, and C, dissolved oxygen
concentrations in water samples collected from 89 wells in Wayne
County, Pennsylvania, July-September 2014.

Major and Minor lons

Sources of major and minor ions include atmospheric
precipitation, mineral dissolution, and compounds introduced
or associated with land-use practices such as use of deicing
salts on roads, on-site wastewater disposal (septic systems),
and agricultural application of lime or fertilizers on fields.
The major ions consist of positively charged cations (calcium,
magnesium, sodium, and potassium) balanced by negatively
charged anions (bicarbonate, chloride, sulfate). Silica is a
major constituent that commonly occurs as an uncharged ion.
Nitrate, discussed in the section “Nutrients,” is an anion that
sometimes is present in large enough concentrations to be con-
sidered a major ion; nitrite rarely is present in concentrations
greater than 1 mg/L in groundwater. Ammonia, a nitrogen
compound that commonly occurs in groundwater as the cation
ammonium, occasionally may be present in large enough
concentrations to be considered a major ion. Drinking-water
standards have been established for only a few major ions
and, except for two nitrogen compounds (nitrate and nitrite),
are typically either a SMCL or HA, both of which are recom-
mended rather than required standards.

Fluoride and bromide are minor anions typically present
in concentrations of less than 1 mg/L in Wayne County
groundwater. Of these minor ions, only fluoride has an estab-
lished MCL in drinking water.

The summary statistics for concentrations of major and
minor ions listed in table 3 show that only sodium is present
in concentrations greater than a HA or SMCL. Sodium
concentrations were greater than the HA level of 20 mg/L
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Figure 8. Relation between field measured specific conductance
and concentrations of total dissolved solids in water samples
collected from 89 wells in Wayne County, Pennsylvania,
July—September 2014.
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Figure 9. Relation between field measured pH and A, hardness,
and B, corrosivity (as measured by calcite saturation index)

in water samples collected from 89 wells in Wayne County,
Pennsylvania, July-September 2014.

for individuals on a sodium-restricted diet in 14 samples (16
percent) and were greater than the EPA (2012) upper drinking-
water advisory limit of 60 mg/L in 6 samples (7 percent).
These exceedances for sodium relative to the HA and SMCL
were similar to those found in the 2013 samples (Sloto, 2014;
see also Appendix 1). The spatial distribution of dissolved
sodium concentrations in Wayne County groundwater in 2013
and 2014 is shown in figure 10.

Small to no differences between dissolved and total
concentrations of major and minor ions were apparent for
available data (tables 3 and 11), indicating these constituents
predominantly are present in the dissolved phase in the
groundwater samples. Additionally, the results of analyses for
dissolved and total concentrations indicate that the quality of
filtered and unfiltered water is similar relative to drinking-
water standards for these constituents.

Baseline Groundwater Quality in Wayne County 23

Nutrients

The nutrients nitrogen (N) and phosphorus (P) most
commonly are present in groundwater in the dissolved phase.
Sources of nitrogen include atmospheric precipitation, decom-
posing organic matter (leaves and other vegetation), fertilizers,
animal wastes, and septic systems; the latter three sources
potentially contribute greater amounts to groundwater than
precipitation, depending on land use in recharge area. Nitrogen
may be present in various forms, depending on origin and
geochemical environment. Ammonia and nitrite tend to be
present in reducing (low oxygen concentrations typically less
than 0.5 mg/L) environments, and nitrate tends to be present
in oxidizing environments (oxygen concentrations typically
greater than 0.5 mg/L). Sources of phosphorus include mineral
dissolution, fertilizers, and septic systems. Orthophosphate is a
common soluble form of phosphorus.

Ammonia and nitrite were detected in less than
15 percent of the samples at concentrations that did not
exceed respective drinking-water standards (table 3). Nitrate
was detected in 85 percent of the samples at low to moderate
concentrations that ranged up to about 4.4 mg/L as N but
did not exceed the MCL of 10 mg/L as N in any sample.
Orthophosphate was detected in 94 percent of the samples,
with concentrations ranging up to 0.061 mg/L as P and greater
than or equal to 0.02 mg/L as P in 29 samples (about
33 percent). Concentrations of orthophosphate greater
than 0.01 to 0.02 mg/L in streams in glaciated northeastern
Pennsylvania may represent slight enrichment relative to
reference conditions (U.S. Environmental Protection Agency,
2001) and could be from human-related sources (Andrew
Reif, U.S. Geological Survey, oral commun., 2008) or from
groundwater with orthophosphate concentrations greater than
0.02 mg/L as P in the form of base-flow contributions (Denver
and others, 2010). Sources of elevated orthophosphate in the
Wayne County groundwater samples have not been identified
but could include dissolution of apatite or other phosphorus-
bearing minerals in addition to phosphorus from wastewater
disposal and fertilizers.

Bacteria

Total coliform bacteria were detected in 22 of 89
(25 percent) well-water samples (table 3), with concentrations
ranging from 1 colony per 100 milliliter [reported as most
probable number per 100 milliliters (MPN/100 mL)] to
38 MPN/100 mL in 19 samples and greater than
200 MPN/100 mL in 3 samples. The presence of total coli-
form does not necessarily indicate pathogenic bacteria but
does indicate potential pathways from the surface or near
surface to groundwater. Guidelines for evaluation of health
risks associated with bacteria state that analysis for bacteria of
fecal origin, such as E. Coli, should be done if total coliform
bacteria are detected (U.S. Environmental Protection Agency,
2012). Of the 22 samples that had total coliform bacteria, only
2 samples had detectable E. Coli in very low concentrations
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sampled twice, results for 2014
are plotted on top of results for
2013.



of 1 and 2 MPN/100 mL. Low bacteria concentrations near or
at detection levels are uncertain, and the replicate sample for
one of these two samples had no E.Coli present (Appendix 3).
Possible sources of E. Coli include on-site wastewater disposal
(septic system, sand mound) or other infiltration of surface
waters containing fecal matter.

Trace Elements and Metals

Most analyses for inorganic trace constituents (metals
and other elements) were conducted on filtered samples
(table 4) and represent dissolved concentrations. Analyses for
a few constituents—barium, iron, manganese, and strontium—
were conducted on both filtered and unfiltered samples
(table 4), using drinking-water methods on unfiltered samples
and USGS methods on filtered samples for these constituents.
Little to no differences between dissolved and total concentra-
tions of barium and strontium were apparent, indicating these
constituents are present in the dissolved form in the groundwa-
ter samples. Differences between dissolved and total concen-
trations of manganese generally were small, also indicating
manganese generally occurs in the dissolved form. Substantial
differences in dissolved and total concentrations of iron
were measured for some samples, with total concentrations
exceeding dissolved concentrations by more than 100 ng/L
and up to about 8,750 pg/L in 12 of 89 samples (13 percent).
Differences in dissolved and total concentrations of trace
constituents may occur, sometimes caused by presence of, or
adsorption of, trace metals on particulate iron or manganese
oxides. Consequently, concentrations of some constituents
(such as arsenic), in some cases, may exceed respective MCLs
or SMCLs in unfiltered samples but not in filtered samples.

Of the 20 inorganic trace constituents (metals and other
elements) included in 2014 analyses of filtered water samples,
19 were present in concentrations greater than the reporting
level in at least one sample (table 4). Dissolved concentrations
of the most frequently detected inorganic trace constituents
(strontium, barium, lithium) generally were higher than dis-
solved concentrations of the less frequently detected constitu-
ents. Barium, strontium, and lithium dissolved concentrations
were measured at values greater than the reporting levels in
all 89 samples. Arsenic, copper, and lead were the next most
frequently detected metals. Boron concentrations tended to
be higher than the concentrations of lithium and three other
metals (arsenic, copper, and lead), but boron was detected less
frequently because its reporting level of 5 ng/L was relatively
high.

Arsenic

Of the trace constituents analyzed, only arsenic exceeded
a primary drinking-water standard. Dissolved arsenic concen-
trations exceeded the MCL of 10 pg/L in 4 of 89 samples
(4.5 percent) and were higher than the HA level of 2 pg/L in
27 of 89 samples (30 percent). Elevated arsenic concentrations
generally occur in water with elevated pH. Arsenic
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concentrations in groundwater samples collected in Wayne
County in 2014 (fig. 11A) and 2013 (Sloto, 2014) generally
were higher than the MCL of 10 pg/L only when the pH was
greater than 7.8 and higher than the HA of 2 ug/L when the
pH was greater than 7.2. The relation between elevated pH
and elevated arsenic concentrations in Wayne County may

be attributed to the increased mobility of arsenic under these
geochemical conditions. The spatial distribution of dissolved
arsenic concentrations in Wayne County groundwater in 2013
and 2014 is shown in figure 12. Although the dissolved arsenic
concentrations in water from four wells sampled in both years
were similar, the arsenic concentration in one well (WN-304)
exceeded the MCL of 10 ug/L in 2013 (20.9 ng/L) but was
slightly less than the MCL in 2014 (9.5 pg/L)

(see Appendix 3).

Increases in pH to levels greater than 7 may result in
mobilization of some negatively charged ions (anions) that
tend to be adsorbed on iron oxides or other mineral surfaces
in aquifer materials at low pH (see fig. 27A in “Geochemical
Modeling” section). Arsenic commonly is present in ground-
water as arsenate (AsO,*) or, in more reducing conditions,
arsenite (AsO,>), both oxyanions (Welch and others, 2000).
Under acidic conditions or at pH less than 8, arsenate tends to
remain mostly sorbed on aquifer materials, but at pH greater
than 8, arsenate can be mobilized (desorbed) to a greater
extent. Using a geochemical model to evaluate ion sorption
on iron oxides (that commonly are present in aquifer materi-
als), the simulated fraction of arsenic (as arsenate) in solution
exceeds 35 percent at pH values greater than 8 (see fig. 27A in
“Geochemical Modeling” section).

Other constituents that have some chemical characteris-
tics similar to arsenic, forming oxyanions that are more mobile
at higher pH values, include molybdenum, antimony, and
selenium. Of these metals in the Wayne County groundwater
samples, the relation between increasing pH and dissolved
concentrations was strongest for molybdenum (Appendix
4, fig. A4-1); the highest molybdenum concentrations were
measured in samples with pH greater than 7.5 (fig. 11B), a
value above which geochemical modeling indicates greater
than 90 percent of the molybdenum ion molybdenate (MoO,*)
is likely to be dissolved rather than adsorbed (see fig. 27A in
“Geochemical Modeling” section).

Iron and Manganese

Total iron concentrations were greater than the SMCL of
300 pg/L in 9 of 89 samples (10 percent), but dissolved iron
concentrations did not exceed this standard, indicating that
the particulate phase of iron can be a water-quality concern.
Concentrations of dissolved and total manganese were similar,
and concentrations of both exceeded the SMCL of 50 pg/L
in 2 of 89 samples (2.2 percent), indicating that the dissolved
phase of manganese is predominant and can be a water-quality
concern. No sample had dissolved or total manganese concen-
trations that exceeded the HA of 300 pg/L.
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Table 4. Minimum, median, and maximum concentrations of trace elements and metals determined in the laboratory for water
samples collected from 89 wells in Wayne County, Pennsylvania, July—September 2014.

[pg/L, micrograms per liter; <, less than; --, no data or not applicable; MCL, maximum contaminant level; HA, Health Advisory; SMCL, secondary maximum
level]

Number Concentration range and median Drinking-water standard’
(percent) Number
Constituent Units above . i i (percellﬂ)
reporting Minimum Median Maximum | exceeding MCL HA SMCL
level standard
Dissolved trace constituent (filtered samples)?
Aluminum pg/L 21 (24) <22 <22 523 0 (0) - - 50-200
Antimony ng/L 28 (31) <0.027 <0.027 0.227 0 (0) 6 - -
Arsenic ng/L 82 (92) <0.010 0.38 20.1 4 (4) 10 2 -
Beryllium pg/L 1(1) <0.020 <0.020 0.022 0 (0) 4 - -
Boron pg/L 63 (71) <5 9 141 0 (0) - 7,000 -
Cadmium ng/L 2(2) <0.030 <0.030 0.132 0 (0) 5 - -
Chromium ng/L 70 (0) <0.30 <0.30 <0.30 0 (0) 100 - -
Cobalt ng/L 24 (27) <0.050 <0.050 0.208 - - - -
Copper pg/L 80 (90) <0.80 5.8 121 0(0) 1,300 1,000 --
Lead, dissolved ng/L 79 (89) <0.040 0.20 3.06 0(0) 15 -- --
Lithium ng/L 20 (100) 0.16 7.92 463 - - - -
Molybdenum ng/L 57 (64) <0.05 0.09 1.22 0 (0) - 40 -
Nickel ng/L 70 (79) <0.20 0.37 1.7 0 (0) - 100 -
Selenium pg/L 74 (83) <0.05 0.12 1.8 0 (0) 50 - -
Silver ng/L 0 (0) <0.020 <0.020 <0.020 0 (0) - - 100
Zinc ng/L 69 (78) <2.0 6.6 81.9 0(0) -- 2,000 5,000
Dissolved and total trace constituents (filtered and unfiltered samples)?®
Barium, dissolved pg/L 89 (100) 1.26 52.8 803 0 (0) 2,000 - -
Barium, total ng/L 89 (100) 1.3 50.8 774 0(0) 2,000 -- --
Iron, dissolved ng/L 26 (29) <4.0 <4.0 254 1(5) - -- 300
Tron, total ng/L 470 (80) <1.0 10.6 8,800 9 (10) - - 300
Manganese, dissolved ng/L 38 (43) <0.40 <0.40 246 2 (2) -- 300 50
Manganese, total ng/L 33(37) <0.50 0.8 262 2 (2) -- 300 50
Strontium, dissolved ng/L 89 (100) 7.17 144 3,040 0(0) -- 4,000 --
Strontium, total ng/L 89 (100) 8.09 145 3,060 0(0) -- 4,000 --

!'U.S. Environmental Protection Agency (2012).

2 Laboratory analysis for dissolved concentrations in filtered samples done by U.S. Geological Survey National Water Quality Laboratory (NWQL).
? Laboratory analysis for total concentrations in unfiltered samples done by contract laboratories using drinking-water methods (see Appendix 2).

* Four samples exceed the MCL of 10 pg/L and 27 samples (30 percent) exceed the HA of 2 ng/L for arsenic.

® Two samples exceed the SMCL level of 50 pg/L but no (0) samples exceed the HA of 300 pg/L for manganese.

¢ Pennsylvania Department of Environmental Protection (2010) established standards are 10 mg/L (10,000 pg/L ) for barium and 10 mg/L (10,000 pg/L )
for strontium in flow-back discharge to streams.

4 Missing total iron value for one sample.
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Figure 11. Relation between field measured pH and dissolved

concentrations of A, arsenic, B, molybdenum, antimony, and
selenium, and C, copper and lead in water samples collected from
89 wells in Wayne County, Pennsylvania, July—September 2014.
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The characteristic brownish-red color of the “red beds”
of the Catskill Formation result from the presence of various
iron-oxide minerals, such as hematite (Fe,O,) (Friend,

1966). Limonite, a family of hydrous iron oxide minerals
(FeO(OH)-nH,0) is reported to occur in the Catskill
Formation in Pike County (Sevon and others, 1989). Under
reducing conditions for iron and manganese oxides [Fe(III)
and Mn(III, IV)], the concentrations of dissolved iron and
manganese and associated sorbed trace anions and cations
may become elevated. The reductive dissolution of iron and
manganese oxides is typically coupled with the oxidation of
organic compounds after supplies of DO, nitrate (NO,"), and
nitrite (NO,") have been depleted but before the development
of sulfate-reducing conditions (Ehrlich, 1990; Stumm and
Morgan, 1996; Drever, 1997; McMahon and Chapelle, 2008).
Thus, the presence of dissolved iron, manganese, and sulfate
in anoxic groundwater that lacks nitrate and nitrite can be
interpreted to indicate reducing geochemical conditions
capable of mobilizing trace elements associated with iron and
manganese oxides in the aquifer but incapable of precipitating
sulfide minerals (McMahon and Chapelle, 2008).

Dissolved iron and manganese concentrations are greater
than the SMCLs of 300 and 50 pg/L, respectively, in only a
few groundwater samples in Wayne County (fig. 13, table 4),
and these elevated concentrations of dissolved iron and man-
ganese may be present where sufficient organic carbon (from
natural or man-made sources) is available for oxidation. DO
and nitrate concentrations are very low (less than 0.5 mg/L),
and sulfate concentrations relatively low but detectable (less
than 10 mg/L), for most of the samples with elevated iron
and manganese concentrations (fig. 13), indicating reducing
(but not extremely reducing) conditions potentially capable of
mobilizing those trace elements that tend to sorb on iron and
manganese oxides under certain pH conditions. However, the
groundwater-quality data for Wayne County do not appear
to indicate extensive mobilization of trace metals through
reduction dissolution of iron oxides. Elevated concentrations
of dissolved trace metals were not associated with elevated
dissolved iron and manganese concentrations, perhaps because
the relatively high pH values in these moderately reducing
waters limit some trace metal mobility. The highest concentra-
tions of copper and lead were in water samples that had among
the lowest pH values (most acidic) (fig. 11C) in addition to rel-
atively high concentrations of DO. These metals form cations
that tend to be desorbed and mobile under acidic conditions
(fig. 27B). Such metals could be mobilized from plumbing at
low pH but also could be naturally occurring in the aquifer.

Iron occurs in particulate form to a greater extent than
does manganese in the Wayne Couny groundwater samples,
where the particulate concentration is the concentration of
total minus dissolved metal. Total and particulate iron concen-
trations showed no clear relation to DO concentrations
(fig. 14A), indicating that controls on the formation of particu-
late iron are more complex than redox conditions. Although a
range of total iron concentrations was observed over the range
of pH values for the Wayne County groundwater samples, the
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Figure 12. Spatial distribution of
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in water samples collected
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wells in 2013 in Wayne County,
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sampled twice, results for 2014
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highest total (and particulate) iron concentrations, including all
those greater than the SMCL 300 pg/L, were in water samples
having pH less than 7.5 (fig. 14B). Like iron, particulate man-
ganese concentrations showed no strong relation to pH or DO
concentration, but total manganese concentrations were high-
est at lowest DO concentrations, reflecting the predominant
presence of manganese in the dissolved phase.

Radionuclides

Radionuclides naturally present in rocks and soils may
enter or leach into groundwater through mineral dissolution,
desorption from mineral surfaces, or in the case of radon (gas),
diffusion. Naturally occurring radioactivity in groundwater is
produced primarily by the radioactive decay of uranium-238
and thorium-232. These isotopes of uranium and thorium
disintegrate in steps emitting either alpha or beta particles and
forming a series of radioactive nuclide “daughter” products,
mostly short lived, until a stable lead isotope is produced. The
uranium-238 decay series commonly produces the greatest
amount of radioactivity in natural groundwater (Hem, 1985,
p. 147). Uranium-238 has a half-life of 4.5 x 10° years. Its
daughter products include radium-226 (half-life of
1,620 years) and radon-222 (half-life of 3.8 days). Radon-222,
a decay product of radium-226, is a colorless, odorless, chemi-
cally inert, alpha-particle-emitting gas that is soluble in water.
The end product of the uranium-238 decay series is the stable
isotope lead-206. Radioactivity is the release of energy and
energetic particles (alpha or beta) by changes in the structure
of certain unstable elements as they break down to form more
stable arrangements, for which (1) alpha radiation consists of
positively charged helium nuclei, (2) beta radiation consists
of electrons or positrons, and (3) gamma radiation consists of
electromagnetic waves.

Analyses for radioactivity and radionuclides in the
89 well-water samples collected in Wayne County in 2014
included gross alpha radioactivity, gross beta radioactivity,
and dissolved radon-222 (radon gas). Uranium, a radioactive
element, also was analyzed in the dissolved form. Summary
statistics for radioactive constituents are given in table 5, and
analytical results are provided in table 11 (back of report).
Water samples were not analyzed for radium-226, a constitu-
ent that may be elevated in brines and that has an EPA (2012)
MCL of 5 pCi/L in drinking water. Limited results for radium
in groundwater in neighboring Pike County show radium-226
values were less than 1 pCi/L (Senior, 2014).

Gross alpha- and gross beta-particle radioactivity

Various radioactive isotopes present in groundwater may
contribute to the total or gross radioactivity measured in a
sample, as measured in analyses for gross alpha-particle and
gross beta-particle radioactivity. Differences between gross
alpha and gross beta radioactivity measured soon after sample
collection (within 72 hours) and after 30 days indicate whether
short-lived radionuclides (such as radium-224, half-life of
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B, pH, in water samples collected from 89 wells in Wayne County, Pennsylvania, July—September 2014. (SMCL, secondary maximum

contaminant level; pg/L, micrograms per liter).
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Table 5. Minimum, median, and maximum concentrations of selected radioactive constituents determined in the laboratory for water
samples collected from 89 wells in Wayne County, Pennsylvania, July—September 2014.

[pCi/L, picocuries per liter; mrem/yr, millirem per year; pg/L, micrograms per liter; <, less than; --, no data or not applicable; MCL, maximum contaminant

level; HA, Health Advisory; SMCL, secondary maximum level]

Number Concentration range and median Drinking-water standard'
Number
(percent) (percent)
Radioactive constituent? Units above . . . P .
renorti Minimum Median Maximum | exceeding MCL HA SMCL
porting
standard
level
Total (unfiltered sample)
Gross alpha radioactivity, .
30.day recount pCi/L 49 (55) - 0.8 9.8 0(0) 15 - -
Gross alpha radioactivity, .
W — pCi/L 52 (58) - 1.5 12.0 0 (0) 15 - -
Gross beta radioactivity, - eip 69 (78) - 21 72 0(0) |4mremiyr| - -
30-day recount P ' ’ y
Gross beta radioactivity, . .
7> hour count pCi/L 67 (75) - 1.8 5.8 0(0) 4 mrem/yr | - -
Radon-222 pCi/L 89 (100) 25 2,120 7,400 86 (97) 300 - -
Dissolved (filtered sample)
Uranium (natural) ug/L 83 (93) <0014 0824 16.4 o | 30 | 20 | -

' U.S. Environmental Protection Agency (2012).

