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Conversion Factors
U.S. customary units to International System of Units

Multiply By To obtain

Length

inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Area

square mile (mi2) 259 hectare (ha)
Volume

gallon (gal) 3.785 liter (L)
gallon (gal) 3.785 cubic decimeter (dm3)
million gallons (Mgal) 3,785 cubic meter (m3)

Flow rate

gallon per minute (gal/min) 0.06309 liter per second (L/s)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m3/s)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)

Mass

pound, avoirdupois (lb) 0.4536 kilogram (kg)
Radioactivity

picocurie per liter (pCi/L) 0.037 becquerel per liter (Bq/L)

International System of Units to U.S. customary units

Multiply By To obtain

Length

centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)

Area

hectare (ha) 0.003861 square mile (mi2)
Volume

liter (L) 0.2642 gallon (gal)
cubic decimeter (dm3) 0.2642 gallon (gal)
cubic meter (m3) 0.0002642 million gallons (Mgal)

Flow rate

liter per second (L/s) 15.85 gallon per minute (gal/min)
cubic meter per second (m3/s) 22.83 million gallons per day (Mgal/d)
millimeter per year (mm/yr) 0.03937 inch per year (in/yr)
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Multiply By To obtain

Mass

kilogram (kg) 2.205 pound avoirdupois (lb)
Radioactivity

becquerel per liter (Bq/L) 27.027 picocurie per liter (pCi/L)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F = (1.8 ×°C) + 32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C = (°F − 32) / 1.8.

Datum
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983.

Altitude, as used in this report, refers to distance above the vertical datum.

Supplemental Information
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius 
(μS/cm at 25 °C).

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L), 
micrograms per liter (μg/L), or milligrams per kilogram (mg/kg).

Concentrations of dissolved hydrocarbons within this report are given in mg/kg, which for 
freshwater is equivalent to mg/L.

Activities for radioactive constituents in water are given in picocuries per liter (pCi/L).

Results for measurements of tritium are expressed in tritium units (TUs).

Note to USGS users: Use of hectare (ha) as an alternative name for square hectometer (hm2) is 
restricted to the measurement of small areas of land or water. Use of liter (L) as a special name 
for cubic decimeter (dm3) is restricted to the measurement of liquids and gases. No prefix other 
than “milli” is used with liter.
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AMCL	 alternate maximum contaminant level
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Ca/Na	 calcium to sodium ratio

CaCO3	 calcium carbonate

CDC	 Centers for Disease Control and Prevention

CFC	 chlorofluorocarbon

(ft3/s)/mi2	 cubic foot per second per square mile

Cl/Br	 chloride to bromide ratio

Cn	 higher chain hydrocarbons

CSMR	 chloride to sulfate mass ratio

DEM	 digital elevation model

DWEL	 drinking water equivalent level

E. coli	 Escherichia coli

EPA	 U.S. Environmental Protection Agency
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FID	 flame ionization detector
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ft/s	 foot per second
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g	 gram
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HBSL	 health-based screening level
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IAL	 immediate action level
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in/yr	 inch per year

K	 Kelvin

Ksp	 thermodynamic solubility product

LOC	 level of concern

LSI	 Langelier saturation index

m	 meter

MCF	 thousand cubic foot
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Groundwater Quality and Geochemistry of the Western 
Wet Gas Part of the Marcellus Shale Oil and Gas Play in 
West Virginia

By Mark D. Kozar, Mitchell A. McAdoo, and Karl B. Haase

Abstract
Thirty rural residential water wells in the wet gas region 

of the Marcellus Shale oil and gas play in northwestern West 
Virginia were sampled by the U.S. Geological Survey (USGS) 
in 2018, in cooperation with West Virginia State agencies, to 
analyze for a range of water-quality constituents, including 
major ions, trace metals, radionuclides, bacteria, and methane 
and other dissolved hydrocarbon gases. The groundwater-
quality data collected for this study were used to assess the 
overall quality of groundwater in the study area in relation to 
public drinking-water standards. The groundwater-quality data 
were also evaluated with respect to geology, well depth, topo-
graphic setting, and proximity to oil and gas wells to identify 
possible relations to these factors.

The presence of total coliform bacteria in groundwater is 
a potential indicator of surface contamination. The presence 
of Escherichia coli bacteria is indicative of fecal contamina-
tion of groundwater from either human or animal sources and 
may be considered an indicator of other related pathogens 
such as viruses. Total coliforms were detected in 26 of the 30 
(87 percent) wells sampled. Eleven of the 30 (37 percent) wells 
sampled had detections of Escherichia coli bacteria.

Sodium concentrations in 24 of 30 (80 percent) samples 
exceeded the U.S. Environmental Protection Agency (EPA) 
20-milligram per Liter (mg/L) health-based value (HBV). 
Manganese, aluminum, and iron concentrations exceeded the 
EPA 50, 2.0, and 300 micrograms per liter (μg/L) secondary 
maximum contaminant level (SMCL) drinking-water stan-
dards at 14 (47 percent), 7 (23 percent), and 5 (17 percent) of 
the 30 wells sampled. Two of the 30 (7 percent) wells sampled 
had concentrations of manganese that exceeded the 300-µg/L 
USGS health-based screening level (HBSL). Arsenic concen-
trations at 7 of 30 (23 percent) wells sampled exceeded the 
10-μg/L EPA maximum contaminant level (MCL) health-based 
drinking water standard. The EPA maximum contaminant 
level goal (MCLG) for arsenic is 0 μg/L and 29 of 30 wells 
sampled contained detectable concentrations of arsenic.

None of the 30 wells sampled exceeded the U.S. Office 
of Surface Mining Reclamation and Enforcement (OSMRE) 
28-mg/L immediate action level (IAL) for methane in ground-
water and only 1 of 30 (3 percent) sites exceeded the 10-mg/L 
OSMRE level of concern (LOC) for methane in groundwater. 
Of the 28 wells sampled for radon-222 all 28 (100 percent) 
exceeded the EPA proposed 300-picocuries per liter (pCi/L) 
MCL for radon. None of the samples exceeded the 4,000-pCi/L 
alternate maximum contaminant level (AMCL) which is appli-
cable to public drinking water systems that have adopted radon 
mitigation programs.

Wilcoxon Signed Rank Tests indicated statistically signifi-
cant differences at a 95 percent confidence interval (p less than 
0.05) in radium-226, barium, and ethane groundwater concen-
trations with respect to the density of oil and gas wells present 
within a 500-meter (m) radius around the rural residential 
wells sampled for the study. Samples from residential wells that 
had four or fewer oil and gas wells in the surrounding 500-m 
radius had statistically lower concentrations of radium-226, 
bromide, and ethane than samples from residential wells sam-
pled that had five or more oil and gas wells in the surround-
ing 500-m radius. Given the available data, the relationship 
between concentrations of radium-226, bromide, and ethane 
for wells sampled in this study and oil and gas development or 
natural geochemical processes is not clear.

Groundwater-age tracers (chlorofluorocarbons, tritium, 
and sulfur hexafluoride) were sampled at 17 of the 30 wells. 
All 17 samples contained a fraction of young, post-1950s 
groundwater. Many of the groundwater samples collected for 
this study have high calcium to sodium ratios and low total 
dissolved solids concentrations, indicating they are dominated 
by recently recharged water. A subset of samples had chlo-
ride to bromide mass ratios between 70 and 200, indicating 
that deep Appalachian basin brines mixed with the shallow 
groundwater. For most of the samples in this study, the C1 
through C6 hydrocarbons have characteristics that reflect a 
biogenic gas signature that has, to varying degrees, undergone 
oxidation processes during transport. None of the samples 
show a characteristic thermogenic cracking pattern among the 
hydrocarbon ratios.
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Introduction
West Virginia’s northwestern oil and gas field is an area 

of about 2,733 square miles (mi2) in parts of 14 counties in 
northwestern West Virginia (fig. 1) and has been the focus of 
unconventional oil and gas production from the Marcellus 
Shale since 2004. A previous study of the groundwater and 
surface-water quality of the Marcellus Shale oil and gas 
play in West Virginia focused on a part of the play that was 
dominated by methane, commonly referred to as “dry gas,” 
production in the Monongahela River basin (Chambers and 
others, 2015). The current study focused on an eight-county 
area (fig. 1) of intense oil and gas drilling and production in a 
part of the Marcellus Shale play in West Virginia that contains 
a higher proportion of longer chain hydrocarbons such as eth-
ane, pentane, butane, propane, and hexane, commonly referred 
to as “wet gas.” Oil and gas have been produced from the 
region since 1859, when oil production began in the Burning 
Springs field of Wirt County (Hennen, 1911). The area is one 
of the most intensely developed areas of hydrocarbon pro-
duction from the Marcellus Shale oil and gas play in West 
Virginia. Production in this field began just after production 
in the Drake field in Pennsylvania. The Drake field included 
the oldest well purposely drilled to produce oil in the United 
States (Hennen, 1911).

Recent studies by the Centers for Disease Control and 
Prevention (CDC) and other entities have shown that the 
mortality and morbidity rates for a variety of serious, chronic 
conditions, such as diabetes, heart disease, and some forms of 
cancer in Appalachia, a region of the Appalachian Mountains 
which extends from New York to Alabama and includes parts 
of 12 States, are higher than elsewhere within the United 
States (Hendryx and Ahern, 2009). Causes of the increased 
mortality and morbidity are not clear, but factors such as poor 
diet, high rates of smoking, and other socioeconomic factors 
may contribute to the higher-than-average morbidity and mor-
tality rates in the region. To date, groundwater quality in areas 
of active oil and gas production from the Marcellus Shale has 
not been fully assessed to determine the effect, or lack thereof, 
of oil and gas drilling, production, and transport on the quality 
of groundwater used for drinking water supply in the region.

A study to address the quality of groundwater in north-
western West Virginia was conducted during 2018–20 by the 
U.S. Geological Survey (USGS) in cooperation with the West 
Virginia Department of Health and Human Resources and the 
West Virginia Department of Environmental Protection, with 
grant support from the CDC. A major goal of this study was 
to assess current groundwater quality in areas of active and 
legacy oil and gas production as part of a baseline assessment 
of groundwater quality. Another goal was to assess groundwa-
ter quality as a potential factor with respect to the increased 
mortality and morbidity in northwestern West Virginia. 
Groundwater data collected for this study may be used by the 
CDC and linked with epidemiologic and health data to further 
investigate potential factors responsible for higher-than-
average morbidity and mortality in the region.

Purpose and Scope

Groundwater-quality data, reports, and information are 
sparse for the counties in northwestern West Virginia that are 
experiencing intense development of oil, gas, and other hydro-
carbons, and were not adequate to assess and characterize the 
quality of groundwater within the study area.

To address this data gap, 30 rural residential water wells 
were sampled in 2018 for a broad range of chemical constitu-
ents. This study focused on rural residential water supplies in 
areas with a high density of oil and gas drilling, production, 
and pipeline transport to provide a baseline dataset of ground-
water quality for current assessment and future comparison.

The groundwater samples were analyzed for chemi-
cal and physical properties, including nutrients, major ions, 
trace elements and metals, indicator bacteria, radionuclides, 
and methane and other dissolved hydrocarbon gases. The 
groundwater-quality data and summary statistics are presented 
to assess current groundwater-quality conditions in the region 
and are compared to drinking-water standards. In addition, 
the data were analyzed using multivariate statistical methods 
to assess potential correlations with geology, topographic set-
ting, well depth, and proximity to oil and gas wells. Mineral 
saturation indices (SIs) were calculated to better understand 
reduction-oxidation (redox) and other geochemical processes 
that control groundwater quality. Principal component analysis 
was used to identify processes affecting groundwater quality 
and associations among dissolved constituents in groundwater. 
Concentrations of methane and other dissolved hydrocarbon 
gases were analyzed to help determine potential sources of, 
and potential processes affecting, methane and other dissolved 
hydrocarbon gases in groundwater. Groundwater ages deter-
mined from various tracers are presented and a conceptual 
model for the evolution of groundwater quality is discussed.

Description of Study Area

The study area for this investigation is within the 
Marcellus Shale oil and gas play in northwestern West 
Virginia and includes parts of 8 counties (Wetzel, Tyler, 
Doddridge, Ritchie, Wirt, Calhoun, Gilmer, and Roane) cover-
ing approximately 2,498 mi2 (fig. 1) and is completely within 
the Appalachian Plateaus Physiographic Province (Fenneman, 
1938; Fenneman and Johnson, 1946). In 2017, the 8-county 
area produced 913,899 thousand cubic feet (MCF) of natural 
gas, 3,023,712 barrels (bbl) of oil, and 4,495,150 bbl of natu-
ral gas liquids (wet gas; table 1; West Virginia Geological and 
Economic Survey, 2020a). Oil and gas production is greater 
in the northern part (Wetzel, Tyler, Doddridge, and Ritchie 
Counties) than in the southern part (Wirt, Calhoun, Gilmer, 
and Roane Counties) of the eight-county study area. 

The study area consists of rugged, moderately incised 
hilly terrain with uplifted plateaus capped by resistant layers 
of relatively flat-lying sandstone and shale. Approximately 
57,452 oil and gas wells are present in the 8-county study area 
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Base from U.S. Geological Survey 1:24,000-scale digital data for County Boundaries, 2005; 
City sites from GNIS Populated Places digital data, 1981;
Wet gas/dry gas line from J. Moore, WV Geological and Economic Survey written commun. 2022
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Figure 1.  Location of study area and distribution of sites sampled within the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia.
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as of 2021, some of which are active and others which are 
no longer producing or have been abandoned (West Virginia 
Geological and Economic Survey, 2020b).

Average annual precipitation for the study area, based on 
1991–2020 station normals (table 2) for the National Weather 
Service weather station in Middlebourne, West Virginia (town 
of Middlebourne is shown on fig. 1), is 47.27 inches per year 
(in/yr). Maximum and minimum monthly temperatures for the 
station are 84.1 degrees Fahrenheit (°F) in July and 19.4 °F in 
January (National Oceanic and Atmospheric Administration, 
2022). Precipitation is typically distributed unevenly with 
respect to topography, with areas at higher elevations typically 
receiving higher average amounts of precipitation than areas at 
lower elevations.

Public supplies are the principal source of water for 61.7 
percent of residents and businesses in the study area. These 
public water supplies serve 41,478 people and account for 
4.86 million gallons per day (Mgal/d) of freshwater withdraw-
als (2.0 Mgal/d of groundwater and 2.86 Mgal/d of surface 
water) for residential and commercial use. The remaining 
water use consists of 3.02 Mgal/d of groundwater withdrawals 
for residential and commercial supply and serves an estimated 
37,774 people who rely on private domestic wells or other 
unregulated sources such as springs (table 3; U.S. Geological 
Survey, 2020). Rural residential water systems, primarily from 

individual wells, supply 38.3 percent of all water used for 
residential and commercial use in the study area. The majority 
of water used for public supply in the region (58.8 percent) 
is derived from surface-water sources, primarily from stream 
withdrawals, and the remaining part (41.2 percent) is derived 
from groundwater withdrawals. For rural residential home-
owners, however, almost 100 percent of their withdrawals are 
derived from groundwater (private wells or springs).

Hydrogeologic Setting and Groundwater Flow
The generalized hydrogeologic framework of the study 

area is based on regional topography, stratigraphy, and 
structure, with upland plateaus formed by resistant clastic 
rocks and valleys developed in zones of structural weak-
ness. Pennsylvanian clastic rocks form the predominant units 
cropping out in the uplands and valley walls of southern and 
central West Virginia (Cardwell and others, 1968). Geologic 
nomenclature used in this report is that of the West Virginia 
Geological and Economic Survey (2022). The study area is 
underlain by Pennsylvanian and Permian stratigraphic units 
that consist of gently dipping, relatively flat lying, slightly 
folded, interbedded sandstone, conglomerate, siltstone, shale, 
and coal, with local beds of limestone and dolomite. Mapped 
geologic units within the study area (fig. 2) consist of three 

Table 1.  Oil, gas, and natural gas liquids production in 2017 in the 8-county study area comprising the wet-gas-dominated part of the 
Marcellus Shale play in northwestern West Virginia.

[Data are available from the West Virginia Geological and Economic Survey (2020a). MCF, thousand cubic foot; >, greater than; —, data unnecessary for analy-
sis; bbl, barrel]

Parameter Unit Wetzel Tyler Doddridge Gilmer Calhoun Wirt Ritchie Roane
Totals (all 
counties)

Gas

Total production (MCF) 193,956,842 171,314,138 378,970,971 5,314,252 3,010,299 679,403 157,804,735 2,848,080 913,898,720

Count records Volume>0 1,213 872 3,888 3,130 2,808 453 4,872 1,383 —

Count wells Volume>0 1,213 871 3,879 3,130 2,808 453 4,872 1,383 —

Annual volume, minimum (MCF) 1 1 1 1 1 6 1 1 —

Annual volume, maximum (MCF) 2,442,427 4,927,136 4,504,407 249,653 56,964 250,607 3,236,879 34,568 —

Oil

Total production (bbl) 298,645 833,993 779,222 45,138 87,001 30,832 857,655 91,226 3,023,712

Count records Volume>0 404 252 946 442 711 289 1,187 842 —

Count wells Volume>0 404 252 945 442 711 289 1,187 842 —

Annual volume, minimum (bbl) 1 3 1 1 2 1 1 1 —

Annual volume, maximum (bbl) 29,694 32,063 23,610 2,021 6,660 12,940 36,080 2,007 —

Natural gas liquids

Total production (bbl) 331,340 1,289,053 144,123 2,327 0 0 2,728,307 0 4,495,150

Count records Volume>0 79 26 89 3 0 0 68 0 —

Count wells Volume>0 79 26 89 3 0 0 68 0 —

Annual volume, minimum (bbl) 126 709 50 333 0 0 289 0 —

Annual volume, maximum (bbl) 18,562 122,993 9,596 1,444 0 0 193,382 0 —

Total producing wells Count 1,254 907 3,968 3,174 2,882 560 4,969 1,905 —
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geologic groups or formations and include the Monongahela 
Formation and Conemaugh Group of Pennsylvanian age 
and the Dunkard Group of Permian and Pennsylvanian age 
(Cardwell and others, 1968). The bedrock units commonly 
are overlain by a relatively thin layer of regolith or alluvium 
(Berg and others, 1980). Older sedimentary rock formations 
of Pennsylvanian age, including the Allegheny and Kanawha 
Formations, have been mapped to the southeast of the study 
area (fig. 2).

Although the lithology of the various geologic units 
which form the fractured-bedrock aquifers within the study 
area are similar in composition to each other, there is some 
variability between them (Blake and others, 2002). The oldest 
rocks, which crop out in the southeastern part of the study 
area, are those of the Glenshaw and Casselman Formations 

of middle to upper Pennsylvanian age and comprise the 
Conemaugh Group (fig. 2). The Monongahela Formation 
crops out within the central part of the study area and is 
of upper Pennsylvanian age. The youngest rocks are those 
of the Waynesburg and Washington Formations of upper 
Pennsylvanian to Permian age and comprise the Dunkard 
Group, cropping out in the northwestern part of the study area 
(fig. 2). The proportion of shale, limestone, sandstone, coal, 
and other sedimentary rocks varies from one formation to 
another; it is this variability in lithologic composition that can 
result in varying groundwater quality within the study area.

In West Virginia, the Conemaugh Group consists 
of the Casselman Formation and underlying Glenshaw 
Formation, the border between units being the top of the Ames 
Limestone Member (Milici, 2004; U.S. Geological Survey 

Table 2.  Long-term precipitation and temperature data for 1991–2020 station normals at the National Weather Service weather station 
in Middlebourne, West Virginia.

[Data accessed July 27, 2021 at https://www.ncdc.noaa.gov/cdo-web/datatools/normals. Jan., January; Feb., February; Mar., March; Apr., April; Jun., June; Jul, 
July; Aug., August; Sep.; September; Oct., October; Nov., November; Dec., December; °F; degrees Fahrenheit; in., inch]

Climate data
Month

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Annual

MIDDLEBOURNE 3 ESE WEST VIRGINIA

Maximum temperature (°F) 39.1 42.7 52.4 65.4 73.8 80.8 84.1 83.2 77.4 66 53.7 43.5 84.1

Minimum temperature (°F) 19.4 21.1 27.8 36.9 47.6 56.4 61.1 59.6 52.1 39.9 30.1 24.8 19.4

Average temperature (°F) 29.3 31.9 40.1 51.2 60.7 68.6 72.6 71.4 64.8 53 41.9 34.1 51.6

Precipitation (in.) 3.67 3.28 4.03 3.92 4.51 4.87 5.1 4.02 3.68 3.28 3.07 3.84 47.27

Table 3.  2015 water-use data for the 8-county area comprising the study area, the wet gas dominated part of the Marcellus Shale oil 
and gas play in northwestern West Virginia.

[Water-use data are for 2015 and were retrieved from the U.S. Geological Survey National Water Information System website (NWIS-Web) database (U.S. 
Geological Survey, 2020). Mgal/d, million gallons per day]

County
Total popula-

tion of area, in 
thousands

Public supply 
population 
served by 

groundwater, 
in thousands

Public sup-
ply popula-
tion served 
by surface 
water, in 

thousands

Public supply 
total self-
supplied 

withdrawals, 
groundwater, 

in Mgal/d

Public 
supply total 

self-supplied 
withdrawals, 
surface wa-

ter, in Mgal/d

Public 
supply total 

self-supplied 
withdraw-
als, total, in 

Mgal/d

Domestic 
self-supplied 
groundwater 

withdraw-
als, fresh, in 

Mgal/d

Domestic 
self-

supplied 
population, 

in thousands

Calhoun 7.47 0 3.563 0 0.32 0.32 0.31 3.907
Doddridge 8.176 0 3.14 0 0.22 0.22 0.4 5.036
Gilmer 8.518 0 3.782 0 0.64 0.64 0.38 4.736
Ritchie 9.982 0 5.36 0 0.48 0.48 0.37 4.622
Roane 14.435 0 7.564 0 0.85 0.85 0.55 6.871
Tyler 8.975 2.76 2.733 0.29 0.28 0.57 0.28 3.482
Wetzel 15.816 10.835 0.442 1.71 0.07 1.78 0.36 4.539
Wirt 5.88 0 1.299 0 0 0 0.37 4.581
Totals 79.252 13.595 27.883 2.00 2.86 4.86 3.02 37.774

https://www.ncdc.noaa.gov/cdo-web/datatools/normals
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and Association of American State Geologists, 2020b). The 
Monongahela Formation consists of the Gilboy Sandstone 
Member, Little Captina Limestone Member, McKeefrey 
Siltstone Member, Morningview Sandstone Member, Redstone 
Member, and Ritchie Red Beds (U.S. Geological Survey 
and Association of American State Geologists, 2020b). The 
Dunkard Group consists of interbedded sandstones, lime-
stones, shales, and coal beds of the Washington and Greene 
Formations (Fedorko and Skema, 2013).

The proportion of limestone to other lithologies within 
the Monongahela Formation and Dunkard Group is greater 
than in the Conemaugh Group. There also are differences in 
the depositional sequence for the various formations. The 

older Pennsylvanian-age rocks in southern West Virginia 
were deposited in an area that received more paleorainfall and 
paleorecharge; thus, the sulfur content was diluted compared 
to the younger Pennsylvanian- and Permian-age rocks in 
northern West Virginia, which formed in a drier paleoclimate 
with higher ash, nutrient, and dissolved solids content that 
collectively resulted in higher sulfur content (Cecil and others, 
1985). The younger rocks were deposited in marine environ-
ments that had greater contents of sulfur and calcium carbon-
ate. There is also a difference in the depositional sequence for 
the limestone, with the limestones within the Monongahela 
Formation and Dunkard Group primarily deposited in 

Base from U.S. Geological Survey 1:24,000-scale digital data for County Boundaries 2005; 
Geology of WV in digital format, WV Department of Environmental Protection, 1998.
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Figure 2.  Geology of the study area and location of rural residential wells sampled within the wet gas dominated 
part of the Marcellus Shale oil and gas play in northwestern West Virginia.
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non-marine brackish environments and the older rocks of 
the Conemaugh Group deposited in marine environments 
(Cardwell and others, 1968).