2 Gross alpha-particle radioactivity measured using thorium-230 curve; gross beta-particle radioactivity measured using cesium-137 curve.

*MCL expressed as a dose.

® Eighty-six samples exceed proposed MCL of 300 pCi/L and 12 samples (13 percent) exceed proposed alternative MCL is 4,000 pCi/L.

3.6 days) are present in the sample. Because well owners are
consuming water soon after it is pumped from a well, it is pru-
dent to assess radioactivity measured as soon as possible (such
as within 72 hours) relative to the established drinking-water
standards. If gross alpha- or gross beta-particle activities are
elevated, it is likely that a radionuclide (such as radium-226
for gross alpha-particle activities) that contributes to those
radioactivities is also elevated. Thus, gross alpha- and gross
beta-particle activities commonly are used to screen for pos-
sible presence of radionuclides in concentrations of concern.
The gross alpha radioactivity (72-hour count) in water
from the 89 sampled wells ranged from non-detect (less than
the detection limit) to 12 .0 pCi/L, and the median activity
was 1.5 pCi/L (table 5). Values considered “non-detects” are
listed with an “R” preceding the value (table 11). Most gross
alpha radioactivity values were less than the method reporting
level (MRL) of 3 pCi/L and, when reported without an “R”
qualifier, are considered to be estimated values that have

larger uncertainty than those quantified at greater than the
MRL. Twenty of 89 samples (22.5 percent) had gross alpha
radioactivity (72-hour count) greater than or equal to 3 pCi/L.
Gross alpha-particle activity in the 30-day count was similar
to or slightly less than the activity in the 72-hour count (table
11). No water sample exceeded the EPA MCL of 15 pCi/L for
gross alpha-particle activity (table 5).

The gross beta radioactivity (72-hour count) ranged from
non-detect (less than the detection limit) to 5.8 pCi/L, and
the median activity was 1.8 pCi/L (table 5). Similar to gross
alpha-particle activity, uncertainty is relatively greater for
values less than the MRL of 3 pCi/L. Seventeen of 89 samples
(19.1 percent) had gross beta-particle activity (72-hour count)
greater than or equal to 3 pCi/L. Gross beta-particle activity
in the 30-day count was similar to or slightly greater than the
activity in the 72-hour count in most of the samples (table 11).
Gross alpha- and gross beta-particle activities generally were
directly related (fig 15A).
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Figure 15. Relation between A, gross alpha-particle activity and gross beta-particle
activity, B, gross alpha-particle activity and dissolved uranium concentrations, and

C, gross beta-particle activity and dissolved uranium concentrations in water samples
collected from 89 wells in Wayne County, Pennsylvania, July-September 2014.



Radon-222

Radon-222, a daughter product of radium-226, is an
inert gas that dissolves in water. The EPA has set health-based
standards for radon-222 in air (4 pCi/L) but currently does
not regulate radon-222 in drinking water. However, under
the framework specified by the 1999 Notice for the Proposed
Radon in Drinking Water Rule (Federal Register, 1999), the
EPA proposed an alternative maximum contaminant level
(AMCL) of 4,000 pCi/L for radon-222 for community water
systems that use groundwater for all or some of the supply in
states with an enhanced indoor radon program. For states with-
out an enhanced indoor air program, EPA proposed an MCL of
300 pCi/L for radon-222.

Activities of radon-222 in water from the 89 wells ranged
from 25 to 7,400 pCi/L, with a median activity of 2,120 pCi/L
(table 5). Water samples from 86 of the 89 wells (97 percent)
exceeded the proposed EPA MCL of 300 pCi/L, and samples
from 12 of the 89 wells (13 percent) exceeded the proposed
EPA AMCL of 4,000 pCi/L for radon-222. Radon-222 activi-
ties in water samples from the 89 wells did not appear to be
related to other measured sources of radioactivity (gross alpha-
or gross beta-particle radioactivity or uranium). The spatial
distribution of radon-222 activities (concentrations) in Wayne
County groundwater is shown in figure 16.

Uranium

The concentration of uranium ranged from less than
0.014 to 16.4 ng/L with a median concentration of 0.824 png/L
(table 5). No water samples exceeded the EPA MCL of
30 pg/L or the HA of 20 nug/L for uranium, although the high-
est measured uranium concentration of 16.4 pug/L was close to
the HA. Uranium concentrations were directly related to gross
alpha- and gross beta-particle activity, with a stronger relation
to gross alpha-particle activity (r> = 0.76, fig. 15B) than to
gross beta-particle activity (1> = 0.54, fig. 15C). Thus, gross
alpha-particle activity may be more useful than gross beta-
particle activity to serve as a screen for potentially elevated
concentrations of uranium in Wayne County groundwater.
Using the linear relation shown in figure 15B, estimated
uranium concentrations would be predicted to exceed the HA
of 20 pg/L at 72-hour gross alpha activities of about 14 pCi/L
and the MCL of 30 ug/L at 72-hour gross alpha activities of
about 21 pCi/L.

Although measured uranium concentrations in ground-
water samples did not exceed drinking-water standards, at
least one sample had a concentration (16.4 ng/L) near the HA
level of 20 pg/L. Uranium has been reported to be present at
enriched levels at some localities in the Catskill Formation
in Pennsylvania (McCauley, 1961; Pirc and Rose, 1981),
including central Wayne County (Kleimic, 1962); therefore,
there is the potential for uranium to occur at elevated levels
in groundwater at least locally in Wayne County if mobilized
from aquifer materials under certain chemical conditions.
Where uranium is not present in enriched concentrations in
aquifer materials, elevated concentrations in groundwater are
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less likely. Uranium ion solubility is affected by pH, alkalin-
ity, and redox conditions; uranium ions can form complexes
with other ions, particularly bicarbonate and carbonate, which
can increase uranium mobility at neutral to alkaline pH. The
concentrations of uranium in groundwater in Wayne County
tended to be highest at or near neutral pH (fig. 17), with low
to moderate concentrations of DO (1 to 6 mg/L). The spatial
distribution of uranium concentrations in Wayne County
groundwater is shown in figure 18.

Man-made Organic Compounds

All samples were analyzed for selected man-made
(synthetic) organic compounds, including 68 VOCs, 2 glycols,
8 alcohols, and oil and grease (table 6), but none of these
man-made organic compounds was measured in a detectable
concentration in any sample. The reporting level for VOCs
was 0.5 pg/L, which is lower than drinking-water MCLs
established for most analyzed VOCs. However, drinking-water
MCLs for two compounds—1,2-dibromo-3-chloropropane
(DBCP) and 1,2-dibromoethane (EDB)—are less than the
method reporting level, as performed by the laboratory, so
for these compounds, a more sensitive method is needed to
determine whether they are present in concentrations greater
than the MCLs (although below the reporting level of
0.5 pg/L). Therefore, with the exception of these two com-
pounds, if VOCs are present in groundwater at concentrations
less than the reporting level of 0.5 ng/L, those concentrations
would not exceed an established drinking-water standard.

The reporting level for the analyzed glycols and alcohols
was 5 mg/L, a level which may not be low enough to detect
the possible presence of these compounds in groundwater.
However, at the time of this study, a more sensitive approved
method with lower reporting levels was not available.
Therefore, these analyses indicate only that glycols and alco-
hols were not present in concentrations greater than 5 mg/L.

Methane and Other Dissolved Hydrocarbon
Gases

Methane is a colorless, odorless, combustible gas that
may occur naturally in groundwater. Methane may be derived
from several sources, including but not limited to surficial
sediments, organic-rich layers within rocks, and microbial
activity involved in the breakdown of organic matter, and can
be broadly classified as thermogenic or microbial (biogenic) in
origin (Schoell, 1980). Thermogenic methane is formed from
breakdown of organic material in sediments under high-tem-
perature conditions caused by deep burial. In contrast, micro-
bial methane is formed in shallow subsurface or near surface
environments by microbial (bacterial) reduction of carbon
dioxide or fermentation of organic debris (Breen and others,
2007). The methane present in the Marcellus Shale and Utica
Shale being developed for natural gas in Pennsylvania is of
thermogenic origin (Baldassare and others, 2014; Kirschbaum



34 Baseline Assessment of Groundwater Quality in Wayne County, Pennsylvania, 2014

75°20' 75°10' 75°00'
’Q © WN-298

01%‘\

42°00'

41°50" |- O O O

© O O O EXPLANATION

Land-surface elevation above NAVD 88
- wee High: 807 meters (2,648 feet)

O Q) WN-304
R @ - Mid: 446 meters (1,463 feet)

#1°40' |-
o R Low: 201 meters (659 feet)

O
Ca O Q & ‘ O Radon-222, in picocuries per liter
® (to300
@)
@)

O 301t01,000

‘ Q) O 1,001t 2,000
S) ‘ O 2,001 to 4,000
o O O Q O i ‘ 4,001 to 7,400
+
(@)
O

41°30' |-
i Figure 16. Spatial distribution
of radon-222 activities
41°20' |- (concentrations) in water samples

collected from 89 wells in 2014 and
32 wells in 2013 in Wayne County,
Pennsylvania. For four wells (WN-
295, 298, 304, and 309) sampled
twice, results for 2014 are plotted
on top of results for 2013.

Base from U.S. Geological Survey National Elevation Dataset N42W076 0 2 4 6 8 MILES
1 arc-second 2013 1 x1 degree. Map is displayed at 1:350,000 scale. B R RARRRERaRRAR m———
Universal Transverse Mercator Projection, Zone 17N, 0 2 4 B 8 KILOMETERS

North American Datum of 1983 (NAD 83)




18IIIIIIIIIIIIIIIIIIII

:....
°® 3 ¢
° :o..
$ °
d HX) :. os ®
| 4 0e8001008:208000e%0, 1°| | 4 4 0 | @i 1
6 7 8 9
pH, field, in standard units

Uranium, dissolved, in micrograms per liter

co
bl IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
®

o

Figure 17. Dissolved uranium concentrations in relation to
field measured pH in water samples collected from 89 wells
in Wayne County, Pennsylvania, July-September 2014.

and others, 2012). Sources of methane may be inferred from
the isotopic composition of the methane itself and from the
presence of other gases on the basis of numerous studies
described in Breen and others (2007).

Although the presence of methane in well water is not
known to pose a health risk through ingestion, methane at suf-
ficient concentrations in well water may increase the hazard of
explosion when vented into a confined space (Eltschlager and
others, 2001). Recommended action levels for methane con-
centrations in well water listed in table 7 are guidelines, but
site-specific conditions need to be considered when evaluating
potential risks (Eltschlager and others, 2001).

Water samples from 89 wells were analyzed for the
hydrocarbon gases methane, ethane, and propane by a
contract laboratory (Environmental Services Laboratory, Inc.)
using method PADEP 3686, but only methane was detected.
Methane was measured in concentrations greater than the
laboratory reporting level of 0.24 mg/L in samples from 8 of
89 wells (9 percent), ranging from 0.74 to 9.6 mg/L. Two sam-
ples had dissolved methane concentrations (6.8 and 9.6 mg/L)
near or exceeding the Pennsylvania action level of 7 mg/L set
to minimize hazards related to explosion (Commonwealth of
Pennsylvania, 2014).

Ethane and propane, with laboratory reporting levels of
1.24 and 1.42 mg/L, were not detected by the contract labora-
tory (Environmental Services Laboratory, Inc.) in any of the
89 samples. For the previous assessment, which was based on
samples collected in 2011 and 2013 (Sloto, 2014), dissolved
gases were determined using a different laboratory and method
with lower reporting levels (0.0006 mg/L) than the labora-
tory and method (PADEP 3686) used for the 2014 samples
(0.24 mg/L); consequently, methane was detected more
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frequently and at lower concentrations than in 2014. Sloto
(2014) reported that 22 of 34 well-water samples (65 percent)
collected in 2011 and 2013 had detectable concentrations of
methane, ranging from 0.00012 to 3.3 mg/L, but only 3 of the
34 samples (8.8 percent) had methane concentrations greater
than 0.24 mg/L (see also Appendix 1 table A1-1). The spatial
distribution of relatively elevated methane concentrations
(greater than 0.7 mg/L) in Wayne County groundwater is
shown in figure 19, which also shows that elevated methane
tends to occur with elevated lithium concentrations.

Replicate samples from 16 wells sampled in 2014 were
sent to Isotech Laboratories, Inc., for isotopic characteriza-
tion of methane; for dissolved gas analysis that included
methane, ethane, ethylene, propane, propylene, iso-butane,
and N-butane; and for the hydrocarbon liquids iso-pentane,
N-pentane, and hexane. Seven of the 16 samples sent to
Isotech Laboratories, Inc., for dissolved gas analysis had meth-
ane concentrations near or greater than 1 mg/L, as previously
determined by the contract laboratory method PADEP 3686.
Of the hydrocarbon gases analyzed by Isotech Laboratories,
Inc., only methane and ethane were detected (table 12, at back
of report). Methane concentrations were measured at greater
than the reporting level of 0.0003 mg/L in 15 of 16 samples,
with those concentrations ranging from 0.00052 to 9.7 mg/L
(table 8). Ethane was measured at greater than the reporting
level of 0.0002 mg/L in 6 of 16 samples, with those con-
centrations ranging from 0.00032 to 0.0017 mg/L. Methane
concentrations determined by Isotech Laboratories, Inc., were
similar to but generally somewhat less (about 10 to 35 percent
less in 6 samples and 1 percent higher in 1 sample) than those
determined by laboratory method PADEP 3686 (table 8).
Differences in results between laboratories may be related to
analytical techniques, calibrations, sample-collection methods,
or sample containers.

Methane Isotopic Composition and Origin of Methane Gas

The isotopic composition of methane was determined for
eight groundwater samples that had methane concentrations
ranging from 0.19 to 9.7 mg/L (table 12 at back of report).
These isotopic compositions of methane in Wayne County
groundwater samples plot mostly in the range of compositions
for methane gas of known thermogenic origin, with some
plotting in the range for methane of microbial origin (formed
by carbon dioxide reduction processes) (see well WN-309,
fig. 20). Although the isotopic signature of the methane gas in
the Wayne County groundwater samples appears to indicate
a thermogenic origin, the small amounts of accompanying
ethane may be interpreted to infer a microbial origin for the
methane (Bernard and others, 1978; Schoell, 1980; Révész
and others, 2012).

In samples collected from well WN-309 about 1 year
apart, there appears to be a shift toward methane of microbial
origin from 2013 to 2014. Other shifts in water quality in
WN-309 were indicated, including decreases in barium, boron,
bromide, fluoride, and lithium concentrations (constituents
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Table 6. Reporting levels and drinking-water standards for man-made organic compounds determined in the laboratory for water
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samples collected from 89 wells in Wayne County, Pennsylvania, July—September 2014.

[pg/L, micrograms per liter; mg/L, milligrams per liter; %, percent; MCL, maximum contaminant level; HA, health advisory]
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. o Drinking-water standard’
Analyte name Units Reporting limit
MCL HA
Volatile Organic Compounds (method EPA 524.2)

1,1,1,2-Tetrachloroethane ug/L 0.5 - 70
1,1,1-Trichloroethane pg/L 0.5 200 -
1,1,2,2-Tetrachloroethane ng/L 0.5 - 40
1,1,2-Trichloroethane ug/L 0.5 5 --
1,1-Dichloroethane pg/L 0.5 -- --
1,1-Dichloroethene (1,1-Dichloroethylene) ng/L 0.5 7 --
1,1-Dichloropropene ng/L 0.5 -- --
1,2,3-Trichlorobenzene ng/L 0.5 - --
1,2,3-Trichloropropane (1,2,3-TCP) ng/L 0.5 -- 100
1,2,4-Trichlorobenzene ng/L 0.5 70 --
1,2,4-Trimethylbenzene ng/L 0.5 -- --
1,2-Dibromo-3-Chloropropane (DBCP, Dibromochloropropane) ng/L 0.5 0.2 --
1,2-Dibromoethane (EDB, Ethylene dibromide) ng/L 0.5 0.05 --
1,2-Dichlorobenzene (o-Dichlorobenzene) ng/L 0.5 600 --
1,2-Dichloroethane ng/L 0.5 5 --
1,2-Dichloropropane ng/L 0.5 5 --
1,3.5-Trimethylbenzene ng/L 0.5 -- -
1,3-Dichlorobenzene (m-Dichlorobenzene) ng/L 0.5 -- 600
1,3-Dichloropropane ng/L 0.5 -- --
1,4-Dichlorobenzene (p-Dichlorobenzene) ng/L 0.5 75 -
2,2-Dichloropropane ng/L 0.5 -- --
2-Butanone (Methyl ethyl ketone, MEK) ng/L 1 -- 4,000
2-Chloroethyl vinyl ether pg/L 1 -- -
2-Chlorotoluene ng/L 0.5 - 100?
2-Hexanone pg/L 1 - --
4-Chlorotoluene ng/L 0.5 -- 100?
4-Methyl-2-Pentanone (MIBK) pg/L 1 -- --
Acetone ug/L 1 -- --
Benzene ng/L 0.5 5 --
Bromobenzene ng/L 0.5 -- 60
Bromochloromethane ug/L 0.5 -- 90
Bromodichloromethane ng/L 0.5 *80 --
Bromoform ug/L 0.5 280 --
Bromomethane (Methyl bromide) ug/L 0.5 - 10
Carbon Disulfide ng/L 0.5 -- --
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Table 6. Reporting levels and drinking-water standards for man-made organic compounds determined in the laboratory for water
samples collected from 89 wells in Wayne County, Pennsylvania, July-September 2014.—Continued

[pg/L, micrograms per liter; mg/L, milligrams per liter; %, percent; MCL, maximum contaminant level; HA, health advisory]

. o Drinking-water standard’
Analyte name Units Reporting limit

MCL HA
Carbon Tetrachloride ng/L 0.5 5 --
Chlorobenzene ng/L 0.5 -- --
Chloroethane pg/L 0.5 -- --
Chloroform ng/L 0.5 280 --
cis-1,2-dichloroethene ng/L 0.5 70 --
cis-1,3-dichloropropene pg/L 0.5 - 40
Dibromochloromethane ng/L 0.5 280 --
Dibromomethane ug/L 0.5 - --
Dichlorodifluoromethane (Freon 12) pg/L 0.5 - 1,000
Ethylbenzene ng/L 0.5 700 --
Hexachlorobutadiene (1,3-Hexachlorobutadiene) ug/L 0.5 -- 10
Iodomethane (Methyl iodide) pg/L 0.5 - --
Isopropylbenzene (Cumene) ng/L 0.5 -- 4
m+p-Xylene ng/L 1 10,000 --
Methyl chloride (Chloromethane) pg/L 0.5 -- 400
Methyl fert-butyl ether (MTBE) ng/L 0.5 -- --
Methylene Chloride (Dichloromethane, DCM) ng/L 0.5 5 -
Naphthalene ng/L 0.5 - 100
n-Butylbenzene ng/L 0.5 -- --
n-Propylbenzene ng/L 0.5 -- --
o0-Xylene ng/L 0.5 10,000 -
p-Isopropyltoluene (4-Isopropyltoluene) ng/L 0.5 -- --
sec-Butylbenzene pg/L 0.5 -- --
Styrene ng/L 0.5 100 --
tert-Butylbenzene ug/L 0.5 -- --
Tetrachloroethene (Perchloroethylene, PCE) pg/L 0.5 5 --
Toluene ng/L 0.5 1,000 --
trans-1,2-Dichloroethene ug/L 0.5 100 --
trans-1,3-Dichloropropene ng/L 0.5 -- 40
Trichloroethene (TCE, Trichloroethylene) ng/L 0.5 5 --
Trichlorofluoromethane (Freon 11) ng/L 0.5 -- 2,000
Vinyl Acetate ng/L 0.5 - -
Vinyl Chloride (Chloroethene) ng/L 0.5 2 --
% 1,2-Dichlorobenzene-d, (surrogate) % recovery None - --
% 4-Bromofluorobenzene (surrogate) % recovery None -- --
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Table 6. Reporting levels and drinking-water standards for man-made organic compounds determined in the laboratory for water
samples collected from 89 wells in Wayne County, Pennsylvania, July-September 2014.—Continued

[ng/L, micrograms per liter; mg/L, milligrams per liter; %, percent; MCL, maximum contaminant level; HA, health advisory]

. . Drinking-water standard’
Analyte name Units Reporting limit
MCL HA
Alcohols (Method EPA 8015 C (mod))

Ethanol mg/L 5 -- --
Isobutyl alcohol (2-Methyl-1-propanol) mg/L 5 -- --
Isopropyl alcohol (2-Propanol) mg/L 5 -- --
Methanol mg/L 5 -- --
n-Butanol (1-Butanol, n-Butyl alcohol) mg/L 5 -- --
n-Propanol (1-Propanol) mg/L 5 -- --
sec-Butyl alcohol mg/L 5 -- --
tert-Butyl alcohol (2-Methyl-2-propanol, TBA) mg/L 5 -- --

Glycols (Method EPA 8015 (mod))
Ethylene glycol mg/L 5 14 --
Propylene glycol mg/L 5 -- --

0il and grease (Method EPA 1664)
Oil and grease mg/L 5 -- --

''U.S. Environmental Protection Agency (2012).
* Compound is a trihalomethane (THM); the total of all THM concentrations should not exceed the MCL of 80 micrograms per liter.

Table 7. Minimum, median, and maximum concentrations of methane, ethane, and propane determined in the laboratory for water
samples collected from 89 wells in Wayne County, Pennsylvania, July—September 2014.

[mg/L, milligrams per liter; <, less than; >, greater than; --, no data or not applicable; PADEP, Pennsylvania Department of Environmental Protection]

. . Well-water action level'
Number Concentration range and median
Number (mg/L)
Dissolved (percent) (percent) No i diat
gas Units above exceeding Warni ° |mtr!1e e
reporting | Minimum Median  Maximum standard Immediate varning- action—
level investigate periodic
monitoring
Dissolved gas by Environmental Services Laboratory using PADEP 3686 method (89 samples)
Methane mg/L 8(9) <0.24 <0.24 9.6 2(2) >28 >10 but <28 <7
Ethane mg/L 0(0) <1.24 <1.24 <1.24 0(0) -- -- -
Propane mg/L 0(0) <1.42 <1.42 <1.42 0 (0) - - -

' Recommended action level to minimize the hazard of explosion, with lowest action level of 10 mg/L (Eltschlager and others, 2001);
alternate lowest action level for methane in well water is 7 mg/L (Commonwealth of Pennsylvania, 2014).

* Two samples had methane concentrations (9.6 and 6.8 mg/L) at or near the action level of 7 mg/L.
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Table 8. Concentrations of methane and ethane determined by two laboratories for water samples collected from 8 wells in Wayne

County, Pennsylvania, July-September 2014.

[USGS, U.S. Geological Survey; Isotech, Isotech Laboratories, Inc.; ESL, Environmental Services Laboratory, Inc.; <, less than; --, no data or not applicable;
C1/C2 ratio, ratio of methane (c1) to ethane (c2) concentrations; PADEP, Pennsylvania Department of Environmental Protection]

Concentrations by laboratory .
(milligrams per liter) Ratio of
USGS local Sample Isotech C1/C2
well number date Isotech ESL' methane to ratio
Methane Ethane Methane Ethane ESL methane
Water samples analyzed for dissolved gas and methane isotopic composition
WN-295 8/26/2014 5.30 0.0010 6.8 <1.2 0.78 5,300
WN-298 9/9/2014 2.6 0.00091 2.9 <1.2 0.90 2,857
WN-309 9/16/2014 0.76 0.0013 1.0 <1.2 0.76 585
WN-333 7/23/2014 1.5 0.00032 2.2 <1.2 0.68 4,688
WN-339 7/28/2014 0.19 <0.0002 <0.24 <1.2 - -
WN-341 7/31/2014 9.70 0.0017 9.6 <1.2 1.01 5,706
WN-350 8/5/2014 2.8 0.00054 34 <1.2 0.82 5,185
WN-375 8/25/2014 0.92 <0.0002 1.4 <1.2 0.66 --
Water samples analyzed for dissolved gas concentrations only
WN-318 7/14/2014 0.012 <0.0002 <0.24 <1.2 -
WN-327 7/16/2014 0.0034 <0.0002 <0.24 <1.2 --
WN-329 7/21/2014 <0.0002 <0.0002 <0.24 <1.2 -
WN-355 8/5/2014 0.00035 <0.0002 <0.24 <1.2 --
WN-385 9/9/2014 0.0013 <0.0002 <0.24 <1.2 -
WN-388 9/9/2014 0.0011 <0.0002 <0.24 <1.2 --
WN-389 9/10/2014 0.00074 <0.0002 <0.24 <1.2 -

! Methane determined by PADEP 3686 method.

commonly associated with elevated methane in Wayne County
groundwater) from 2013 to 2014. The differences in water
quality and isotopic composition of methane between the 2013
and 2014 samples from WN-309 indicate that these water
samples represent mixtures from multiple water-bearing zones
that may differ in composition or in relative contributions of
water through time.

Another scheme used to characterize methane by origin
and type is shown in figure 21, which focuses on the bound-
aries between thermogenic and microbial methane formed
by carbon dioxide reduction and displays methane compo-
sitions in Wayne County groundwater and those reported
for gas derived from the geologic formations that underlie
the study area (although gas samples are from elsewhere in
Pennsylvania). In this scheme, shown in figure 21A, methane
in the groundwater samples from Wayne County plots in the
thermogenic, mixed, and microbial (carbon dioxide reduction)
ranges, in addition to an unnamed field (sample from well
WN-375), similar to the scheme presented in figure 20. The
isotopic composition of two groundwater samples (from wells
WN-341 and WN-350) in the thermogenic field (fig. 21A)

is similar to the mean composition reported for methane gas
in mud-logging samples from the Catskill and Lock Haven
Formations (undifferentiated) during drilling of Marcellus
Shale gas wells in Pennsylvania (Baldassare and others,
2014). As gas matures or originates from greater depths, the
isotopic composition of methane apparently becomes heavier,
as shown by the composition of Marcellus gas samples in
figure 21A (Baldassare and others, 2014). However, shifts in
isotopic composition related to gas maturation and oxidation
are similar. Some methane in the Wayne County groundwater
samples may have been affected by oxidation, which would
cause the remaining methane to become more enriched with
heavier isotopes (a less negative composition), such as the
two samples from WN-339 and WN-375; the methane in these
samples possibly is of microbial or mixed origin that has been
oxidized (fig. 21A). Oxidation of the methane may not be
occurring at locations in the aquifer where elevated methane
concentrations were measured in the groundwater; all samples
with methane concentrations >0.7 mg/L had very low oxygen
concentrations (<0.5 mg/L). A previous study (Breen and oth-
ers, 2007) indicates that the values for isotopic composition
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of dissolved inorganic carbon, 6"°C, ., would be near -25 %o if
oxidation of methane were an active process in the groundwa-
ter. Limited data for 6"°C . (values ranged from -16 to -10 %o
in samples from three wells) in nearby Pike County groundwa-
ter (Senior, 2014), which is similar in composition to Wayne
County groundwater, indicate that oxidation of methane is
not an active process where methane in groundwater was
measured but could have occurred elsewhere in the aquifer.
Data on 3" °C, . were not collected for the Wayne County study
but, if available, may provide additional information about the
possible origin of, and processes affecting, methane in ground-
water in Wayne County.

The ratio of methane to higher chain carbon compounds
(commonly denoted as C1/C2 for ratio of methane to ethane
or C1/C2+ for ratio of methane to sum of all higher chain
carbon compounds) has been used to identify the origins of
methane; the ratio also is a measure of gas “wetness,” with
larger amounts of C2+ compounds in wetter gas. Methane
accompanied by low concentrations of ethane and higher chain
carbon compounds commonly is called “dry gas.”
C1/C2+ ratios (calculated for gases reported in units of volume
or molar percent) greater than 1,000 have been reported to
indicate microbial origins and ratios less than 1,000 to indicate
thermogenic origins (Taylor and others, 2000). The
C1/C2 ratios (computed from reported mole percent of gases)

for the six Wayne County groundwater samples with detect-
able ethane were all greater than 1,000, indicating a predomi-
nantly microbial origin for the methane or a derivation from
thermogenic natural gas that is depleted in ethane for other
reasons, such as relative depletion of ethane as part of gas
maturation or migration (Coleman and others, 1995).

The isotopic composition and methane/ethane
(C1/C2) ratios for gas dissolved in the Wayne County ground-
water samples do not definitely characterize the source of
the methane gas. The available evidence indicates that the
methane in groundwater appears to be predominantly of
microbial origin and has undergone various amounts of oxida-
tion. Alternatively, methane in some of the samples may be
thermogenic but from a source relatively depleted in ethane.
Organic material within the Catskill Formation and other
Devonian-age deposits in northern Pennsylvania may be a
source of “dry-gas” methane (Wilson, 2014). Use of both the
isotopic composition of methane and C1/C2 ratios may be
helpful in distinguishing existing baseline gas in groundwater
from gas that might be introduced through shale-gas develop-
ment. Additional data, such as analyses for carbon-14 (for age
dating) of methane and for §"°C |, discussed previously, might
be useful to further characterize the origin and fate of methane
in groundwater in Wayne County and elsewhere.
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Figure 20. Isotopic composition of methane in water samples collected from eight wells in 2014, Wayne County,

Pennsylvania. Three of the 8 wells sampled in 2014 also were sampled in 2013.
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EXPLANATION

Isotopic composition of methane gas in groundwater
Wayne County groundwater sample, 2014

Mean isotopic composition of methane gas from mud gas
logging of shale-gas wells in Pennsylvania
(Baldassare and others, 2014)

Catskill/Lockhaven Formation
Hamilton Group
Marcellus Formation

Methane gas composition, Susquehanna County
(Reese and others, 2014)

Marcellus Formation

EXPLANATION

Isotopic composition of carbon in methane gas and
methane/ethane (C1/C2) ratio

Wayne County groundwater sample, 2014

Marcellus Formation methane gas, Susquehanna County
(Reese and others, 2014)

Figure 21. A, Isotopic composition of methane in water samples collected from eight wells in Wayne County, Pennsylvania,
2014, and in mud-logging gas samples collected from different geologic formations during drilling of Marcellus Shale gas wells in

Pennsylvania, and B, C1/C2 (methane/ethane) ratios in relation to carbon-isotopic composition for methane in these same samples.

Compositional shift related to gas maturation/oxidation show by arrow. Boundaries of gas types from Reese and others

(figure 30, p. 38, 2014) and mud-logging gas data from Baldassare and others (2014).
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Geochemical Modeling and Analysis
of Water Quality Data

To assist in understanding why certain constituents are
present in the groundwater and the spatial distribution of water
quality, geochemical modeling and other analyses of data were
done to provide insight on processes affecting or controlling
water quality throughout Wayne County. Water-quality data
from 2013 and 2014 were combined to create an extensive
dataset for these analyses, which included characterization of
the groundwater by (1) type through Piper diagrams (major ion
composition), (2) ratios of chloride to bromide and sodium to
provide insight on origins of chloride, (3) correlations among
constituents to identify patterns in constituent associations, (4)
geochemical modeling of mineral saturation indices to identify
minerals that affect groundwater composition through dissolu-
tion or precipitation, and (5) geochemical modeling of dis-
solution, exchange, and mixing processes that might explain
observed water quality. In this section, a conceptual model of
how groundwater quality evolves is presented, and the spatial
distribution of groundwater quality throughout Wayne County
is discussed.

The groundwater samples collected in Wayne County in
2014 provided patterns of associations among constituents.
For example, groundwater with lower pH tended to be the
most dilute and have higher DO concentrations, whereas
groundwater with higher pH tended to have higher concentra-
tions of TDS, selected major ions, and inorganic trace constit-
uents. Groundwater with relatively elevated methane concen-
trations differed in composition from that of groundwater with
low methane concentrations. The seven well-water samples in
2014 with the highest methane concentrations (from about 1 to
9.6 mg/L) also had among the highest pH values (8.1 to 9.3)
and concentrations of sodium, lithium, boron, fluoride, arsenic,
and bromide (fig. 22, table 11). Relatively elevated concentra-
tions of some other constituents, such as barium, strontium,
and chloride, commonly were present in, but not limited to,
well-water samples with elevated methane in Wayne County.
Similar patterns in constituent associations were noted for
groundwater samples collected in Wayne County in 2013
and in two other counties with similar geologic units—Pike
County in 2012 (Senior, 2014) and Sullivan County in 2012
(Sloto, 2013). Identification of associations among constitu-
ents leads to improved understanding of processes controlling
the existing water quality that may be useful for predicting
where existing water-quality problems are likely to occur and
in determining possible effects related to possible future shale-
gas development or other changes in land use. Some of these
associations also may be related to effects of current land-use
activities that may contribute specific constituents (such as
salts and nutrients from deicing roads and septic systems) to
groundwater.

Types of Groundwater as Characterized by
Major lons

The relative proportions of major ions in water samples
may be used to distinguish different types of water, as shown
on trilinear (Piper) diagrams (fig. 23A). Major cations are
calcium, magnesium, and sodium (and potassium which usu-
ally is less than, but plotted with, the sodium component).
Major anions are bicarbonate (HCO,), sulfate, and chloride
(and nitrate and fluoride, both of which are plotted with, but
usually are less than, the chloride component). The major
ion composition of 121 water samples collected during 2013
and 2014 from 117 wells (four wells were sampled in 2013
and 2014) in Wayne County as plotted on a Piper diagram
(fig. 23B) is predominantly calcium-bicarbonate (more than
50 percent calcium and bicarbonate as cations and anions,
respectively). A few samples (15 of 117 or about 13 percent)
plot as much higher in sodium than the other samples and can
be categorized as sodium-bicarbonate-type waters (fig. 23B).
The compositions of Wayne County groundwater samples are
plotted in figure 23B using different symbols to distinguish
ranges in SC, with the most dilute waters (lowest SC, less than
150 uS/cm) having calcium/bicarbonate to mixed calcium/
bicarbonate-chloride-sulfate composition. The SC is directly
and linearly related to TDS in the Wayne County samples
(fig. 8), so that ranges in SC correspond to ranges in TDS con-
centrations; for Wayne County groundwaters, a SC of
150 puS/cm is equivalent to about 95 mg/L TDS, and a SC of
425 uS/cm is approximately equivalent to the SMCL of
250 mg/L TDS. Intermediate SC [150 to 300 puS/cm (TDS of
95 to 180 mg/L)] waters had mostly calcium/bicarbonate type
composition, and the highest SC [300 to 450 uS/cm (TDS
of 180 to 265 mg/L) and 450 to 700 puS/cm (TDS of 265 to
405 mg/L)] waters had mostly sodium/bicarbonate to mixed
sodium/bicarbonate-chloride type composition (fig. 23B). The
compositions of brines and Marcellus flowback (sodium/chlo-
ride type) are also plotted for comparison on the Piper diagram
(fig. 23B), which shows the composition of Wayne County
groundwater samples.

Representative samples are identified on the Piper
diagram in order to explain their characteristics and possible
origins (fig. 23C). Well-water samples from WN-371,
WN-345, and WN-361 are classified as calcium/bicarbonate
types, which can be produced simply by the dissolution
of calcite. Two of these samples (from wells WN-345 and
WN-371) were relatively dilute and acidic (SC less 81 pS/
cm at 25 °C, TDS less than 36 mg/L, pH less than 6.2),
indicating small amounts of mineral dissolution, and the third
sample (from well WN-361) had intermediate TDS and pH
(177 mg/L and 7.1, respectively), indicating greater amounts
of mineral dissolution. The characteristics of the very dilute,
acidic sample from well WN-345 (SC of 40 uS/cm at 25 °C
and low pH of 5.8) could have been formed by evaporation
of rainwater (recharge), with minor additions of sulfate (from
pyrite, gypsum, or other sources) and limited dissolution of
calcite. Water samples from wells WN-300 and WN-309 with
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Figure 22. Relation of field measured pH to dissolved A, arsenic, bromide, fluoride, and
methane concentrations, B, sodium, lithium, and boron concentrations, and C, barium
and strontium concentrations in water samples collected from 89 wells in Wayne
County, Pennsylvania, July—September 2014.
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A. Water Type or Hydrochemical Facies
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Figure 23. Major ion composition for A, predominant water types or hydrochemical facies, B, water samples collected from 117 wells
in Wayne County, Pennsylvania, 2013-14 plus median composition of brine from oil and gas wells in western Pennsylvania and flowback
water from Marcellus Shale gas wells, C, 11 selected groundwater samples from Wayne County, 2013-14, and D, evolution pathways for
mixing of dilute Ca-HCO, groundwater with road salt; with brine; with brine combined with cation exchange; or with brine plus calcite
dissolution to saturation and then cation exchange. Evolution pathways computed for groundwater sample WN-371 mixed in varying
proportions with median composition for brine and for the same initial groundwater sample with varying amounts of road salt (with
composition NaCl ). (TDS, total dissolved solids; <, less than; <, less than or equal to; mg/L milligrams per liter; SC, specific

conductance)
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Figure 23. Major ion composition for A, predominant water types or hydrochemical facies, B, water samples collected from 117 wells
in Wayne County, Pennsylvania, 201314 plus median composition of brine from oil and gas wells in western Pennsylvania and flowback
water from Marcellus Shale gas wells, C, 11 selected groundwater samples from Wayne County, 2013-14, and D, evolution pathways for
mixing of dilute Ca-HCO, groundwater with road salt; with brine; with brine combined with cation exchange; or with brine plus calcite
dissolution to saturation and then cation exchange. Evolution pathways computed for groundwater sample WN-371 mixed in varying
proportions with median composition for brine and for the same initial groundwater sample with varying amounts of road salt (with
composition NaCl, ,...Br, ....). (TDS, total dissolved solids; <, less than; <, less than or equal to; mg/L milligrams per liter; SC, specific
conductance)—Continued
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intermediate to high TDS (106 and 294 mg/L, respectively)
are classified as sodium/bicarbonate types. Samples from
WN-333 and WN-295 with relatively high TDS (172 and 370
mg/L, respectively) and elevated chloride (27.5 and 117 mg/L,
respectively) are classified as sodium/bicarbonate-chloride
types, where the chloride could be from road-deicing com-
pounds, sewage, animal waste, or possibly brine of geologi-
cal origin. Finally, samples from WN-307 and WN-400 with
intermediate to high TDS (131 and 288 mg/L, respectively)
are classified as calcium/chloride-bicarbonate or calcium/
bicarbonate-chloride types; these samples contain 30 and 66.7
mg/L chloride, respectively, and sodium and minor sulfate,
which could be derived from the various mineral or salt
sources described above.

The relative contributions of major ions in selected
samples of varying ionic strength (as indicated by specific
conductance, which is related to the amount of dissolved
constituents) and composition are shown in pie charts (fig. 24)
to clarify and extend the interpretation of the Piper diagrams
(fig. 23). Individual ion conductivities were estimated from
dissolved constituent concentrations as the “transport number”
(relative contribution of a given ion to the overall conduc-
tivity, using methods of McCleskey and others, 2012) after
aqueous speciation calculations with PHREEQC (Parkhurst
and Appelo, 2013).Water of similar ionic strength (specific
conductance) may have different relative ionic compositions.
For example, water samples from wells WN-345 and WN-371
differ in relative ionic composition despite both having rela-
tively low specific conductance values of 40 and 80 uS/cm
at 25 °C, respectively (figs. 24A, B). In the sample from well
WN-345, calcium was the predominant cation with succes-
sively lesser contributions of magnesium, sodium, hydrogen,
and potassium; bicarbonate and sulfate were almost equally
predominant anions with successively lesser contributions of
chloride, nitrate, and hydroxide (OH"). The observation that
hydrogen ions contributed more than potassium to the con-
ductivity is consistent with the acidic pH (5.8) of this sample.
In contrast, sample WN-371 had slightly higher pH of 6.1 and
specific conductance of 80 uS/cm at 25 °C, but the relative
ionic composition of this sample was dominated by calcium
and bicarbonate. Conversely, water of substantially different
ionic strength (specific conductance) may have similar relative
ionic composition. For example, although the water sample
from well WN-361 had substantially higher pH of 7.5 and
specific conductance of 308 uS/cm at 25 °C than the sample
from well WN-371, the relative ionic composition of these two
samples was very similar (figs. 23B, C). Many other samples
with specific conductance values less than 335 pS/cm at
25 °C exhibited similar characteristics and would be classified
as calcium/bicarbonate waters.

On the other extreme of ionic strengths for the Wayne
County groundwater data, the water sample from well
WN-295, which had a pH 0of 9.2 and SC of 668 puS/cm at
25 °C, had predominant contributions of sodium (as cation)
and chloride (as anion) to ionic conductivity with lesser contri-
butions of bicarbonate and carbonate ions. The predominance

of sodium and chloride ionic conductivities was exhibited
mainly by samples with elevated specific conductance but
also by some samples with intermediate specific conductance
values, such as sample WN-300 (fig. 23C), which had pH of
6.5 and SC of 170 uS/cm at 25 °C.

Although informative, disadvantages of Piper diagrams
and pie charts include the lack of scaling to indicate the ionic
strength and the omission of data on other important character-
istics such as the pH, redox state, and trace-element concentra-
tions. These other characteristics are helpful in distinguishing
the origins of the groundwaters.

Ratios of Chloride, Bromide, and Sodium in
Groundwater

In Wayne County, chloride concentrations greater than
a few milligrams per liter in shallow groundwater likely
represent the effects of local and distributed land-use activi-
ties or potential contributions from naturally occurring deeper,
more saline groundwater of regional extent. The concentra-
tions of chloride (0.5 to 117 mg/L) ranged widely for the
groundwater samples collected from 117 wells for this and the
previous 2013 study (Sloto, 2014), as did concentrations of
two constituents commonly associated with chloride—sodium
(0.5 to 143 mg/L) and bromide (<0.01 to 0.97 mg/L). In some
samples, the elevated chloride concentrations are associated
with elevated concentrations of sodium and, in a few cases,
with elevated nitrate and sulfate, which indicates effects from
human or animal waste. In other samples, elevated chloride
concentrations are associated with relatively elevated bromide
concentrations, which could indicate effects from residual
brine of geologic origin.