Groundwater-flow paths in the study area are relatively 
short and limited to two principal aquifers: (1) unconsolidated, 
unconfined, alluvial aquifers composed of sand, silt, clay, and 
gravel in valley settings, and (2) fractured-bedrock aquifers 
composed of siliciclastic and carbonate sedimentary rocks and 
associated coal (Puente, 1985). Because they tend to be shal-
low and thin, the alluvial aquifers within the study area typi-
cally are not used for water supplies but can combine with soil 
and regolith to provide shallow storage for recent recharge. 
Fractured-bedrock aquifers are the primary aquifers in the 
study area. Regolith is commonly thin with low permeability, 
providing little groundwater storage. Groundwater storage and 
flow in bedrock occurs through joints, fractures, and bedding-
plane separations (Kozar and Mathes, 2001). In the study 
area, secondary permeability due to jointing and stress-relief 
fracturing accounts for most of the porosity and permeability 
in the bedrock because the original intergranular porosity com-
monly has been filled by calcium carbonate or silica cementa-
tion (Wyrick and Borchers, 1981).

Recharge to fractured-bedrock aquifers in the region 
occurs primarily as rainfall (Puente, 1985). Snowmelt is only 
an important source of recharge in areas of West Virginia at 
elevations above 3,000 feet (ft), but the maximum elevation 
in the study area is only 1,680 ft. Once precipitation falls on 
the surface, the part that does not run off to streams percolates 
into and through shallow soils and regolith and eventually 
recharges fractured-bedrock or alluvial aquifers. A decrease 
in hydraulic conductivity with depth in bedrock aquifers in 
the region has been documented by several researchers. For a 
mine site in West Virginia, the average hydraulic conductivity 
of an aquifer decreased from 3.3 × 10−4 ft per second (ft/s) at 
a depth of 150 ft to 3.3 × 10−8 ft/s at depths greater than 328 
ft (Bruhn, 1985). For a site in Greene County, Pennsylvania 
about 60 miles from the study area, hydraulic conductivity 
decreased by an order of magnitude per 100 ft of depth to a 
depth of approximately 500 ft (Stoner, 1983). According to 
Callaghan and others (1998), the vast majority of groundwater 
circulation in Appalachian Plateau settings occurs at moderate 
depths of less than 300 ft.

In the Appalachian Plateaus, local fractured-bedrock 
aquifers of less than 5.0 mi2 are defined by topographic valleys 
and boundary ridges, with total relief of only a few hundred 
feet from valley bottoms to ridge tops, on average. Each 
small valley may contain a locally distinct aquifer (Kozar 
and others, 2020) from which groundwater discharges to a 
nearby stream or to deeper subregional or regional aquifers 
(fig. 3). The ridges surrounding the valley define the lateral 
boundaries of the local aquifer and its principal recharge area. 
Subregional aquifers (generally from 100 to 500 ft below 
land surface [bls]) occur at intermediate depths between the 
shallow local aquifer (less than 500 ft bls) and deeper regional 
aquifers. Subregional aquifers are larger than local aquifers 
and may include several smaller local aquifers. Discharge 

of groundwater from subregional aquifers is primarily to 
tributary streams with drainage areas typically much larger 
than 5.0 mi2. A small component of recharge to these subre-
gional aquifers is from deeper regional aquifers that typically 
discharge to large rivers. Depth to saline water (brines) has 
been used to infer the base of regional aquifers (Callaghan and 
others, 1998). In West Virginia, the depth to brackish water 
ranges from more than 2,000 ft near the southern part of the 
study area to a minimum of less than 50 ft in areas bordering 
the Ohio River (Foster, 1980).

Within the local aquifers, groundwater typically flows 
from hilltops to valleys, approximately perpendicular to local 
tributary streams, through an intricate network of stress-relief 
fractures and interconnected bedding-plane separations, com-
monly in a stair-step pattern (fig. 3; Wyrick and Borchers, 
1981; Harlow and LeCain, 1993). Vertical hydraulic conduc-
tivity can be negligible within the clastic sedimentary rocks 
comprising the aquifer, resulting in approximately horizontal 
groundwater flow parallel to bedding (especially within coal 
beds) that discharges as springs or seeps in hillsides and 
valleys (Harlow and LeCain, 1993). A small proportion of 
the groundwater flows deeper within the central core of the 
mountain or ridge, especially within coal beds and along 
bedding-plane separations, and likely reaches the valley to 
discharge locally to surface water or may recharge subregional 
and regional aquifers (Kozar and others, 2012). Groundwater 
flow in valleys primarily occurs in bedding-plane separations 
beneath valley floors and in vertical and horizontal stress-
relief fractures along valley walls (Wyrick and Borchers, 
1981). Enhanced permeability of bedrock in valleys may result 
in groundwater flow parallel to and beneath local tributary 
streams before ultimately discharging to surface-water bodies.

This study is focused on shallow groundwater quality 
in the wet gas dominated part of the Marcellus Shale oil and 
gas play in northwestern West Virginia (fig. 4), where the 
Marcellus Shale does not crop out but is present at depths 
greater than 7,000 ft bls. The Marcellus Shale ranges in depth 
from approximately 7,500 ft bls in Wetzel County, West 
Virginia, where rocks dip slightly, to 8,200 ft bls in the central 
trough of the Robinson Run Syncline in Doddridge County, 
based on published geologic cross sections (Ryder and others, 
2009). The Marcellus Shale ranges from less than 20 ft thick 
in the western part of the study area to a maximum of 60 ft 
in the eastern portion of the study area (fig. 5). Multi-lateral 
horizontal production wells can produce very large quantities 
of gas from even thin shale reservoirs.

The yield of water from residential wells completed 
within the study area has long been postulated to be a func-
tion of topography, specifically the dominance of stress-relief 
fractures in the valleys and hillsides and the absence of such 
fractures on the hilltop settings (Wyrick and Borchers, 1981). 
Stress relief fracturing processes were documented for a study 
conducted at Twin Falls State Park in Wyoming County, West 
Virginia (Wyrick and Borchers, 1981) and are often referenced 
in hydrogeologic literature for the Appalachian region. For 
this study, well depth and well yield data for 482 water wells 
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in the eight counties in northern West Virginia coincident with 
the geographic area for this study fully support the stress relief 
fracturing concepts of Wyrick and Borchers (1981), which 
were based on earlier work by Ferguson (1967). Data for the 
482 wells were retrieved from the U.S. Geological Survey 
National Water Information System (NWIS) Groundwater 
Site Inventory (GWSI) database (table 4; U.S Geological 
Survey, written commun., 2019). Contact the USGS National 
Water Information System (NWIS) local data manager for 
the Virginia and West Virginia Science Center to request the 
quality control data referenced in this report. Those data and 
topographic assessment from digital elevation models (DEMs) 
show distinct differences with respect to topographic setting—
wells in valleys have higher mean yields (35.6 gallons per 
minute [gal/min]) than wells on hillsides (29.0 gal/min) or 
hilltops (7.6 gal/min). Well depths were deeper on hilltops 
with an average depth of 173 ft compared to hillsides (aver-
age depth of 119 ft) or valley wells (average depth of 72 ft). 
Hilltop, hillside, and valley wells had median specific capaci-
ties of 0.72, 0.64, and 5 gallons per minute per foot (gal/min/

ft) of drawdown, respectively. It should be noted that the data 
retrieved from the NWIS database (U.S Geological Survey, 
2020) for the evaluation by Wyrick and Borchers (1981) 
are older and likely reflect past drilling practices that may 
not represent modern drilling methods. One example of this 
includes the fact that wells drilled with older cable tools typi-
cally are much shallower than wells drilled with modern air 
rotary methods. The data do, however, support the stress relief 
fracture theory, although overall trends are not as distinct with 
respect to the three topographic settings as was evident for 
similar data from southern West Virginia where topography is 
much steeper and overall relief from valley bottoms to hilltops 
is greater.

Median groundwater ages determined by chlorofluoro-
carbon (CFC) analysis for hilltop, hillside, and valley bedrock 
wells in a similar hydrogeologic setting in the Monongahela 
River basin (which is immediately to the east of the study 
area), were typically on the order of 44, 31, and 35 years, 
respectively, whereas groundwater ages for wells sampled 
in West Virginia’s low-sulfur coal region in southern West 
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Virginia were on the order of 18, 28, and 26 years, respec-
tively (McAuley and Kozar, 2006). Relatively older ground-
water is likely for wells sampled in the study area, which is 
adjacent to the Monongahela River basin, as compared to 
wells sampled in southern West Virginia, which has higher 
relief, steeper gradients, and much more distinct differences 
in topography. Longer residence time gives groundwater 
more time to interact with minerals in the bedrock, potentially 
affecting groundwater quality. The lack of clear topographic 
control on groundwater age in the study area may be related to 
the topography which is characterized as a rolling hummocky-
type terrain, and therefore the distinction between hilltops, 
hillsides, and valleys is less prominent in northern West 
Virginia where total relief between ridge tops and streams is 
typically only 200–300 ft compared to southern West Virginia 
where total relief can be as much as 1,000 ft.

The Burning Springs Anticline in Wirt and Ritchie 
Counties is indicative of a location where hydrocarbons 
naturally discharge to the surface and is an area where hydro-
carbons were historically skimmed from the surface of Oil 
Creek before modern well technology to drill deeper oil and 
gas wells was developed (Hennen, 1911; Eggleston, 2004). A 
series of freshwater and saline water maps for West Virginia 
(Foster, 1980) indicate that depth to saline water within the 
study area is typically very shallow, ranging from a minimum 
of 50-ft bls close to the western margin of the study area in 
Wetzel County bordering the Ohio River to a maximum of 750 
ft in the eastern part of the study area in Calhoun County. Such 
shallow depths are within the depth range for rural residential 
water wells.

Base from U.S. Geological Survey 1:24,000 digital data for county boundaries, 2005;
Wet gas/dry gas line from J . Moore, WV Geological and Economic Survey written commun. 2022; 
Marcellus thickness from WV Geological and Economic Survey digital
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Land Cover and Land Use
Land cover in the study area is predominately forested or 

scrub shrub areas and represents 2,379 mi2 (87 percent) of the 
study area. Residential and urban areas occupy approximately 
15 mi2 (0.5 percent). Barren land and developed open space 
account for 131 mi2 (5 percent), 197 mi2 (7 percent) is pasture, 
grassland, or cultivated crops, and open water and wetlands 
occupy 11 mi2 (0.5 percent; Homer and others, 2015). The 
rural region has one dominant industry—oil and gas produc-
tion. The study area has been developed extensively for oil 
and gas since 1859 (Eggleston, 2004). Approximately 57,452 
oil and or gas wells have been drilled within the study area, 
including 1,626 multi-lateral horizontal Marcellus Shale oil 
and gas wells (fig. 6).

Recent data for the study area indicate that what little 
coal mining is occurring is primarily in Wetzel County, with 
a few permitted mines in Roane, Doddridge, and Gilmer 
Counties (West Virginia Geological and Economic Survey, 
2020c). Many of these mines are inactive as indicated by 2019 
coal production data, which indicates that coal mining is only 

active in Wetzel County within the study area (West Virginia 
Office of Miner’s Health Safety and Training, 2020). In 2019, 
underground coal mines in Wetzel County produced 6,497,707 
tons of coal.

Previous Investigations

Recent investigations of groundwater quality within the 
study area are limited but include Chambers and others (2012, 
2015) and Harkness and others (2017). Harkness and others 
(2017) conducted a comprehensive study of the geochemistry 
of naturally occurring methane and saline groundwater in an 
area of unconventional shale gas development and the results 
are similar to those of this study. In fact, the study areas for the 
two studies overlapped significantly and both studies collected 
data in Doddridge, Ritchie, Tyler, and Wetzel Counties, West 
Virginia. Harkness and others (2017) collected 145 ground-
water samples from 105 wells in the aforementioned counties 
and in Harrison County, West Virginia. In addition to sampling 
a large number of wells over a 5-county area in northwestern 
West Virginia where legacy and more recent Marcellus Shale 
oil and gas production has occurred, that study also analyzed 
for a broad array of isotopic data that were not collected for 
our investigation. The Harkness and others (2017) study moni-
tored geochemical variations of drinking-water wells before, 
during, and after the installation of nearby shale gas wells 
and concluded that there was no indication of groundwater 
contamination and subsurface impact from shale-gas drill-
ing and hydraulic fracturing within the study area. The study 
also found that saline groundwater was common and indica-
tive of an upward flow of Devonian-age brines migrating into 
shallow aquifers and were modified by water-rock interac-
tions. Occurrence of ethane, propane, and carbon isotope 
ratios of ethane indicate that thermogenic gas contributes to 
the overall mixture of natural gas in shallow aquifers in the 
study area. Dissolved gas in shallow groundwater, however, 
predominantly contained microbial methane, even though both 
biogenic and migrated thermogenic gases occur in shallow 
groundwater in the study area but are unrelated to shale gas 
development. That study did document surface water contami-
nation that occurred in Tyler County from two injection well 
sites and a flowback spill related to shale gas development.

A USGS statewide assessment of groundwater quality 
within West Virginia (Chambers and others, 2012) indicated 
that Pennsylvanian and Permian fractured-bedrock aquifers, 
which are typical of the current study area, can have elevated 
concentrations of radon-222, a carcinogenic and radioac-
tive gas known to cause lung cancer. The highest concentra-
tions of radon-222 documented in the statewide assessment 
were for wells sampled in the Blue Ridge Physiographic 
Province in Jefferson County in the easternmost part of West 
Virginia. However, median radon-222 concentrations also 
were commonly elevated in wells sampled in Permian and 
Pennsylvanian age bedrock aquifers and typically exceeded 
the EPA proposed 300-picocurie per liter (pCi/L) maximum 

Table 4.  Well depth, well yield, and specific capacity data 
for 482 wells in the 8-county study area comprising the wet 
gas dominated part of the Marcellus Shale oil and gas play in 
northwestern West Virginia.

[Data retrieved from the USGS Groundwater Site Information database 
(GWSI) database (U.S Geological Survey, written commun., 2019). ft, foot; 
bls, below land surface; gal/min, gallon per minute; gal/min/ft, gallon per 
minute per foot of drawdown]

Statistic
Well depth  

(ft bls)
Well yield 
(gal/min)

Specific capacity 
(gal/min/ft)

Valley wells

Count 280 280 24
Maximum 337 2,350 117.5
Minimum 16 0.07 0.02
Median 60 1.18 5
Mean 71.8 35.6 21.8

Hillside wells

Count 151 152 20
Maximum 2,300 700 440
Minimum 17 0.08 0.07
Median 90 2 0.635
Mean 119 29 29.8

Hilltop wells

Count 49 50 2
Maximum 650 300 0.93
Minimum 2 0.08 0.5
Median 135 0.88 0.715
Mean 173 7.63 0.715
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contaminant level (MCL) drinking water standard. Other than 
radon, the statewide study did not find chemical constituents 
of concern for wells sampled within the general area of study 
for this investigation.

A water-quality assessment of stream base flow and 
groundwater in the Marcellus Shale oil and gas play within 
the Monongahela River basin, an area immediately to the east 
of the current study area, was conducted in 2011 and 2012 
(Chambers and others, 2015). The 2011–12 study was con-
ducted prior to high intensity development of the Marcellus 
Shale oil and gas play to provide a baseline of groundwater 
and stream base flow data for future comparison. The principal 
groundwater findings of the previous study were based on 39 
wells and 2 springs sampled June through September of 2011.

Principal components analysis conducted for the 2011–12 
study specify that the first principal component indicates gra-
dients of redox conditions and dissolved solids concentrations 
with strong negative loadings for sodium, bromide, chloride, 
fluoride, barium, total dissolved solids, specific conductance, 
pH, and methane, which are inversely proportional to dis-
solved oxygen, carbon dioxide, argon, nitrogen, and redox 
potential. These gradients may reflect a continuum from 
deeper waters with higher concentrations of sodium, bromide, 
chloride, fluoride, barium and methane (constituents typically 
found in higher concentrations in deeper brines) to shallow, 
more dilute, more recent waters with higher concentrations of 
dissolved atmospheric gases. Whether this continuum reflects 
a typical gradient from recharge from shallow groundwater to 
deeper groundwater or indicates other pathways resulting in 
mixing of shallow groundwater and deeper brines is unknown.

The second principal component had strong positive 
loadings for calcium, magnesium, potassium, iron, manganese, 
sulfate, total dissolved solids, specific conductance, argon, 
nitrogen, carbon dioxide, and hardness, and negative load-
ings for geologic age, methane, redox potential, bromide, and 
dissolved oxygen (Chambers and others, 2015). The second 
component reflects a gradient from conditions typical of 
shallow groundwater in the Appalachian region, which have 
high concentrations of total dissolved solids, iron, manganese, 
calcium, magnesium, and sulfate, to conditions more typical 
of deeper groundwater. Carbonate dissolution and reduction of 
pyrite and siderite are dominant processes in the shallow aqui-
fers of the region and can result in elevated concentrations of 
total dissolved solids, iron, manganese, calcium, and sulfate, 
whereas higher concentrations of chloride and bromide are 
more common in deeper waters.

Dissolved gas analyses for the 2011–12 study indicate 
that the majority of sites (38 of 41) sampled were from a 
shallow groundwater source. Analysis of groundwater data 
collected for the study with respect to geologic structure, 
including wells located near deep through-going faults, did not 
reveal a clear pattern linking methane concentrations to the 
presence of geologic structure.

Other prior work focused on hydrogeology, brines and 
salt in waters, areas affected by coal mining, or basin stud-
ies. An assessment of groundwater hydrology of the Little 

Kanawha River in West Virginia (Hobba, 1980) provided a 
preliminary assessment of groundwater quality and water-well 
yields in the basin. Well yields were classified by topographic 
setting and median well yields ranged from a minimum of less 
than 1 gallon per minute (gal/min) on hilltops to 14 gal/min in 
valleys adjacent to the stream side of wide terraces. The report 
included a map of specific capacity in gallons per minute per 
foot (gal/min/ft) of drawdown showing areas with ground-
water development potential in three categories: less than 2, 
2–5, and greater than 5 gal/min/ft. The map also summarized 
groundwater quality for 795 previously collected water-quality 
samples and 48 samples collected for the project. Water 
samples from the 48 sites were analyzed for pH, silica, cal-
cium, magnesium, sodium, potassium, bicarbonate, carbonate, 
chloride, fluoride, sulfate, nitrate, aluminum, iron, manganese, 
hardness, and total dissolved solids (TDS), and included maps 
showing the suitability of groundwater for residential and 
public supply in the basin.

One of the more comprehensive assessments for a part 
of the study area was an assessment of groundwater hydrol-
ogy of the alluvial and bedrock aquifers bordering the Ohio 
River between Chester and Waverly, West Virginia (Bader 
and others, 1997), an area immediately to the west of the 
current study area. Well yields in fractured-bedrock aquifers 
ranged from 1 to 300 gal/min, with a median of 6 gal/min. 
Groundwater samples were compared to U.S. Environmental 
Protection Agency (2019) drinking-water standards. Eight 
percent of the wells sampled contained chloride concentra-
tions in excess of the 250-milligrams per liter (mg/L) U.S. 
Environmental Protection Agency (EPA) SMCL drinking 
water standard for aesthetic effects such as taste, odor, and 
color. Iron and manganese concentrations ranged from 3 to 
52,000 μg/L and from less than 1 to 1,900 μg/L, respectively. 
Median iron concentrations were 50 micrograms per liter 
(μg/L) in alluvial aquifers and 16 μg/L in fractured-bedrock 
aquifers. Median manganese concentrations were 510 μg/L in 
alluvial aquifers and 56 μg/L in fractured-bedrock aquifers. 
Arsenic, barium, mercury or phenol were detected at concen-
trations exceeding EPA drinking-water standards at 7 of the 50 
wells sampled. The hardness of the water exceeded 120 mg/L 
in 91 percent of the samples, which is characteristic of hard to 
very hard groundwater which can cause scaling of water lines, 
boilers, hot water heaters, and water distribution systems.

An inventory and assessment of salt water produced 
in conjunction with oil and gas development in the Little 
Kanawha River basin of West Virginia, which is immedi-
ately southeast of the study area, was conducted (Kirwan and 
Rauch, 1988) prior to the advent of horizontal well drill-
ing methods. Based on data from 1981 to 1984, their study 
estimated that 4.2 × 107 gal of salt water had been produced 
as part of oil and gas development in the watershed, and of 
that amount, 2.6 × 107 gal had been disposed of as surface 
discharge, either on land or in streams. The 2.6 × 107 gal of 
saltwater approximated 11.9 percent of the chloride and 1.7 
percent of the TDS load within the Kanawha River during the 
period assessed.
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A report on Appalachian connate water (Heck and oth-
ers, 1964) provides a discussion of connate brines in West 
Virginia, Pennsylvania, and Ohio. Two additional reports 
provide a discussion of oil and gas resources in Pleasants, 
Wood, and Ritchie Counties (Haught, 1955) and Doddridge 
and Harrison Counties (Haught, 1959) in West Virginia. None 
of the reports provided information on the quality or quantity 
of potable groundwater for residential or public groundwater 
supplies.

The first salt well completed in West Virginia was com-
pleted in Kanawha County in 1812. In 1815 at Charleston, 
West Virginia gas was first encountered while drilling for salt 
(Eggleston, 2004). In 1859, the Rathbone brothers bored a 
salt well on burning Springs Run, but rather than encounter-
ing salt, they hit petroleum at a depth of 200 feet—which 
produced 200 barrels a day (Eggleston, 2004). The first 
purposely drilled well for oil in West Virginia was completed 
along the Burning Springs Anticline in Wirt County in 1860 
by the Rathbone brothers and is known as the Rathbone well 
(Hennen, 1911). The well was begun in the later part of 1859 
and was completed in May of 1860 to a depth of 303 ft and 
produced oil at a rate of 100 barrels per day (Hennen, 1911). 
Prior to that, oil was skimmed off the surface of Oil Springs 
Creek. Discovery of oil and gas produced one of the earliest 
oil and gas booms in the United States. The natural occurrence 
of salt water and hydrocarbons at shallow depths in the basin 
is common, especially along the Burning Springs Anticline, 
and both oil and gas production and natural flow of brines and 
hydrocarbons have the potential to locally affect groundwater 
and surface-water quality within the basin. The report contains 
several illustrations depicting the conceptual understanding 
of groundwater flow and interaction of fresh and saline water 
within the basin.

A study of the hydrology of the U.S. Office of Surface 
Mining Reclamation and Enforcement (OSMRE) Area 8 
Eastern Coal Province in West Virginia and Ohio (Friel and 
others, 1987), which includes the entire current study area, 
assessed the quality of groundwater and surface water in an 
area of limited coal mining activities. About 1 million tons of 
coal were mined from 26 surface mines and about 6.7 million 
tons from 6 underground mines in the Area 8 Coal Province 
in 1980. Coal mining has declined within the study area in 
recent years (West Virginia Office of Miner’s Health Safety 
and Training, 2020; West Virginia Geological and Economic 
Survey, 2020c) and oil and gas production, including prolific 
development of the Marcellus Shale oil and gas play has 
increased (West Virginia Geological and Economic Survey, 
2020b). Based on samples collected from 158 streams within 
the Area 8 Eastern Coal Province study area, the median 
specific conductance of surface water was 260 microsiemens 
per centimeter (μS/cm) and ranged from 41 to 4,035 μS/cm; 
the median pH was 7.3 standard units and ranged from 2.9 to 
8.1; alkalinity ranged from 4.8 to 2,845 mg/L, with a median 
of 35.5 mg/L; total iron concentrations ranged from 100 to 
565,000 μg/L, with a median of 630 μg/L; and dissolved 
manganese concentrations ranged from 10 to 5,100 μg/L, with 

a median of 64 μg/L. Dissolved iron and sulfate concentra-
tions were highest in streams draining mined areas. Water well 
yields assessed in the study ranged from less than 1 to 350 gal/
min. Highest median iron concentrations were from streams 
draining coal mined areas and were 16 times higher than for 
streams draining unmined areas.