Chloride/bromide ratios can be useful in distinguishing
different sources of chloride (Davis and others, 1998;
Mullaney and others, 2009; Whittemore, 2007). Bromide, like
chloride, is a soluble anion that exhibits conservative transport
properties and can be used as a tracer. Some sources of chlo-
ride introduced into the environment by human activities, such
as salt (sodium chloride, NaCl) used for road deicing or pres-
ent in septic effluent, typically have relatively low amounts of
bromide and, consequently, relatively high chloride/bromide
mass ratios (Davis and others, 1998).

Recent studies of groundwater quality in nearby
Susquehanna County in northeastern Pennsylvania (Warner
and others, 2012; Llwellyn, 2014) report groundwater that has
relatively elevated concentrations of chloride and chloride/
bromide ratios that indicate possible mixing with higher salin-
ity or brine-type waters; these brine-type waters are postulated
to originate from undetermined depths below the freshwater
aquifer and mix with shallow, more dilute groundwater. The
chloride/bromide mass ratio for saline water (Salt Spring)
in Susquehanna County, Pa., is similar to the range of ratios
reported for Marcellus Shale flowback waters and oil- and gas-
field brines (fig. 25).

Plots of the mass ratio of chloride to bromide (C1/Br)
and the concentration of bromide or sodium compared to the
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Figure 24. Typical ionic contributions to computed specific conductance (SC) for selected groundwater samples from Wayne County,
2014, for wells A, WN-345, B, WN-371, C, WN-361, and D, WN-295. Individual ion conductivities estimated from dissolved constituent
concentrations using methods of McCleskey and others (2012) after aqueous speciation calculations with PHREEQC (Parkhurst and
Appelo, 2013). Note that the ionic conductivity contributions for samples having relatively low SC values (WN-371 and WN-345) are
dominated by calcium (Ca%), magnesium (Mg?%), bicarbonate (HCO3'), and sulfate (SO,%). In contrast, the samples with higher SC values

have increased contributions from sodium (Na* ) and chloride (Cl).



50 Baseline Assessment of Groundwater Quality in Wayne County, Pennsylvania, 2014
100,000 ¢
L--mT TN Deicing Salt_
10,000 I .- —’/‘ — == o LI T
L4’ M0
S 1,000 £ Q306
e i 288
w
wv
©
E 295~ 'f
[} 339 g4+ é Jraitin = i /)
k=] rine
= 100+ ARGy R OO T T T T T T T
I TR SatSping. oot R
=)
>
b=} I EXPLANATION
_E - - - Deicing Salt Mixing Curve, upper bound - - - Deicing Salt Mixing Curve, upper and lower bounds
S 10 F --- Oil+Gas Brine Mixing Curve, upper bound - -- Qil+Gas Brine Mixing Curve, upper and lower bounds
[ = =Deicing Salt Mixing Curve, median — =0il+Gas Brine Mixing Curve, median
o 0il+Gas Brine (Dresel and Rose, 2010) m 0il+Gas Brine, median (Dresel and Rose, 2010)
1 X Marcellus flowback, median (Hayes, 2009) Seawater, average (Hem, 1985)
Salt Spring (Johnson and others, 2015) O Wayne GW (Br < 0.01 mg/L)
© Wayne GW (Br < 0.01 mg/L, assume = 0.01) O Wayne GW (0.01 <Br < 0.03 mg/L)
O Wayne GW (Br>0.03 mg/L)
0.1 1 10 100 1,000 10,000 100,000 1,000,000
Chloride, in milligrams per liter
B
100,000 £
10,000 £
o
g 1,000 T
» £
a [
© k
E L
(%)
=]
‘E 100 b3
] E
m [
> L
B | --- Deicing Salt Mixing Curve, upper bound - - - Deicing Salt Mixing Curve, lower bound
o - - - Qil+Gas Brine Mixing Curve, upper bound - -~ Qil+Gas Brine Mixing Curve, lower bound
S 10 — =Deicing Salt Mixing Curve, median — =0il+Gas Brine Mixing Curve, median
F Seawater, Average (Hem, 1985) o 0Oil+Gas Brine (Dresel and Rose, 2010)
[ X Marcellus flowback, median (Hayes, 2009) ® Qil+Gas Brine, median (Dresel and Rose, 2010)
L Salt Spring (Johnson and others, 2015) O Wayne GW 2013-14
O Wayne GW (Methane > 0.7 mg/L) ® WN-371
T£ o WN-345 ® \WN-361
F O WN-333 ¢ WN-295
[ = WN-341 ¢ WN-300
| & WN-309 A WN-307
A WN-400
n-‘l 1 AAIIIIA# 1 AIAIAIA% n IIIAAAI% n lllAlAl# 1 AAAIIII% 1 AAAIAIA% n T B N
0.1 1 10 100 1,000 10,000 100,000 1,000,000
Chloride, in milligrams per liter
Figure 25. Chloride concentrations in relation to A, chloride/bromide mass ratios for various ranges of bromide concentrations,

B, chloride/bromide mass ratios for samples with and without elevated (>1.0 mg/L) methane concentrations, C, bromide concentrations,
and D, sodium concentrations for 121 groundwater samples collected from 117 wells in Wayne County, Pennsylvania, 2013-14,

plus median values for Salt Spring, flowback waters from Marcellus Shale gas wells, and oil- and gas-field brines from Western
Pennsylvania. Mixing curves computed for initial fresh water with chloride concentration (Cl) of 0.5 to 0.6 milligrams per liter and
bromide concentration (Br) of 0.01 to 0.015 mg/L mixed with road deicing salt having composition NaCl_,...Br, ..., or with median
composition of oil- and gas-field brine. [Salt spring values from Llewellyn (2014). Flowback water values from Marcellus Shale gas wells
from Hayes (2009). Qil- and gas-field brine values from Dresel and Rose (2010). Road salt composition from Llewellyn (2014).
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Figure 25. Chloride concentrations in relation to A, chloride/bromide mass ratios for various ranges of bromide concentrations,

B, chloride/bromide mass ratios for samples with and without elevated (>1.0 mg/L) methane concentrations, C, bromide concentrations,
and D, sodium concentrations for 121 groundwater samples collected from 117 wells in Wayne County, Pennsylvania, 2013-14,

plus median values for Salt Spring, flowback waters from Marcellus Shale gas wells, and oil- and gas-field brines from Western
Pennsylvania. Mixing curves computed for initial fresh water with chloride concentration (Cl) of 0.5 to 0.6 milligrams per liter and
bromide concentration (Br) of 0.01 to 0.015 mg/L mixed with road deicing salt having composition NaCl_,...Br, ..., or with median
composition of oil- and gas-field brine. [Salt spring values from Llewellyn (2014). Flowback water values from Marcellus Shale gas wells
from Hayes (2009). Qil- and gas-field brine values from Dresel and Rose (2010). Road salt composition from Llewellyn (2014).
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concentration of chloride in groundwater samples show poten-
tially different sources of salinity, including road-deicing salts
and brines from oil and gas operations. The chloride/bromide
mass ratios for the water samples from 117 wells are shown in
relation to chloride concentrations in figure 25A and B, which
also show curves representing compositions resulting from
mixing of different proportions of dilute groundwater with (1)
low-bromide salt (such as sodium chloride used for road salt
or in septic effluent) or (2) Marcellus-type oil and gas brines.
The laboratory reporting level for bromide was 0.010 ug/L for
2013 samples and 0.030 pg/L for 2014 samples, although esti-
mated concentrations from NWQL were available for bromide
concentrations less than the reporting level of 0.030 pg/L in
the 2014 samples. Because many of the bromide concentra-
tions are less than 0.030 pg/L, the chloride/bromide ratios

for these 2014 samples were computed using the estimated
bromide concentrations (table 11). Chloride/bromide ratios
calculated using bromide concentrations greater than the two
reporting levels and those estimated by the laboratory to be
less than the reporting level are differentiated by symbol type
in figure 25A.

Most of the Wayne County well-water samples plot on or
near the curve representing chloride/bromide mass ratios that
would result from addition of a low-bromide source of chlo-
ride, such sodium chloride in deicing salt (road salt) or septic
systems, to the groundwater (fig. 25A). However, several
Wayne County well-water samples (with bromide concentra-
tions greater than 0.030 mg/L) plot near or on the mixing
curve for oil and gas field brines (figs. 25A and C), indicating
a possible small contribution of chloride from a brine-like
source. As chloride concentrations increase, the chloride/
bromide mass ratios in these groundwater samples appear to
stabilize on the brine-mixing curve at values of about 100 to
120 (figs. 25A). Wayne County samples plotting on the brine-
mixing curve, with chloride concentrations as low as 10 mg/L,
have chloride/bromide mass ratios that are similar to those
of the brines, indicating a source of chloride that is similarly
enriched in bromide.

The eight water samples with methane concentrations
greater than 1 mg/L are among those samples plotting on
the brine-mixing curve (fig. 25B). One of these samples
was collected from the deepest well (1,300 ft) in the study,
WN-309. Also plotting on this curve is Salt Spring (fig. 25A),
a naturally occurring saline spring in Susquehanna County.
These chloride/bromide relations are similar to those for 20
groundwater samples collected in 2012 in Sullivan County
(Sloto, 2013) and 20 groundwater samples collected in 2012 in
Pike County (Senior, 2014), where relatively elevated meth-
ane concentrations (greater than 1 mg/L) also were present in
well-water samples that plot on the brine-mixing curve. These
findings indicate that groundwater with relatively elevated
bromide and methane concentrations is present locally in
northeastern Pennsylvania.

Although most of the Wayne County well-water samples
have chloride/bromide ratios that plot along the mixing curve
for low-bromide salt (sodium chloride, NaCl) (fig. 25B), the

concentrations of chloride are not balanced by equivalent
amounts of sodium (fig. 25D). Many samples contain excess
sodium relative to chloride, indicating sources for sodium
other than salt. The most likely sources of this excess sodium,
as explained in more detail in section “Evolution of Chemical
Composition and the Conceptual Hydrogeochemical Model,”
are residual sodium on cation exchange sites on clay minerals
in the aquifer and, to a lesser extent, dissolution of sodium-
bearing silicate minerals.

Correlations Among Major and Trace
Constituents in Groundwater

Principal component analysis (PCA) is a statistical
technique used to provide insight to hydrochemical processes
affecting groundwater chemistry in the study area by
indicating intercorrelations among chemical constituents and
environmental variables. Four principal components (PCs)
explain nearly 73 percent of the variance in the groundwater
dataset and consist of loadings (correlations of individual vari-
ables to PCs) for 22 commonly detected constituents
(table 9). Associations of additional chemical and physical
variables excluded from the statistical (PCA) model because
of few detections, redundancy, or other reasons are indicated
by the Spearman-rank coefficient of correlation of these
variables with the principal component scores, listed below the
PCA model loading values (table 9). Positive correlations or
loadings indicate that as the value of one constituent increases,
the value of the correlated constituent also increases; negative
correlations and loadings indicate that as the value of one
constituent increases, the value of the correlated constituent
decreases.

The first principal component, PC1, accounts for most of
the variance of the data (42 percent) and is labeled Exchange
(table 9) because many of the correlated constituents are
interpreted to represent weathering and cation exchange pro-
cesses as groundwater composition evolves. PC1 has positive
loadings of lithium, potassium, sodium, strontium, barium,
pH, alkalinity, arsenic, boron, fluoride, silica, and specific
conductance, and negative loading of DO (table 9). Some of
these relations can be seen in plots of constituents in relation
to pH (figs. 7, 8, 9, 11, and 22; see also Appendix 4). Scores
on PCI are positively correlated with total dissolved solids
(TDS, ROE), molybdenum, antimony, ammonia, uranium,
and gross alpha and beta radioactivity, and negatively cor-
related with land-surface elevation, zinc, and copper (table 9).
The negative associations of PC1 with land-surface elevation,
well-bottom elevation (calculated by subtracting well depth
from land-surface elevation), and DO and positive associations
with pH and TDS are consistent with the conceptual model of
older, more evolved groundwater. As recharge passes through
the soil zone into underlying fractured rock aquifer, oxygen is
consumed, and pH and TDS increase as groundwater interacts
with soil and aquifer materials, oxidizing organic matter and
becoming more mineralized, alkaline, and “softened” along
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Table 9. Major factors in principal components analysis model controlling the chemistry of groundwater, Wayne County,
Pennsylvania, 2013-14. Analysis included data from 117 wells.

[Varimax rotation pattern for rank-transformed data (SAS, 1988); minimum eigenvalue >1; loading values for constituents included in model and Spearman
correlation coefficients for constituents excluded from model multiplied by 100 and rounded; *, highly significant loading (p <0.0001); +, significant loading

(p <0.001); <, less than]
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Constituent Exchange Redox Hardness Chloride Communality
PC1 PC2 PC3 PC4
Loadings for constituents included in model (variable name)

Lithium (Li) 94* 11 -4 21 0.930
Strontium (Sr) 88* -11 23 2 0.850
Potassium (K) 87* 1 20 24 0.851
Arsenic (As) 81* -11 -14 21 0.729
Barium (Ba) 79* 221 14 17 0.721
Sodium (Na) 78%* 34 1 33 0.842
pH (pH) 78% 30 6 8 0.709
Boron (B) 78% 22 -9 29 0.747
Fluoride (F) 76* 29 -12 -10 0.680
Alkalinity (ALK) 72% 37+ 35+ 25 0.846
Specific Conductance (SCL) 68* 24 35+ 51%* 0.899
Silica (Si02) 59* -1 38+ -1 0.507
Iron (Fe) -5 83* -12 7 0.710
Manganese (Mn) 7 70* -34 20 0.645
Nitrate (NO3N) 21 -59* 31 43+ 0.673
Dissolved Oxygen (DOX) -58%* -62%* -12 -4 0.731
Calcium (Ca) 18 -22 88* 15 0.874
Magnesium (Mg) 24 2 82%* -9 0.744
Sulfate (SO4) 8 38+ 44%* 40+ 0.496
Aluminum (Al) 18 28 -58* 19 0.480
Chloride (C1) 28 2 -6 85* 0.805
Bromide (Br) 30 20 -12 76* 0.713
Eigenvalue 9.378 3.681 1.784 1.339 16.182
Cumulative Percent Variance Explained 42.63 59.36 67.47 73.56

flow paths from recharge areas in uplands to discharge areas in
valleys. High positive scores on PC1 (>~50, table 9) generally
may be attributed to the progressive weathering of calcite and
dolomite (carbonate minerals) and silicate minerals (sources of
silica) combined with cation-exchange processes (Hem, 1985).
Cation exchange reactions, which liberate sodium and other
alkali metals, such as lithium and potassium, while removing
alkaline earth metals calcium and magnesium (hardness),
generally take place where sodium (and other alkali metals)
is retained by clay minerals in the siliciclastic bedrock along
flow paths (discussed in the section “Evolution of Chemical
Composition and the Conceptual Hydrogeochemical Model”).
Although barium and strontium have positive loadings on
the PC1 factor, measured concentrations of these constituents

peak around pH 7.5 to 8.5, then decline with increasing pH

above 8.5 (fig. 22C), indicating that barium and strontium
(alkaline earth metals like calcium) may also be removed

from solution through the ion exchange process and may not
be conservative tracers for brines. Barium and strontium are
present in high concentrations in brines. The mass ratio of

barium and strontium in relation to magnesium [(Ba+Sr)/Mg

mass ratio] has been used to identify sources of regional brine

and road salt in northern Susquehanna County and vicinity,

with increasing values above background freshwater of about
0.02 to 0.04, indicating contributions of brine to groundwater
and streams (Johnson and others, 2015). In the Wayne County

groundwater samples, the (Ba+Sr)/Mg mass ratio generally

increases with pH from values near 0.01 at acidic pH to values
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Table 9. Major factors in principal components analysis model controlling the chemistry of groundwater, Wayne County,
Pennsylvania, 2013-14. Analysis included data from 117 wells.—Continued

[Varimax rotation pattern for rank-transformed data (SAS, 1988); minimum eigenvalue >1; loading values for constituents included in model and Spearman
correlation coefficients for constituents excluded from model multiplied by 100 and rounded; *, highly significant loading (p <0.0001); +, significant loading

(p <0.001); <, less than]

Chloride
PC4

Hardness
PC3

Redox

PC2 Communality

Significant Spearman correlations for constituents not included in model (variable name) (p <0.001)

. Exchange
Constituent PC1 g
Molybdenum (Mo) 81
Total Dissolved Solids (TDS) 70
Residue on Evaporation 180C (ROE180) 66
Uranium (U) 62
Gross alpha radioa.ctivity_, 72-h0u.r count, water, filtered, 61
Th-230 curve, picocuries per liter (AlphaTh72)
Gross beta radioactivity, 72-hour count, water, filtered, 51
Cs-137 curve, picocuries per liter (BetaCs72)
Antimony (Sb) 44
Ammonia (NH3N) 38
Zinc (Zn) -35
Land Surface Elevation (LSELEV) -65
Well Bottom Elevation (WELLZALT) -67
Methane (Methane)
Selenium (Se)
Copper (Cu) -40
Lead (Pb)
Nitrogen, Total (NT)
Hardness (Hard)
Cobalt (Co)

38 45
37 50
45
38
35
-39
-42
-47
-59 43
92
38

near 1.0 at pH of 8 and greater, with some exceptions that may
be related to local aquifer mineralogy; some of the relative
increase in barium and magnesium with pH may be related to
dissolution of barium- and strontium-bearing minerals, and
possibly small contributions of saline water.

With the addition of sodium and the removal of calcium
and magnesium from solution, the groundwater can become
undersaturated with respect to calcite and dolomite, thus
promoting additional dissolution of the carbonate minerals
and progressive increases in pH and alkalinity. The resultant
sodium-bicarbonate waters have alkaline (basic) pH values
and high positive scores on PC1. At elevated pH (>8), silica
solubility increases and various trace elements that occur as
oxyanions in groundwater, including arsenic, boron, molybde-
num, antimony, and uranium (complexed with carbonate ions),
tend to be poorly sorbed; however, at pH greater than 8§, trace
cations, such as copper and zinc, tend to be adsorbed from
solution.

PC2 is labeled Redox (table 5) because positive loading
and positively correlated constituents are interpreted to
indicate reducing conditions, and negative loadings and
negatively correlated constituents indicate oxidizing condi-
tions. PC2, which explains 16.8 percent of the variance in the
data, has positive loadings of iron, manganese, and alkalinity
and negative loadings by DO, nitrate, and sulfate (table 9).
Scores on PC2 are positively correlated with ammonia and
methane and negatively correlated with copper, lead, sele-
nium, and total nitrogen. The samples that had positive scores
for PC2 were classified as anoxic (DO less than or equal to
0.5 mg/L). Methane is stable in anoxic groundwater and may
be relatively stable in very low oxygen groundwater, such
as that observed in many of the Wayne County well-water
samples; the highest concentrations of methane were measured
in groundwater samples with very low oxygen concentrations
(less than or equal to 0.5 mg/L). High positive scores on PC2
are interpreted to indicate isolation from the atmosphere, the



development of reducing conditions, and the production of
alkalinity without strong effects from carbonate dissolution
(implied by PC1 and PC3) or ion exchange (implied by PC1).
Alkalinity (HCO,) indicated by PC2 can be produced without
affecting major cation concentrations by the reductive dissolu-
tion of Fe''-oxides (FeOOH), Mn'"""-oxides (MnO,), nitrate
(NO,), or sulfate (SO,*) in reactions involving organic carbon
(represented as CH,O in 4FeOOH + CH,O + 7H" = 4Fe* +
HCO, + 6H,0; 2MnO, + CH,O + 3H" = 2Mn*" + HCO, +
2H,0; 4NO; + 5CH,0 = 2N, + 4HCO, + H,CO, + 2H,0; and
SO, +2CH,0 = H,S+ 2HCO;,), thereby increasing concen-
trations of dissolved iron (Fe*") and manganese (Mn*") and
decreasing concentrations of sulfate and nitrate. The general
pattern of higher concentrations of dissolved iron and manga-
nese associated with lower concentrations of nitrate and sul-
fate was observed in the Wayne County groundwater samples
(fig. 13). However, although 20 percent of the samples were
anoxic (DO < 0.5 mg/L), few had chemical characteristics
consistent with Mn'" and Fe'™ reducing conditions (dissolved
concentrations of NO, < 0.5 mg/L, Mn > 0.05 mg/L,

Fe > 0.1 mg/L, and SO, > 0.5 mg/L), as defined by McMahon
and Chapelle (2008) or the more strongly reducing conditions
necessary for sulfate reduction only or for methanogenesis
(SO, < 0.5 mg/L). The negative correlations of lead and
copper with PC2 could indicate decreased mobility of these
constituents where the concentrations of dissolved iron, man-
ganese, and alkalinity are elevated, possibly because of copre-
cipitation with siderite (FeCO,) or because most anoxic waters
had alkaline pH that limits solubility of lead and copper.

PC3 is labeled Hardness (table 9) because positive load-
ings and correlations are interpreted to indicate processes that
increase hardness in groundwater. PC3, which explains
8.2 percent of the variance in the data, has positive loadings
by calcium, magnesium, sulfate, alkalinity, silica, and specific
conductance and negative loadings by aluminum (table 9).
Scores on PC3 are positively correlated with hardness, dis-
solved solids, and uranium. High positive scores on PC3 can
be attributed to the dissolution of calcite, dolomite, gypsum,
and possibly pyrite or other sulfide minerals without the
cation-exchange softening effects (alkaline pH) indicated by
high scores on PC1. The negative loading of aluminum on
PC3 is consistent with its solubility minimum exerted by oxide
and aluminosilicate minerals at slightly acidic to near-neutral
pH (5.5 to 7.0). The positive correlation with uranium is con-
sistent with its mobilization as the uranyl-carbonate complex,
whereas positive association of sulfate implies intermediate
redox conditions. Uranium mineralization at some locations in
the Catskill Formation in northeastern Pennsylvania is associ-
ated with copper and iron sulfides (Klemic, 1962), potentially
providing sources of sulfate where uranium is present.

PC4, which explains 6.0 percent of the variance in the
data, has positive loadings by chloride, bromide, nitrate,
sulfate, and specific conductance, and is labeled Chloride
(table 5) because positive loadings and correlations provide
information about various sources of chloride. Scores on PC4
are positively correlated with TDS, total nitrogen, and cobalt.
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The strong positive association between chloride and bromide
indicates the possible contribution of Appalachian Basin

brine to the groundwater of associated samples. However,

the additional correlations with nitrate and sulfate indicate
possible man-made sources of contamination, such as sewage,
fertilizer, or road-deicing salt. The relations between chloride
and other constituents associated with PC4 indicate that
chloride appears to be from multiple sources (high-bromide
brine source and low-bromide man-made sources), as dis-
cussed in section “Ratios of Chloride, Bromide, and Sodium in
Groundwater” and shown on the chloride/bromide ratio plots
(figs. 25A-C).

Evolution of Chemical Composition and the
Conceptual Hydrogeochemical Model

The observed water types and relations among selected
constituents and pH indicate that dilute recharge waters inter-
act with minerals in the near surface, gradually becoming less
acidic and less oxygenated, while increasing in concentrations
of dissolved constituents. The predominant processes that
account for the observed chemical composition of waters were
modeled using the progressive dissolution of calcite (calcium
carbonate) to equilibrium, combined in some cases with
cation exchange and mixing with saline or brine-like waters.
Evaluation of the Wayne County groundwater-quality data
indicates that calcite is undersaturated (can dissolve) in waters
with pH less than about 7.5 to 8 but nears saturation in waters
with pH greater than about 8. Detailed descriptions of geo-
chemical modeling and evaluation of the potential for minerals
to dissolve or precipitate (saturation indices) in Wayne County
groundwaters are provided in the following section.

Geochemical Modeling

The Catskill Formation consists of clastic sedimentary
bedrock that includes shale, siltstone, sandstone, arkose, and
conglomerate (Sloto, 2014). Such clastic rocks are mainly
composed of silicate and aluminosilicate minerals, including
quartz, feldspar, chlorite, muscovite, and illite, plus minor car-
bonate, sulfate, sulfide, and oxide minerals that occur as clasts,
fracture filling, and cements. Although mineralogy is expected
to vary locally, the carbonate, sulfate, and sulfide minerals
are prone to weathering in near-surface environments where
they may be important sources of hardness, acid neutralizing
capacity (ANC) or alkalinity, SO,, and other solutes. Likewise,
various clay minerals, which are hydrated aluminosilicates
having layered crystal structures that readily accommodate
ionic substitutions, are widely recognized to be involved in
cation-exchange and sorption processes (Hem, 1985; Appelo
and Postma, 2005). For example, reactions involving chlorite,
muscovite, illite, and kaolinite, which are common clay miner-
als in soils, shales, and siltstones, could affect solute concen-
trations in well-water samples from the study area.
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To evaluate the potential for various minerals to be dis-
solved or precipitated by the groundwater, the saturation index
(ST) values are displayed as a function of pH for the Wayne
County well-water samples in figure 26. The samples that had
pH less than or equal to 8 were undersaturated (SI less than 0)
with respect to calcite and dolomite (CaMg(CO,),), indicating
the groundwater could feasibly dissolve these carbonate min-
erals, if present. The SI for calcite increased linearly from pH
of 5.4 (SI -4.14) to pH of 8 (SI -0.2), above which the SI value
approximately equal to 0 was maintained. Despite the indi-
cated equilibrium, dissolution of calcite could be anticipated
to continue at pH values greater than 8 because of the removal
of calcium (Ca) in exchange of sodium (Na). As the concentra-
tions of Ca are depleted, the groundwater could dissolve more
calcite with progressive increases in concentrations of ANC
and pH to values as high as 9.3 (fig. 26).

On the basis of negative SI values, feldspar minerals,
represented by albite (NaAlSi,O,) were undersaturated and
could feasibly dissolve in groundwater, albeit slowly. In
addition to being sources of base cations [Na, potassium (K),
Ca], aluminum (Al), and silicon (Si), the feldspars com-
monly contain traces of phosphate (PO,) and, thus, could be a
potential natural source of PO, in the sampled groundwaters
(Denver and others, 2010). Likewise, the clay mineral
chlorite (Mg ALSi,O, (OH),)) was indicated to be undersatu-
rated and unstable. In contrast, quartz (SiO,) and kaolinite
(ALSi,O,(OH),) were saturated or supersaturated. Thus, over
the range of pH for the samples in this study, the unstable
aluminosilicates generally would be anticipated to dissolve
incongruently, releasing cations to solution while Si and Al are
retained in secondary solid phases, such as quartz and kaolin-
ite. Other clay minerals, including beidellite (NaKMg, .), |
Al, . Si, O, (OH),)), illite (K, Mg, , Al ,Si, O, (OH),)), and
muscovite (KALSi,O, (OH),), had SI values that ranged from
negative to positive, indicating these or similar phases could
potentially decompose where undersaturated, or such phases
could participate in surface complexation or exchange reac-
tions where saturated or supersaturated.

The major Ca and magnesium (Mg) carbonate minerals
commonly contain traces of other cations, including iron (Fe),
manganese (Mn), strontium (Sr), and barium (Ba) (Hanshaw
and Back, 1979). These trace cations also could be present
locally as pure carbonate phases. Over the range of pH, the SI
values for siderite (FeCO,), rhodochrosite (MnCO,), strontian-
ite (SrCO,), and witherite (BaCO,) were negative, indicating
these carbonate minerals, if present, could feasibly be dis-
solved by the groundwater. Hence, dissolution of calcite, dolo-
mite, or other carbonates could release various trace cations to
solution. However, the concentrations of trace elements may
be limited by the formation of other solid phases. For example,
the accumulation of SO, from rainfall, sulfide mineral oxida-
tion, or gypsum (CaSO,*2H,0) dissolution could promote
the observed supersaturation of barite (BaSO,), which could
precipitate and limit the concentrations of dissolved Ba. In
contrast, celestine (SrSO,) was indicated to be undersaturated.

Nevertheless, Sr concentrations could possibly be limited by
coprecipitation with Ba in barite (Hanor, 1968). Furthermore,
Sr, Ba, and other trace cations could participate in exchange
reactions with clay minerals or adsorption processes.

Hydrous oxides of iron (FeOOH, Fe(OH),(a)) and
manganese (MnOOH) are common in soils and weathered
bedrock. The groundwaters sampled for the study generally
were indicated to be saturated or supersaturated with respect to
Fe and Mn oxides, which indicates such phases could feasibly
precipitate as stable secondary phases (although the redox
state is uncertain) upon dissolution of carbonates or oxidation
of sulfides containing Fe and Mn. The hydrous Fe and Mn
oxides are widely recognized as potential sorbents of trace
anions (As, Se, Mo, B) at acidic pH and cations (Cu, Pb, Zn)
at neutral to alkaline pH (Appelo and Postma, 2005; Dzombak
and Morel, 1990; Hem 1985). Adsorption, or surface complex-
ation, can maintain trace-element concentrations at low levels
compared to the solubilities of corresponding trace-element
minerals; however, as the pH or redox conditions change,
the trace ions could be released into solution by the oxides
(Chapman and others, 2013). An illustration of the effects of
changes in pH on the potential for adsorption and desorption
of trace elements by hydrous Fe oxide are shown in figure 27.

The evolution pathways for the major ions indicated
on the Piper diagram (fig. 23D) and as mixing curves on the
bromide/chloride and sodium/chloride plots (fig. 25) were
computed using the PHREEQC geochemical model, con-
sidering the various mixing scenarios with road deicing salt
or brine plus reactions including calcite dissolution and (or)
cation exchange. In addition to determining the concentra-
tions of major cations and bromide, displayed previously, the
geochemical models also indicated the effects of reactions and
mixtures on the pH and the concentrations of minor elements
including strontium, barium, potassium, and lithium.

Parallel sets of reaction models initially simulated
the addition of road deicing salt or brine to groundwater,
without or with calcite dissolution, but did not consider cation
exchange (fig. 28). The simplest models indicated the effect
of increasing additions of the specified salt (fig. 28A) or brine
(fig. 28C) to the initial groundwater. For both scenarios, the
pH decreased progressively from the initial value of 6.2,
whereas the concentrations of sodium, chloride, and bromide
increased. Because the samples that had elevated sodium
(34 to 143 mg/L) (figs. 22 and 25D) had alkaline pH, these
conservative mixing models were considered unsatisfactory
and were enhanced by specifying that calcite would dissolve
to equilibrium (fig. 28B and D). The resultant models that
involved mixing and calcite dissolution produced results that
could explain the formation of near-neutral waters of calcium-
sodium/bicarbonate-chloride types, such as samples from
WN-307 or WN-400, but not the sodium/bicarbonate types
with pH values greater than 8.

The geochemical models were modified further to evalu-
ate the potential effects of calcite dissolution plus cation
exchange on the pH and solute concentrations (fig. 29). For
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Figure 26. Saturation indices for minerals and other solids in relation to pH for 121 groundwater samples from 117 wells in Wayne
County, Pennsylvania, 2013-14. Computations made using PHREEQC (Parkhurst and Appelo, 2013) with WATEQ4F database
(Ball and Nordstrom, 1991). [IAP, ion activity product; KT, solubility product (thermodynamic reaction constant)]
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Figure 28. Computed compositions of waters resulting from initial composition of low-ionic strength groundwater (from well WN-371)

with dissolution of road deicing salt (NaCl

0.999968 r0.0l1004

) and (or) calcite, but without cation exchange. Low ionic strength groundwater
(WN-371) with A, dissolution of deicing salt but without other reactions, B, mixing with median oil and gas well brine but without other

other reactions, C, dissolution of deicing salt plus calcite (CaCQ,) dissolution to equilibrium (saturation index = 0), and D, mixing with
median oil and gas well brine plus calcite dissolution to equilibrium. Computations conducted using the aqueous geochemical computer
program, PHREEQC (Parkhurst and Appelo, 2013). [Median oil and gas well brine composition from Dresel and Rose (2010)]
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Figure 29. Computed composition of waters resulting from initial composition of low-ionic strength groundwater (from well WN-371)
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Concentration, in milligrams per liter

Baseline Assessment of Groundwater Quality in Wayne County, Pennsylvania, 2014

1,000

100

1,000

100

Groundwater + calcite dissolution; B
no cation exchange;
Result: near-neutral pH;
elevated Ca, ANC
III|IIII|IIII|IIII|IIIIIIIIIIIIIIIIg-g
KHHKKIHHKHKK KKK KK KKK KKK — 90 E
L OOKKX 06000000000 00000000000 — 88 =
PRI 24 — 86 ]
oo® — 84 o >
—82 E £
— 80 5 ®
EEEEEEEEEEEEEEEEEEEEEEEEEEEEE — 78 'E =
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAL — 76 © =
000000000000gooOOOOCOanECnHCee] . -
XXX XXX XX XXX — 74 < E
@© f
— 70 < g
0000000000000000000000 — 68 = =
—{ 66 5 ©
— 6.4 €
0000000000000 O0OOOOO0OOOOOO0OO00 — 6.2 8
EEEEEEEEEENEEEEEEEEEEEEEEEER — 6.0 g
— 5.8 (&)
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_ gg
0 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.004
Calcite concentration, dissolved, in moles per liter
Groundwater + brine mixture + cation exchange; D
no mineral dissolution;
Result: acidic pH;
low SO,, Ca, Mg; elevated ANC, Cl, Br, Na, K, Li
9.4
LA I I Y Y N B I B 92
Iy — 90 .E
i s 0w % 28 F 5 i o
— 84 o =
SHS
« s s 22 —718 T =]
« 2 2 X XX R —76 & =
s a @ [ ] [ — 74 < £
] v . & & = — 72 ] =
. 4 & & 5 5 O 7] e
4 & § o © — 70 ¢ <
o © —{ 68 = =]
JnE S
K c
S
— 58 ]
1 | 1 | 1 | 1 | 1 | 1 | L gg
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Brine in mixture, in percent (brine+groundwater)
EXPLANATION
e pH x
+  Calcium (Ca) "

Magnesium (Mg) X

Strontium (Sr)

[e]

>

Barium (Ba)

Sodium (Na)

o

*

1,000

1=
o

o

o

0.01

o
o
=4

0.0001

1,000

o
S

o

Groundwater + calcite dissolution + cation exchange;
Result: alkaline pH;
low Cl, Br, SO,, Ca, Mg; elevated ANC, Na, K, Li, Sr, Ba

KK POKOK KK KOKKXKKOK K

XX
XORXKXKED Ll ) A AAAAAAAAA

XX
KKK X AAAAAAAA

AAAAAA

¥y ! SOO
.QQ90000000000000000000000

cl Lttt
CIOICTO DD DD~ 00O WPPD DWW D
POOCCONPEPOOONPEAOCCONPAEAOOON &

IIII|IIII|IIII|IIII|IIII|IIII|IIII|III i
0 00005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0040

Calcite concentration, dissolved, in moles per liter

Groundwater + brine mixture + calcite dissolution

+ cation exchange;

Result: alkaline pH;

low S0,, Ca, Mg; elevated ANC, CI, Br, Na, K, Li, Sr, Ba

P el
IO P DD D NN NN N0 00000 DO
PO OCONBEDNOONENOONEDNDOON &

0.1
0.01
0.001
0.0001 | | | | | | | | | | | | |
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Brine in mixture, in percent (brine+groundwater)
Potassium (K)
Lithium (Li)

Acid neutralizing capacity (ANC)

Sulfate (S0,)

Chloride (CI)

Bromide (Br)

with reactions including dissolution of calcite and (or) cation exchange and (or) mixing with different amounts of brine. Low-ionic
strength groundwater (WN-371) with dissolution of incremental amounts of calcite (CaC0,) until reaching equilibrium A, without cation
exchange, B, with cation exchange. Low-ionic strength groundwater (WN-371) mixes with median oil and gas well brine C, with cation
exchange, and D, with calcite dissolution to equilibrium and cation exchange. Computations conducted using the aqueous geochemical

computer program, PHREEQC (Parkhurst and Appelo, 2013). [Median oil and gas well brine composition from Dresel and Rose (2010)]

pH, in standard units

pH, in standard units



these models, instead of road deicing salt, calcite was added
progressively to the initial groundwater, without or with cation
exchange (fig. 29A and B). Likewise, the groundwater plus
brine mixing scenarios are considered with cation exchange,
without or with calcite dissolution (fig. 29C and D). Generally,
calcite dissolution alone could produce near-neutral calcium/
bicarbonate waters, which were the most common types.
Furthermore, a mixture of 0.01 percent to 0.07 percent brine
plus groundwater could produce the observed concentrations
of bromide and chloride plus other major and trace ions.
However, calcite dissolution plus cation exchange was
required to produce the elevated pH, ANC, and sodium con-
centrations. The exchange sites were modeled as containing
mostly sodium, with minor calcium, magnesium, strontium,
barium, and lithium (instead of all sodium). Thus, observed
concentrations of strontium, barium, and lithium could be
maintained or increased through the exchange reactions.

Conceptual Hydrogeochemical Model

The conceptual model for geochemical evolution of
groundwater for the area of study involves chemical reactions
in the recharge areas and along the flow paths. A schematic
diagram illustrating the conceptual model of how water-
quality is thought to evolve along local and regional ground-
water flow paths, based on the data analysis presented in
this report, is shown in figure 30. Recently (less than a few
years) recharged shallow groundwater in the uplands likely
had limited interaction with aquifer and soil materials, and
consequently, has relatively low pH, low TDS, and high DO
concentrations. The precipitation that recharges aquifers in
northeastern Pennsylvania is dilute and acidic, although cur-
rently (2015) less acidic than it was 30 years ago. The pH of
precipitation has increased from about 4.2 in 1985 to about 5.0
in 2013 (National Atmospheric Deposition Program, 2016).

Following recharge in the shallow part of the aquifer,
groundwater continues to interact with aquifer materials, and
soluble minerals, such as calcite, begin to dissolve. As calcite
dissolves, pH rises to near neutral, and calcium, magnesium,
and bicarbonate (alkalinity) concentrations increase. Hardness
(a measure of calcium and magnesium) reaches a maximum
near pH of 7.5. Along the groundwater flow paths, oxygen is
consumed by various biochemical reactions involving oxida-
tion of organic material in soils or aquifer, or by oxidation
of some minerals, such as pyrite. Exchange of alkali metals
(sodium, lithium) for alkaline earth metals (calcium, magne-
sium, and to a lesser extent barium and strontium) on mineral
surfaces (such as illite, a mineral reported to be present in
aquifer materials) is thought to occur, based on apparent
relations between various constituents, and was included in
the geochemical model. Through ion exchange, concentra-
tions of calcium and magnesium decrease while sodium and
other alkali metals, alkalinity, and pH continue to increase.
The increases in pH and alkalinity result from the progressive
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dissolution of calcite, to maintain equilibrium, as calcium and
magnesium are removed from solution by exchange processes.
The shift in groundwater composition from Ca and Mg as the
predominant cations (for example, well WN-371) to Na as

the predominant cation (for example, well WN-295) is shown
on Piper diagrams (fig. 23B, C). This shift from calcium to
sodium as predominant cation generally is accompanied by
increases in TDS (fig. 23B). Formation of sodium-bicarbonate
waters with elevated pH as a result of ion-exchange (sodium
for calcium) has been reported for shallow shale aquifers
elsewhere (Kresse and others, 2012). Plots showing simulated
changes in concentrations and pH though modeled chemical
processes are shown in figs. 28 and 29. At pH values greater
than 8, oxyanions, such as arsenate, are mobilized, resulting in
increases in dissolved concentrations of arsenic and other trace
elements with similar chemical properties.

Mixing of groundwater with brines or other saline waters
from deep parts of the aquifer or areas of restricted flow (low
permeability) contributes certain constituents, such as bromide
and chloride. Wells that penetrate deep parts of the aquifer or
are near areas of regional groundwater discharge appear to be
most likely to intercept groundwater with a saline component.
Geochemical modeling indicates that the measured (observed)
concentrations of chloride and bromide in the Wayne County
groundwater samples with the highest concentrations of bro-
mide could result from a mixture of freshwater and brine, with
brine representing less than 0.02 percent of the solution (see
fig. 29). Other sources of chloride include road salt and septic
effluent. Contributions of chloride from low-bromide man-
made sources to shallow groundwater that has not undergone
extensive ion exchange results in the type of water exemplified
by water samples from wells WN-307 and WN-400 (figs. 23C
and 24B). The evolution pathway indicated for groundwater
plus road deicing salt produces sodium/chloride water type
(on the right corner of the Piper diagram), as does mixing of
groundwater with brine plus cation exchange, with or without
calcite dissolution (fig. 23D).

These findings and chemical models indicate that the
waters with elevated methane concentrations (greater than
1 mg/L) in Wayne County appear to have been formed by a
series of chemical reactions, including mineral dissolution,
ion exchange, and some mixing with brine. These types of
waters appear distinct from other groundwater types in Wayne
County, although they may have formed gradually.

Brines with elevated concentrations of sodium, chloride,
bromide, barium, strontium, and other solutes occupy
pore spaces in deep-lying sedimentary rocks throughout
Pennsylvania. The highly saline sodium/chloride brines and
overlying groundwaters of intermediate salinity generally are
present 1,000 feet or more below the surface (Feth and others,
1965; Heisig and Scott, 2013). Such brine-affected waters
typically discharge from gas or oil wells (Dresel and Rose,
2010) and may be present locally at springs and some shallow
water wells in northeastern Pennsylvania (Llewellyn, 2014).
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Figure 30. Schematic diagram of generalized conceptual hydrogeochemical model for distribution of fresh and saline groundwater

in fractured bedrock aquifer setting. Groundwater-flow directions shown in blue with local, intermediate, and regional flow paths
indicated. Groundwater composition evolves from calcium-magnesium-bicarbonate-sulfate type with relatively low pH and high
dissolved oxygen concentrations (DO) in recharge areas and local flow zones to predominantly sodium-bicarbonate-sulfate with higher
pH and lower DO along intermediate flow paths. Deeper or regional water that is relatively saline may be mixing with intermediate-flow
waters, especially in discharge areas, such as stream valleys, where methane from microbial and (or) thermogenic sources appears to
be present most frequently and at highest concentrations in northeastern Pennsylvania.



Geochemical Modeling and Analysis of Water Quality Data 63

The shallowest flow systems tend to be present in highly
fractured aquifers where actively circulating freshwater
over time has depleted sodium, chloride, and other vestiges
of connate brines (fluids trapped in rocks during and after
formation). In the shallow groundwater zone (fig. 30), water
types of predominantly calcium-magnesium/bicarbonate and
calcium-magnesium/bicarbonate-sulfate compositions are pro-
duced by the active weathering of moderately soluble carbon-
ate minerals, and to a lesser extent sulfate, sulfide, and silicate
minerals. In the intermediate zone, groundwater of sodium/
bicarbonate type and moderate salinity typically is present
between the shallow, actively circulating freshwater and the
deeper, slower moving sodium/chloride type water. Poth
(1963) explains the freshening process in the intermediate
zone as follows: “(t)he chloride is readily removed by circulat-
ing ground water, but the sodium is more difficult to remove
because much of it is adsorbed on the clay in the rocks.” The
sodium, which occupies exchange sites on clay minerals, tends
to be displaced by calcium and magnesium though cation
exchange. Such processes lead to the formation of sodium/
bicarbonate type waters, which are transitional between the
sodium/chloride waters at great depth and the calcium-magne-
sium/bicarbonate waters in the overlying freshwater zone.