An assessment of water resources of the Little Kanawha 
River basin in West Virginia provided a comprehensive evalu-
ation of both groundwater and surface water resources within 
the basin, both with respect to water quality and water quantity 
(Bain and Friel, 1972). Average annual streamflow of the river 
was 3,100 cubic feet per second (ft3/s) or 1.35 cubic feet per 
second per square mile [(ft3/s)/mi2] and recharge to ground-
water was calculated to be between 5 and 7 in/yr. Water in the 
Little Kanawha River and its tributaries are a calcium carbon-
ate type of water. Wells inventoried for that project ranged in 
yield from 1 to 8 gal/min, with median yields in the Dunkard 
Group, Monongahela Formation, and Conemaugh Group 
fractured-rock aquifers of 7.0, 6.5, and 4.0 gal/min, respec-
tively. Potable groundwater exists to depths less than 200 ft 
in the western part of the basin and to depths between 500 
and 1,000 ft in the eastern part of the basin. The 1972 report 
contains maps of chemical constituent distribution including 
pH, iron, chloride, and hardness.

Methods of Data Collection and 
Analysis

The factors considered in designing the sampling pro-
tocol, selecting sampling sites, and the methods used for 
statistical analysis of the water-quality data collected for this 
study are discussed in the following sections of the report. 
Methods utilized for sample collection and analysis of a broad 
range of water-quality constituents, including field measured 
parameters of pH, specific conductance, dissolved oxygen, and 
water temperature, indicator bacteria (Escherichia coli [or E. 
coli] and total coliform), common ions (including calcium, 
sodium, magnesium, and potassium), trace metals (including 
iron, manganese, and arsenic), nutrients (nitrate, nitrite and 
orthophosphate), dissolved gases (including nitrogen, argon, 
and helium), dissolved hydrocarbons (including methane and 
ethane), age dating constituents (including chlorofluorocar-
bons, sulfur hexafluoride, and tritium) are discussed. Design of 
the quality assurance and quality control (QA/QC) protocols 
used are also discussed, as are the methods used for statistical 
and graphical analysis, and geochemical modeling of the data 
collected for the project.

Selection of Sampling Sites

Sampling site selection was based primarily on two 
criteria. First, sites were selected to provide data from areas of 
active or legacy oil and gas production in northwestern West 
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Virginia in areas of current Marcellus Shale gas, oil, and natu-
ral gas liquids (NGL) production. Second, sites were selected 
in areas with sparse groundwater-quality data in northwestern 
West Virginia. Surficial geology, which commonly is used as 
a site selection criterion, was not an important factor for site 
selection in this study. Most of the study area has surficial 
geology within the Pennsylvanian to Permian age Dunkard 
Group (50 percent), the Pennsylvanian age Conemaugh Group 
(22 percent), or the Monongahela Formation (16 percent), all 
of which have similar lithologies. To a lesser extent, the study 
area’s surficial geology is within the Allegheny Formation 
(10 percent) and there are minor exposures of the Kanawha 
Formation and Quaternary alluvial deposits (1 percent each).

Sample Collection

Groundwater samples were collected from 30 residential 
water wells in the study area from June 11 to July 18, 2018, by 
the USGS using standard USGS methods (Wilde and oth-
ers, 2004; U.S. Geological Survey, 2006). Prior to sampling, 
wells were purged to remove standing water from the well 
and ensure that representative water samples were collected. 
Wells were purged for a sufficient period to allow pH, dis-
solved oxygen, specific conductance, and water temperature to 
stabilize, and then water samples were collected and processed. 
Prolonged 3-volume purging of the wells was not required 
because the wells sampled were primarily rural residential 
wells with submersible pumps and are purged daily as part 
of routine use. Methods applicable for low-yield wells were 
utilized at a few wells to avoid pulling the water level down to 
the pump intake, which can cause turbidity issues, aerate the 
sample water, and potentially damage the well pump. Periodic 
water-level measurements were made and served as the criteria 
for length of the well purge in conjunction with close monitor-
ing of dissolved oxygen, pH, water temperature, and specific 
conductance using a multiparameter water-quality sonde, 
which was calibrated daily.

For the wells sampled, plumbing and well-casing materi-
als included steel, galvanized steel, polyvinyl chloride (PVC), 
and other plastics. The purging procedure minimized poten-
tial contamination from the well casing and plumbing, as 
non-contaminating Teflon sample tubing was connected as 
close to the wellhead as possible, usually at the pressure tank, 
prior to any treatment such as a water softener or chlorinator, 
and pumps were kept running as much as possible to prevent 
sample contamination from the plumbing or backflow from 
holding tanks. The sample line was then fed to a manifold with 
sampling ports and a port for connection of a multiparameter 
water-quality sonde. Field properties were measured in the 
flowthrough apparatus and monitored until parameters stabi-
lized prior to sampling. To prevent environmental contamina-
tion, samples typically were collected and processed inside 
a mobile field laboratory or a portable processing chamber 

assembled near the closest spigot on the plumbing system to 
the well prior to any water treatment equipment such as chlori-
nators or water softeners, typically at the pressure tank.

Samples for bacterial analysis were collected and 
processed according to standard USGS methods (Myers 
and Sylvester, 2014) and processed using the Colilert sys-
tem (IDEXX, 2019) according to established methods 
(American Public Health Association, American Water Works 
Association, and Water Environment Foundation, 2018), a 
defined substrate liquid-broth medium method for determina-
tion of total coliform bacteria and E. coli. Water samples for 
bacterial analysis were collected by cleansing the spigot on 
the pressure tank or water valve on the discharge line from 
the pump with isopropyl alcohol; the spigot then was allowed 
to thoroughly dry before filling a pre-sterilized 100-milliliter 
(mL) sample bottle. Bacteria samples were processed within 2 
hours of collection and incubated for 24–28 hours, according 
to USGS standard protocols.

All samples from the 30 wells were analyzed for field 
properties (pH, water temperature, specific conductance, and 
dissolved oxygen), turbidity, alkalinity, major ions, metals, 
trace elements, total coliform and E. coli. bacteria, uranium, 
radium-226, radium-228, and gross alpha and gross beta radia-
tion (table 5). Radon-222 was analyzed for samples from 28 
of the 30 wells (two samples were lost in shipment). A subset 
of samples from 17 of the 30 wells were collected for analysis 
of dissolved hydrocarbons, sulfur hexafluoride (SF6), CFCs, 
deuterium, oxygen-18, tritium, and helium as a methods 
development process for a secondary but related pilot study 
for a new USGS dissolved hydrocarbons and isotope labora-
tory established concurrent with this study in Reston, Virginia. 
Samples were processed according to standard USGS protocols 
(Wilde and others, 2004). Measurements of water temperature, 
specific conductance, dissolved oxygen concentration, pH, tur-
bidity, and alkalinity were made on site at the time of sampling.

Quality Assurance and Quality Control

Three types of QA/QC samples were collected during 
the project—field blanks, equipment blanks, and replicates. 
Replicates were run on environmental samples to assess the 
reproducibility of analytical methods and assess bias that may 
have resulted in the laboratory analysis. Field blanks were run 
to assess any contamination that may have resulted from field 
sampling methods, to evaluate decontamination procedures 
between sites, and to detect contamination on sampling equip-
ment during transit to or from the sampling site. Equipment 
blanks were collected in the laboratory at the USGS office in 
Charleston, West Virginia, and field blanks were run in the 
field to assess the potential of contamination from blank water 
used to process field and equipment blanks, the deionized 
water and detergent solutions used to decontaminate equip-
ment between sampling sites, and to assess whether residual 
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contamination was being carried over from site to site. All 
quality assurance data for the water samples collected for this 
study are stored in the quality assurance part of the USGS 
quality of water data (QWDATA) database for West Virginia 
(U.S. Geological Survey, written commun., 2022).

Variability for a replicate sample pair was quantified 
by calculating the relative percent difference (RPD) of the 
samples. The RPD was calculated using the following formula

	 [|R1 − R2|/(R1 + R2)/2)] × 100,	         (1)

where R1 is the concentration of the analyte in the first repli-
cate sample and R2 is the concentration of the analyte in the 
second replicate sample. Concentrations of replicate sample 
pairs differed by small amounts, typically less than 15 percent 
of the RPD. Constituents with higher RPD were typically 

constituents at low concentrations at or below the method 
detection limit. Analytical or sampling variability was consid-
ered minimal as a result.

CFC, SF6, Tritium, Dissolved Gas, and Dissolved 
Hydrocarbon Sampling

Samples for CFCs, SF6, tritium, and dissolved gas 
analysis were collected according to procedures described 
by the USGS Groundwater Dating Laboratory (htt​ps://water​
.usgs.gov/​lab). The CFC samples were collected in 125-mL 
glass bottles with metal foil sealed caps. The SF6 samples were 
collected in 1-L borosilicate amber glass bottles with polycone 
seal caps. Tritium samples were collected in 500-mL high den-
sity polyethene bottles with polycone seal caps. Dissolved gas 
samples were collected in pairs in pre-weighed 125-mL bottle 

Table 5.  Constituents and reporting limits for major ions, metals, trace elements, nutrients, radionuclides, fecal indicator bacteria, and 
dissolved hydrocarbons analyzed in groundwater samples collected from sites in the wet gas dominated part of the Marcellus Shale oil 
and gas play in northwestern West Virginia.

[μg/L, microgram per Liter; mg/L, milligram per Liter; col/100 mL, colony per 100 milliliters; ng/kg, nanograms per kilogram; pCi/L, picocurie per Liter pg/kg; 
picogram per kilogram; fg/kg, femtogram per kilogram; E. coli, Escherichia coli; µS/cm, microsiemens per centimeter; —, no data entered]

Analyte
Method 

reporting limit
Analyte

Method  
reporting limit

Analyte
Method  

reporting limit

Aluminum 3 μg/L Orthophosphate 0.004 mg/L Total coliform 1 col/100mL
Antimony 0.03 μg/L Potassium 0.03 mg/L Methane 4.97 ng/kg
Arsenic 0.05 μg/L Gross α 3 pCi/L Ethane 0.0078 ng/kg
Barium 0.1 μg/L Gross ß 4 pCi/L Ethene 0.0073 ng/kg
Beryllium 0.01 μg/L Radium-226 1 pCi/L Ethyne 0.0068 ng/kg
Bromide 0.01 mg/L Radium-228 1 pCi/L Propane 0.0076 ng/kg
Cadmium 0.03 μg/L Radon-222 20 pCi/L Propene 0.0073 ng/kg
Calcium 0.022 mg/L Selenium 0.05 μg/L Propyne 0.0069 ng/kg
Chloride 0.02 mg/L Silica 0.018 mg/L i-Butane 0.0075 ng/kg
Chromium 0.5 μg/L Silver 1 μg/L n-Butane 0.0075 ng/kg
Cobalt 0.03 μg/L Sodium 0.06 mg/L 1-Butene 0.0073 ng/kg
Copper 0.2 μg/L Strontium 0.2 μg/L i-Pentane 0.025 ng/kg
Fluoride 0.01 mg/L Sulfate 0.02 mg/L n-Pentane 0.025 ng/kg
Iron 10 μg/L Thallium 0.03 μg/L 2-Methyl-Pentane 0.025 ng/kg
Lead 0.02 μg/L Total Dissolved Solids 0.02 mg/L 3-Methyl-Pentane 0.025 ng/kg
Magnesium 0.011 mg/L Uranium 0.03 μg/L Hexane 0.025 ng/kg
Manganese 0.4 μg/L Zinc 2 μg/L Benzene 0.023 ng/kg
Mercury 0.005 μg/L Alkalinity 0.1 mg/L CFC-11 0.01pg/kg
Molybdenum 0.05 μg/L Bicarbonate 0.1 mg/L CFC-12 0.01 pg/kg
Nickel 0.2 μg/L Carbonate 0.1 mg/L CFC-113 0.01 pg/kg
Nitrogen, ammonia 0.01 mg/L Dissolved oxygen 0.1 mg/L SF6 1.5 fg/kg​
Nitrogen, nitrite 0.01 mg/L pH 0.1 units Tritium 0.01 Tritium units
Nitrogen, nitrite + nitrate 0.04 mg/L Specific conductance 1 μS/cm — —
Nitrogen, total 0.05 mg/L E. coli 1 col/100mL — —

https://water.usgs.gov/lab
https://water.usgs.gov/lab
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pairs with butyl rubber septa. After sampling, the dissolved 
gas bottles were stored on ice and refrigerated until analysis to 
minimize bacterial activity. The CFC, SF6, and dissolved gas 
bottles were purged and filled under water to prevent contami-
nation from outside air.

Dissolved hydrocarbon samples were collected by fill-
ing a 1-L bottle to overflowing in a bucket then allowing a 
minimum of three volumes of sample water to flush through 
the sample bottle. The bottle was then removed from the 
water and three potassium hydroxide preservative tablets were 
added to the sample and the sample bottle was capped and 
taped shut. Samples were kept chilled in a cooler and then 
transferred to a refrigerator, prior to shipment to the USGS 
Groundwater Dating Laboratory in Reston, Va.

Analysis of Water Chemistry

Major ions, nutrients, metals, trace elements, and 
radon-222 were analyzed using standard EPA or USGS 
methods at the USGS National Water Quality Laboratory 
in Denver, Co. Trace elements and common ions, such as 
calcium, magnesium, sodium, potassium, iron, manganese, 
sulfate, chloride, bromide, and fluoride, were analyzed by 
inductively coupled plasma (ICP) mass spectrometry; nutri-
ents (nitrate + nitrite, nitrite, total nitrogen, and orthophos-
phate) were analyzed by digestion or colorimetric methods; 
and radon-222 was analyzed by liquid scintillation methods. 
Reporting limits for these analyses are provided in table 5.

CFC, SF6, and Dissolved Gas Analysis

CFCs (CFC-11, CFC-12, and CFC-113), SF6, and dis-
solved gas samples for nitrogen, argon, methane, carbon 
dioxide, and oxygen analysis were shipped to the USGS 
Groundwater Dating Laboratory in Reston, Va. for analysis 
using gas chromatography methods (Busenberg and Plummer, 
1992, 2000).

Tritium Analysis

Tritium samples were processed in the USGS 
Groundwater Dating Laboratory using Helium-3 (3He) 
ingrowth analysis using methods similar to those described by 
Schlosser and others (1988) and Papp and others (2012). For 
ingrowth, 500-gram (g) water samples were transferred in 1-L 
volume stainless steel vessels fitted with vacuum-tight copper 
tube stubs. The samples were on a vacuum manifold with a 
pressure of less than 1×10−4 torr, created by a stainless-steel 
liquid nitrogen trap and a rotary vane pump removing air-
sourced 3He below the limits of detection. After degassing, the 
samples were clamped and then stored for at least 6 months to 
allow for tritium to decay to 3He. After the ingrowth interval, 
the canisters were attached to an automated vacuum manifold 
for 3He extraction and analysis on Thermo Scientific Helix 

SFT Split Flight Tube mass spectrometer. On the manifold, the 
3He and any residual gases were extracted from the canisters, 
the gases were removed with cryogenic traps and reactive 
getters, and the 3He was quantitatively captured on a Gifford-
McMahon cycle cryocooler with charcoal matrix at less than 
10 Kelvin (K). The 3He from tritium decay was then expanded 
into the Helix SFT for analysis. The 3He samples were cali-
brated against samples of air of known 3He abundance and 
samples were corrected for any residual air-sourced 3He in the 
ingrowth canisters. Analysis of replicate samples and blind 
intercomparison showed method precision better that 1 percent 
relative standard deviation (RSD) and a lower reporting limit 
of 0.01 tritium unit (TU).

Dissolved Hydrocarbon Analysis

Dissolved hydrocarbon concentrations were analyzed by 
the USGS Dissolved Gas Laboratory. The dissolved C1 to C6 
hydrocarbons (methane, ethane, ethene, ethyne, propane, pro-
pene, propyne, n-butane, isobutane, 1-butene, n-pentane, iso-
pentane, 2- and 3-methylpentane, hexane, and benzene) were 
analyzed using a custom purge and trap gas chromatography-
flame ionization detector and atomic emission detector 
(GC-FID/AED) system developed for quantifying trace 
volatile gases in water. This analytical method is sensitive to 
trace constituents in the picomole range, while maintaining 
enough dynamic range to enable quantification of samples 
with considerable amounts of dissolved gas and has been 
employed in numerous studies where trace hydrocarbon con-
centrations are of interest (Haase and others, 2014; Cozzarelli 
and others, 2017; Orem and others, 2017; Kozar and others, 
2020). Duplicate samples for dissolved hydrocarbons were 
collected in 1-L borosilicate glass bottles, as discussed above, 
and refrigerated until analysis to inhibit bacterial activity and 
degassing. Dissolved hydrocarbon data for this study are pub-
lished in a USGS data release (Haase and others, 2022).

The dissolved hydrocarbon analytical system was 
calibrated using a suite of certified gas standards with blend 
accuracies greater than 10 percent. Additionally, qual-
ity control samples consisting of homogenized tap water, 
nitrogen-purged water, and water purged with air containing 
parts-per-million to parts-per-billion by volume mixing ratios 
of hydrocarbon gases were collected in the laboratory in a 
manner identical to the field samples and analyzed to verify 
analytical performance (Haase and others, 2022). Methane 
was quantified exclusively on the flame ionization detector 
(FID) because concentrations are typically much higher than 
other hydrocarbons (Prinzhofer and others, 2000). The FID 
detection limit is 4.97 nanograms per kilogram (ng/kg) and 
the calibration precision is 0.9 percent RSD. The C2 to C6 
hydrocarbons were simultaneously measured on the atomic 
emission detector (AED) and the FID, with the reported value 
coming from the highest sensitivity detector that was still in 
the range of linearity, which was typically the AED for most 
measurements of these compounds. The detection limits of the 
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AED are typically in the range of 6.75 to 25.1 × 10−3 ng/kg, 
with calibration precisions between 1 and 14 percent, replicate 
quality control samples had concentration RSDs between 4 
and 10 percent, and median percent differences between dupli-
cate field samples were 2 to 56 percent.

Geospatial Analysis

Geospatial analysis for this project was conducted by 
incorporating requisite project data into ArcGIS version 10.6 
(Esri, 2020). Data layers compiled or created for the ArcGIS 
Arc-Map project included but were not limited to (1) the loca-
tions of water wells sampled during the project, (2) locations 
of current and legacy vertical and more recent horizontal oil 
and gas wells, (3) a geologic map of the study area, and (4) 
significant geographic features such as locations of public 
water lines, roads, streams, cities, towns, county boundaries, 
and land use. The primary tasks of the spatial analysis were 
to determine (1) the extent of oil and gas well production near 
the sampled residential water wells (within either a 500-m or 
1,000-m radius) in the study area, and (2) the geologic forma-
tion in which the sampled water wells were completed. Thus, 
GIS was used to determine the extent of oil and gas production 
and geology surrounding each residential water well sampled, 
which were the primary factors considered to potentially affect 
groundwater quality in the study area, although other factors, 
such as well depth and topographic setting, also were evalu-
ated as part of the study.

Statistical and Graphical Analysis

Statistical and graphical techniques were used to summa-
rize and compare water chemistry and field parameters among 
different sites according to spatial location, geology, proxim-
ity to oil and gas wells, and topographic setting. Statistical 
analyses were conducted and graphics were created with the R 
statistical computing environment version 3.4.0 (R Core Team, 
2017). Non-parametric techniques were used for comput-
ing descriptive and multivariate statistics from water-quality 
data that were, in some instances, censored at multiple levels. 
Censored data are low-level concentrations of chemicals with 
values between zero and the laboratory’s reporting limit. The 
robust regression on order statistics (ROS) survival analysis 
method was used to calculate summary statistics for censored 
data because of the relatively small sample sizes and to avoid 
transformation bias of non-normal water-quality data (Helsel, 
2012). Scatter plots were used to understand the relation 
between ion concentrations, mineral saturation indices, and 
pH. Tukey-type boxplots, censored at the highest reporting 
limit (Lorenz, 2018) were created to understand the rela-
tion between water quality and site characteristics, whereas 
trilinear Piper diagrams (Piper, 1944; Back, 1966) were used 
to show a graphical representation of major ion chemistry. 
Boxplots and Piper diagrams were created with the USGS 
smwrGraphs R package and, when necessary, the robust ROS 

method was employed to impute values for censored water-
quality data (Lorenz and Diekoff, 2017). For statistical analy-
sis, data for the wells sampled in the Conemaugh Group and 
Monongahela Formation were combined for multivariate sta-
tistical analysis because of the low sample size (only 7 and 4 
wells sampled in the Monongahela Formation and Conemaugh 
Group, respectively), but were graphed as separate units in 
the boxplots and trilinear diagrams. Hillside and hilltop wells 
were also combined and labeled as upland wells for multivari-
ate statistical and graphical analysis.

Prior to multivariate statistical analysis, and because of 
the presence of multiple censoring levels, censored data were 
re-coded to u-Scores with the codeU function in the USGS 
smwrQW package (Lorenz, 2018). The u-Score is the sum of 
the sign of the differences between each value and all other 
values and is equivalent to the rank but scaled so the median 
is equal to zero. Using u-Scores allows for the computation of 
multivariate relations without requiring censoring at the high-
est reporting limit and retains information at multiple reporting 
limits. In cases where a column of data has only one censoring 
level, the u-Scores are the same as ordinal methods of ranking 
for one reporting limit (Helsel, 2012).

Principal components analysis (PCA) was used to iden-
tify relations between the major chemical and hydrological 
processes that could explain dissolved element concentrations 
in the water-quality dataset. Principal component analysis is a 
multivariate statistical analysis method that allows rapid anal-
ysis of large datasets and extracts the eigenvectors and eigen-
values from a covariance matrix. It can be used to understand 
the intercorrelations of many variables and provide insight 
into underlying hydrogeochemical processes (Davis, 1986). 
PCA was computed with the principal function in the R psych 
package (Revelle, 2022), which first computes correlation 
coefficients (Spearman’s rho) for the raw u-Scores and then 
performs a PCA on the resulting correlation matrix (app. 1). 
Varimax rotation was applied to simplify the structure of the 
PCA model, which maximized the differences in components 
and aided in the interpretation of results. Water-quality vari-
ables that had missing values or were censored in more than 
40 percent of the values were excluded from the PCA. The 
variable loadings from the varimax-rotated PCA were used to 
determine the master variables for each rotated component. 
Resulting loadings from the PCA and statistically significant 
correlations (p less than 0.01) from the correlation matrix were 
retained and used for further interpretation of the dataset.

The Wilcoxon Signed Rank Test (Helsel, 2012) was run 
to determine whether there were statistically significant dif-
ferences between (1) the geologic formations, (2) the topo-
graphic setting (uplands or valleys) in which the water wells 
are present, (3) the depth of water wells sampled (less than 
95 ft in depth or greater than or equal to 95 ft in depth), and 
(4) with respect to the number of oil and gas wells in proxim-
ity to the water wells sampled for the study (pre-1930 oil and 
gas wells, Marcellus Shale oil and gas play wells only, and oil 
and gas wells within 500 or 1,000 m of residential water wells 
sampled for the study). For the Wilcoxon Signed Rank Test, 
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p less than 0.05 was used to determine if differences between 
groups of data are statistically significant. When p is less than 
0.05, it indicates that groups are statistically different from one 
another, whereas if p is greater than 0.05, it indicates that dif-
ferences between the two compared groups are not statistically 
significant.

Additional analyses were conducted by preparing trilinear 
diagrams showing the overall composition of the groundwater 
for the wells sampled with respect to the (1) geologic forma-
tions, (2) topographic setting (uplands or valleys) in which the 
water wells are present, and (3) depth of water wells sampled 
(less than 95 ft in depth or greater than or equal to 95 ft in 
depth). These factors commonly are found to be related to 
variability of groundwater quality in West Virginia. A similar 
approach for data analysis was used for a companion study of 
groundwater quality in areas of active and legacy coal mining 
in southern West Virginia (Kozar and others, 2020).

Finally, statistical tables of the mean, median, maximum, 
and minimum concentrations and the standard deviation of the 
data were developed for the data collected from the residential 
water wells sampled and assessed with respect to (1) overall 
groundwater quality as compared to EPA, USGS, OSMRE, 
and other drinking-water standards, and with respect to the (2) 
various geologic formations, (3) topographic setting (uplands 
or valleys) in which the residential wells are present, and (4) 
depth of wells sampled (less than 95 ft in depth or greater than 
or equal to 95 ft in depth).

Geochemical Modeling

Aqueous speciation and mineral saturation indices were 
computed with the geochemical modeling software PHRE-
EQC (Parkhurst and Appelo, 2013). The mineral saturation 
index (SI) is a measure of whether a mineral has the poten-
tial to dissolve or precipitate depending on the conditions of 
the solution. The mineral SI is determined by dividing the 
ion activity product (IAP) by the thermodynamic solubility 
product (Ksp) and then taking the logarithm of the quotient 
[log(IAP/ Ksp)]. When a solution is at equilibrium, the SI is 
zero. In solutions where the SI is greater than zero (IAP is 
greater than Ksp), the solution is said to be supersaturated and 
the specified mineral, if present, is not likely to dissolve and 
may precipitate. In solutions where the SI is less than zero 
(IAP is less than Ksp), the solution is said to be undersaturated 
and the mineral, if present, could dissolve and would not pre-
cipitate (Benjamin, 2002).

Groundwater Quality
Groundwater quality within this report is discussed 

with respect to several criteria, including quality assurance 
(QA) data, drinking-water standards, and relation to geology, 
topographic setting, water well depth, and proximity to oil and 
gas production wells. Generally, differences in groundwater 

quality were present in five general classes of constituents: 
(1) constituents related to redox processes—primarily iron, 
manganese, and dissolved oxygen, (2) constituents related 
to TDS—primarily hardness, calcium, magnesium, and 
potassium, (3) constituents related to brine or saline water—
primarily sodium, chloride, bromide, and strontium, (4) con-
stituents related to shallow bacterial contamination—turbidity, 
total coliform bacteria, and E. coli, and (5) radioactive 
constituents—radon-222, radium-226, radium-228, uranium, 
and gross alpha and gross beta radiation.

Quality assurance data are important in assessing the 
quality of the data summaries and analyses. Quality assurance 
data help to evaluate potential bias in the data resulting from 
contamination during sampling or decontamination processes 
between sample sites, laboratory variability in analytical meth-
ods, and other potential contamination that may affect the 
sample collection and analytical process.

Although residential wells are unregulated, water-quality 
data collected for this project can be compared to drinking-
water standards to document the quality of groundwater used 
for rural residential supplies in northwestern West Virginia. 
Comparisons to water-quality standards provide residents of 
the region and State and local water-resource managers valu-
able information about constituents that may be of concern 
with respect to health-based or aesthetic standards.

There may be differences in water quality related to the 
geologic formation in which a well is situated due to variability 
in rock type and mineral content. Therefore, the water-quality 
data were assessed with respect to the principal geologic 
formations that comprise the study area—the Dunkard Group, 
Conemaugh Group, and Monongahela Formation.

Criteria such as topographic setting (whether a well 
is situated in a hilltop, hillside, or valley setting) and well-
construction characteristics (such as the depth of the well) also 
can be evaluated to address issues with respect to groundwater 
quality. Numerous factors including well yields and groundwa-
ter residence times may vary by topographic setting potentially 
affecting groundwater quality. For example, well yields which 
were previously discussed in the hydrogeologic setting and 
groundwater flow section of this report, are higher in valley 
settings, than in hillside or hilltop settings. Thus, groundwater 
quality may be different with respect to topographic setting.

Water-quality data were assessed with respect to the 
proximity of the rural residential water wells sampled for the 
study to active, legacy, or abandoned oil and gas wells within 
a 500-m or 1,000-m radius of the sampled water wells. This 
spatial assessment is to assess whether the proximity of past or 
present oil and gas wells may or may not affect groundwater 
quality within the study area.

All water-quality data collected for this report (except the 
dissolved hydrocarbon and isotope data) are accessible from 
the USGS NWIS database (U.S. Geological Survey, written 
commun., 2022). A list of all wells sampled for the project, 
including date and time of sampling, USGS station numbers 
and site names, and well-construction information is provided 
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in table 6. The dissolved hydrocarbon and isotope data col-
lected for this project are available in a USGS data release 
(Haase and others, 2022).

Quality Assurance Results

The QA samples consisted of one replicate environmen-
tal sample pair for various analyses, one field blank, and one 
equipment blank. Analyte concentrations of a replicate sample 
pair typically differed by small amounts, less than 5 percent 
RPD. The only constituents that exceeded the 5-percent RPD 
threshold were radionuclides including gross alpha activity 
(one replicate pair with an RPD of 32 percent), radium-224 
(one replicate pair with an RPD of 34 percent),  
radium-226 (one replicate pair with an RPD of 14 percent), 
uranium-234 (one replicate pair with an RPD of 12 percent), 
uranium-235 (one replicate pair with an RPD of 6 percent), 
and uranium-238 (one replicate pair with an RPD of 31 
percent). However, the relatively large RPD for the replicate 
samples for radionuclides (excluding radon-222) reflects rela-
tively greater uncertainty at low values near method report-
ing levels, as the field and replicate analyses for radium-224, 
radium-226, radium-228, and uranium were all at very low 
concentrations or less than the method detection limits. Of 
the remaining 39 constituents, the RPD could not be quanti-
fied accurately for nine constituents, as analytical results for 
both replicate samples were less than the method detection 
limits. The constituents where RPD could not be quantified 
accurately included beryllium, cadmium, chromium, cobalt, 
copper, mercury, nickel, silver, zinc, antimony, selenium, and 
uranium, principally due to a large number of non-detect con-
centrations and possibly to limitations in analytical methods.

Constituent concentrations for one field blank collected 
at the first site sampled generally were less than the method 
detection limit, indicating that field collection and process-
ing procedures for samples were adequate to prevent cross 
contamination of environmental samples collected for the 
project. Trace metal concentrations for barium, cobalt, lead, 
manganese, and molybdenum indicate low level contamina-
tion or analytical bias with blank concentrations of 1.2, 0.04, 
0.03, 0.717, and 0.064 µg/L, respectively. Due to the low 
concentrations and large number of non-detects for cobalt and 
lead, some bias in those data is possible, but environmental 
concentrations for barium, manganese, and molybdenum 
were orders of magnitude higher than the concentrations in 
the blank samples. For the replicate sample submitted for 
radionuclide analysis, concentrations of gross alpha activity, 
gross beta activity, radium-224, radium-228, uranium-235, 
and uranium-238 were all below the method detection limits, 
and radium-226 and uranium-234 were detected at concentra-
tions of 0.022 and 0.043 pCi/L, respectively. Given that the 
replicate samples were sampled at the same time as the field 
blank and had similar concentrations, and concentrations of 

the radionuclide constituents were typically below the method 
detection limit, no significant variability with respect to ana-
lytical methods is evident.

Equipment blank data are QA samples collected in a con-
trolled laboratory environment to assess the cleanliness of the 
equipment used, to test the quality of the water used for field 
and laboratory blanks, and to assess laboratory analytical con-
tamination. One equipment blank was collected for the study 
and the data for common ion and trace metal analysis all were 
less than the method detection limits, indicating no bias with 
respect to the equipment, blank water, or laboratory analysis 
methods for these constituents. Equipment blank concentra-
tions of gross alpha activity, gross beta activity, radium-224, 
radium-226, radium-228, uranium-235, and uranium-238 were 
all below the method detection limits, and uranium-234 was 
detected at a concentration of 0.032 pCi/L.

Overall, the QA samples indicate that data collected for 
the project were acceptable for the goals of the project, with 
minor potential field collection contamination with respect to 
cobalt and lead, with field blank concentrations of 0.040 and 
0.030, µg/L, respectively.

Relation to Drinking-Water Standards

A primary impetus for this project was concern that trace 
metals, radionuclides, or other contaminants present in water 
from unregulated residential wells may pose a health threat to 
individuals that rely on these sources for their water supply. 
In addition, there is concern that legacy as well as current oil 
and gas development and production activities may adversely 
affect the quality of groundwater upon which residents in the 
study area rely for their primary source of water. As a result, 
groundwater-quality data collected for this study are compared 
to public drinking-water standards, even though those regula-
tions are not enforceable for rural residential water supplies.

Analyte concentrations were compared to several 
drinking-water standards (table 7) including EPA’s maxi-
mum contaminant levels (MCLs), maximum contaminant 
level goals (MCLGs), health-based values (HBVs), surface 
water treatment rule (SWTR) treatment techniques (TT), 
proposed MCLs, alternate proposed maximum contaminant 
levels (AMCLs) for radon-222, and drinking water equivalent 
levels (DWEL). Full descriptions of EPA primary and second-
ary drinking-water standards and health advisories may be 
accessed at EPA web sites (U.S. Environmental Protection 
Agency, 2022a; 2022b). USGS health-based screening levels 
(HBSLs) and the OSMRE level of concern (LOC) and imme-
diate action level (IAL) for methane in groundwater also are 
provided to assess the overall quality of groundwater in the 
study area. The EPA HBV of 20 mg/L for sodium for those 
on a sodium-restricted diet also is included. Full descriptions 
of the USGS HBSLs given by Norman and others (2018) 
may be accessed online at the USGS Health-Based Screening 
Levels website (htt​ps://water​.usgs.gov/​water-​resources/​hbsl/​ ).

https://water.usgs.gov/water-resources/hbsl/
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Table 6.  U.S. Geological Survey station numbers, station names, dates when water wells were sampled, well-construction data, and proximity of wells sampled to nearby oil 
and gas wells in the wet gas dominated part of the Marcellus Shale play in northwestern West Virginia.

[Site data are available from U.S. Geological Survey (2021) National Water Information System (NWIS) database and oil and gas production data are available from the West Virginia Geological and Economic 
Survey (2020a) oil and gas database. YYYMMDD, year month date; ft, foot; bls, below land surface; NAVD 88, North American Vertical Datum of 1988; MCF, thousand cubic foot; Cal, Calhoun County; Dod, 
Doddridge County; Gil, Gilmer County; Rit, Ritchie County; Roa, Roane County; Tyl, Tyler County; Wet, Wetzel County; Wir, Wirt County]

Station number
Station 

name

Latitude  

(decimal 

degrees)

Longitude  

(decimal 

degrees)

Geologic location of 

principal aquifer

Date water 

well sampled  

(YYYYMMDD)

Water level 

(ft bls)

Well depth, 

(ft)

Topographic 

setting

Land surface 

elevation (ft, 

NAVD 88)

Marcellus wells 

within 1,000 m of 

sampled well

Gas production (MCF) in 2017 

for Marcellus wells within 

1,000 m of well sampled

385115081050101 Cal-0133 38.85417 −81.08361 Monongahela Formation 20180711 19.32 85 Valley 732.6 0 0

384433081050601 Cal-0134 38.7425 −81.085 Conemaugh Group 20180718 17.02 101 Valley 762.9 0 0

384601081105501 Cal-0135 38.76694 −81.18194 Conemaugh Group 20180712 7.97 62.5 Valley 729.9 0 0

384535081131101 Cal-0137 38.7598 −81.21985 Monongahela Group 20180712 23.28 100 Valley 1,100.5 0 0

391923080345801 Dod-0068 39.32297 −80.58267 Dunkard Group 20180626 14.07 49 Valley 943.3 2 14,284

392303080335801 Dod-0069 39.38428 −80.56619 Dunkard Group 20180626 12.11 116 Hillside 924.1 4 1,739,164

391532080424801 Dod-0070 39.25889 −80.71342 Monongahela Group 20180625 8.29 120 Valley 828.9 0 0

385457080563701 Gil-0199 38.91584 −80.94368 Conemaugh Group 20180710 53.25 170 Hillside 770.7 0 0

385455080375401 Gil-0201 38.91539 −80.63173 Monongahela Group 20180709 21.65 82 Valley 916.7 0 0

384916080563101 Gil-0202 38.82118 −80.94206 Conemaugh Group 20180711 9.69 50 Valley 906.2 0 0

391108081091601 Rit-0119 39.18567 −81.15450 Monongahela Group 20180620 19.97 166 Valley 678.9 3 5,241

390843081152601 Rit-0120 39.14531 −81.25713 Monongahela Group 20180621 50.99 80 Hillside 688.5 1 777

390730081074501 Rit-0121 39.12498 −81.12904 Dunkard Group 20180627 60.33 240 Hilltop 1,079.4 0 0

390652080584301 Rit-0124 39.11439 −80.97859 Dunkard Group 20180628 17.55 57 Hillside 819.9 0 0

391734081075901 Rit-0126 39.29278 −81.13306 Dunkard Group 20180620 18.99 130 Valley 957 0 0

391801080580601 Rit-0128 39.30025 −80.9682 Dunkard Group 20180621 7.81 120 Valley 952.6 17 10,169,097

384437081131901 Roa-0192 38.74355 −81.22193 Monongahela Group 20180719 16.58 73 Valley 751.1 0 0

384929081175801 Roa-0193 38.82468 −81.29945 Dunkard Group 20180718 14.81 71 Valley 787.4 0 0

384921081293101 Roa-0195 38.82250 −81.49194 Dunkard Group 20180717 236.1 460 Hillside 982.6 0 0

385229081294401 Roa-0197 38.87461 −81.49548 Dunkard Group 20180717 12.47 124 Valley 782 0 0

384610081272501 Roa-0198 38.76951 −81.45692 Dunkard Group 20180716 35.09 180 Valley 834.7 1 1,255

392534080501701 Tyl-0095 39.42608 −80.83811 Dunkard Group 20180619 9.32 80 Hillside 751.8 0 0

392429080551301 Tyl-0096 39.40800 −80.92022 Dunkard Group 20180619 17.5 150 Valley 790.2 0 0

393017081013201 Tyl-0100 39.50478 −81.02547 Dunkard Group 20180618 15.2 80 Valley 760.1 2 10,285

394100080485101 Wet-0137 39.68325 −80.81425 Dunkard Group 20180612 39.64 95 Hilltop 1,355 7 1,845,341

393306080313301 Wet-0139 39.55169 −80.52589 Dunkard Group 20180613 4.96 85 Valley 927.5 7 1,688,856

392945080380201 Wet-0140 39.49581 −80.63383 Dunkard Group 20180613 15.55 85 Valley 849.5 5 113,173

393513080473501 Wet-0141 39.58697 −80.79294 Dunkard Group 20180611 12.21 58 Valley 700.3 10 4,909,307

393754080340701 Wet-0144 39.63161 −80.56867 Dunkard Group 20180614 41.35 62 Valley 1,187.4 0 0

390456081270801 Wir-0109 39.08234 −81.45209 Dunkard Group 20180627 79.24 126 Hilltop 1,002.1 0 0
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Table 6.  U.S. Geological Survey station numbers, station names, dates when water wells were sampled, well-construction data, and proximity of wells sampled to nearby oil 
and gas wells in the wet gas dominated part of the Marcellus Shale play in northwestern West Virginia.—Continued

[Site data are available from U.S. Geological Survey (2021) National Water Information System (NWIS) database and oil and gas production data are available from the West Virginia Geological and Economic 
Survey (2020a) oil and gas database. YYYMMDD, year month date; ft, foot; bls, below land surface; NAVD 88, North American Vertical Datum of 1988; MCF, thousand cubic foot; Cal, Calhoun County; Dod, 
Doddridge County; Gil, Gilmer County; Rit, Ritchie County; Roa, Roane County; Tyl, Tyler County; Wet, Wetzel County; Wir, Wirt County]

Station number
Station 

name

Latitude 

(decimal 

degrees)

Longitude 

(decimal 

degrees)

Principal aquifer

Date 

water well 

sampled 

(YYYYM-

MDD)

Total number of 

oil and gas wells 

within 1,000 m 

of water well 

sampled

Total number of 

pre-1930 oil and 

gas wells within 

1,000 m of well 

sampled

Total number of 

post-1930 oil and 

gas wells within 

1,000 m of water 

well sampled

Total number 

of water wells 

within 500 m of 

oil and gas well 

sampled

Total number of 

pre-1930 oil and 

gas wells within 

500 m of water 

well sampled

Total number of 

post-1930 oil and 

gas wells within 

500 m of water 

well sampled

385115081050101 Cal-0133 38.85417 −81.08361 Monongahela Formation 20180711 30 1 29 13 0 13

384433081050601 Cal-0134 38.7425 −81.085 Conemaugh Group 20180718 33 1 32 9 1 8

384601081105501 Cal-0135 38.76694 −81.18194 Conemaugh Group 20180712 4 2 2 3 2 1

384535081131101 Cal-0137 38.7598 −81.21985 Monongahela Group 20180712 16 2 14 4 0 4

391923080345801 Dod-0068 39.32297 −80.58267 Dunkard Group 20180626 43 26 17 6 4 2

392303080335801 Dod-0069 39.38428 −80.56619 Dunkard Group 20180626 42 17 25 9 6 3

391532080424801 Dod-0070 39.25889 −80.71342 Monongahela Group 20180625 40 16 24 9 3 6

385457080563701 Gil-0199 38.91584 −80.94368 Conemaugh Group 20180710 22 5 17 9 4 5

385455080375401 Gil-0201 38.91539 −80.63173 Monongahela Group 20180709 25 3 22 6 0 6

384916080563101 Gil-0202 38.82118 −80.94206 Conemaugh Group 20180711 9 1 8 3 0 3

391108081091601 Rit-0119 39.18567 −81.1545 Monongahela Group 20180620 73 38 35 19 10 9

390843081152601 Rit-0120 39.14531 −81.25713 Monongahela Group 20180621 21 0 21 2 0 2

390730081074501 Rit-0121 39.12498 −81.12904 Dunkard Group 20180627 26 2 24 5 0 5

390652080584301 Rit-0124 39.11439 −80.97859 Dunkard Group 20180628 22 3 19 4 1 3

391734081075901 Rit-0126 39.29278 −81.13306 Dunkard Group 20180620 47 26 21 13 5 8

391801080580601 Rit-0128 39.30025 −80.9682 Dunkard Group 20180621 37 1 36 13 0 13

384437081131901 Roa-0192 38.74355 −81.22193 Monongahela Group 20180719 7 3 4 0 0 0

384929081175801 Roa-0193 38.82468 −81.29945 Dunkard Group 20180718 21 5 16 3 1 2

384921081293101 Roa-0195 38.82250 −81.49194 Dunkard Group 20180717 33 0 33 9 0 9

385229081294401 Roa-0197 38.87461 −81.49548 Dunkard Group 20180717 0 0 0 0 0 0

384610081272501 Roa-0198 38.76951 −81.45692 Dunkard Group 20180716 25 17 8 4 3 1

392534080501701 Tyl-0095 39.42608 −80.83811 Dunkard Group 20180619 15 13 2 3 3 0

392429080551301 Tyl-0096 39.40800 −80.92022 Dunkard Group 20180619 9 3 6 4 2 2

393017081013201 Tyl-0100 39.50478 −81.02547 Dunkard Group 20180618 25 8 17 6 0 6

394100080485101 Wet-0137 39.68325 −80.81425 Dunkard Group 20180612 28 4 24 5 1 4

393306080313301 Wet-0139 39.55169 −80.52589 Dunkard Group 20180613 25 7 18 8 3 5

392945080380201 Wet-0140 39.49581 −80.63383 Dunkard Group 20180613 51 23 28 8 3 5

393513080473501 Wet-0141 39.58697 −80.79294 Dunkard Group 20180611 32 19 13 4 4 0

393754080340701 Wet-0144 39.63161 −80.56867 Dunkard Group 20180614 19 14 5 5 4 1

390456081270801 Wir-0109 39.08234 −81.45209 Dunkard Group 20180627 4 1 3 2 0 2
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Table 7.  Table summarizing water-quality data with respect to U.S. Environmental Protection Agency drinking-water standards, U.S. Geological Survey health-based screening 
levels, and Office of Surface Mining Reclamation and Enforcement level of concern and immediate action level for methane in groundwater.

[Drinking-water standards referenced in this table are from the U.S. Environmental Protection Agency (2019), U.S. Geological Survey (Norman and others, 2018), and the U.S Office of Surface Mining 
Reclamation and Enforcement (Eltschlager and others, 2001). EPA, Environmental Protection Agency; SMCL, secondary maximum contaminant level; MCLG, maximum contaminant level goal ; MCL, maxi-
mum contaminant level; TT, treatment technique; AMCL, alternate maximum contaminant level; OSMRE, U.S. Office of Surface Mining Reclamation and Enforcement; LOC, level of concern; IAL, immediate 
action level; USGS, U.S. Geological Survey; HBSL, health-based screening level; HBV, health-based value; DWEL, drinking-water equivalent level; kg, kilogram; HAL, health advisory level; --, indicate there were 
no applicable standards for that constituent from the respective agency; NTU, nephelometric turbidity units; TDS, total dissolved solids; mg/L, milligram per liter; μg/L,microgram per liter; N, as nitrogen; E. 
coli, Escherichia coli; %, percent; MPN, most probable number; mL, milliliter; pCi/L, picocuries per liter]

Constituent EPA SMCL EPA MCLG EPA MCL EPA TT EPA AMCL OSMRE LOC OSMRE IAL USGS HBSL EPA HBV EPA DWEL

Drinking-water standards

pH (standard units) 6.5–8.5 -- -- -- -- -- -- -- -- --

Turbidity (NTU) -- -- -- 1 NTU1 -- -- -- -- -- --

Turbidity (NTU) -- -- -- 5 NTU1 -- -- -- -- -- --

TDS (mg/L) 500 mg/L -- -- -- -- -- -- -- -- --

Sodium (mg/L) -- -- -- -- -- -- -- -- 20 mg/L --

Chloride (mg/L) 250 mg/L -- -- -- -- -- -- -- -- --

Fluoride (mg/L) 2.0 mg/L 4 mg/L 4 mg/L -- -- -- -- -- -- --

Sulfate (mg/L) 250 mg/L -- -- -- -- -- -- -- 500 mg/L --

Ammonia as N (mg/L) -- -- -- -- -- -- -- -- 30 mg/L --

Nitrate as N (mg/L) -- 10 mg/L 10 mg/L -- -- -- -- -- -- --

Nitrite as N (mg/L) -- 1 mg/L 1 mg/L -- -- -- -- -- -- --

E. coli (MPN/100mL) -- 0 5%/month2 -- -- -- -- -- -- --

Total coliform (MPN/100mL) -- 0 5%/month2 -- -- -- -- -- -- --

Aluminum (μg/L) 0.05–2 μg/L -- -- -- -- -- -- -- -- --

Barium (μg/L) -- 2000 μg/L 2,000 μg/L -- -- -- -- -- -- 7,000 μg/L

Beryllium (μg/L) -- 4 μg/L 4 μg/L -- -- -- -- -- -- 70 μg/L

Cadmium (μg/L) -- 5 μg/L 5 μg/L -- -- -- -- -- -- 20 μg/L

Chromium (μg/L) -- 100 μg/L 100 μg/L -- -- -- -- -- -- 100 μg/L

Copper (μg/L) 1,000 μg/L 1300 μg/L -- 1,300 μg/L3 -- -- -- -- -- --

Iron (μg/L) 300 μg/L -- -- -- -- -- -- -- -- --

Lead (μg/L) -- 0 μg/L -- 15 μg/L3 -- -- -- -- -- --

Manganese (μg/L) 50 μg/L -- -- -- -- -- -- 300 μg/L -- 1,600 μg/L

Mercury (μg/L) -- 2 μg/L 2 μg/L -- -- -- -- -- -- 10 μg/L

Molybdenum (μg/L) -- -- -- -- -- -- -- 40 μg/L -- 200 μg/l

Nickel (μg/L) -- -- -- -- -- -- -- 100 μg/L -- 700 μg/L

Silver (μg/L) 100 μg/L -- -- -- -- -- -- 100 μg/L -- 200 μg/L

Zinc (μg/L) 5,000 μg/L -- -- -- -- -- -- 2,000 μg/L -- 10,000 μg/L

Antimony (μg/L) -- 6 μg/L 6 μg/L -- -- -- -- -- -- 10 μg/L

Arsenic (μg/L) -- 0 μg/L 10 μg/L -- -- -- -- -- -- 10 μg/L
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Table 7.  Table summarizing water-quality data with respect to U.S. Environmental Protection Agency (EPA) drinking-water standards, U.S. Geological Survey (USGS) 
health-based screening levels, and Office of Surface Mining Reclamation and Enforcement (OSMRE) level of concern and immediate action level for methane in groundwater.—
Continued