Most wells constructed for domestic use are completed
within the local, freshwater flow system. All but one well
sampled for this study in Wayne County were completed at
depths ranging from 14 to 740 ft below land surface; one-half
of these were drilled to depths of 200 to 380 ft. One well,
WN-309, was completed at a depth of 1,300 ft below land
surface; a single low-yielding water bearing zone was reported
at 988 ft. The water sampled from WN-309 exhibited char-
acteristics of brine affected water, notably elevated specific
conductance and dissolved solids dominated by sodium and
chloride plus elevated concentrations of bromide, lithium, and
methane. Some other wells that were shallower in depth and
located within stream valleys where deep groundwater may be
discharging had similar types of brine affected waters, includ-
ing wells WN-295 (225 ft deep) and WN-341 (230 ft deep)
(fig. 5).

Statistically significant correlations indicated an inverse
relation between both land surface and well-bottom elevation
and constituents associated with factor PC1 (table 9), includ-
ing pH, lithium, and sodium. These correlations support the
conceptual model (fig. 30) by showing that the more evolved
waters tend to be present at lower elevations (less than about
1,200 to 1,500 ft above the North American Vertical Datum
of 1988) and, in some cases, at greater depths (>~1,000 ft
below land surface) in the aquifer. The apparent lack of strong
relations between groundwater quality and TPI (index for
local topographic setting that does not account for regional
setting) (see Appendix 4-5) also supports the conceptual model
because shallow local flow discharging to upland valleys
likely would not have undergone as extensive chemical evolu-
tion as water that discharges regionally to lowland valleys and
major streams.

Spatial Distribution of Groundwater Quality and
Relation to Hydrogeologic Setting

The observed distributions of water types, and pH,
methane, and trace elements, such as lithium, vary spatially
throughout Wayne County and, in some cases, exhibit appar-
ent relations to hydrogeologic setting. In the highlands along
the western and southern areas of Wayne County, groundwater
tends to be relatively more dilute, with lower pH, and higher
DO concentrations; these areas correspond to the recharge area
on the generalized conceptual schematic of groundwater flow
(fig. 30). At lower elevations in Wayne County, groundwater
has higher pH, dissolved solids, alkalinity, and hardness; these
areas correspond to the intermediate flow zone on the general-
ized conceptual schematic (fig. 30). This schematic is similar
to that presented by Siegel and others (2015) for a generalized
Appalchian Plateau hydogeologic setting, which would pertain
to Wayne County. In selected stream valleys in Wayne County,
some groundwater samples had high pH (greater than 8) and
elevated concentrations of sodium, lithium, boron, bromide,
fluoride, and methane; these areas correspond to the valley
settings on the generalized conceptual schematic diagram in
figure 30, where groundwaters from shallow local, intermedi-
ate, and deep regional flow zones mix. Similar occurrences
of relatively elevated methane in groundwater associated
with valley hydrogeologic settings have been reported for
nearby areas of New York with similar geology. In a study of
methane in groundwater in Upper Devonian shale bedrock in
south-central New York, methane concentrations were found
to differ by hydrogeologic setting, with the highest concentra-
tions measured in water from wells in confined valley settings
and the lowest concentrations in water from wells in upland
unconfined settings (Heisig and Scott, 2013).

The spatial distribution of pH values for samples from
117 wells sampled in 2013 and 2014 shows the lowest pH
values (<6.5, acidic water) in the highlands along the western
and southern areas of Wayne County and in an area along the
eastern border with Pike County (figs. 1 and 6). Groundwater
with near neutral pH (6.5 to 7.5) tends to be present in the cen-
tral part of the county at intermediate land-surface elevations.
Groundwater with highest pH (>8.0, alkaline water) tends to
be present in stream valleys. This observed distribution of
pH is consistent (fig. 6) with a conceptual model that shows
groundwater in upland areas is young, dilute, and acidic,
and groundwater at lower elevations has higher pH and TDS
acquired through mineral dissolution. Groundwater samples
with the highest pH (>8), collected in stream valleys, appear
to represent waters that have undergone cation exchange and
have mixed with a small amount of brine. Differences in pH
in relation to elevation are indicated by boxplots showing the
distribution in elevations of well bottoms and land surfaces
for four groups of pH ranges (fig. 31); the most acidic (pH
<6.5) groundwater is associated with wells with the highest
land surface and well bottom elevations (where well bottom
elevation is calculated by subtracting well depth from land
surface elevation), and the most alkaline groundwater (pH>S8)
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Figure 31.

Boxplots showing distribution of well bottom elevations, land surface elevations, and well depths for groundwater samples

from 117 wells in Wayne County, Pennsylvania, 2013-14, grouped by pH class interval as “acidic” (5.4< pH <6.4, n=29), “neutral” (6.5< pH
<7.4,n=32), "alkaline” (7.5< pH <7.9, n=25), and “very alkaline” (8.0< pH <9.4, n=9). Elevations are in feet above North American Vertical
Datum 1988 and well depth in feet below land surface. Well-bottom elevation is calculated by subtracting well depth from land-surface

elevation.

is associated with wells with the lowest land surface and well
bottom elevations. Little to no relation between pH and well
depth is indicated by the data (fig. 31).

The pH may also reflect aquifer mineralogy; for example,
the area of low pH (<6.5) along the southeastern border
with Pike County (fig. 6) may indicate a sparsity of calcite
in aquifer materials. Additionally, the geologic units that
underlie uplands typically are more resistant to erosion and,
consequently, may contain a smaller amount of relatively
soluble minerals (such as calcite in the humid climate of
northeastern Pennsylvania) than those geologic units that
underlie lowlands.

The samples with highest pH also generally have the
highest concentrations of dissolved methane, sodium, lithium,
boron, bromide, and fluoride and among the highest concentra-
tions of arsenic (fig. 22), in addition to the highest concentra-
tions of dissolved ammonia. Most of these constituents were
identified through statistical analysis to correlate with each
other generally group together (factor PC1); lithium is the
most strongly correlated constituent. Elevated lithium concen-
trations show a strong relation to elevated methane concentra-
tions and are present in samples with the highest pH, mostly

in stream valley settings (figs. 6 and 19). Similar relations
among constituents were apparent in studies of groundwater
quality in nearby Pike County (Senior, 2014) and Sloto (2013).
Some of these constituents, such as bromide, may indicate a
small amount of brine mixing with fresh groundwater, which
has evolved in chemical composition along a flow path and
discharges to stream valleys.

Concentrations of arsenic exceeding the MCL of 10 mg/L
generally were associated with the higher pH waters (>7.8 pH;
fig. 12), reflecting geochemical controls on the solubility of
arsenic. Concentrations of arsenic exceeding the HA level of
2 mg/L were most frequently measured in samples from wells
in the Lackawaxen drainage in central Wayne County (fig. 5),
where pH values were near or greater than neutral (pH >7).
This central area of Wayne County also had among the high-
est concentrations of radon-222 and uranium in groundwater
samples (figs. 16 and 18, respectively), which may indicate
that the aquifer materials are relatively enriched in uranium
and daughter products. The presence of uranium associated
with an old copper prospect in Waymart Township, west-cen-
tral Wayne County (fig. 2), was described by Klemic (1962).



Summary and Conclusions

In 2014, the U.S. Geological Survey, in cooperation
with the Wayne Conservation District, conducted a study
to assess baseline shallow groundwater quality in bedrock
aquifers prior to possible shale-gas development in the county.
Wayne County in northeastern Pennsylvania is underlain by
nearly flat-lying Pennsylvanian-age and older sedimentary
rocks, including the Devonian-age Marcellus Shale and
Ordovician-age Utica Shale, formations that have potential for
natural gas development and are being developed elsewhere
in Pennsylvania as near as adjacent Susquehanna County.

The Marcellus Shale is present from less than approximately
2,000 feet (ft) below land surface in southern Wayne County
to more than 7,000 ft below land surface in western Wayne
County. The Utica Shale is present thousands of feet below
the Marcellus Shale. Bedrock units nearest the land surface
in Wayne County form fractured bedrock aquifers, which are
recharged by precipitation and discharge locally to streams
and regionally to rivers. Glacial deposits that partly cover
the bedrock units are minor sources of groundwater. In rural
Wayne County, groundwater is the primary source of supply;
most wells are completed in bedrock aquifers.

The 2014 study expanded on a previous study done in
2013, for which 32 wells were sampled in Wayne County.
Eighty-nine wells were sampled in summer 2014 to provide
data on the presence of methane and other aspects of existing
groundwater quality throughout the county, including con-
centrations of inorganic constituents typically present at low
concentrations in shallow, fresh groundwater but elevated in
brines associated with fluids extracted from geologic for-
mations during shale-gas development. Depths of sampled
wells ranged from 85 to 1,300 ft, with a median of 291 ft. All
groundwater samples collected in Wayne County in 2014 were
analyzed for bacteria, major ions, nutrients, selected inorganic
trace constituents (including metals and other elements),
selected organic compounds (including volatile organic
compounds and glycols), radon-222, gross alpha- and gross
beta-particle activity, dissolved gases (methane, ethane, and

propane), and if possible, the isotopic composition of methane.

Results of the 2014 sampling show that groundwater
quality generally met most drinking-water standards, but some
samples had one or more constituents or properties, including
arsenic, iron, pH, bacteria, and radon-222, that exceeded
primary or secondary maximum contaminant levels (MCLs).
Arsenic concentrations were higher than the MCL of
10 micrograms per liter (ug/L) in 8 of the 89 well-water
samples (9 percent), with measured concentrations as high
as 20 pg/L; arsenic concentrations were higher than the
Health Advisory (HA) level of 2 pg/L in 27 of 89 samples
(30 percent). Total iron concentrations exceeded secondary
maximum contaminant level (SMCL) of 300 ug/L in 9 of the
89 samples. The pH ranged from 5.4 to 9.3 and did not meet

the SMCL range of 6.5 to 8.5 in 27 of 89 samples (30 percent).

Twenty-two samples had pH less than 6.5, and 5 samples had
pH greater than 8.5. Total coliform bacteria were detected in
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22 of 89 samples (25 percent); Escherichia coli (E.Coli) were
detected in only 2 of 22 samples. Radon-222 activities ranged
from 25 to 7,400 picocuries per liter (pCi/L), with a median
of 2,120 pCi/L, and exceeded the proposed drinking-water
standard of 300 pCi/L in 86 of the 89 samples (97 percent);
radon-222 activities were higher than the alternative proposed
standard of 4,000 pCi/L in 12 of 89 samples (13 percent).
Although no sample had uranium concentrations greater than
the MCL of 30 pg/L, one sample had a concentration

(16.4 pg/L) that was close to the HA of 20 pg/L.

Water from 8 (9 percent) of 89 wells sampled in 2014
had concentrations of methane greater than the reporting
level of 0.24 milligrams per liter (mg/L); in samples from the
8 wells, the detectable methane concentrations ranged from
0.74 to 9.6 mg/L. Low levels of ethane (up to 0.0017 mg/L)
were measured in the six samples with the highest methane
concentrations. The isotopic composition of methane in 6 of 8
samples with sufficient dissolved methane (about 1 mg/L) for
isotopic analysis is consistent with a predominantly thermo-
genic methane source (sample 6"°C_,, values ranging from
-56.36 %o to -45.97 %o and 6D, values ranging from -233.1
parts per thousand (%o) to -141.1 %o); however, the low levels
of ethane relative to methane indicate that the methane may
be of microbial origin that subsequently underwent oxidation.
Isotopic compositions indicated a possibly mixed thermogenic
and microbial source (carbon dioxide reduction process) for
the methane in another sample (8"°C_,,, of -63.72 %o and 6D,
0f'-192.3 %o) and potential oxidation of microbial and (or)
thermogenic methane in the remaining sample (8"°C_,,, of
-46.76 %o and 6D .,,, of -79.7 %o).

The groundwater with elevated methane concentrations
had a chemical composition that differed in some respects
(pH, selected major ions, and inorganic trace constituents)
from groundwater with low methane concentrations. The
seven well-water samples with the highest methane concentra-
tions (from about 1 to 9.6 mg/L) also had among the highest
pH values (8.1 to 9.3, respectively) and highest concentrations
of sodium, lithium, boron, fluoride, arsenic, ammonia, and
bromide. Elevated concentrations of some other constituents,
such as barium, strontium, and chloride, commonly were not
limited to well-water samples with elevated methane.

Relations among chemical constituents were investigated
through statistical (principal component analysis; PCA) and
graphical (Piper diagrams, scatter plots, and boxplots) meth-
ods, which aid in understanding how groundwaters develop
different chemical compositions, especially those waters
that have elevated concentrations of constituents of concern,
such as arsenic and methane. Data from 2013 and 2014 were
combined to create a dataset with greater spatial extent, which
could be used to better characterize groundwater quality in the
county.

Characterization of water by major ion composition
shows that most groundwaters are of a calcium-magnesium-
bicarbonate-sulfate type; a few samples were mostly a
sodium-bicarbonate type. The sodium-bicarbonate type waters
generally have low dissolved oxygen and high pH values, and
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some of the highest concentrations of arsenic. Elevated pH is
an important geochemical control on arsenic concentrations
because arsenic tends to be more soluble at pH values above
7.5. The statistical grouping of constituents through PCA iden-
tified four main factors that reflect geochemical processes and
man-made contributions.

Groundwater samples with elevated methane concentra-
tions (near or greater than 1 mg/L) have chloride/bromide
ratios that indicate mixing with a small amount of brine
similar in composition to that reported for shale-gas brines in
Pennsylvania. Most other samples with low methane concen-
trations (less than about 1 mg/L) have chloride/bromide ratios
that indicate predominantly man-made sources of chloride,
such as road salt or septic systems.

Results of geochemical modeling of combined 2013
and 2014 data show that water in samples with elevated
pH, sodium, lithium, bromide, and alkalinity could have
been affected by dissolution of calcite (calcium carbonate),
followed by ion exchange, and mixing with a small amount
(less than 0.02 percent) of brine. Brine contributions may
originate from deep parts of the aquifer system. The spatial
distribution of groundwater composition generally shows
that relatively dilute, slightly acidic, oxygenated, calcium-
carbonate type water tends to be present in the uplands along
the western border of Wayne County; water with near neu-
tral pH and with highest amounts of hardness (calcium and
magnesium) generally was present in areas of intermediate
elevations. Water with pH values greater than 8, low oxygen
concentrations, and the highest arsenic, sodium, lithium,
bromide concentrations most frequently was present in stream
valleys, especially at relatively lower elevations near areas of
regional groundwater discharge, such as the Delaware River.

Thus, the baseline assessment of groundwater quality
in Wayne County prior to gas-well development shows that
shallow (less than about 1,000 ft deep) groundwater is gener-
ally of good quality. However, methane and some constituents
(sodium, lithium, bromide, boron, and others) that are present
in high concentrations in brines and potentially associated with
shale-gas development also are present at low to moderate
concentrations, and in some areas at relatively elevated con-
centrations, in groundwater in Wayne County. The flow and
transport processes responsible for the presence of methane
and the relatively elevated sodium and associated trace constit-
uent concentrations in groundwater in Wayne County are not
known. Although isotopic characterization of methane may
be used to identify the naturally occurring methane in shallow
bedrock aquifers as part of the baseline assessment, additional
investigations may be needed to determine the origin of this
methane and explain its association with the high pH, sodium-
bicarbonate, bromide-enriched groundwater.

Limited results for 4 wells sampled twice 1-year apart
(in 2013 and 2014) indicate that temporal variability in water
quality may be a factor to consider when establishing baseline
water quality. Although some differences may be related to
analytical uncertainty, differences greater than 20 percent for

constituents occurring in concentrations substantially higher
than the reporting level may represent real differences in
water quality between samples collected at different times.
Additional monitoring through time beyond the one-time sam-
pling conducted for this assessment would be needed to deter-
mine seasonal or other types of variability in water quality.
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Table 10.
2014.

Location, depth, and construction characteristics for 89 wells sampled in Wayne County, Pennsylvania, July—September

[USGS, U.S. Geological Survey; DDMMSS.S, degrees, minutes, seconds; --, no data; NAD 83, North American Datum 1983; NAVD 88, North American
Vertical Datum 1988; Geologic units: Dck, Catskill Formation; Dcpp, Poplar Gap and Packerton Members of Catskill Formation, undivided; Dclw, Long Run

and Walcksville Members of Catskill Formation, undivided; Dcd, Duncannon Member of Catskill Formation; Dcpg, Poplar Gap Member of Catskill

Formation]
USGs UsGs Land surface . Well Casing
local well station Township or borough elevation Geologic map  Well depth diameter length
number number (feet) symbol (feet) (inches) (feet)
NAVD 88
WN-295 413927075214501 Clinton 1,385 Dck 225 6 110
WN-298 415723075205401 Scott 1,068 Dck 109 6 --
WN-304 413924075100101 Damascus 1,380 Dck 720 6 60
WN-309 412545075242101 Lake 1,647 Dcpp 1,300 6 61
WN-317 413720075113101 Oregon 1,438 Dck 740 6 60
WN-318 413547075124801 Berlin 1,342 Dck 580 6 40
WN-319 413640075092101 Berlin 1,310 Dck 250 6 --
WN-320 413632075135601 Oregon 1,326 Dck 400 6 --
WN-321 413531075072001 Berlin 1,262 Dclw 480 6 40
WN-322 413641075121201 Oregon 1,413 Dck 220 6 60
WN-323 413133075110801 Palmyra 1,292 Dclw 155 6 35
WN-324 413652075054501 Damascus 1,143 Dck 420 6 40
WN-325 414552075073501 Damascus 1,134 Dck 223 6 117
WN-326 414252075132301 Lebanon 1,480 Dck 90 6 74
WN-327 413752075171201 Dyberry 1,354 Dck 300 6 182
WN-328 414042075234401 Clinton 1,466 Dck 215 6 23
WN-329 413315075184401 Cherry Ridge 1,403 Dcpp 165 6 20
WN-330 413230075143401 Cherry Ridge 1,352 Dcpp 380 6 31
WN-331 413759075152901 Dyberry 1,064 Dck 185 - --
WN-332 412804075121101 Paupack 1,310 Dclw 660 6 41
WN-333 413903075170501 Dyberry 1,107 Dck 275 6 117
WN-334 413817075180201 Dyberry 1,568 Dck 400 6 50
WN-335 414606075233401 Mount Pleasant 1,712 Dck 420 6 60
WN-336 413539075125301 Berlin 1,269 Dclw 240 6 60
WN-337 412926075103301 Palmyra 1,243 Dclw 650 6 41
WN-338 414522075032901 Damascus 1,024 Dck 400 6 --
WN-339 414904075140101 Manchester 1,090 Dck 180 5 120
WN-340 415637075205701 Scott 1,287 Dck 128 6 37
WN-341 414929075070101 Manchester 822 Dck 230 6 160
WN-342 415430075261201 Starrucca 1,656 Dck 121 6 121
WN-343 415929075283601 Scott 1,522 Dck 104 6 93
WN-344 415259075273301 Starrucca 1,903 Dck 602 7 66
WN-345 413427075270901 Canaan 1,784 Dcd 160 6 45
WN-346 415527075262401 Starrucca 1,860 Dck 360 6 31
WN-347 413703075225601 Clinton 1,456 Dck 300 6.25 223
WN-348 414412075233901 Mount Pleasant 1,528 Dck 220 6 21
WN-349 414635075270101 Mount Pleasant 2,039 Dck 240 6 120
WN-350 414644075174501 Buckingham 1,318 Dck 210 6 90



Table 10

Table 10. Location, depth, and construction characteristics for 89 wells sampled in Wayne County, Pennsylvania, July—September

2014.—Continued

[USGS, U.S. Geological Survey; DDMMSS.S, degrees, minutes, seconds; --, no data; NAD 83, North American Datum 1983; NAVD 88, North American

Vertical Datum 1988; Geologic units: Dck, Catskill Formation; Dcpp, Poplar Gap and Packerton Members of Catskill Formation, undivided; Dclw, Long Run

and Walcksville Members of Catskill Formation, undivided; Dcd, Duncannon Member of Catskill Formation; Dcpg, Poplar Gap Member of Catskill