[Drinking-water standards referenced in this table are from the U.S. Environmental Protection Agency (2019), U.S. Geological Survey (Norman and others, 2018), and the U.S Office of Surface Mining 
Reclamation and Enforcement (Eltschlager and others, 2001). EPA, Environmental Protection Agency; SMCL, secondary maximum contaminant level; MCLG, maximum contaminant level goal ; MCL, maxi-
mum contaminant level; TT, treatment technique; AMCL, alternate maximum contaminant level; OSMRE, U.S. Office of Surface Mining Reclamation and Enforcement; LOC, level of concern; IAL, immediate 
action level; USGS, U.S. Geological Survey; HBSL, health-based screening level; HBV, health-based value; DWEL, drinking-water equivalent level; kg, kilogram; HAL, health advisory level; --, indicate there were 
no applicable standards for that constituent from the respective agency; NTU, nephelometric turbidity units; TDS, total dissolved solids; mg/L, milligram per liter; μg/L,microgram per liter; N, as nitrogen; E. 
coli, Escherichia coli; %, percent; MPN, most probable number; mL, milliliter; pCi/L, picocuries per liter]

Constituent

EPA 10-kg 

Child 

1-Day HAL

EPA SMCL 

exceedances 

(count/per-

centage)

EPA MCLG 

exceedances 

(count/per-

centage)

EPA MCL 

exceedances 

(count/per-

centage)

EPA TT 

exceedances 

(count/per-

centage)

EPA AMCL 

exceedances 

(count/per-

centage)

OSMRE LOC 

exceedances 

(count/percent-

age)

OSMRE IAL 

exceed-

ances (count/ 

percentage)

USGS HBSL 

exceedances 

(count/per-

centage)

EPA HBV 

exceedances 

(count/per-

centage)

EPA DWEL 

exceedances 

(count/per-

centage)

EPA 10-kg Child 

1-Day HAL 

exceedances 

(count/ percent-

age)

Drinking-water standards

pH (standard units) -- 5 / 16.7 -- -- -- -- -- -- -- -- -- --

Turbidity (NTU) -- -- -- -- 12 / 40.0 -- -- -- -- -- -- --

Turbidity (NTU) -- -- -- -- 2 / 6.7 -- -- -- -- -- -- --

TDS (mg/L) -- 5 / 16.7 -- -- -- -- -- -- -- -- -- --

Sodium (mg/L) -- -- -- -- -- -- -- -- -- 24 / 80.0 -- --

Chloride (mg/L) -- 2 / 6.7 -- -- -- -- -- -- -- -- -- --

Fluoride (mg/L) -- 1 / 3.3 0 / 0 0 / 0 -- -- -- -- -- -- -- --

Sulfate (mg/L) -- 0 / 0 -- -- -- -- -- -- -- 0 / 0 -- --

Ammonia as N (mg/L) -- -- -- -- -- -- -- -- -- 0 / 0 -- --

Nitrate as N (mg/L) 10 mg/L -- 0 / 0 0 / 0 -- -- -- -- -- -- -- 0 / 0

Nitrite as N (mg/L) 1 mg/L -- 0 / 0 0 / 0 -- -- -- -- -- -- -- 0 / 0

E. coli (MPN/100mL) -- -- 11 / 36.7 11 / 36.7 -- -- -- -- -- -- -- --

Total coliform (MPN/100mL) -- -- 26 / 86.7 26 / 86.7 -- -- -- -- -- -- -- --

Aluminum (μg/L) -- 7 / 23.3 -- -- -- -- -- -- -- -- -- --

Barium (µg/L) -- -- 0 / 0 0 / 0 -- -- -- -- -- -- 0 / 0 --

Beryllium (µg/L) -- -- 0 / 0 0 / 0 -- -- -- -- -- -- 0 / 0 --

Cadmium (µg/L) -- -- 0 / 0 0 / 0 -- -- -- -- -- -- 0 / 0 --

Chromium (µg/L) -- -- 0 / 0 0 / 0 -- -- -- -- -- -- 0 / 0 --

Copper (µg/L) -- 0 / 0 0 / 0 -- 0 / 0 -- -- -- -- -- -- --

Iron (µg/L) -- 5 / 16.7 -- -- -- -- -- -- -- -- -- --

Lead (µg/L) -- -- 23 / 76.7 -- 0 / 0 -- -- -- -- -- -- --

Manganese (µg/L) -- 14 / 46.7 -- -- -- -- -- 2 / 6.7 -- 0 / 0 --

Mercury (µg/L) -- -- 1 / 3.3 0 / 0 -- -- -- -- -- -- 0 / 0 --

Molybdenum (µg/L) -- -- -- -- -- -- -- -- 0 / 0 -- 0 / 0 --

Nickel (µg/L) -- -- -- -- -- -- -- -- 0 / 0 -- 0 / 0 --
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Table 7.  Table summarizing water-quality data with respect to U.S. Environmental Protection Agency drinking-water standards, U.S. Geological Survey health-based screening 
levels, and Office of Surface Mining Reclamation and Enforcement level of concern and immediate action level for methane in groundwater.—Continued

[Drinking-water standards referenced in this table are from the U.S. Environmental Protection Agency (2019), U.S. Geological Survey (Norman and others, 2018), and the U.S Office of Surface Mining 
Reclamation and Enforcement (Eltschlager and others, 2001). EPA, Environmental Protection Agency; SMCL, secondary maximum contaminant level; MCLG, maximum contaminant level goal ; MCL, maxi-
mum contaminant level; TT, treatment technique; AMCL, alternate maximum contaminant level; OSMRE, U.S. Office of Surface Mining Reclamation and Enforcement; LOC, level of concern; IAL, immediate 
action level; USGS, U.S. Geological Survey; HBSL, health-based screening level; HBV, health-based value; DWEL, drinking-water equivalent level; kg, kilogram; HAL, health advisory level; --, indicate there were 
no applicable standards for that constituent from the respective agency; NTU, nephelometric turbidity units; TDS, total dissolved solids; mg/L, milligram per liter; μg/L,microgram per liter; N, as nitrogen; E. 
coli, Escherichia coli; %, percent; MPN, most probable number; mL, milliliter; pCi/L, picocuries per liter]

Constituent EPA SMCL EPA MCLG EPA MCL EPA TT EPA AMCL OSMRE LOC OSMRE IAL USGS HBSL EPA HBV EPA DWEL

Selenium (μg/L) -- 50 μg/L 50 μg/L -- -- -- -- -- -- 200 μg/L

Radon (pCi/L)4 -- -- 300 pCi/L -- 4,000 pCi/L -- -- -- -- --

Radium 226 (μg/L) -- 0 μg/L 5 pCi/L5 -- -- -- -- -- -- --

Radium 228 (μg/L) -- 0 μg/L 5 pCi/L5 -- -- -- -- -- -- --

Uranium (μg/L) -- 0 μg/L 30 μg/L -- -- -- -- -- -- --

Methane (mg/kg) -- -- -- -- -- 10 mg/kg 28 mg/kg -- -- --

Benzene (mg/kg) -- 0 mg/kg 5 mg/kg -- -- -- -- -- -- --

Tritium (pCi/L) -- -- 20,000 pCi/L -- -- -- -- -- -- --

11For systems that use conventional or direct filtration, at no time can turbidity (cloudiness of water) be higher than 1 NTU and samples for turbidity must be less than or equal to 0.3 NTUs in at least 95 per-
cent of the samples in any month. Systems that use filtration other than the conventional or direct filtration must follow State limits, which include turbidity at no time exceeding 5 NTUs.

2For public water systems, no more than 5% of samples can test positive for total coliform in a month.t (For water systems that collect fewer than 40 routine samples per month, no more than one sample can 
be TC-positive for total coliform per month.) Every sample that contains total coliform must be analyzed for either fecal coliforms or E. coli; if there are two consecutive TC-positive samples for total coliform, 
and one is also positive for E.coli or fecal coliforms, the system is deemed to have an acute MCL violation.

3Lead and copper are regulated by an EPA Treatment Technique that requires systems to control the corrosiveness of their water. If more than 10 percent of tap water samples exceed the action level, water 
systems must take additional steps to reduce levels. The action level for copper is 1,300 μg/L and the action level for lead is 15 μg/L.

4In 1999, the EPA proposed an MCL of 300 pCi/L for radon in drinking water, and as of June 2022, the rule has yet to be finalized. Therefore, the MCL for radon is referenced as a proposed standard. An alter-
nate MCL (AMCL) for radon was proposed for public water systems that initiated a radon mitigation program. Additional information on radon may be found at https://archive.epa.gov/water/archive/web/html/
regulations.html.

5The EPA MCL for radium is based on the combined concentrations of radium-226 and radium-228.

https://archive.epa.gov/water/archive/web/html/regulations.html
https://archive.epa.gov/water/archive/web/html/regulations.html
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Table 7.  Table summarizing water-quality data with respect to U.S. Environmental Protection Agency (EPA) drinking-water standards, U.S. Geological Survey (USGS) 
health-based screening levels, and Office of Surface Mining Reclamation and Enforcement (OSMRE) level of concern and immediate action level for methane in groundwater.—
Continued

[Drinking-water standards referenced in this table are from the U.S. Environmental Protection Agency (2019), U.S. Geological Survey (Norman and others, 2018), and the U.S Office of Surface Mining 
Reclamation and Enforcement (Eltschlager and others, 2001). EPA, Environmental Protection Agency; SMCL, secondary maximum contaminant level; MCLG, maximum contaminant level goal ; MCL, maxi-
mum contaminant level; TT, treatment technique; AMCL, alternate maximum contaminant level; OSMRE, U.S. Office of Surface Mining Reclamation and Enforcement; LOC, level of concern; IAL, immediate 
action level; USGS, U.S. Geological Survey; HBSL, health-based screening level; HBV, health-based value; DWEL, drinking-water equivalent level; kg, kilogram; HAL, health advisory level; --, indicate there were 
no applicable standards for that constituent from the respective agency; NTU, nephelometric turbidity units; TDS, total dissolved solids; mg/L, milligram per liter; μg/L,microgram per liter; N, as nitrogen; E. 
coli, Escherichia coli; %, percent; MPN, most probable number; mL, milliliter; pCi/L, picocuries per liter]

Constituent

EPA 10-kg 

Child 

1-Day HAL

EPA SMCL 

exceedances 

(count/per-

centage)

EPA MCLG 

exceedances 

(count/per-

centage)

EPA MCL 

exceedances 

(count/per-

centage)

EPA TT 

exceedances 

(count/per-

centage)

EPA AMCL 

exceedances 

(count/per-

centage)

OSMRE LOC 

exceedances 

(count/percent-

age)

OSMRE IAL 

exceed-

ances (count/ 

percentage)

USGS HBSL 

exceedances 

(count/per-

centage)

EPA HBV 

exceedances 

(count/per-

centage)

EPA DWEL 

exceedances 

(count/per-

centage)

EPA 10-kg Child 

1-Day HAL 

exceedances 

(count/  

percentage)

Silver (µg/L) 200 µg/L 0 / 0 -- -- -- -- -- -- 0 / 0 -- 0 / 0 0 / 0

Zinc (µg/L) 6,000 µg/L 0 / 0 -- -- -- -- -- -- 0 / 0 -- 0 / 0 0 / 0

Antimony (µg/L) -- -- 0 / 0 0 / 0 -- -- -- -- -- -- 0 / 0 --

Arsenic (µg/L) -- -- 29 / 96.7 7 / 23.3 -- -- -- -- -- -- 7 / 23.3 --

Selenium (µg/L) -- -- 0 / 0 0 / 0 -- -- -- -- -- -- 0 / 0

Radon (pCi/L)4 -- -- -- 28 / 100 -- 0 / 0 -- -- -- -- -- --

Radium 226 (pCi/L) -- -- 28 / 93.3 0 / 0 -- -- -- -- -- -- -- --

Radium 228 (pCi/L) -- -- 19 / 63.3 0 / 0 -- -- -- -- -- -- -- --

Uranium (µg/L) -- -- 18 / 60 0 / 0 -- -- -- -- -- -- -- --

Methane (mg/kg) -- -- -- -- -- -- 1 / 3.3 0 / 0 -- -- -- --

Benzene (mg/kg) -- -- 11 / 36.7 0 / 0 -- -- -- -- -- -- -- --

Tritium (pCi/L) -- -- -- 0 / 0 -- -- -- -- -- -- -- --

1For systems that use conventional or direct filtration, at no time can turbidity (cloudiness of water) be higher than 1 NTU and samples for turbidity must be less than or equal to 0.3 NTUs in at least 95 percent 
of the samples in any month. Systems that use filtration other than the conventional or direct filtration must follow State limits, which include turbidity at no time exceeding 5 NTUs.

2For public water systems, no more than 5% of samples can test positive for total coliform in a month.t (For water systems that collect fewer than 40 routine samples per month, no more than one sample can 
be TC-positive for total coliform per month.) Every sample that contains total coliform must be analyzed for either fecal coliforms or E. coli; if there are two consecutive TC-positive samples for total coliform, 
and one is also positive for E.coli or fecal coliforms, the system is deemed to have an acute MCL violation.

3Lead and copper are regulated by an EPA Treatment Technique that requires systems to control the corrosiveness of their water. If more than 10 percent of tap water samples exceed the action level, water 
systems must take additional steps to reduce levels. The action level for copper is 1,300 μg/L and the action level for lead is 15 μg/L.

4In 1999, the EPA proposed an MCL of 300 pCi/L for radon in drinking water, and as of June 2022, the rule has yet to be finalized. Therefore, the MCL for radon is referenced as a proposed standard. An alter-
nate MCL (AMCL) for radon was proposed for public water systems that initiated a radon mitigation program. Additional information on radon may be found at https://archive.epa.gov/water/archive/web/html/
regulations.html.

5The EPA MCL for Radium is based on the combined concentrations of both Radium-226 and Radium-228.

https://archive.epa.gov/water/archive/web/html/regulations.html
https://archive.epa.gov/water/archive/web/html/regulations.html
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Secondary maximum contaminant levels are standards that 
relate to aesthetic issues such as color, odor, taste, and staining 
of plumbing fixtures, rather than health-based criteria.

Overall, 21of 30 constituents analyzed exceeded 
drinking-water standards in one or more samples, includ-
ing arsenic, turbidity, and bacteria that exceeded MCLs; pH, 
hardness, chloride, fluoride, TDS, iron and manganese that 
exceeded SMCLs; radon-222 that exceeded a proposed MCL; 
manganese that exceeded an HBSL; and sodium that exceeded 
the EPA HBV (table 7). Boxplots showing the distribution 
of some of the constituents that exceeded one or more of the 
drinking-water standards in 10 percent or more of the wells 
sampled are shown in figure 7.

Field Measurements of pH, Alkalinity, Turbidity, 
Specific Conductance, and Dissolved Oxygen

Of the water properties measured in the field, only pH 
and turbidity exceeded drinking-water standards (table 7). 
Turbidity exceeded the 5 nephelometric turbidity unit (NTU) 
EPA MCL drinking water standard in 2 of 30 (7 percent) wells 
sampled and exceeded the 1 NTU SWTR TT standard in 12 of 
30 (40 percent) wells sampled (table 7). Turbidity is common 
in many wells in West Virginia and may be related to iron 
oxyhydroxide precipitates or sediment carried into the aquifers 
from the shallow soil zone due to improperly cased wells or 
transported to the aquifer in shallow stress relief fracture zones 
(Chambers and others, 2012). Many residents of northwestern 
West Virginia have filtration systems to remove turbidity from 
their well water. For this study, all samples were collected 
prior to any filtration or other treatment and were therefore 
indicative of total and dissolved constituents in the untreated 
water. The minimum, maximum, mean, and median turbidity 
levels for the 30 sites sampled were 0.3, 60, 3.21, and 0.85 
NTUs, respectively (table 8).

The EPA SMCL drinking water standard for pH, which 
is a measure of whether water is acidic, alkaline, or neutral, is 
6.5 to 8.5; pH values greater than 8.5 are considered alkaline 
water and pH values less than 6.5 are considered acidic water, 
both of which can be corrosive to plumbing fixtures. Corrosive 
water can cause trace elements and other contaminants to 
leach from plumbing lines and plumbing fixtures, especially 
those of metallic composition such as copper or galvanized 
steel pipes. Five of the wells sampled, (17 percent) were 
outside the pH SMCL range (table 7). Of those 5 sites, 4 (80 
percent) were indicative of alkaline water and only 1 (20 per-
cent) was indicative of acidic water. The minimum, maximum, 
mean, and median pH levels for the 30 wells sampled were 
6.0, 9.1, 7.5, and 7.4 standard pH units, respectively (table 8).

Corrosivity and Potential for Galvanic Corrosion
Alkaline or acidic water can leach iron, lead, copper, 

zinc, and other metallic components from galvanized or cop-
per plumbing systems. A recent USGS report computed two 

indices of potential corrosivity, the Langelier Saturation Index 
(LSI) and the potential to promote galvanic corrosion (PPGC), 
for groundwater across the United States, and indicated that 
West Virginia was among the States with a high potential for 
corrosive groundwater (Belitz and others, 2016).

The LSI is a measure of calcite saturation and can be 
used as an indicator of the potential for calcium scale to form 
in plumbing. The index is computed based on pH, water tem-
perature, and concentrations of TDS, calcium, and alkalinity. 
The LSI was computed for all 30 wells sampled in the current 
study (table 9) and interpreted in the following manner. An 
LSI less than -0.5 is classified as potentially corrosive, an LSI 
is classified as indeterminate if greater than or equal -0.5 and 
less than or equal to 0.5, and classified as scale forming if 
greater than 0.5. Of the 30 wells sampled, 27 sites (90 percent) 
had an LSI less than -0.5 indicative of corrosive waters, 3 
sites (10 percent) had LSI values in the indeterminate range, 
and none (0 percent) of the wells sampled had an LSI value of 
alkaline scale-forming water.

The corrosivity of water is insufficient to assess whether 
water from a particular well has a potential to leach trace 
metals from galvanized pipes and boilers or from copper pipe 
soldered with lead tin solder. The PPGC can be estimated from 
the chloride to sulfate mass ratio (CSMR). Nguyen and others 
(2011) developed a decision tree to help public water utilities 
evaluate treatment alternatives that might prevent galvanic 
corrosion of lead pipes and plumbing features. Three levels of 
concern were defined based on the CSMR and alkalinity: no 
concern, significant concern, and serious concern (Nguyen and 
others, 2011). Nguyen and others (2011) noted that if no lead 
is present in a system, or if partially replaced lead compo-
nents exist, then the classification is “no concern.” However, 
for this current study, untreated groundwater was assessed 
and the three-tier classification system was applied without 
consideration of the presence or absence of lead in the raw 
source water or within the water distribution system to assess 
the PPGC for the wells sampled. The three PPGC levels for 
this study, which are defined based on chloride-sulfate mass 
ratios and the alkalinity, are classified as low, moderate, and 
high: if the CSMR is less than 0.2, then the PPGC is low; if 
the CSMR is greater than or equal to 0.2 but less than or equal 
to 0.5, then the PPGC is moderate; if the CSMR is greater than 
0.5 and alkalinity is greater than or equal to 50, then the PPGC 
is moderate; and if CSMR is greater than 0.5 and alkalinity is 
less than 50, then the PPGC is high.

Of the 30 wells sampled, none (0 percent) had a PPGC 
that classified as high, 26 (87 percent) were classified as 
moderate, and 4 (13 percent) were classified as low. Since 
the PPGC classification is based partly on total alkalinity, the 
moderate to high levels of alkalinity present in groundwater 
in the study area buffer the water and reduce the potential to 
promote galvanic corrosion in public and residential water sys-
tems in the study area. Preliminary evaluation using graphical 
analysis (not presented in this report) of the computed LSI and 
PPGC did not indicate any potential correlation to well depth, 
geologic formation, or topographic setting, and thus no further 
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Figure 7.  Boxplots showing distribution of concentrations of turbidity, total dissolved solids, pH, sodium, arsenic, aluminum, 
radon-222, iron, manganese, Escherischia coli, and total coliform, all of which exceed one or more of the drinking-water standards 
for 10 percent or more of the sites sampled within the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern 
West Virginia.
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Table 8.  Statistical summary of analytical and well-construction data for constituents analyzed in water samples from the 30 sites 
sampled in the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia.

[Chemical data referenced in this table are available from the USGS National Water Information System database (U.S. Geological Survey, 2021) and the methane, 
ethane, and benzene data are available in a USGS data release (Haase and others, 2022). min, minimum value; max, maximum value; SD, standard deviation; ft, 
foot; bls, below land surface; mg/L, milligrams per liter; std, standard; µS/cm, microsiemens per centimeter at 25 degrees Celsius; °C, degrees Celsius; NTU, neph-
elometric turbidity units; <, less than; TDS, total dissolved solids; E. coli, Escherichia coli; MPN/100 mL, most probable number per 100 milliliters of sample; >, 
greater than; µg/L, micrograms per liter; E, number noted in scientific notation format; pCi/L, picocurie per liter; Th-230, thorium 230; Cs-137, cesium-137; mg/
kg, milligram per kilogram]

Parameter Unit Min Median Mean Max SD

Number of 
values greater 
than method 

detection limit

Percent of 
values greater 
than method 

detection limit

Site characteristics

Elevation ft (NAVD 88) 679 832 875 1,355 157 30 100
Well depth ft (bls) 49 90 115 460 78.6 30 100
Water level ft (bls) 4.96 17.3 30.4 236 42.7 30 100

Field parameters

Dissolved oxygen mg/L 0.2 0.450 1.18 9.1 1.81 30 100
pH std unit 6 7.4 7.52 9.1 0.764 30 100
Specific conduc-

tance
µS/cm 201 463 584 1,580 325 30 100

Water temperature °C 13.4 17.3 17 20.4 1.7 30 100
Turbidity NTU 0.3 0.850 3.21 60 10.8 30 100
Alkalinity mg/L 75.6 202 210 483 82.5 30 100
Bicarbonate mg/L 92.1 240 249 587 94.7 30 100
Carbonate mg/L <1.00 <1.00 3.41 31.8 7.20 10 33.3

Total dissolved solids and hardness

TDS mg/L 120 272 339 863 185 30 100
Hardness mg/L 1.8 100 108 381 93.7 30 100

Major ions

Calcium mg/L 0.586 29.1 31.2 118 26.9 30 100
Magnesium mg/L 0.074 4.9 7.11 28.5 6.99 30 100
Potassium mg/L 0.43 1.22 1.12 2.03 0.413 30 100
Sodium mg/L 8.42 48.7 87.5 328 85.2 30 100
Bromide mg/L <0.01 0.051 0.273 3 0.6 28 93.3
Carbon dioxide mg/L 0.4 17.5 26.9 139 31.1 30 100
Chloride mg/L 0.25 10.1 48.7 353 81.2 30 100
Fluoride mg/L 0.07 0.26 0.572 2.86 0.681 30 100
Silica mg/L 7.64 11.4 11.89 20.2 3.08 30 100
Sulfate mg/L 1.04 10.8 12.589 43.9 9.58 30 100

Nutrients

Ammonia mg/L <0.01 0.08 0.121 0.740 0.155 30 100
NO3 + NO2 mg/L <0.04 0.04 0.21 3.79 0.691 13 43.3
Nitrate mg/L <0.04 0.04 0.209 3.79 0.691 13 43.3
Nitrite mg/L <0.001 0.001 0.002 0.008 0.002 3 10.0
Orthophosphate mg/L <0.004 0.015 0.036 0.181 0.046 28 93.3



30    Groundwater Quality and Geochemistry of the Western Wet Gas Part of the Marcellus Shale Oil and Gas Play

Table 8.  Statistical summary of analytical and well-construction data for constituents analyzed in water samples from the 30 sites 
sampled in the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia.—Continued

[Chemical data referenced in this table are available from the USGS National Water Information System database (U.S. Geological Survey, 2021) and the methane, 
ethane, and benzene data are available in a USGS data release (Haase and others, 2022). min, minimum value; max, maximum value; SD, standard deviation; ft, 
foot; bls, below land surface; mg/L, milligrams per liter; std, standard; µS/cm, microsiemens per centimeter at 25 degrees Celsius; °C, degrees Celsius; NTU, neph-
elometric turbidity units; <, less than; TDS, total dissolved solids; E. coli, Escherichia coli; MPN/100 mL, most probable number per 100 milliliters of sample; >, 
greater than; µg/L, micrograms per liter; E, number noted in scientific notation format; pCi/L, picocurie per liter; Th-230, thorium 230; Cs-137, cesium-137; mg/
kg, milligram per kilogram]

Parameter Unit Min Median Mean Max SD

Number of 
values greater 
than method 

detection limit

Percent of 
values greater 
than method 

detection limit

Bacteria

E. coli MPN/ 100 
mL

<1 <1 15.7 220 54.3 11 36.7

Total coliform MPN/ 100 
mL

<1 71.5 433 >2,400 770 26 86.7

Trace Metals

Aluminum µg/L <3 <3 7.55 101 21.9 7 23.3
Barium µg/L 10.1 222 396 1,690 425 30 100
Beryllium µg/L <0.01 <0.01 396 0.06 425 0 0
Cadmium µg/L <0.03 <0.03 0.049 0.180 0 1 3.33
Chromium µg/L <0.5 <0.5 0.049 3 0 0 0
Cobalt µg/L <0.03 <0.03 0.042 0.306 0.059 11 36.7
Copper µg/L <0.4 <0.4 3.44 44.4 8.78 13 43.3
Iron µg/L <10 31.1 277 5,150 934 20 66.7
Lead µg/L <0.02 0.077 0.184 0.998 0.273 23 76.7
Manganese µg/L <0.4 35.2 100 527 125 27 90
Mercury µg/L <0.005 <0.005 <0.005 0.008 6.44E-19 1 3.33
Molybdenum µg/L <0.15 1.74 3.15 16.9 4.01 29 96.7
Nickel µg/L <0.2 <0.2 0.277 1.8 0.436 9 30
Silver µg/L <1 <1 0.277 6 0.436 0 0
Strontium µg/L 23.9 437 496 1,520 404 30 100
Zinc µg/L <2 4.7 8.82 55.7 12.3 18 60
Antimony µg/L <0.06 <0.06 8.82 0.36 12.3 0 0
Arsenic µg/L <0.19 2.4 6.24 31.4 8.3 29 96.7
Selenium µg/L <0.05 <0.05 0.043 0.340 0.074 4 13.3

Radionuclides

Gross alpha pCi/L Th-230 0.9 1.5 2.9 19 3.6 21 70
Gross beta pCi/L Cs-137 <0.3 2.4 2.2 4.5 1.2 24 80
Radium-224 pCi/L <0.3 0.12 0.23 1.3 0.420 30 100
Radium-226 pCi/L <0.04 0.15 0.358 1.6 0.436 28 100
Radium-228 pCi/L <0.36 0.45 0.52 1.6 0.38 19 100
Radon pCi/L 320 1,450 1,461 2,910 688 28 100
Uranium µg/L <0.03 0.072 0.241 2.63 0.505 18 60
Uranium-234 pCi/L <0.04 0.145 0.283 2.5 0.454 30 100
Uranium-235 pCi/L <0.016 0.02 0.018 0.05 0.015 30 100
Uranium-238 pCi/L <0.03 0.05 0.105 0.87 0.174 30 100
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analysis of data by population comparison using Wilcoxon 
Signed Rank Test or similar tests of statistical significance 
was done.

Indicator Bacteria
Both total coliform bacteria and E. coli were detected in 

one or more groundwater samples (tables 7, 8) at concentra-
tions exceeding the MCL and the MCLG of zero colonies per 
100 mL. Total coliforms, which are a broad class of indicator 
bacteria, are common in groundwater in northwestern West 
Virginia and were detected in 26 of the 30 sites (87 percent) 
sampled. The presence of total coliform bacteria is a poten-
tial indicator of surface contamination due to improperly 
constructed or cased wells or groundwater contamination, 
due to surface contaminants entering groundwater through 
stress-relief fractures or other direct connections to ground-
water aquifers such as those caused by subsidence related to 
underground coal mining or solution channels and conduits 
in limestone. The presence of total coliform bacteria is not 
necessarily an indicator of potential pathogens in the water 
due to their common occurrence; however, they can indicate 
that the well may be subject to bacterial and viral pathogens. E. 
coli., a subset of total coliform bacteria, however, are indicative 
of fecal contamination of groundwater from either human or 
animal sources. Eleven of the 30 (37 percent) wells sampled 
had detections of E. coli, which may be an indicator of other 
related pathogens such as viruses (table 7; U.S. Environmental 
Protection Agency, 2019). In these cases, chlorination, ozo-
nation, or ultraviolet (UV) light treatment may be appropri-
ate to kill potential pathogenic microorganisms in source 
groundwater for residential and public supply. County Health 
Departments are available to assist homeowners in evaluating 
results of bacterial tests and for advising homeowners as to 
possible treatment options.

Nutrients
Nitrate and nitrite are common nutrients that can 

exceed drinking-water standards in agricultural areas of West 
Virginia, but the occurrence of nitrate and other nutrients 
at concentrations approaching drinking-water standards is 
uncommon for non-agricultural areas of the State (Chambers 
and others, 2012). There is little agricultural activity within the 
study area and only a small proportion of land is in (primar-
ily cattle) pasture (150.6 mi2 or 5.5 percent of the study area), 
and therefore agricultural activities in the study area would 
likely only be a limited source of nutrients. Although nitrate is 
commonly derived from synthetic agricultural fertilizers and 
animal manure, nitrate can also be derived from septic system 
effluent in the study area.

Nitrate and nitrite concentrations in groundwater samples 
from the 30 wells sampled were very low and none of the con-
centrations of these constituents in the samples exceeded the 
10 or 1 mg/L EPA MCL for either nitrate or nitrite, respectively 
(table 7). The maximum nitrate and nitrite concentrations 
were 3.79 and 0.008 mg/L, respectively. Median nitrate, nitrite, 
ammonia, and orthophosphate concentrations were all low, 
with concentrations of less than 0.040, less than 0.001, 0.08, 
and 0.015 mg/L, respectively (table 8). These concentrations 
are similar to those found in a statewide assessment of ground-
water quality (Chambers and others, 2012). Only one site had 
a nitrate concentration greater than 1 mg/L. Of the sites with 
detectable concentrations of nitrate, 13 of 13 (100 percent) had 
detectable concentrations of total coliform bacteria and 8 of 13 
(62 percent) had detectable concentrations of E. coli bacteria. 
Sources of the low nutrient concentrations with concurrent 
detectable bacteria are not known but could be related to septic 
effluent, feces from wildlife, connection to streams with a high 
fecal waste load, atmospheric deposition, or a combination 
of these various sources. Ammonia, which is typically only 
present in reduced waters in substantial concentrations, also 

Table 8.  Statistical summary of analytical and well-construction data for constituents analyzed in water samples from the 30 sites 
sampled in the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia.—Continued

[Chemical data referenced in this table are available from the USGS National Water Information System database (U.S. Geological Survey, 2021) and the methane, 
ethane, and benzene data are available in a USGS data release (Haase and others, 2022). min, minimum value; max, maximum value; SD, standard deviation; ft, 
foot; bls, below land surface; mg/L, milligrams per liter; std, standard; µS/cm, microsiemens per centimeter at 25 degrees Celsius; °C, degrees Celsius; NTU, neph-
elometric turbidity units; <, less than; TDS, total dissolved solids; E. coli, Escherichia coli; MPN/100 mL, most probable number per 100 milliliters of sample; >, 
greater than; µg/L, micrograms per liter; E, number noted in scientific notation format; pCi/L, picocurie per liter; Th-230, thorium 230; Cs-137, cesium-137; mg/
kg, milligram per kilogram]

Parameter Unit Min Median Mean Max SD

Number of 
values greater 
than method 

detection limit

Percent of 
values greater 
than method 

detection limit

Dissolved Hydrocarbons

Methane mg/kg 3.51E-05 0.042 1.22 17.9 3.57 30 100
Ethane mg/kg 3.8E-07 7.20E-05 0.045 1.3 0.237 30 100
Benzene mg/kg 6.41E-08 6.31E-07 1.99E-06 9.84E-06 3.20E-06 11 37
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Table 9.  Calculated Langelier Saturation Index, chloride to sulfate mass ratio, and potential to promote galvanic corrosion rating for 
the 30 wells sampled in the wet-gas-dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia.

[ft, foot; bls, below land surface; NAVD 88, National Vertical Datum of 1988; LSI, Langelier Saturation Index; CSMR, chloride to sulfate mass ratio; PPGC, 
potential to promote galvanic corrosion; Cal, Calhoun County; Dod, Doddridge County; Gil, Gilmer County; Rit, Ritchie County; Roa, Roane County; Tyl, Tyler 
County, Wet, Wetzel County; Wir, Wirt County]

Station number
Local station 

number
Well depth 

(ft bls)
Topographic 

setting

Land surface 
elevation  

(ft NAVD 88)
LSI CSMR PPGC rating

385115081050101 Cal-0133 85 Valley 732.6 −1.19 0.193 Low
384433081050601 Cal-0134 101 Valley 762.9 −0.82 48.365 Moderate
384601081105501 Cal-0135 62.5 Valley 729.9 −1.03 0.784 Moderate
384535081131101 Cal-0137 100 Valley 1,100.5 −1.31 8.462 Moderate
391923080345801 Dod-0068 49 Valley 943.3 −1.24 4.864 Moderate
392303080335801 Dod-0069 116 Hillside 924.1 −1.28 0.719 Moderate
391532080424801 Dod-0070 120 Valley 828.9 −1.11 0.013 Low
385457080563701 Gil-0199 170 Hillside 770.7 −1.25 0.759 Moderate
385455080375401 Gil-0201 82 Valley 916.7 −1.45 2.807 Moderate
384916080563101 Gil-0202 50 Valley 906.2 −1.32 0.276 Moderate
391108081091601 Rit-0119 166 Valley 678.9 −0.89 68.966 Moderate
390843081152601 Rit-0120 80 Hillside 688.5 −1.01 1.571 Moderate
390730081074501 Rit-0121 240 Hilltop 1,079.4 −0.75 1.126 Moderate
390652080584301 Rit-0124 57 Hillside 819.9 −1.49 1.301 Moderate
391734081075901 Rit-0126 130 Valley 957 −1.34 25.015 Moderate
391801080580601 Rit-0128 120 Valley 952.6 −2.07 0.267 Moderate
384437081131901 Roa-0192 73 Valley 751.1 −0.45 2.150 Moderate
384929081175801 Roa-0193 71 Valley 787.4 −2.88 1.109 Moderate
384921081293101 Roa-0195 460 Hillside 982.6 −0.26 4.802 Moderate
385229081294401 Roa-0197 124 Valley 782 −1.09 1.518 Moderate
384610081272501 Roa-0198 180 Valley 834.7 −1.47 3.972 Moderate
392534080501701 Tyl-0095 80 Hillside 751.8 −0.88 11.972 Moderate
392429080551301 Tyl-0096 150 Valley 790.2 −0.63 0.483 Moderate
393017081013201 Tyl-0100 80 Valley 760.1 −1.06 30.431 Moderate
394100080485101 Wet-0137 95 Hilltop 1,355 −0.80 0.095 Low
393306080313301 Wet-0139 85 Valley 927.5 −0.79 0.309 Moderate
392945080380201 Wet-0140 85 Valley 849.5 −0.12 29.468 Moderate
393513080473501 Wet-0141 58 Valley 700.3 −0.83 0.034 Low
393754080340701 Wet-0144 62 Valley 1,187.4 −0.52 1.449 Moderate
390456081270801 Wir-0109 126 Hilltop 1,002.1 −0.96 0.262 Moderate
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was generally very low for the wells sampled. Of the 30 wells 
sampled, 23 (77 percent) contained detectable concentrations 
of ammonia, but the median and maximum concentrations 
were low—0.080 and 0.740 mg/L, respectively (table 8). None 
of the samples from the 30 wells exceeded the EPA 30-mg/L 
HBV for ammonia (table 7).

Hardness and Major Ions
Total dissolved solids, which is a measure of the concen-

tration of dissolved constituents in a water sample and is com-
monly related to water hardness, exceeded the 500-mg/L EPA 
SMCL in 5 of 30 (17 percent) wells sampled (table 7). Water 
hardness is computed using the concentrations of calcium 
and magnesium and typically is reported in mg/L as calcium 
carbonate (CaCO3). Water with hardness of 0 to 60 mg/L as 
CaCO3 is considered soft water and 10 of the 30 wells sam-
pled (33 percent) had soft water. Water with a hardness of 61 
to 120 mg/L as CaCO3 is considered moderately hard water, 
and 9 of 30 (30 percent) of the wells sampled had moderately 
hard water. Water with hardness greater than 121 to 180 mg/L 
as CaCO3 is considered hard water and was found in 7 of the 
30 (23 percent) wells sampled. Only 4 of the 30 (13 percent) 
wells sampled had hardness greater than or equal to 181 mg/L 
as CaCO3, which is considered very hard water. Overall, 36 
percent of the wells sampled had hardness representative of 
hard to very hard water and 64 percent of the wells sampled 
had water that was considered moderately hard to soft. Soft 
water can make it difficult for soap to work effectively and 
water that is too hard can contribute to scale deposits in water 
heaters and plumbing lines.

Water hardness is mostly associated with higher concen-
trations of calcium and magnesium and is derived primarily 
from the dissolution of carbonate minerals, such as calcite 
(calcium carbonate) or dolomite (calcium magnesium car-
bonate), which are common components of limestone and 
calcareous shales. However, other non-carbonate mineral 
dissolution such as gypsum (calcium sulfate) and calcium or 
magnesium chloride salts can contribute to water hardness. 
Calcium, magnesium, sodium, potassium, sulfate, chloride, 
silica, and bicarbonate are the major ions that contribute to the 
TDS content of water within the study area, and the median 
concentrations of these constituents for the 30 wells sampled 
were 29.1, 4.90, 48.7, 1.22, 10.8, 10.1, 11.4, and 240 mg/L, 
respectively (table 8).

Sodium, chloride, fluoride, and sulfate are common con-
stituents in groundwater within the study area, detected at vari-
ous concentrations in samples from all 30 wells. These con-
stituents can be derived from natural sources and (or) human 
activities. Sulfate and chloride in water can impart a salty taste 
at concentrations greater than 250 mg/L. Sulfate and chloride 
concentrations in the study area were generally low—none 
(0 percent) of the wells sampled contained sulfate exceeding 
the EPA SMCL of 250 mg/L and only 2 of 30 (7 percent) sites 
sampled contained chloride in excess of the 250-mg/L EPA 

SMCL (table 7). Sodium has an EPA HBV of 20 mg/L for 
individuals who are on a sodium-restricted diet for blood pres-
sure or other health reasons (table 7). Sodium concentrations 
were elevated at many of the wells sampled, with 24 of 30 
(80 percent) exceeding the 20 mg/L HBV (table 7). Fluoride 
in high concentrations can cause mottling or discoloration of 
teeth (U.S. Environmental Protection Agency, 2022b). The 
EPA SMCL for fluoride is 2.0 mg/L. Only 1 of 30 (3 percent) 
wells sampled contained fluoride (2.86 mg/L) greater than the 
SMCL (tables 7, 8).

Composition of groundwater for the wells sampled is 
shown in a trilinear diagram, which shows the distribution 
of major cations and anions for the wells sampled (fig. 8). 
The trilinear diagrams show that most groundwater samples 
within the study area can be categorized as either a calcium-
magnesium bicarbonate water type (14 sites) or a sodium-
potassium bicarbonate type of water (13 sites). There were two 
sites that have a sodium-potassium sulfate-chloride type of 
water and one site with a calcium-magnesium sulfate-chloride 
type of water. Shallow discharge of saline water has been 
documented at locations within the study area (Hennen, 1911), 
and these three sites may be affected by upwelling of deeper 
saline or brackish groundwater. Sources of chloride will be 
discussed later in this report in relation to bromide.

Metals and Trace Elements
Manganese, aluminum, and iron were detected com-

monly in the groundwater samples collected for this study. 
Manganese concentrations exceeded the 50-µg/L SMCL 
drinking water standard in 14 of 30 (47 percent) sites ana-
lyzed; aluminum concentrations exceeded the 2.0-µg/L SMCL 
drinking-water standards in 7 of 30 (23 percent) sites; and iron 
exceeded the 300-µg/L SMCL drinking-water standards in 5 
of 30 (17 percent) sites (table 7). Two of the 30 (7 percent) 
wells sampled had concentrations of manganese that exceeded 
the 300-µg/L USGS HBSL, but none of the wells sampled 
exceeded the 1,600-µg/L EPA DWEL, which is based on a 
lifetime exposure level. There are no applicable HBSLs or 
DWELs for iron or aluminum in drinking water. The median, 
maximum, and minimum concentrations of iron for the 30 
wells sampled were 31.1 and 5,150 µg/L and less than the 
10-µg/L method detection limit, respectively. The median, 
maximum, and minimum concentrations of manganese for the 
30 wells sampled were 35.2 and 527 µg/L and less than the 
0.4-µg/L method detection limit, respectively. The maximum 
concentration of aluminum for the 30 wells sampled was 101 
µg/L, but the median and minimum aluminum concentrations 
for wells sampled was less than the 3.0-µg/L method detection 
limit, respectively (table 8).

Lead concentrations in samples from the 30 wells were 
low and none (0 percent) of the wells sampled had lead 
concentrations that exceeded the EPA TT drinking water 
action level of 15 μg/L. The EPA MCLG for lead is 0 and 
23 of 30 (77 percent) of the wells sampled contained lead at 
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detectable concentrations (table 7). However, the maximum 
lead concentration detected was only 0.998 μg/L, with median 
and minimum concentrations of 0.077 μg/L and less than the 
0.020-μg/L method detection limit, respectively (table 8).

Arsenic is a potential contaminant of concern for health 
within the study area; 7 of 30 (23 percent) wells sampled 
had arsenic concentrations exceeding the 10-µg/L EPA MCL 
health-based drinking water standard (table 7). The EPA 
MCLG for arsenic is 0 µg/L and 29 of 30 (table 7) wells 
sampled contained detectable concentrations of arsenic. The 

maximum, median, and minimum arsenic concentrations for 
the wells sampled were 31.4 and 2.40 µg/L and less than the 
0.19-µg/L method detection limit, respectively (table 8).

Mercury was detected only at 1 of 30 (3 percent) wells 
sampled, at a concentration of 0.008 µg/L, exceeding the EPA 
MCLG of 0 for mercury but did not exceed either the EPA 
MCL or DWEL (tables 7, 8). In comparison, none of the 30 
wells sampled had antimony, barium, beryllium, cadmium, 
chromium, copper, selenium, silver, or zinc concentrations 
exceeding the EPA MCLs, MCLGs, SMCLs, DWELs, nor 
molybdenum or nickel concentrations exceeding EPA DWELs 
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Figure 8.  Trilinear diagrams showing the magnesium, sulfate, calcium, bicarbonate, sulfate, chloride, 
nitrate, fluoride, sodium, and potassium ion composition in groundwater samples for 30 wells in the 
wet-gas-dominated part of the Marcellus Shale oil and gas play in northwestern, West Virginia by A, 
geologic formation or group, B, ph, C, depth of well, and D, topographic setting.
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or USGS HBSLs (table 7). Median concentrations of barium 
and zinc were 222 and 4.70 µg/L, respectively, and median 
concentrations of antimony, beryllium, cadmium, chromium, 
copper, selenium, and silver were all low, with median concen-
trations for the 30 wells sampled less than the method detec-
tion levels of 0.06, 0.01, 0.03, 0.5, 0.4, 0.05, and 1.0 µg/L, 
respectively (table 8). Except for barium, median concentra-
tions of trace metal constituents were typically at or below the 
method detection limits.

Dissolved Hydrocarbon Gases
The highest concentrations of any of the dissolved 

hydrocarbon gases measured were for methane, followed by 
ethane, ethene, and propane, in decreasing concentrations, and 

were detected in samples from all 30 wells sampled (tables 7, 
8). Methane and other dissolved hydrocarbons are potentially 
explosive combustible gases that are commonly related to the 
production of oil and gas, which is a dominant land use in the 
study area. Therefore, this study helps to assess the potential 
for these gases to be present in groundwater in the study area. 
There are no EPA drinking-water standards for methane gas 
or the other measured dissolved hydrocarbons except for 
benzene. The EPA MCL and MCLG goals for benzene are 5.0 
and 0.0 mg/L, respectively. Benzene was detected at 11 of 30 
(37 percent) wells sampled (table 8) and none (0 percent) of 
the sites had concentrations of benzene in excess of the EPA 
MCL drinking water standard (table 7). Concentrations of 
most dissolved hydrocarbons, except methane, were very low, 
with samples typically having a total C2 to C6 hydrocarbon 
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concentration on the order of 1.0 × 10−4 milligrams per kilo-
gram (mg/kg), corresponding to partial pressures in the range 
of air-water equilibrium; the maximum benzene concentration 
was only 9.84 × 10−6 mg/kg (table 8). At standard temperature 
and pressure, mg/kg and mg/L are equivalent for water with a 
density of 1.0, such as fresh groundwater.

The OSMRE published LOC for methane in groundwater 
is 10 mg/L and the IAL at which mitigation of a gas is recom-
mended is 28 mg/L (Eltschlager and others, 2001). Only 1 of 
30 (3 percent) wells sampled for methane gas had a concentra-
tion (17.9 mg/kg) exceeding the 10-mg/L OSMRE LOC and 
none exceeded the 28-mg/L IAL (table 7). Median, minimum, 

and maximum concentrations of methane gas for the 30 wells 
sampled were 0.042, 3.51 × 10−5, and 17.9 mg/kg, respectively 
(table 8).

Radioactive Constituents
Radon-222, radium-224, radium-226, radium-228, 

uranium, uranium-234, uranium-235, uranium-238, and 
gross-alpha and gross-beta radioactivity were analyzed and 
detected in water from many of the 30 wells sampled (tables 7, 
8). These constituents are commonly associated with organic-
rich dark shales such as the Marcellus Shale. A statewide 
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assessment of groundwater quality in West Virginia (Chambers 
and others, 2012) indicated that although radon-222 concen-
trations did not commonly exceed the EPA proposed MCL 
of 300 pCi/L or AMCL of 4,000 pCi/L for radon in drinking 
water, there were select areas, primarily in the western part 
of the State coincident with the study area for this investiga-
tion, that had the potential for radon gas concentrations in 
drinking water in excess of the proposed MCL. Though all 
30 wells were sampled for these radioactive constituents, 
two radon-222 samples were lost in shipment, and therefore 
discussion for radon-222 is based on 28 samples instead of 
30 samples for the other radionuclides. Samples from all 28 
wells (100 percent) exceeded the EPA proposed MCL of 300 
pCi/L for radon-222, but none exceeded the 4,000-pCi/L 

AMCL (tables 7, 8), which is applicable to public drinking 
water systems that have adopted radon mitigation programs. 
Wells with radon gas concentrations exceeding the 300-pCi/L 
proposed MCL in groundwater have the potential for airborne 
concentrations of radon-222 to exceed the EPA 4-pCi/L indoor 
air standard. Inhalation of radon can cause lung cancer and the 
4-pCi/L indoor air standard is based on an inhalation standard 
(Otton, 1992). Therefore, homeowners whose wells have dis-
solved radon-222 gas concentrations exceeding 300 pCi/L may 
be advised to test their indoor air concentrations. The mean 
radon-222 concentration was 1,461 pCi/L, the median was 
1,450 pCi/L, and the maximum and minimum radon-222 con-
centrations were 2,910 and 320 pCi/L, respectively (table 8).
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None of the wells sampled had uranium concentrations 
exceeding the 30-µg/L EPA MCL drinking water standard 
(table 7). The EPA MCLG for uranium is 0 µg/L and 18 of the 
30 (60 percent) wells sampled had detectable concentrations 
of uranium (tables 7, 8). The maximum uranium concentration 
for wells sampled was 2.63 µg/L, the mean concentration was 
0.241 µg/L, but the median concentration was much less at 
0.072 µg/L (table 8).