3

Formation]
UsGs USGS Land surface . Well Casing
local well station Township or borough elevation Geologic map  Well depth diameter length
number number (feet) symbol (feet) (inches) (feet)
NAVD 88
WN-351 413127075200201 Cherry Ridge 1,332 Dcpp 353 6 21
WN-352 413050075233801 South Canaan 1,338 Dcpp 240 6 72
WN-353 415529075195001 Buckingham 1,566 Dck 700 6 40
WN-354 415518075195501 Buckingham 1,541 Dck 85 6 85
WN-355 413815075241601 Clinton 1,444 Dck 321 6 55
WN-356 411944075245701 Sterling 1,738 Dcpp 250 6 135
WN-357 412220075260301 Salem 1,458 Dcpp 225 6 41
WN-358 412326075213401 Salem 1,396 Dcpp 550 6 101
WN-359 412352075201301 Salem 1,411 Dcpp 495 6 30
WN-360 412623075201201 Lake 1,476 Dcpp 420 6 41
WN-361 412760075191301 Lake 1,386 Dcpp 225 -- --
WN-362 413215075195001 Cherry Ridge 1,470 Dcpp 380 - -
WN-363 411445075211801 Dreher 1,854 Dcpg 275 6 42
WN-364 412049075243601 Sterling 1,619 Dcpp 200 6 120
WN-365 411633075214501 Dreher 1,940 Dcpp 220 6 38
WN-366 411751075202601 Dreher 1,763 Dcpp 220 -- --
WN-367 411618075205001 Dreher 1,856 Dcpp 680 6 41
WN-368 411726075222201 Dreher 1,949 Dcpp 180 6 81
WN-369 411642075220501 Dreher 1,814 Dcpp 140 6 48
WN-370 411926075205901 Dreher 1,573 Dcpp 245 6 41
WN-371 411413075261001 Lehigh 1,943 Dcd 200 6 40
WN-372 411436075256001 Lehigh 1,982 Dcd 160 6 121
WN-373 411636075201101 Dreher 1,530 Dcpp 195 6 76
WN-374 412622075150201 Paupack 1,441 Dcpp 240 6 121
WN-375 411944075192701 Dreher 1,521 Dcpp 520 6 41
WN-376 413532075093501 Berlin 1,382 Dck 320 6 40
WN-377 413739075201001 Clinton 1,326 Dck -- -- --
WN-378 412204075232201 Sterling 1,367 Dcpp 380 10 14
WN-379 413204075184601 Cherry Ridge 1,369 Dclw 380 6 40
WN-381 411849075203401 Dreher 1,657 Dcpp 380 6 81
WN-382 411404075293801 Lehigh 1,836 Dcd 260 -- --
WN-383 412623075265801 Lake 1,550 Dcpp 350 6 --
WN-384 411817075201101 Dreher 1,536 Dcpp 380 6 -
WN-385 412745075224001 Lake 1,483 Dcpp 300 6 41
WN-386 413709075172701 Dyberry 1,496 Dck 320 6 51
WN-387 413447075262001 Canaan 1,907 Dcd 225 6 121
WN-388 414022075224101 Clinton 1,252 Dck -- 6 -
WN-389 414217075043401 Damascus 1,062 Dck 255 6 45
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Table 10. Location, depth, and construction characteristics for 89 wells sampled in Wayne County, Pennsylvania, July—September
2014.—Continued

[USGS, U.S. Geological Survey; DDMMSS.S, degrees, minutes, seconds; --, no data; NAD 83, North American Datum 1983; NAVD 88, North American
Vertical Datum 1988; Geologic units: Dck, Catskill Formation; Dcpp, Poplar Gap and Packerton Members of Catskill Formation, undivided; Dclw, Long Run
and Walcksville Members of Catskill Formation, undivided; Ded, Duncannon Member of Catskill Formation; Dcpg, Poplar Gap Member of Catskill
Formation]

Land surface

USGS USGS - . Well Casing

local well station Township or borough elevation Geologic map  Well depth diameter length

number number (feet) symbol (feet) (inches) (feet)

NAVD 88

‘WN-390 412739075142601 Paupack 1,374 Dclw 300 6 91
WN-391 414819075112401 Manchester 1,361 Dck 165 6 65
WN-392 414937075185201 Buckingham 1,520 Dck 210 6 166
WN-393 413526075195401 Prompton 1,221 Dclw 321 6 80
WN-394 412728075235401 Lake 1,502 Dcpp 220 6 98
WN-395 413032075171201 Cherry Ridge 1,165 Dclw -- 6 --
WN-396 413323075154201 Texas 1,442 Dclw - 6 -
WN-397 412822075253701 Lake 1,498 Dcpp -- 6 --
WN-399 411625075213401 Dreher 1,877 Dcpp 300 6 41
WN-400 412037075232301 Sterling 1,596 Dcpp 217 6 39
WN-401 413701075141901 Oregon 1,304 Dck 420 -- --
WN-402 414659075263701 Mount Pleasant 2,064 Dck 282 6 21

WN-403 411609075235001 Lehigh 2,129 Dcd 550 6 --
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100 Baseline Assessment of Groundwater Quality in Wayne County, Pennsylvania, 2014

Table A1-1.

Minimum, median, and maximum of well characteristics, chemical properties measured in the field, and concentrations

of total dissolved solids, major ions, nutrients, and selected hydrocarbon gases determined in the laboratory for water samples
collected from 34 wells in Wayne County, Pennsylvania, 2011 and 2013 (Data from Sloto, 2014).

[uS/cm, microsiemens per centimeter at 25 degrees Celsius; mg/L as CaCO,, milligrams per liter as calcium carbonate; mg/L, milligrams per liter; °C, degrees
Celsius; SiO,, silica; mg/L as N, milligrams per liter as nitrogen; mg/L as P, milligrams per liter as phosphorus; --, no data or not applicable; MCL, maximum
contaminant level; HA, Health Advisory; SMCL, secondary maximum contaminant level; <, less than]

Number . . Number | Drinking-water standard’
(percent) Concentration range and median (percent)
Property or constituent Units above exceed-
reporting | Minimum  Median  Maximum ing MCL HA | SmMcl
level standard
Field properties
Water temperature °C 89 (100) 9.5 10.9 18.2 - -- -- --
Dissolved oxygen mg/L 34 (100) 0.2 4.7 11.5 -- -- -- --
Specific conductance, field uS/ecm 34 (100) | 50 219 614 -- - -- --
pH, field pH units 34(100) | 5.5 7.0 9.3 14 (41) |6.5-85| - -
Alkalinity (dissolved)? mg/L as CaCO, 34 (100) | 15.4 83.4 188 - - - -
Laboratory analyses?
Total dissolved solids mg/L 34(100) |33 126 346 0 (0) - | -~ ] rs00
Major ions (dissolved)
Calcium mg/L 33 (97) <0.022 21.8 85.4 - -- -- --
Magnesium mg/L 33(97) <0.011 2.81 12.1 -- -- -- --
Sodium mg/L 34 (100) 1.07 9.42 116 7 (21) -- 20 30-60
Potassium mg/L 33 (97) <0.03 0.89 2.15 - -- -- --
Bromide mg/L 31(91) | <0.01 0.023 0.770 - - - -
Chloride mg/L 34(100) | 0.55 4.95 90 0(0) - - v250
Fluoride mg/L 32(94) | <0.04 0.08 1.16 0 (0) 4 - 2
Sulfate mg/L 34 (100) 1.28 7.74 232 0(0) - 500 250
Silica mg/L as SiO, 34 (100) | 4.46 8.80 14.0 - - - -
Nutrients (dissolved)
Ammonia mg/L as N 4(12) <0.01 <0.01 0.094 0 (0) -- 30 --
Nitrite mg/L as N 3(9) <0.001 <0.001 0.055 0(0) 1 - -
Nitrate + Nitrite* mg/L as N 3191) | <0.04 0.632 2.75 0 (0) 10 - -
Orthophosphate mg/L as P 34(100) | 0.005 0.016 0.043 - - - -
Dissolved hydrocarbon gases
Methane mg/L 22 (65) <0.00006 0.00019 33 40 (0) -- -- --
Ethane mg/L 4(12) nd nd 0.0045 -- -- -- --

''U.S. Environmental Protection Agency (2012).

2 Alkalinity was determined in the field for 32 samples and in the laboratory for 2 samples.

3 Laboratory analyses done by U.S. Geological Survey National Water Quality Laboratory (NWQL).

4 Because nitrite concentrations are low, nitrate is nearly equivalent to nitrate plus nitrite.

* pH was less than 6.5 in 11 samples (32 percent) and greater than 8.5 in 3 samples (9 percent).

b Same standard established by Pennsylvania Department of Environmental Protection (2010) for flow-back discharge to streams.

¢ Seven samples exceed HA of 20 mg/L and 3 samples exceed upper SMCL limit of 60 mg/L for sodium.

4 No drinking-water standard; in Pennsylvania, action level for methane in well water is 7 mg/L to minimize hazards related to explosion (Commonwealth

of Pennsylvania, 2014).
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Table A1-2. Minimum, median, and maximum dissolved trace constituent concentrations and total gross alpha- and gross beta-
particle, and radon-222 radioctivities determined in the laboratory for water samples collected from 34 wells in Wayne County,
Pennsylvania, 2011 and 2013 (Data from Sloto, 2014).

[ng/L, micrograms per liter; <, less than; --, no data or not applicable; pCi/L, picocuries per liter; mrem/yr, millirem per year; MCL, maximum contaminant
level; HA, Health Advisory; SMCL, secondary maximum level]

Number Concentration range and median Drinking-water standard'
Number
(percent) (percent)
Property or constituent Units above L . . P .
renorti Minimim Median Maximum | exceeding MCL HA SMCL
porting
standard
level
Dissolved trace constituent (filtered samples)
Aluminum ng/L 7 (21) <22 <2.2 104 0 (0) -- -- 50-200
Antimony pg/L 11 (32) <0.027 <0.027 0.135 0 (0) 6 -- --
Arsenic ng/L 34 (100) 0.06 0.59 21.8 13(9) 10 2 --
Barium ng/L 34 (100) <0.1 72.1 842 0(0) 2,000 -- --
Beryllium ng/L 9 (26) <0.006 <0.006 0.03 0 (0) 4 -- --
Boron pg/L 33(97) <3 10 165 0 (0) - 7,000 --
Cadmium ng/L 3(9) <0.016 <0.016 0.033 0 (0) 5 - --
Chromium ng/L 18 (53) <0.06 0.07 0.26 0 (0) 100 - --
Cobalt ng/L 23 (68) <0.023 0.035 0.09 - -- - --
Copper ng/L 30 (88) <0.80 5.9 222 0(0) 1,300 1,000 --
Iron ng/L 10 (29) <3 <4 223 0 (0) -- -- 300
Lead ng/L 31 (91) <0.05 0.21 1.74 0 (0) 15 -- --
Lithium ng/L 34 (100) 0.07 El1.2 519 -- -- - --
Manganese ng/L 27 (79) <0.15 0.42 61.5 °1 (3) -- 300 50
Molybdenum ng/L 28 (82) <0.014 0.11 1.26 0 (0) -- 40 --
Nickel ug/L 30 (88) <0.09 0.22 0.87 0(0) -- 100 --
Selenium ng/L 32 (94) <0.03 0.11 0.57 0 (0) 50 -- --
Silver ng/L 1(3) <0.005 <0.005 0.009 0 (0) -- - 100
Strontium ng/L 34 (100) <0.2 218 1,870 0 (0) -- 4,000 --
Uranium (natural) pg/L 34 (100) 0.01 0.437 10.6 0 (0) 30 20 --
Zinc ng/L 24 (71) <l.4 3.4 18 0 (0) -- 2,000 5,000
Total gross alpha- and gross beta-particle and radon-222 radioactivity (unfiltered sample)
Gross alpha radioactivity, pCi/L 21 (62) <0.03 1.2 8.1 0 (0) 15 -- --
72-hour count*
Gross beta radioactivity,  pCi/L 24 (71) <0.04 1.6 5.6 0(0) 44 mrem/yr -- --
72-hour count*

Radon-222 pCi/L 34 (100) 110 2,105 7,180 33 (97) 300 - -

!'U.S. Environmental Protection Agency (2012).

2 Laboratory analysis for dissolved concentrations in filtered samples done by U.S. Geological Survey National Water Quality Laboratory (NWQL).

3 Laboratory analysis for total concentrations in unfiltered samples done by contract laboratories using drinking-water methods (see Sloto, 2014).

* Gross alpha-particle radioactivity measured using Th-230 curve; gross beta-particle radioactivity measured using Cs-curve; counts at 30 days generally

similar to counts at 72 hours.

* Three samples (9 percent) exceed the MCL of 10 pg/L and 10 samples (29 percent) exceed the HA of 2 pug/L for arsenic.

® One sample exceeded the SMCL level of 50 pg/L but no (0) samples exceed the HA of 300 pg/L for manganese.

¢ Pennsylvania Department of Environmental Protection (2010) established standards are 10 mg/L (10,000 pg/L ) for barium and 10 mg/L (10,000 pg/L )

for strontium in flow-back discharge to streams.

4 MCL expressed as a dose.

® 33 samples (97 percent) exceed proposed MCL of 300 pCi/L and 5 samples (15 percent) exceed proposed alternative MCL of 4,000 pCi/L.
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Table A2-1. Methods used for determination of dissolved major ions, trace constituents, nutrients, and alkalinity by the
U.S. Geological Survey National Water Quality Laboratory.

[USGS NWQL, U.S. Geological Survey National Water Quality Laboratory; pug/L, micrograms per liter; mg/L, milligrams per liter, pS/cm, microsiemens per
centimeter at 25 degrees Celsius; ICP-MS, inductively coupled plasma mass spectrometry; TDS, total dissolved solids]

Analyte Parameter code Reporting level Unit
USGS NWOL Schedule 2364-Description: Major and trace elements in filtered water by ICP-MS and ICP

Aluminum 01784 3 ng/L
Antimony 01785 0.027 ng/L
Arsenic 03122 0.1 ng/L
Barium 01786 0.25 ng/L
Beryllium 01787 0.02 ng/L
Boron 02504 5 ng/L
Bromide 03166 0.03 mg/L
Cadmium 01788 0.03 ng/L
Calcium 00659 0.022 mg/L
Chloride 01571 0.02 mg/L
Chromium 03126 0.3 ng/L
Cobalt 03124 0.05 ng/L
Copper 03128 0.8 ng/L
Fluoride 00651 0.01 mg/L
Iron 00645 4 ng/L
Lead 01792 0.04 ng/L
Lithium 00664 0.13 ng/L
Magnesium 00663 0.011 mg/L
Manganese 01793 0.4 ng/L
Molybdenum 01794 0.05 ng/L
Nickel 03130 0.2 ng/L
pH, laboratory 00068 0.1 pH

Potassium 02773 0.03 mg/L
Residue, 180 degrees Celsius (TDS) 00027 20 mg/L
Selenium 03132 0.05 ng/L
Silica 00667 0.018 mg/L
Silver 01796 0.02 ng/L
Sodium 00675 0.06 mg/L
Specific conductance, laboratory 00069 5 uS/ecm
Strontium 02507 0.8 ng/L
Sulfate 01572 0.02 mg/L
Uranium, natural 01797 0.014 ng/L
Zinc 03138 2 ng/L

USGS NWOL Schedule 2755-Description: Groundwater, nutrients (USGS methods)

Nitrogen, ammonia 00608 0.01 mg/L
Nitrogen, nitrite 00613 0.001 mg/L
Nitrogen, nitrite + nitrate 00631 0.04 mg/L
Total nitrogen (NH,+NO,+NO,+organic), filtered 62854 0.05 mg/L
Phosphorus, phosphate, ortho 00671 0.004 mg/L

USGS NWOL Lab Code 2103-Description: Titration, alkalinity as CaCO,, lab value, filtered water

Alkalinity, laboratory 29801 4.6 mg/L
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Table A2-2. Methods and reporting levels used for determination of gross alpha and beta radioactivity, and radon-222 by the
U.S. Geological Survey National Water Quality Laboratory.

[USGS NWQL, U.S. Geological Survey National Water Quality Laboratory; pCi/L, picocuries perf liter]

103

Analyte Parameter code Reporting level Unit

USGS NWOL Schedule 1792-Description: Gross alpha/beta, water, filtered, 72-hour/30-day count by method EPA 900.0
Gross-alpha radioactivity 62639 3 pCi/L
Gross-alpha radioactivity 62636 3 pCi/L
Gross-beta radioactivity 62642 4 pCi/L
Gross-beta radioactivity 62645 4 pCi/L

USGS NWOL Lab Code 1369-Description: Radon-222, water, unfiltered, by liquid scintillation

Radon-222 82303 20 pCi/L
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Table A2-3. Methods used for determination of major ions, trace constituents, and constituents determined by contract laboratories
for Wayne County, Pennsylvania, groundwater samples collected in 2014.

[USGS, U.S.Geological Survey; EPA, U.S. Environmental Protection Agency; PADEP, Pennsylvania Department of Environmental Protection; PQL, practical
quantification limit; MDL, method detection level; mg/L, milligrams per liter; CaCO,, calcium carbonate; VOCs, volatile organic compounds; ICP, inductively

coupled plasma; na, not analyzed]

USGS
Analyte parameter POL MDL Unit Method
code
Environmental Services Laboratories, Inc.: Dissolved gases by method PADEP 3686
Ethane P68832 1.24 0.95 mg/L PADEP 3686
Methane P68831 0.24 0.11 mg/L PADEP 3686
Propane P68834 1.42 0.59 mg/L PADEP 3686
Fairway Laboratories, Inc.: Gylcols by EPA method 8015 (modified) or SW846 8015D
Ethylene glycol P52529 5.00 1.25 mg/L EPA8015 (mod)
Proplylene glycol P52530 5.00 0.643 mg/L EPA 8015 (mod)
Fairway Laboratories, Inc.: Anions by EPA method 300.0/2.1
Chloride P99220 10.00 2.76 mg/L EPA 300.0/2.1
Sulfate as SO, P00946 5.00 0.588 mg/L EPA 300.0/2.1
Fairway Laboratories, Inc.: Total Kjeldahl nitrogen by method SM20-4500NorgC/ASTMD6 919-09

Total Kjeldahl nitrogen P62854 1.00 0.39 mg/L as N SM20-4500NorgC/ASTMD6 919-09

Mountain Research, LLC: Various analytes by various methods
Oil and grease P00552 5.00 1.07 mg/L EPA 1664
Total dissolved solids P70300 10.00 na mg/L SM 2540C

(residue, filterable)
Total solids P00500 10.00 na mg/L SM 2540B
Total suspended solids P70293 10.00 na mg/L SM 2540D
Potassium P00937 0.50 0.0094 mg/L SM 3111 B, metals by Flame AAS
Sodium P00929 20.00 4.14 mg/L SM 3111 B, metals by Flame AAS
Hardness P00907 3.31 0.101 mg/L as CaCO, SM 2340 B, metals by ICP
Calcium P00916 0.50 0.0337 mg/L EPA 200.7, metals by ICP
Iron P01045 0.02 0.001 mg/L EPA 200.7, metals by ICP
Magnesium P00927 0.50 0.0041 mg/L EPA 200.7, metals by ICP
Strontium P01082 0.02 0.00059 mg/L EPA 200.7, metals by ICP
Seewald Laboratories: Metals by EPA method 200.8
Barium P01007 0.0005 mg/L EPA 200.8
Manganese P01055 0.0005 mg/L EPA 200.8
Seewald Laboratories: VOCs and alcohols

VOCs—see table 6 for listing of EPA 524.2

analytes and reporting levels

Alcohols—see table 6 for listing EPA 8015 C (mod)

of analytes and reporting levels
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Figure 3-2. A, Relation of laboratory measured specific conductance to estimated ionic conductivity, and B, cumulative percentage
of ionic contributions to specific conductance/conductivity for 121 groundwater samples collected from 117 wells in Wayne County,
Pennsylvania, 2013 and 2014, in order of increasing specific conductance. Four of 117 wells are identified by U.S. Geological Survey
local well numbers in B.
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Figure 4-1. Boxplots showing differences in compositions of 121 groundwater samples from 117 wells in Wayne County,
Pennsylvania, 2013-14, classified by pH class interval as “acidic” (5.4< pH <6.4 , n=29), “neutral” (6.5< pH <7.4, n=32),
“alkaline” (7.5< pH <7.9, n=25), and “very alkaline” (8.0< pH <9.4, n=9).
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Figure 4-2. Boxplots showing differences in compositions of 121 groundwater samples from 117 wells in Wayne County,
Pennsylvania, 2013-14, classified as “anoxic” (n=25), “mixed” (n=1), and “oxic” (n=95) on the basis of dissolved oxygen
concentration and other water-quality criteria of McMahon and Chapelle (2008).
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Figure 4-2. Boxplots showing differences in compositions of 121 groundwater samples from 117 wells in Wayne County,
Pennsylvania, 2013-14, classified as “anoxic” (n=25), “mixed” (n=1), and “oxic” (n=95) on the basis of dissolved oxygen
concentration and other water-quality criteria of McMahon and Chapelle (2008). —Continued
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Figure 4-3. Boxplots showing differences in compositions of 121 groundwater samples from 117 wells in Wayne County,
Pennsylvania, 2013-14, grouped by ranges in specific conductance (SC) given in units of microsiemens per centimeter of
40 to <150 (n=34), 150 to <300 (n=70), 300 to <450 (n=9), and 450 to 670 (n=4).
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Figure 4-4. Boxplots showing distribution of principal component scores for 121 groundwater samples from 117 wells in Wayne
County, Pennsylvania, 2013-14, classified by pH class interval as “acidic” (5.4 < pH <6.4 , n=29), “neutral” (6.5 < pH <7.4, n=32),
“alkaline” (7.5 < pH <7.9, n=25), and “very alkaline” (8.0< pH <9.4, n=9); redox class interval “anoxic” (n=25), “mixed” (n=1), and
“oxic” (n=95); and specific conductance (SC) given in units of microsiemens per centimeter of 40 to <150 (n=34), 150 to <300
(n=70), 300 to <450 (n=9), and 450 to 670 (n=4). Redox classification is based on dissolved oxygen concentration and other water-
quality criteria of McMahon and Chapelle (2008). Principal component model consist of four principal components or factors shown in
table 5. (PC, principal component)
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Figure 4-5. Boxplots showing differences in compositions of 121 groundwater samples from 117 wells in Wayne County,
Pennsylvania, 201314, for five major topographic settings classified as ridges (n=13), upper slopes (n=0), gentle slopes (n=45),
lower slopes (n=11), and valleys (n=22) on the basis of the 30-meter digital elevation model and criteria reported by