There are no applicable EPA drinking-water standards 
for uranium-234, uranium-235, uranium-238, or radium-224. 
There is an EPA MCL for combined radium-226 and 
radium-228 of 5 µg/L and an EPA MCLG of 0.0 µg/L for com-
bined radium-226 and radium-228. For the 30 wells sampled, 
none exceeded the 5-µg/L EPA MCL, but 29 of the 30 wells 
sampled (97 percent) had detectable concentrations of com-
bined radium-226 and radium-228 (table 7). However, mean 
and median concentrations of radium-226 and radium-228 
were both low and in most cases just above the method detec-
tion limits. Mean radium-226 and radium-228 concentra-
tions were 0.358 and 0.520 µg/L, respectively, and median 
radium-226 and radium-228 concentrations were 0.150 and 
0.450 µg/L, respectively (table 8).

Relation to Geologic Formation

The composition of the bedrock in which the water wells 
are completed can affect the quality of groundwater derived 
from the rural residential wells sampled for this study. There 
is substantial variability with respect to lithologic composition 
between the various geologic formations (fig. 8A, table 10) and 
even within individual strata that comprise the geologic forma-
tions (figs. 9, 10). There were statistically significant differences 
with respect to calcium, magnesium, potassium, silica, and tur-
bidity (table 11). Calcium, magnesium, potassium, silica, and 
turbidity concentrations were statistically significantly higher 
in the Dunkard Group than in the Conemaugh Group or 
Allegheny Formation (tables 10, 11). Although not statistically 
significant, median sodium concentrations are highest in wells 
sampled in the Monongahela Formation (fig. 11). The surface 
geology does not allow for assessing from which specific strata 
(sandstone, limestone, siltstone, shale, or coal) a particular well 
may be deriving water. In fact, wells may obtain water from 
multiple intervals and therefore the following discussion is 
based on the major geologic groups and formations within the 
study area (Conemaugh Group, Monongahela Formation, or 
Dunkard Group).

Major Ions, Total Dissolved Solids, and Turbidity

An examination of the maximum, median, and mean 
concentrations for select constituents related to the various 
geologic groups or formations (table 10) indicate that there is 
variability in chemical constituent concentrations. The most 
significant trend in the statistical data with respect to geologic 

formation or group was to water hardness, calcium, magne-
sium, potassium, carbon dioxide, turbidity, dissolved oxygen, 
silica, nitrate, aluminum, iron, lead, manganese, strontium, 
selenium, uranium-234, uranium-238, radium-238, gross 
beta radiation, and the indicator bacteria total coliform and 
E. coli, which were all greater in water samples from wells 
completed in the Dunkard Group than in water samples from 
wells completed in either the Monongahela Formation or 
Conemaugh Group. Mean and median concentrations of spe-
cific conductance, alkalinity, bicarbonate, total dissolved solids, 
sodium, chloride, fluoride, molybdenum, gross alpha radia-
tion, radium-224, radon-222, and uranium-235 were greater 
in water samples from wells sampled in the Monongahela 
Formation than from the Conemaugh or Dunkard Groups. 
Mean and median pH and concentrations of orthophosphate, 
radium-228, and ethane were greater in water sampled from 
wells in the Conemaugh Group than from wells sampled in 
either the Dunkard Group or the Monongahela Formation.

A trilinear diagram comparing major ion composition 
for the Conemaugh Group, Monongahela Formation, and the 
Dunkard Group (fig. 8A) does not show a substantial differ-
ence in water type for the various geologic groups or forma-
tions. This is not unexpected, as the trilinear diagram also 
shows variability in the composition of the major cations and 
anions comprising the waters sampled for the two dominant 
geologic groupings, and there are obvious differences in the 
overall composition as evidenced by the mean, median, and 
maximum cation and anion values (table 10). The dominant 
type of water for sites in all the geologic formations or groups 
varied between a calcium-magnesium bicarbonate water 
type (14 sites) to a sodium-potassium bicarbonate water type 
(13 sites), with additional sites being of a sodium-potassium 
sulfate-chloride water type (2 sites) or a calcium-magnesium 
sulfate-chloride water type (1 site).

A boxplot of the major cations that typically represent 
the majority of TDS in a water sample (fig. 9) shows higher 
median concentrations of calcium, magnesium, and potassium 
for water from wells sampled in the Dunkard Group than for 
wells completed in the Conemaugh Group or Monongahela 
Formation. Sodium concentrations were higher for wells 
sampled in the Conemaugh Group or Monongahela Formation 
than in the Dunkard Group.

There were statistically significant differences in concen-
trations of calcium, magnesium, potassium, silica, and turbid-
ity for Dunkard Group wells compared with the combined 
data for the Conemaugh Group and Monongahela Formation. 
Results of the Wilcoxon Signed Rank Test of statistical com-
parison of populations (table 11) and statistical summaries of 
constituents by geologic group or formation (table 10) shows 
that the overall TDS, calcium, magnesium, potassium, and 
hardness concentrations are higher for wells sampled in the 
Dunkard Group than for wells sampled in the Conemaugh 
Group or Monongahela Formation (fig. 9). Concentrations 
of sodium are highest in groundwater sampled from the 
Conemaugh Group and Monongahela Formation (fig. 9).
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Table 10.  Statistical summary of the mean, median, and maximum values for select constituents analyzed in water samples from the 30 
sites sampled in the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia by geologic group or 
formation.

[Data referenced in this table are available from the USGS National Water Information System (NWIS) database (U.S. Geological Survey, 2021); NA, not appli-
cable; ft, foot; bls, below land surface; mg/L, milligrams per liter; std, standard; µS/cm, microsiemens per centimeter at 25 degrees Celsius; NTU, nephelometric 
turbidity units; TDS, total dissolved solids; − + NO2, nitrate plus nitrite; <, less than; E. coli, Escherichia coli; MPN/100 mL, most probable number per 100 milli-
liters of sample; >, greater than; µg/L, micrograms per liter; pCi/L, picocuries per liter; Th-230, thorium 230; Cs-137, cesium-137; mg/kg, milligram per kilogram]

Parameter Unit

Median Mean Maximum

Conemaugh 

Group

Dunkard 

Group

Monongahela 

Formation

Conemaugh 

Group

Dunkard 

Group

Monongahela 

Formation

Conemaugh 

Group

Dunkard 

Group

Monongahela 

Formation

Number of 
samples

NA 4 19 7 4 19 7 4 19 7

Site characteristics

Well depth ft (bls) 81.8 95 85 95.9 124.6 100.9 53.3 236 51

Water level ft (bls) 13.4 15.6 20 22 35 22.9 170 460 166

Field parameters

Dissolved 
oxygen

mg/L 0.3 0.6 0.3 0.48 1.46 0.81 1 9.1 3

pH std unit 8.2 7.2 7.6 8.08 7.31 7.78 9 8.6 9.1

Specific conduc-
tance

µS/cm 440 466 719 461 578 670 657 1,580 1,280

Turbidity NTU 0.4 1.2 0.5 0.6 4.7 0.7 1.4 60 1.6

Alkalinity mg/L 202 193 259 203 203 232 260 483 334

Bicarbonate mg/L 235 235 313 234 245 269 286 587 356

Carbonate mg/L 6.3 1 1.2 7.23 1.83 7.43 15.3 15.5 31.8

Total dissolved solids and hardness

TDS mg/L 247 277 438 261 338 388 377 863 723

Hardness mg/L 24.7 115 65 51.1 137 62.8 153 381 165

Major ions

Calcium mg/L 7.21 37.6 17.2 13.7 39 19.8 39.9 118 53.1

Magnesium mg/L 1.57 7.55 3.55 4.03 9.26 3.06 12.9 28.5 7.43

Potassium mg/L 0.89 1.3 0.97 0.91 1.23 0.94 1.37 2.03 1.36

Sodium mg/L 80.4 44.4 173 86.6 72.3 130 152 328 262

Bromide mg/L 0.073 0.05 0.034 0.117 0.293 0.309 0.3 3 1.33

Carbon dioxide mg/L 4.45 24 13 14.6 34.2 14.1 49 139 33

Chloride mg/L 9.2 9.36 23 17.7 49.3 64.7 50.3 353 260

Fluoride mg/L 0.46 0.26 0.85 0.508 0.484 0.849 0.88 2.86 1.78

Silica mg/L 10.5 12.5 8.59 10.9 12.6 10.5 13.8 20.2 17.9

Sulfate mg/L 8.45 10.8 10.8 7.96 13.3 13.3 13.9 43.9 31.7

Nutrients

Ammonia mg/L 0.085 0.1 0.08 0.07 0.124 0.141 0.1 0.74 0.500

NO3 + NO2 mg/L <0.04 0.046 <0.04 0.107 0.319 0.045 0.309 3.79 0.075

Nitrate mg/L <0.04 0.042 <0.04 0.107 0.319 0.045 0.309 3.79 0.075

Nitrite mg/L <0.001 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 0.008 <0.001

Orthophosphate mg/L 0.047 0.009 0.021 0.049 0.029 0.05 0.098 0.181 0.167

Bacteria

E. coli MPN/100 
mL

<1 <1 <1 <1 25 1 1 220 2

Total coliform MPN/100 
mL

41 170 8 166 590 161 >580 >2,400 520
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Table 10.  Statistical summary of the mean, median, and maximum values for select constituents analyzed in water samples from the 30 
sites sampled in the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia by geologic group or 
formation.—Continued

[Data referenced in this table are available from the USGS National Water Information System (NWIS) database (U.S. Geological Survey, 2021); NA, not appli-
cable; ft, foot; bls, below land surface; mg/L, milligrams per liter; std, standard; µS/cm, microsiemens per centimeter at 25 degrees Celsius; NTU, nephelometric 
turbidity units; TDS, total dissolved solids; − + NO2, nitrate plus nitrite; <, less than; E. coli, Escherichia coli; MPN/100 mL, most probable number per 100 milli-
liters of sample; >, greater than; µg/L, micrograms per liter; pCi/L, picocuries per liter; Th-230, thorium 230; Cs-137, cesium-137; mg/kg, milligram per kilogram]

Parameter Unit

Median Mean Maximum

Conemaugh 

Group

Dunkard 

Group

Monongahela 

Formation

Conemaugh 

Group

Dunkard 

Group

Monongahela 

Formation

Conemaugh 

Group

Dunkard 

Group

Monongahela 

Formation

Trace metals

Aluminum µg/L 4.20 9 3.6 5.1 16.3 5.23 9 101 9

Barium µg/L 110 264 308 118 470 355 243 1,690 772

Beryllium µg/L <0.01 <0.01 <0.01 <0.015 <0.023 <0.017 <0.03 <0.06 <0.03

Cadmium µg/L <0.03 <0.03 <0.03 <0.03 0.05 0.051 <0.03 0.18 0.09

Chromium µg/L <0.5 <0.5 <0.5 <0.5 0.974 1 <0.5 3 2.5

Cobalt µg/L <0.03 <0.03 <0.03 0.043 0.071 0.063 0.081 0.306 0.15

Copper µg/L 0.75 0.8 0.81 2.7 4.76 1.42 8.9 44.4 4.3

Iron µg/L 10 51.7 13.3 29.3 375 87 87.1 5,150 573

Lead µg/L 0.081 0.098 0.04 0.071 0.254 0.079 0.101 0.998 0.3

Manganese µg/L 5.28 84.1 25.8 19.1 111 117 62.7 527 336

Mercury µg/L <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 0.008 <0.005

Molybdenum µg/L 1.43 1.53 3.47 1.66 3.03 4.33 3.2 16.9 10.2

Nickel µg/L <0.2 <0.2 0.25 <0.200 0.466 0.407 <0.2 1.8 1

Silver µg/L <1 <1 <1 <1 1.63 1.71 <1 6.00 3

Strontium µg/L 185 527 419 205 594 394 425 1,520 1,020

Zinc µg/L 3.6 6 6 4.45 12.6 6.26 8.6 55.7 10

Antimony µg/L <0.06 <0.06 <0.06 <0.06 0.098 0.103 <0.06 0.36 0.18

Arsenic µg/L 2.05 2.30 5.2 2.01 7.34 5.68 3.5 31.4 18.4

Selenium µg/L <0.05 0.06 <0.05 0.098 0.134 0.086 0.24 0.34 0.15

Radionuclides

Gross alpha pCi/L 
Th-230

1.35 1.5 1.7 1.35 2.56 4.84 1.9 6.2 19

Gross beta pCi/L 
Cs-137

2.15 2.4 1.4 2.1 2.33 1.96 3.6 4.5 4.1

Radium-224 pCi/L 0.215 0.08 0.3 0.193 0.193 0.356 0.31 1.3 1

Radium-226 pCi/L 0.125 0.23 0.18 0.107 0.367 0.477 0.15 1.6 1.38

Radium-228 pCi/L 0.505 0.5 0.3 0.555 0.538 0.464 1 1.6 1.4

Radon-222 pCi/L 1,460 1,390 1,470 1,300 1,430 1,620 1,560 2,910 2,530

Uranium µg/L <0.03 0.078 0.09 0.088 0.33 0.131 0.262 2.63 0.397

Uranium-234 pCi/L 0.085 0.16 0.14 0.104 0.355 0.191 0.22 2.5 0.4

Uranium-235 pCi/L 0.014 0.02 0.022 0.013 0.017 0.022 0.02 0.05 0.04

Uranium-238 pCi/L 0.02 0.06 0.05 0.03 0.139 0.053 0.09 0.87 0.15

Dissolved hydrocarbons

Methane mg/kg 0.11 0.043 0.03 2.06 0.291 3.26 7.99 3.5 17.9

Ethane mg/kg 0.0002 0.0001 0.0001 0.318 0.001 0.005 1.27 0.009 0.023
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Figure 9.  Boxplots showing distribution of calcium, magnesium, total dissolved solids, sodium, potassium, and 
bicarbonate in groundwater samples for 30 wells in the wet gas dominated part of the Marcellus Shale oil and gas play in 
northwestern West Virginia grouped by geologic formation or group.
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Median concentrations of calcium, magnesium, potas-
sium, silica and turbidity for wells sampled in the Dunkard 
Group (table 10) were 37.6, 7.55, 1.30, and 12.5 mg/L and 1.2 
NTU, respectively, while median concentrations for the same 
constituents for wells sampled in the Monongahela Formation 
were 17.2, 3.55, 0.97, and 8.59 mg/L and 0.5 NTU, respectively, 
and for the wells sampled in the Conemaugh Group were 7.21, 
1.57, 0.89, and 10.5 mg/L and 0.4 NTU, respectively. Further 
assessment of the geochemical processes that may be respon-
sible for the differences in these and other chemical constituent 
concentrations and field measured parameters of dissolved 
oxygen, pH, specific conductance, and well depth will be dis-
cussed in the Geochemistry section of this report.

Iron, Manganese, pH, and Sulfate
The more problematic chemical constituents with respect 

to aesthetic concerns in groundwater in West Virginia are typi-
cally iron, manganese, sulfate, and pH (Chambers and others, 
2012). Iron and manganese are not depicted in the trilinear 
diagrams comparing geologic formations (figs. 8A, 9) because 
they are not typically dominant ions with respect to the overall 
TDS of groundwater. Alkaline groundwater can induce cor-
rosion of galvanized and copper water lines resulting in boiler 
scale deposits and imparting a poor taste to the water.

Boxplots of iron, manganese, sulfate, dissolved oxygen, 
and pH show that there are differences in the median con-
centrations for the sites in the various geologic formations 
(fig. 10) and are likely related to mineral composition of the 
bedrock within the various geologic groups or formations and 
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Figure 10.  Boxplots showing distribution of iron, manganese, sulfate, dissolved oxygen, and pH in groundwater samples 
for 30 sites in the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia grouped by 
geologic formation or group.
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Table 11.  Tests of statistical significance using the Wilcoxon Signed Rank Test with respect to geologic groups or formations, topographic setting 
(upland sites compared to valley sites), well depth (< 95 or ≥ 95 feet in depth), number of pre-1930 oil and gas wells within 1,000 m, number of 
Marcellus Shale oil and gas wells within 1,000 m, and total number of oil and gas wells within 500 m of the 30 residential wells sampled in the wet 
gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia.

[<, less than; ft, foot; ≥, greater than or equal to; ≤, less than or equal to; m, meters; n, sample size; E. coli, Escherichia coli; TDS, total dissolved 
solids; N, nitrogen]

Constituent
Well depth (< 

95 ft compared 
to ≥ 95 ft)

Topographic 
setting 

(upland sites 
compared to 
valley sites)

pH (wells 
with acidic 
water com-

pared to wells 
with alkaline 

water)

Conemaugh Group 
and Monongahela 

Formation com-
pared with the 
Dunkard Group

Total number of 
pre-1930 oil/gas 

wells within 1,000 
m of sampled 

wells (n ≤ 3 com-
pared with n ≥ 4)

Total number 
of Marcellus 
Shale wells 
within 1,000 

m of sampled 
wells (n = 0 

compared with 
n ≥ 1)

Total number 
of oil and 
gas wells 

within 500 m 
of sampled 
wells (n ≤ 4 

compared with 
n ≥ 5)

Indicator bacteria

Total coliform 0.220 10.022 0.094 0.281 0.191 0.137 0.753
E. coli 0.092 0.075 0.241 0.501 0.848 0.517 0.244

Common ions and constituents

Barium 0.787 0.402 0.226 0.175 0.191 0.931 10.036

Bromide 0.319 0.556 0.416 0.931 0.34 0.682 0.544

Calcium 0.221 10.032 10.012 10.024 0.221 0.378 0.305

Chloride 0.788 0.734 0.567 0.983 0.419 0.683 0.884

Chloride/  
bromide ratio

0.130 0.288 0.965 0.451 0.545 0.715 0.217

Fluoride 0.693 0.751 10.0002 0.168 0.28 0.666 0.314

Magnesium 0.11 10.002 10.014 10.015 0.351 0.683 0.325

Potassium 0.272 0.063 10.003 10.05 0.772 0.097 0.6

Silica 0.648 0.118 0.056 10.027 0.724 0.366 0.241

Sodium 0.95 0.213 10.0008 0.138 0.984 0.378 0.818

Sulfate 0.740 0.587 0.538 0.621 0.59 0.606 0.054

TDS 0.373 0.734 0.056 0.914 0.468 0.355 0.601

Nutrients

Ammonia as N 10.027 10.003 0.593 0.999 0.131 0.528 0.138

Nitrate as N 0.162 10.0004 0.052 0.054 0.567 0.405 0.764

Orthophosphate 0.068 0.108 0.402 0.253 0.48 0.966 0.9

Radionuclides

Radon 10.007 10.014 0.553 0.813 0.984 0.131 0.786

Radium-226 0.787 0.213 0.078 0.212 0.064 0.73 10.011

Uranium 10.010 10.001 0.641 0.245 0.843 0.909 0.478

Metals

Aluminum 0.737 0.942 0.413 0.251 0.241 0.626 0.279

Arsenic 0.724 0.107 10.04 0.682 0.262 0.73 0.706

Copper 0.075 10.002 0.338 0.554 0.285 0.748 0.581

Iron 0.163 0.381 0.107 0.245 0.197 0.776 0.382

Lead 0.419 0.086 0.718 0.078 0.581 0.708 0.466

Manganese 0.299 10.018 0.194 0.438 0.171 0.949 0.167

Molybdenum 0.983 10.039 10.004 0.237 0.901 0.175 0.884

Nickel 10.02 0.178 0.705 0.064 0.913 0.478 0.543
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to redox or other geochemical processes, as shown by higher 
median iron and manganese concentrations and lower mean 
pH in wells sampled from the Dunkard Group as compared 
to wells sampled in the Conemaugh Group and Monongahela 
Formation (fig. 10, table 10).

There are also differences in constituent concentrations 
between waters with pH characteristic of alkaline (pH greater 
than 7) and acidic (pH less than 7) waters (fig. 12). Acidic 
waters consistently have higher concentrations of calcium, 
magnesium, potassium, and zinc. Alkaline (or basic) waters 
have consistently higher concentrations of bicarbonate, 
sodium, fluoride, and molybdenum. These relations partly 
reflect relative solubilities of the constituents under various pH 
conditions.

A trilinear diagram (fig. 8B) showing the distribution of 
major cations and anions classified with respect to pH indi-
cates that geochemical processes exert strong influence on 
the distribution of dominant cations and anions, with waters 
of acidic composition being primarily a calcium-magnesium 

bicarbonate type of water and waters of an alkaline com-
position being primarily a sodium-potassium bicarbonate 
water type.

Results of the Wilcoxon Signed Rank Tests of statistical 
significance did not indicate a statistically significant differ-
ence in concentrations of iron, manganese, sulfate, or pH when 
comparing samples collected from wells in the Dunkard Group 
to samples collected from wells completed in the Conemaugh 
Group and Monongahela Formation, although the p value of 
statistical significance for pH (0.092) was close to the p value of 
0.05 indicating statistical significance at a confidence interval 
of 95 percent (table 11). However, the lack of a trend with 
respect to geologic formation or group could have been due to 
limited data for the Conemaugh Group, which was combined 
for statistical analysis with data for the Monongahela Group.

Concentrations of iron, manganese, and dissolved oxygen 
were highest, and pH was lowest, in wells sampled in the 
Dunkard Group with median concentrations of 51.7 µg/L, 84.1 
µg/L, 0.60 mg/L, and 7.2 standard units, respectively (table 10). 
Median concentrations of iron, manganese, dissolved oxygen, 
and median pH values for wells sampled in the Conemaugh 

Table 11.  Tests of statistical significance using the Wilcoxon Signed Rank Test with respect to geologic groups or formations, topographic setting 
(upland sites compared to valley sites), well depth (< 95 or ≥ 95 feet in depth), number of pre-1930 oil and gas wells within 1,000 m, number of 
Marcellus Shale oil and gas wells within 1,000 m, and total number of oil and gas wells within 500 m of the 30 residential wells sampled in the wet 
gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia.—Continued

[<, less than; ft, foot; ≥, greater than or equal to; ≤, less than or equal to; m, meters; n, sample size; E. coli, Escherichia coli; TDS, total dissolved 
solids; N, nitrogen]

Constituent
Well depth (< 

95 ft compared 
to ≥ 95 ft)

Topographic 
setting 

(upland sites 
compared to 
valley sites)

pH (wells 
with acidic 
water com-

pared to wells 
with alkaline 

water)

Conemaugh Group 
and Monongahela 

Formation com-
pared with the 
Dunkard Group

Total number of 
pre-1930 oil/gas 

wells within 1,000 
m of sampled 

wells (n ≤ 3 com-
pared with n ≥ 4)

Total number 
of Marcellus 
Shale wells 
within 1,000 

m of sampled 
wells (n = 0 

compared with 
n ≥ 1)

Total number 
of oil and 
gas wells 

within 500 m 
of sampled 
wells (n ≤ 4 

compared with 
n ≥ 5)

Metals—Continued

Selenium 0.155 10.015 0.075 0.592 0.228 0.929 0.339

Zinc 0.655 0.158 10.006 0.143 0.557 0.317 0.553

Field measured parameters

Alkalinity 10.036 0.248 10.048 0.413 0.633 0.83 0.357
Dissolved 

 oxygen
0.655 0.057 0.892 0.145 0.317 0.947 0.949

pH 0.289 0.153 10.00001 0.092 0.244 0.412 0.438

Specific conduc-
tance

0.33 0.7 0.068 0.88 0.468 0.378 0.706

Turbidity 0.532 0.34 0.074 10.02 0.868 0.829 0.9

Dissolved hydrocarbons

Ethane 0.633 10.044 0.598 0.355 0.13 0.355 10.042

Methane 0.576 10.003 0.159 0.204 0.756 0.621 0.069

1Indicates a statistically significant difference between compared populations at p less than 0.05.
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Group were 10.0 µg/L, 5.28 µg/L, 0.30 mg/L, and 8.2 standard 
units, respectively (table 10). Median concentrations of iron, 
manganese, dissolved oxygen, and median pH values for sites 
sampled in the Monongahela Formation were 13.3 µg/L, 25.8 
µg/L, 0.30 mg/L, and 7.6 standard units, respectively (table 10).

Median pH for water sampled from the various geologic 
formations and groups were all alkaline. Such high pH values 
are not common in groundwater in West Virginia (Chambers 
and others, 2012). Of special note was the median pH value of 
8.2 for wells sampled in the Conemaugh Group. Limestones 
within the Conemaugh Group, as previously discussed in the 
Hydrogeologic Setting and Groundwater Flow section of this 
report, are primarily of marine deposition (U.S. Geological 
Survey and Association of American State Geologists, 2020a), 

which may indicate a higher solubility than the non-marine 
limestones, which are characteristic of the Monongahela 
Formation and the Dunkard Group.