Llewellyn (2014). Location of samples and topographic classification shown on figure 4-6.—Continued
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Figure 4-5. Boxplots showing differences in compositions of 121 groundwater samples from 117 wells in Wayne County,
Pennsylvania, 201314, for five major topographic settings classified as ridges (n=13), upper slopes (n=0), gentle slopes (n=45),
lower slopes (n=11), and valleys (n=22) on the basis of the 30-meter digital elevation model and criteria reported by

Llewellyn (2014). Location of samples and topographic classification shown on figure 4-6.—Continued



75°30'0" 75°20'0" 75°10'0" 75°0'0"
42°0'0" H T T
41°50'0" -
41°40'0" -
41°30'0" -
41°20'0"
Apahy.
a8 . | |
Base from U.S. Geological Survey digital data,1:350,000, 0 4 6 8 MILES

Universal Transverse Mercator Projection, Zone 17N,
North American Datum of 1983 (NAD 83)

6  8KILOMETERS

Appendixes 1-4 131

EXPLANATION

Topographic Position Index (TPI)
categories

Valleys (TPl less than or equal to
-0.6 meters)

Lower slopes (TPI greater than
-0.6 meters and less than or equal
to -0.3 meters)

Gentle slopes (TPI greater than
I:I -0.3 meters and less than or equal

to 0.4 meters, slope less than or

equal to 10 degrees)

Steep slopes (TPI greater than
I:I -0.3 meters and less than or equal

to 0.4 meters, slope greater than

10 degrees)

Upper slopes (TPI greater than
0.4 meters and less than or equal
to 1 meter)

- Ridges (TPI greater than 1 meter)

@®  Sampled wells (117)

Figure 4-6. Location and
topographic setting of 121
groundwater samples from 117 wells
in Wayne County, Pennsylvania,
201314, for five major topographic
index classifications—ridges, upper
slopes, gentle slopes, lower slopes,
and valleys—on the basis of the
30-meter digital elevation model and
criteria reported by Llewellyn (2014).
(ridges, n=13; upper slopes, n=30;
gentle slopes, n=45; lower slopes,
n=11; valleys, n=22)



in Wayne County, Pennsylvania, 2014

001 NZON €€
001 O~ 0s or e It 65- NEON e
0b- 001 £ o sp WLy 9% W W Sy Sy 6b IS - 8¢ 8¢ NEHN 13

001 NDILL 0¢

0 001 9 b s€ b be YOS 6T
001 T 9% vk 6€ €S Lb LS W S¥ 9 € 68 T LE 85 £s- 6¢ 8¢ 018 8T

L€ w001 s LS €L IS s 8 8% 8 99 9 €5 5o 86- SL El LT
o 00T 65 6 b LS w19 19 09 3 D 9z
s 65 001 w6 0 T 0 € IS 99 g st
9 sS 001 66 9L 1L ¢ sv 16 8 L8 L8 06 I8 T8 €5 - vL- IL TV T

W voLs w66 001 LL €L € 0S € S8 68 06 T6 08 T8 IS 9t~ 69- 8¢ L& uw MV 3¢
Ly 66 €L 6v 6 9L LL 001  LL 18 9. 6L 18 08 89 69 1o 95- 69- ¢ 6L eN w
€IS IL € LL 001 It  9€ L ¥ SL ¥L  LL 65 T 19" £9- 95- L8 b 4

Ly v 001 0L @ SL 8¢- €8 SN 0T

o 9 L€ & 9¢ 0L 001 8 9% S¥ 9 Sp 8 88 o) 61
v I v oS 8L 8 00l IS Ly 05 6 TS [ preH 81

9t s Ts LS 0S 16 € 18 LL o9y IS 001 S6 86 86 66 1L bL 05 - £9- sy 8¢ oL sarL L1
44 9 9 TS w8 9 bl St LbS6 001  S6 6 S6 €9 99 65 £s- 65- €5 9 50190Y 91
th € 8 19 0SS L8 68 6L SL 9% 0S8 S6 00l L6 86 89 OL 6P £ 85- 0s  Lg 99 0814OY sl
s 66 8 19 € L8 06 I8  bL s 6r 86 ¥6 L6 001 86 89 69 St - 8¢- 0s 9 59 108 vl
sy w8 09 IS 06 w6 08 LL 8 TS 66 S6 8 86 001 69 TL 8P~ £t~ 19- 8y 8¢ 89 08 €1
6 99 18 08 89 65 1L €9 89 89 69 00l 6 ¥ 6¢- - 8¢ €L THd [l
Is L& 9 8 W 69 VL 99 0L 69 T  ¥6 001 O~ 6¢- 1L- s€ 8L Hd 11
8- g5 € I v o 0~ 65~ 6~ St~ S v~ 9 001 bS- 08 0 6¢ L9- IIVZTTAM 01

¥S- 001 ZTTAM 6

€ g5 vS- 9b- 9 €9-  8¢- b €S- e T € 66 66 08 001 € - AGTAST 8

001 wdsQ) L

& T 86- vl 69 69- 9 €9- 65~ 86 8¢ 19 T 1L~ 0§ €5 001 €9- €9- Xod 9
s¢ 6¢- 001 DdNAL g

It s¢ 8 99 b €5 05 05 8k 001 vOod v
sy 6t 8¢ €8 88 w6 8¢ £ 98 8¢ 001 £2d €

65 8¢ e L€ 8¢ s¢ €9- 001 2d z
8¢ 8 sL L T 6L L8 0L S99 99 9 89 €& 8L L9 59- £9- 00T 10d I
= = H I = s s

- : £

€€ 2 1€ o0 6 8 [z 9% S vtz € @ W o0 6 8 L 9 S b €& & uw o 6 8 L 8 § v € T 1 & E

Baseline Assessment of Groundwater Quali

132

[197owrered Surpuodsairod uey) JIUII] UOT}O)AP UOUIIOD JOMO] B dSN PaI Ul s1djourered HueoyruSs jou ‘-- {umoys [(0°() = © & JuedYIuSIs sonjeA A[uo ‘papunoi pue 001 Aq parjdnnu sonjea-1)

$10Z PuUe £10¢ ‘eluenjAsuuad
‘Aunoq auAepy ut sjjam /| | wouy sajdwes Jayempunolb |z| ul saipadold |eoisAyd pue sjusnuisuo 1oy Xulew (1) JUsIdLY809 UOIe|81I00 Yuel uewieads  “L-py ajqel



133

Appendixes 1-4

NZON [33

S b LE- 86 NEON 43

43 8y~ 8 6¢- W L Ly LE 9~ 6¢- NEHN 1€
NLL 0€

LE- 8t $0S 6T

8t 44 |04 9% LS 85 Y oS 8T

9% 8¢ 9 Is S 8¢~ 89 69 S 6~ vt El LT

s¢ 3 |84 32 oy o] 9z

[39 44 93 € 8¢ 0O g ST

9 IS LS 09 9 s 9 89 L s DIV T

9 St LS 09 L9 S €9 9 SL tb 9%~ S A1V [24

9% 9 9%  0S  ¥S St 8 9 €9 69 08 0t laa 95 BN 4

09 39 19 65  SS 9L IL ¢t 98 99 S8 08 b Iz

Ly 44 SN 0T

9 9% 6% 82 14 9¢ o~ s€ 9 93 ®) 61

€9 8t a4 It~ preH 81

65 IS 8¢ 19 LS 69 8 9 65 9L 9¢- b= 8S Net L1

9 st 6r <SS s 99 8¢ 9 S L |04 95 SO190U 91

LS 0S LS 68 N9 99 LS 65 98 4 = 8S 08140Y St

99 9% 95 8 S 89 95 8S S L 8¢~ Sg S A0S 4l

65 s 09 19 LS 89 8§ 19 LS L o~ 85 108 €1

8¢ 6F € S€  Sb 8 Lb 9 S - 9¢ e 0L €L Ss- 09- 8t THd a

S I W b 0S TS 99 65 1 09 0L 8L  tS- 95- 39 Hd 11

9¢- Ss- 05 6~ 1t oL~ €5- IIVZTHEaM 01

ZTTaM 6

9¢- 65 LE- 1s- 1t v9- - $9- Ps- ATTAST 8

wd3) L

9¢- ¢ 65~ Is- € 8¢ SO 9 OF L 9¢- St xod 9

OdNAL S

8¢ [34 ¥Od 4

St ss- €0d €

93 6€- 9 Ly T T 65" 70d 4

9 s 8 19 09 8L 18 v S 88 18 6 o~ 08 10d 1

% = § §F £ % L. . 5 %
§E § < § § » & 5 ¢ = ¥ g ¥ 5 ¢ & = §F F = 2 § 2 8 2 2 % P =2 g g 3 g g ES
s 3 ] 8 I B i g
99 69 9 €9 29 19 09 65 85 S 9% 86 S €& 15 05 6 8y vy 9% S tb €& % W O 66 8 L& 9 G  BE = s

[197owrered Surpuodsairod uey) JIUII] UOT}O)AP UOUIIOD JOMO] B dSN PaI Ul s1djourered HueoyruSs jou ‘-- {umoys [(0°() = © & JuedyIugIs sonjeA A[uo ‘papunoi pue 001 Aq parjdnnu sonjea-i)

panuiuo)—10z pue £10z ‘eluenjAsuuad
‘Ayunog auAepp ui sjjam /1| wody sajdwes sazempunosh |g| ur saiuadodd [eoisAyd pue sjuanisuod 1o XIIBW (1) JUBITILA0I UOIIR|2II00 Yues uewleadS ‘L-HY ajqel



in Wayne County, Pennsylvania, 2014

auedoig 99

s 9t €S 9 3 8¢ 43 QUEYRN S9
k4 9 29 9t 09 Ly 9 €9 6S 98 LS S¢S 6S 6 cs 9¢- IS4 29 n 9

£ Iy [aaay| €9

IS4 9 €S 59 84 0S 9 IS S¢ 14 6¢- 9¢- IS oLsoerd 9

Se 59 LS 0S 19 8¢S (94 LS 9¢ 09 194 Ly 8¢S ogsoeeg 19

1474 8¢ LS 09 129 65 9% kid 19 sS 6S 8¢S 19 8y 0S LE- SE- 19 TLyreydry 09

184 09 4 Sy Ny 6¢ LS s SS SS LS Ly s 9¢- 09 oguLeydry 6S

8- 184 6€- N 8¢S
8y 9 134 144 9 L9 43 9L 69 99 99 89 89 9 99 S s 65 8L qa LS
9 1S 44 SS 129 S9 IL 8¢S 8¢S LS 9¢$ 8¢S ¥S 6S 0S- I - 18 sy 98

(34 144 qs sS

6¢- 4a 1t SE- uz 129
- IA €S

LS S S9 €9 €9 98 144 184 i 29 29 6S 8¢S 19 98 09 S6- 9~ IS 88 IS s

S¢ v IS

8¢~ 9¢ Se- IN 0s

[44 89 Se 89 29 69 99 6S 129 9¢ 129 LS 0L 0L I s €S- 18 O (4
Ly LE- 8¢ 0t~ 8¢~ 9 UN 8y
Ly 8¢S 69 34 or VL SL 08 S8 9L YL v v VL €L 8L 0L ¥9- S9- 6 1 LY
LE- S6- € 0t~ 9¢- gs- S 9t Ly qd 9%
(s L q Sy

9 61 9 i €& 6€- 8¢~ 0P 09- 96~ Ly s 0t~ no 144
184 S¢ 8¢ (Yol (34

D (44

PO 84

’d o

sS 144 oy s S 9¢ 08 Se 8¢S 98 8¢S 129 8¢S kid €S €S- S 9¢- 08 eqd 6¢

9% 1 Se- v 8¢

1ooL LE

1jooq 9¢

6¢- 8 53 St (54 6S- IN 53
dvOd 143

g 2 8 & ~ =& ¢ E BE 2 = & 9 E 8 § 8 g 3 & = m F 2 & g2 z z =z 3 g ww.
2 = = = & 2 z 8 ® = F = R &2 3 *x 3 & & ®& = B =
o€ 6¢ 14 Lz 9z L4 124 € (44 ¥4 0z 6l 8l 1 9 Gl 14 €l 4} 1 oL 6 8 L 9 S 12 € I L M w

Baseline Assessment of Groundwater Quali

134

[197owrered Surpuodsairod uey) JIUII] UOT}O)AP UOUIIOD JOMO] B dSN PaI Ul s1djourered HueoyruSs jou ‘-- {umoys [(0°() = © & JuedYIuSIs sonjeA A[uo ‘papunoi pue 001 Aq parjdnnu sonjea-1)

panuiuo)—-10z pue £10z ‘eluenjAsuuad
‘Ayunog auAepn ui sjjam /|| wodj sajdwes aempunosh |g| ul saiuadodd [eoisAyd pue sjuanisuod 10 X1IBW (1) JUBITIHA0I UOIIR|3II00 Yues uewleadS ‘L-HY ajqel



135

Appendixes 1-4

auedoig 99

134 4y w 94 (4 0s 8y 1s QUERIN S9

24 9 08 6L 34 9¢ 29 (U4 IL ¥S sS 65 n ¥9

001 Le- 6¢- (a4 €9
14 001 0s 0s w (014 124 15 43 144 cLsoeed 9
9 0S 001 L9 19 6€ 9¢ 6S 0S LS €S ogsoerd 19
08 0S L9 001 112 84 19 o €9 €S 9$ ¥S zLyLeydyy 09
6L w 19 1L 001 LE 9 LE 6S SS LS 15 ogyLeydry 6S
134 001 oy~ 59 N 8¢S
9¢ L& (04 6¢ 184 LE 001 8¢ 6¢ L9 0L 14 It SS d LS
9 144 98 19 9 8¢ 001 149 69 YL 8L 19 sV 98
(U4 oy LE 6€ ¥$ 001 Ly 0S 9 CN 99
001 S€ Le- 134 uz 129

LA €S

IL s 6S £9 65 L9 69 Ly 001 89 18 £8 IS s
001 w 86 €6 96 3y s

3 001 IN 0s

S 0S 39 sS 0L YL 0$ Le 89 001 YL - 8¢ O 94
9~ 001 €9 9¢ (4 UN 8

s¢ 6t 43 LS 9¢ LS [4 8L 9 18 L 001 o €L 1 Ly
001 LE- 13 qd 9

€9 Le- 001 (114 9¢- ad Sy

Iy 134 - (4 s 001 np 124

w 001 84 (44 (114 oD 34

86 1y 001 6 S6 D (44

€6 w 76 001 06 PO 84

96 0 S6 06 001 °d (U4

6S 124 €S S 1s sS 19 €8 8S €L 001 g 6¢
9¢ (114 001 v 8¢

001 1[ooL LE

001 1o2g 9¢

1s o 9¢- 001 IN €

001 dvOd 123

w w = = = =

g w S £ 8 £ £ ¢ » 2 2 ¥ s ¢ 2 =z ¥ E £ 2 ¥ 2 g 2 2 ¢ g = § E 3z 8 H g
P o3 S ¥ E %% = A B
2 =

99 59 €9 29 19 09 65 85 LS 95 ] 4] €5 4] 1S 05 6t 1 Ly 9t St 14 e (4 137 11 6€ 8¢ Le 9€ G€ ve M w.

[197owrered Surpuodsairod uey) JIUII] UOT}O)AP UOUIIOD JOMO] B dSN PaI Ul s1djourered HueoyruSs jou ‘-- {umoys [(0°() = © & JuedYIuSIs sonjeA A[uo ‘papunoi pue 001 Aq parjdnnu sonjea-1)

panuiuo)—-10z pue £10z ‘eluenjAsuuad
‘Ayunog auAepn ui sjjam /1| wody sajdwes sazempunosh |g| ur saiuadodd [eoisAyd pue sluanisuod 10y XI3BW (1) JUBITILA0I UOIIR|3II00 Yues uewleadS ‘L-HY ajqel



in Wayne County, Pennsylvania, 2014

Baseline Assessment of Groundwater Quali

136

ouedoig quedoig AININ NZON
QUBYIOIN QuBYION QenIN NEON
wniueI) n BIUOWIIY NEHN
gz uopey ey BIUOWIWY + O1UeSIQ) [810], ‘UoS0NIN NOLL
1031 Jod So1Mo091d ‘OAIND / ¢-SD) ‘PaIAY[Y IdJeM JUNO0D INOY-7/ ‘AJIAIIOBOIPRI B)Oq SSOID) zL80eReyg drejIng +0S
1031 Jod So1IM2091d ‘OAIND / ¢ 1-SD) ‘PaIAI[Y IojeM JUN0d Aep-O¢ ‘AJAIIOBOIPRI B)Oq SSOID) ogsoereg BOI[IS Z01S
1091 Jod So1IM0091d ‘OAIND (EZ-Y L ‘PINY IjeM GUN0d Ioy-z/, ‘Kanseorper eydje ssoin zLyreydry opiony A
19311 1od So1IM0091d ‘OAIND (EZ-YL ‘PIAIY T9jem Gunod Aep-(¢ ‘Ayanoeorper eydie ssoin ocyLeydry pLIo[y) 0D
WNIUd[oS BN oprworg 1g
uolog q [eruswaIou] ‘Kyurey|y DIV
RIS SV Aruiedry ATV
Auowmnuy qs wnipos BN
oury uz wnIsse)oq bl
wnipeuep 1A wnisouge SN
wnpuons 1S wniofe) €D
IOATIS 3v ssoupieyq preH
[93OIN IN SPI[OSIPOATOSSIERIEION SdlL
wnuapqAToN O D501 uoneiodear uo anpisoy 501904
asoueSue|N uN D081 uoneiodear uo anpisoy 081404
winipry "1 PIa1] dduejonpuo) oyroads 408
peo qd qe] ‘9ouejonpuo)) d10adg 108
uoig o qe1 ‘gd THd
10ddop nH p1oy ‘gd Hd
1eqo) oD UONBAS[H Wwonog oM LIVZTTdM
UL 29) mdoq [1om ZTTdM
wniwpes PO uoneAs[y ooejng puey AHTAST
wniArg og [[oM JO 9)BI MO[ ] wd3Q)
wnieg eq UdZAX(Q PaAjossIq xod
wnuwn|y v ameradwa], DdNAL
WwIoj1[0)) [E10L, 1021, (opuo[y)) ¥ yududuos redroutig ¥0d
1109 g 11009 (ssoupiep]) ¢ juouoduwod jedrourig €0d
[e10] ‘uaSonIN IN (xopay]) 7 yusuodwoo redioutig 70d
ojeydsoyg dyod (a8ueyoxq) 1 yusuodwos jediourrg 10d
uoneinaiqqe [aqe| ajqenen jo uoneuejdxy |2qe| sjqeuep uonjelnaiqqe [aqej ajqerien jo uoneuejdx3y |aqe| ajqeniep

panunuo)—y10g Pue g10g ‘eluerjAsuuag
‘Aunoy auAepp ut sjjam /| | wouy sajdwes ajempunolb |z| ul saiuadoad |eoisAyd pue sjusnyisuod 10) XUlewWw (1) Juald4809 Uolle|aliod yuel uewleads ‘L-py ajqer



Prepared by USGS West Trenton Publishing Service Center.

For additional information, contact:

Director, Pennsylvania Water Science Center
U.S. Geological Survey

215 Limekiln Road

New Cumberland, PA 17070-2424

or visit our Web site at:
http://pa.water.usgs.gov


http://pa.water.usgs.gov

in Wayne County, Pennsylvania, 2014—Scientific Investigations Report 2016-5073 ver. 1.1

ISSN 2328-0328 (online)

http://dx.doi.org/10.3133/sir20165073


http://dx.doi.org/10.3133/sir20165073

	Revised_sir2016-5073 (ver. 1.1)_cover1.508
	sir2016-5073_cover2.508
	sir2016-5073_book.508
	Abstract
	Introduction
	Purpose and Scope
	Description of Study Area
	Physiography and Geologic Setting
	Hydrogeologic Setting

	Previous Investigations

	Methods of Sample Collection and Analysis
	Selection of Sampling Locations
	Collection of Samples
	Analysis of Chemical, Physical, and Other Characteristics and Reporting Units
	Quality Control and Quality Assurance
	Temporal Variability
	Graphical and Statistical Analyses
	Geochemical Modeling 

	Baseline Groundwater Quality in Wayne County 
	Geochemical Controls on Selected Constituents in Groundwater
	Wayne County Groundwater Quality and Its Relation to Drinking-Water Standards
	General Characteristics 
	Field measurements of pH, Alkalinity, Specific Conductance, and Dissolved Oxygen
	Total Dissolved Solids, Total Solids, Hardness, and Corrosivity 

	Major and Minor Ions
	Nutrients
	Bacteria
	Trace Elements and Metals
	Arsenic
	Iron and Manganese

	Radionuclides 
	Gross alpha- and gross beta-particle radioactivity
	Radon-222
	Uranium

	Man-made Organic Compounds

	Methane and Other Dissolved Hydrocarbon Gases
	Methane Isotopic Composition and Origin of Methane Gas


	Geochemical Modeling and Analysis of Water Quality Data
	Types of Groundwater as Characterized by Major Ions
	Ratios of Chloride, Bromide, and Sodium in Groundwater
	Correlations Among Major and Trace Constituents in Groundwater
	Evolution of Chemical Composition and the Conceptual Hydrogeochemical Model
	Geochemical Modeling
	Conceptual Hydrogeochemical Model

	Spatial Distribution of Groundwater Quality and Relation to Hydrogeologic Setting 

	Summary and Conclusions
	Acknowledgments
	References Cited
	Appendixes 1–4


	sir2016-5073_cover3.508
	Revised_sir2016-5073 (ver. 1.1)_cover4.508