Median sulfate concentrations (10.8 mg/L) are identical 
for wells sampled in the Monongahela Formation and Dunkard 
Group as compared to wells sampled in the Conemaugh 
Group, which has a median sulfate concentration of 8.45 mg/L. 
Overall sulfate concentrations for the various geologic groups 
and formations are all very low, with maximum concentra-
tions for the Conemaugh Group, Monongahela Formation, and 
Dunkard Group of 13.9, 31.7, and 43.9 mg/L, respectively.
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Figure 11.  Boxplots showing distribution of sodium, chloride, barium, bromide, and silica in groundwater samples for 
30 wells in the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia grouped by 
geologic formation or group.
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Figure 12.  Boxplots of pH, bicarbonate, calcium, magnesium, sodium, potassium, fluoride, molybdenum, and zinc in 
groundwater analyzed for the 30 sites sampled in the wet gas dominated part of the Marcellus Shale oil and gas play 
in northwestern West Virginia with respect to pH.
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Constituents of Brines and Sandstones
A boxplot of the distribution of sodium, chloride, barium, 

and bromide (fig. 11) shows the distribution of constituents 
that are potentially indicative of a brine signature, although 
sodium and chloride can be introduced to groundwater from 
human activities such as septic systems and use of road salt. 
Generally, there is little variation with respect to concentra-
tions of barium, bromide, and chloride (fig. 11) in relation 
to geologic formation and these constituents did not indicate 
any statistically significant relations with respect to geologic 
formation or topography (table 11). Water sampled from wells 
in the Dunkard Group had higher mean and median concentra-
tions of silica than water from wells in the Conemaugh Group 
and Monongahela Formation (fig. 11, table 10). Water sampled 
from wells in the Conemaugh Group and Monongahela 
Formation had higher mean and median concentrations of 
sodium than water sampled from wells in the Dunkard Group 
(fig. 11, table 10), although there were no statistically signifi-
cant differences in the concentrations of either silica or sodium 
between the various geologic formations or groups.

Median barium, bromide, and chloride concentrations 
for wells sampled in the Dunkard Group were 264 µg/L, 
0.050 mg/L, and 9.36 mg/L, respectively. Median barium, 
bromide, and chloride concentrations for wells sampled in 
the Conemaugh Group were 110 µg/L, 0.073 mg/L, and 9.20 
mg/L, respectively. Median barium, bromide, and chlo-
ride concentrations for wells sampled in the Monongahela 
Formation were 308 µg/L, 0.034 mg/L, and 23.0 mg/L, respec-
tively. The source of higher barium and chloride concentra-
tions in the Monongahela Formation is not known, but both 
constituents are commonly found in deeper saline brines. In 
addition to sulfate minerals, such as barite and barite-celestite 
solid solutions, barium may be a trace component in carbon-
ate minerals or adsorbed by manganese oxides (Hanshaw and 
Back, 1979). Regardless of the potential source, wells sampled 
in the Monongahela Formation had higher median barium and 
chloride concentrations than wells sampled in the Dunkard or 
Conemaugh Groups.

Conversely, silica concentrations were highest in wells 
sampled in the Dunkard Group with a median concentra-
tion of 12.5 mg/L, as compared to wells sampled in the 
Monongahela Formation (median concentration of 8.59 mg/L) 
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or Conemaugh Group (median concentration of 10.9 mg/L). 
Silicon is second only to oxygen in abundance within the 
Earth’s crust (Hem, 1992), and is commonly reported as silica 
in the form silicon oxide (SiO2). Silica is therefore common 
in many silicate oxide and hydroxide minerals such as quartz, 
kaolinite, potassium feldspars, beryl, and forsterite (Hem, 
1992). Quartz and other silicate minerals are commonly found 
in high proportions in sandstone.

Radioactive Constituents
Boxplots of the uranium and radon-222 concentrations 

(fig. 13) and summary statistics showed little differences 
in the distribution of these constituents and other radionu-
clides (table 10) among the three geologic formations or 
groups. There were no statistically significant differences 
in radon-222, radium-226, or uranium between any of the 
geologic formations, as determined by the Wilcoxon Signed 
Rank Test.

A previous statewide study of groundwater quality in 
West Virginia (Chambers and others, 2012) showed that 
radon-222 concentrations were present in higher concentra-
tions in younger Carboniferous units such as those in the 
study area—the Monongahela Formation and Conemaugh and 
Dunkard Groups—than in older Carboniferous units of south-
ern West Virginia. Generally, the proportion of shale, siltstone, 
and mudstone varies with geologic age, with the younger 
Carboniferous geologic groups and formations composed of 
a higher proportion of dark shales than older Carboniferous 
geologic formations such as the Pocahontas and New River 
Formations, which have a higher proportion of sandstone. 

Radon-222 is commonly derived from uranium-bearing 
dark shales (Otton, 1992) such as are found in the study area 
within rocks of the Dunkard and Conemaugh Groups, the 
Monongahela Formation, and within the deeper Marcellus 
Shale, which is a natural gas reservoir of dark shale containing 
methane, ethane, and other dissolved hydrocarbons. It is likely 
that the radon-222 in the water samples is derived from the 
geologic sequences with a higher proportion of dark shales. 
However, there were not sufficient data collected for this 
study to fully assess the source of the radon-222, which often 
is found in concentrations exceeding the proposed 300-pCi/L 
MCL drinking water standard for all rural residential wells 
sampled for this study. Additional discussion of radionuclides 
and dissolved hydrocarbons will be presented in the Dissolved 
Hydrocarbon Gases and Geochemistry sections of this report.

Relation to Topographic Setting
A trilinear plot (fig. 8D) differentiating the wells sampled 

based on topographic position, either upland (hillside and 
hilltop) or lowland (valley), showed greater variability in major 
ion content and type of water for hillside and valley wells than 
for hilltop wells. Three hilltop wells have a calcium-magnesium 
bicarbonate water type signature, whereas hillside and valley 
wells varied from a calcium-magnesium bicarbonate water 
type to a sodium-potassium bicarbonate water type. Due to 
similar chemistry and a small number of hilltop (3 sites) and 
hillside (6 sites) wells, data for these sites were combined for 
statistical analysis and hereafter referred to as upland wells.
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Figure 13.  Boxplots showing distribution of uranium and radon-222 concentrations in groundwater samples from 30 
wells in the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia grouped by 
geologic formation or group.
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Although the majority of wells sampled were located 
in valley settings (21 sites) and only 9 sites were located on 
hilltops or hillsides (upland wells), there was a statistically 
significant difference in concentrations of several chemical 
constituents with respect to topographic setting when compar-
ing samples from valley wells to samples from upland (hilltop 
and hillside) wells (table 11). There were statistically significant 
differences in valley and upland wells, with higher concen-
trations of manganese, radon-222, molybdenum, ammonia, 
methane, and ethane in samples from valley wells and higher 
concentrations of total coliform bacteria, calcium, magnesium, 
nitrate, uranium, copper, manganese, and selenium in samples 
from upland wells. The mean, median, and maximum values 
for constituents by topographic setting (table 12) show samples 
from upland wells appear to have higher dissolved oxygen con-
centrations than samples from valley wells, a finding supported 
by the nearly statistically significant Wilcoxon Signed Rank 
Test difference (p of 0.057) for dissolved oxygen between the 
two groups (table 11).

Examination of boxplots of constituents for upland and 
valley wells (fig. 14A, B) show that concentrations of dissolved 
oxygen, calcium, magnesium, nitrate, uranium, and copper 
were greater in upland wells compared to valley wells; ammo-
nia, radon-222, manganese, and molybdenum were greater 
in valley wells as compared to upland wells. As was evident 
for chemical constituent concentrations for deep and shallow 
wells, the primary process likely responsible for the differences 
in groundwater quality, with the exception of total coliform 
bacteria, between upland and valley wells are redox processes. 
Redox and other geochemical processes affecting groundwater 
quality within the study area will be discussed more fully in the 
Geochemistry section of this report.

Median concentrations of dissolved oxygen, calcium, 
magnesium, nitrate, uranium, copper, and total coliform 
bacteria for upland wells were 1.3 mg/L, 40.1 mg/L, 13.3 
mg/L, 0.199 mg/L, 0.397 µg/L, 4.30 µg/L, and 200 colonies per 
100 mL of sample, respectively, and valley wells had median 
concentrations of 0.3 mg/L, 20.4 mg/L, 4.17 mg/L, less than the 
0.040-mg/L method detection limit, 0.060 µg/L, 0.800 µg/L, 
and 12 colonies per 100 mL of sample, respectively (table 12). 
Median concentrations of ammonia, radon-222, iron, man-
ganese, and molybdenum for uplands wells were less than the 
0.010-mg/L method detection limit, 1,200 pCi/L, 10.0 µg/L, 
5.00 µg/L, and 0.571 µg/L, respectively, and median concentra-
tions of the same constituents for valley wells were 0.100 mg/L, 
1,560 pCi/L, 51.7 µg/L, 84.1 µg/L and 2.18 µg/L, respectively 
(table 12).

Relation to Well Depth

As discussed in the previous section, geology and topo-
graphic position can have an effect on the chemical composi-
tion of the groundwater sampled, but well depth also can be a 
factor. The dissolved oxygen content of shallow groundwater 
is typically higher because of near surface processes. For this 

study, well depths were grouped into two bins, one bin for 
wells less than 95 ft in depth and a second bin for wells greater 
than or equal to 95 ft in depth. These groupings were based 
on natural break points in the data and each bin had a sample 
size of 15. Unfortunately, the distribution of wells available for 
sampling were often older wells and information on the casing 
length and whether the wells were grouted adequately was not 
available for analysis. Therefore, this discussion is solely related 
to the chemical constituents commonly affected by redox pro-
cesses, which are contingent on the dissolved oxygen content, 
or lack thereof, in the wells and aquifers sampled.

The depth of wells also can affect groundwater quality, as 
deeper wells typically contain lower dissolved oxygen levels 
than shallower wells or wells with short casings. Dissolved 
oxygen, or the lack thereof, is a primary factor controlling 
redox processes in groundwater. In this study, shallower wells 
(less than 95 ft deep) had slightly higher dissolved oxygen, 
iron, manganese, radon-222, and ammonia concentrations 
than deeper wells, which had slightly higher concentrations of 
calcium, magnesium, bicarbonate, and uranium (fig. 15A, B, 
table 13,). Median (50th percentile) concentrations of dis-
solved oxygen, iron, manganese, radon-222 and ammonia for 
shallow wells were 0.6 mg/L, 66.6 µg/L, 62.7 µg/l, 1,615 pCi/L, 
and 0.120 mg/L, respectively, whereas deeper wells had lower 
median concentrations of dissolved oxygen, iron, manganese, 
radon-222 and ammonia of 0.4 mg/L, 12.2 µg/L, 6.3 µg/l, 1,075 
pCi/L, and 0.070 mg/L, respectively (table 13). Median con-
centrations of calcium, magnesium, bicarbonate, and uranium 
for shallow wells were 20.4, 3.55, 185 mg/L, and less than 0.033 
µg/L, respectively, whereas deeper wells had slightly higher 
median concentrations of calcium, magnesium, bicarbonate, 
and uranium of 39.9, 7.43, 262 mg/L, and less than 0.166 µg/L, 
respectively (table 13).

Examination of the trilinear diagram of major ion content 
of the groundwater samples collected for the study did not 
show any obvious trends in overall types of groundwater with 
respect to well depth (fig. 8C) as there was variability in major 
ion content and water type for both shallow and deep wells. 
Water type generally varied from a calcium-magnesium bicar-
bonate type of water to a sodium-potassium bicarbonate type 
of water.

Wilcoxon Signed Rank Tests, computed to assess whether 
there were statistically significant differences in popula-
tions (table 11), confirmed statistically significant differences 
between deeper wells (greater than or equal to 95 ft in depth) 
and shallower wells (less than 95 ft in depth) for ammonia, 
radon-222, uranium, nickel, and bicarbonate similar to what is 
shown in the boxplots for these constituents grouped by depth 
of well (fig. 15A, B). 

The primary process likely responsible for the differences 
in groundwater quality between deeper and shallower wells 
are redox processes. Redox and other geochemical processes 
affecting groundwater quality within the study area will be dis-
cussed more fully in the Geochemistry section of this report.
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Table 12.  Statistical summary of median, mean, and maximum analytical data for select constituents analyzed in water samples from 
the 30 sites sampled in the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia segregated by 
topography.

[Data referenced in this table are available from the USGS National Water Information System (NWIS) database (U.S. Geological Survey, 2021). Upland, consists 
of hilltop and hillside wells; NA, not applicable; ft, foot; bls, below land surface; mg/L, milligrams per liter; std, standard; µS/cm, microsiemens per centimeter 
at 25 degrees Celsius; NTU, nephelometric turbidity units; <, less than; TDS, total dissolved solids; NO3 + NO2, nitrate plus nitrite; E. coli, Escherichia coli; 
MPN/100 mL, most probable number per 100 milliliters of sample; >, greater than; µg/L, micrograms per liter; pCi/L, picocuries per Liter; Th-230, thorium 230; 
Cs-137, cesium-137; mg/kg, milligrams per kilogram]

Parameter Unit
Median Mean Maximum

Upland wells Valley wells Upland wells Valley wells Upland wells Valley wells

Number of 
samples

NA 9 21 9 21 9 21

Site characteristics

Well depth ft (bls) 116 85 158 96.8 460 180
Water level ft (bls) 51 15.6 62.1 16.9 236 41.4

Field parameters

Dissolved 
oxygen

mg/L 1.3 0.3 2.2 0.74 9.1 3

pH std unit 7.1 7.5 7.24 7.63 8.4 9.1
Specific conduc-

tance
µS/cm 470 459 601 577 1,110 1,580

Turbidity NTU 1.4 0.8 8.2 1.1 60 3.5
Alkalinity mg/L 212 190 242 196 483 334
Bicarbonate mg/L 259 224 291 231 587 349
Carbonate mg/L <1 <1 2.43 4.47 14.7 31.8

Total dissolved solids and hardness

TDS mg/L 277 267 358 331 656 863
Hardness mg/L 157 69 182 76 381 184

Major ions

Calcium mg/L 40.10 20.4 49.4 23.4 118 58.9
Magnesium mg/L 13.3 4.17 14.1 4.13 28.5 11.1
Potassium mg/L 1.37 1 1.29 1.05 1.71 2.03
Sodium mg/L 33.4 61.4 62.7 98.1 483 328
Bromide mg/L 0.039 0.051 0.065 0.363 0.25 3
Carbon dioxide mg/L 29 13 34 23.8 70 139
Chloride mg/L 7.50 21.4 33.4 55.2 170 353
Fluoride mg/L 0.23 0.26 0.596 0.562 2.86 1.96
Silica mg/L 13.8 10.4 13.3 11.3 20.2 17.9
Sulfate mg/L 9.88 10.8 15.8 11.2 43.9 34.3

Nutrients

Ammonia mg/L <0.01 0.1 0.032 0.159 0.11 0.74
NO3 + NO2 mg/L 0.204 0.04 0.576 0.077 3.79 0.634
Nitrate mg/L 0.199 <0.04 0.576 0.077 3.79 0.634
Nitrite mg/L <0.001 <0.001 <0.001 0.002 0.005 0.008
Orthophosphate mg/L 0.009 0.021 0.014 0.046 0.036 0.181

Bacteria

E. coli MPN/ 100 mL <1 <1 3 22 10 220
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Table 12.  Statistical summary of median, mean, and maximum analytical data for select constituents analyzed in water samples from 
the 30 sites sampled in the wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia segregated by 
topography.—Continued

[Data referenced in this table are available from the USGS National Water Information System (NWIS) database (U.S. Geological Survey, 2021). Upland, consists 
of hilltop and hillside wells; NA, not applicable; ft, foot; bls, below land surface; mg/L, milligrams per liter; std, standard; µS/cm, microsiemens per centimeter 
at 25 degrees Celsius; NTU, nephelometric turbidity units; <, less than; TDS, total dissolved solids; NO3 + NO2, nitrate plus nitrite; E. coli, Escherichia coli; 
MPN/100 mL, most probable number per 100 milliliters of sample; >, greater than; µg/L, micrograms per liter; pCi/L, picocuries per Liter; Th-230, thorium 230; 
Cs-137, cesium-137; mg/kg, milligrams per kilogram]

Parameter Unit
Median Mean Maximum

Upland wells Valley wells Upland wells Valley wells Upland wells Valley wells

Bacteria—Continued

Total coliform MPN/ 100 mL 200 12 677 329 >2,400 >2,400
Trace metals

Aluminum µg/L 9 5.4 15.2 10.9 70.5 101
Barium µg/L 186 264 240 463 598 1,690
Beryllium µg/L <0.01 <0.01 0.026 0.019 0.06 0.05
Cadmium µg/L <0.03 <0.03 0.06 0.042 0.18 0.09
Chromium µg/L <0.5 <0.5 1.33 0.738 3 2.5
Cobalt µg/L 0.056 0.031 0.102 0.05 0.306 0.15
Copper µg/L 4.3 0.8 10.2 0.9 44.4 2.60
Iron µg/L 10 51.7 112 351 487 5,150
Lead µg/L 0.3 0.06 0.399 0.098 0.998 0.462
Manganese µg/L 5 84.1 46.8 123 187 527
Mercury µg/L <0.005 <0.005 <0.005 <0.005 0.008 <0.005
Molybdenum µg/L 0.571 2.18 1.58 3.82 7.22 16.9
Nickel µg/L <0.2 <0.2 0.61 0.332 1.8 1
Silver µg/L <1 <1 2 1.38 6 3
Strontium µg/L 503 419 630 438 1,520 1,330
Zinc µg/L 11.5 5.2 13.9 8.3 34 55.7
Antimony µg/L <0.06 <0.06 0.12 0.083 0.36 0.18
Arsenic µg/L 0.65 2.5 4.59 6.95 26.4 31.4
Selenium µg/L <0.2 <0.05 0.180 0.091 0.34 0.25

Radionuclides

Gross alpha pCi/L Th-230 4.6 1.4 4.82 2.12 19 7.3
Gross beta pCi/L Cs-137 2.4 1.6 2.3 2.18 3.3 4.5
Radium-224 pCi/L <0.03 0.2 0.103 0.286 0.55 1.3
Radium-226 pCi/L 0.14 0.23 0.167 0.44 0.45 1.6
Radium-228 pCi/L 0.42 0.48 0.383 0.583 0.77 1.6
Radon pCi/L 1,200 1,560 1,080 1,640 2,300 2,910
Uranium µg/L 0.397 0.06 0.649 0.08 2.63 0.23
Uranium-234 pCi/L 0.4 0.13 0.587 0.153 2.5 0.47
Uranium-235 pCi/L 0.03 0.02 0.022 0.016 0.05 0.038
Uranium-238 pCi/L 0.15 0.04 0.254 0.041 0.87 0.13

Dissolved hydrocarbons

Methane mg/kg 0.002 0.088 0.02 1.74 0.087 17.9
Ethane mg/kg 0.0000156 0.000321 0.00014 0.063 0.001 1.27
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Figure 14.  Boxplots of dissolved oxygen, calcium, magnesium, ammonia, nitrate as N, radon-222, uranium, copper, iron, 
manganese, and molybdenum in groundwater analyzed for the 30 wells sampled in the wet gas dominated part of the 
Marcellus Shale oil and gas play in northwestern West Virginia with respect to topographic setting.
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Relation to Density of Oil and Gas Wells

One primary objective of the study was to assess the 
water-quality data for the wells sampled with respect to the 
number of nearby oil and gas production wells. Processes 
associated with the drilling, production, maintenance, and 
upgrade of oil and gas wells have been postulated to pos-
sibly affect groundwater quality within the study area. There 
are also many older oil and gas wells within the study area 
that are no longer in production and have been abandoned, as 
well as other wells drilled prior to 1930 that were not regu-
lated and did not require a permit and therefore may have a 
higher potential for failed or failing well casings. The effect, 
or lack thereof, of current Marcellus Shale horizontal produc-
tion wells, current or legacy traditional vertical wells, and 
older, pre-1930, vertical wells is assessed within this report. 
Statistical analysis was conducted using the Wilcoxon Signed 
Ranks Test for the three different populations of oil and 
gas wells. The oil and gas wells’ spatial distributions were 

separated into two classes of lower and higher density for 
each of the three populations to assess whether there were any 
statistically significant differences among populations with 
respect to the constituents sampled for this study and land use 
(table 11). The first population—active oil and gas wells—was 
classified in two classes for multivariate statistical analysis 
with respect to the number of Marcellus Shale oil and gas 
wells (n) within 1,000 m of the rural residential wells sampled, 
with classes of n equal to zero (n equals 0) or n greater than or 
equal to 1 (n ≥ 1). The second population—older, pre-1930, oil 
and gas wells—was within a 1,000-m radius of the residential 
wells sampled, with classes of n (number of pre-1930 wells) 
less than (<) 3 and n ≥ 4. The third population—all oil and gas 
wells, regardless of type or date drilled—was within a 500-m 
radius of the rural residential wells sampled for the study, with 
classes of n (number of all oil and gas wells) ≤ 4 and n ≥ 5. 
The classes were determined by parsing the data into roughly 
equivalent numbers of observations based on natural breaks in 
the distribution of the data.
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Figure 14.—Continued
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Figure 15.  Boxplot showing variability in bicarbonate, calcium, magnesium, radon-222, uranium, ammonia, iron, 
manganese, and nickel in groundwater water analyzed for the 30 wells sampled in the wet gas dominated part of the 
Marcellus Shale oil and gas play in northwestern West Virginia with respect to well depth.
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There were no statistically significant differences in the 
distribution of older, pre-1930, oil and gas wells or Marcellus 
Shale wells for any of the chemical constituents analyzed for 
the study when comparing lower and higher density of oil 
and gas wells within a 1,000-m radius of a sampled residen-
tial water wells (table 11). There was, however, a statistically 
significant difference in radium-226, barium, and ethane 
concentrations with respect to the density of oil and gas wells 
within a 500-m radius around the residential wells sampled 
for the study, with residential wells sampled that had four 
or fewer oil and gas wells surrounding the wells sampled 
having statistically lower concentrations of radium-226, 
barium, and ethane than for residential wells sampled that 
had five or more oil and gas wells in a 500-m radius of the 
residential wells sampled. Ethane is a common constituent in 
natural gas production, as are methane and other dissolved 
hydrocarbons. Barium is often associated with deep brines 
and has been linked to reductive weathering of shales and 
co-produced water during hydraulic fracturing of oil and 

gas reservoirs (Renock and others, 2016) but also can occur 
naturally in groundwater within the study area. Radium-226 is 
a radioactive decay product of uranium-238 and radium-226 
decays to produce radon-222, a carcinogenic radioactive gas. 
Uranium-228, radium-226, and radon-222 are part of a natural 
radioactive decay cycle that eventually produces lead-208 
(Otton, 1992). These radioactive constituents also are present 
in naturally occurring brines and flowback waters associated 
with unconventional Marcellus Shale gas production (Rowan 
and others, 2011).

Uranium, radium, and radon are commonly associated 
with dark shale such as the Marcellus Shale. Natural migra-
tion of hydrocarbons and associated brines into shallower 
aquifers has been documented within the study area, especially 
near the Burning Springs anticline (Hennen, 1911; Eggleston, 
2004). Given the small sample size of the wells sampled for 
this study (30), there is still a statistically significant relation 
between the number of oil and gas wells within a 500-m radius 
of the residential wells sampled and higher concentrations of 
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Table 13.  Statistical summary of median, mean, and maximum analytical data for select constituents analyzed in water samples from 
the 30 sites sampled in the wet-gas-dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia segregated by 
well depth.

[Data referenced in this table are available from the USGS National Water Information System (NWIS) database (U.S. Geological Survey, 2021). <, less than; ft, 
foot; ≥, greater than or equal to; NA, not applicable; bls, below land surface; mg/L, milligrams per liter; std, standard; μS/cm, microsiemens per centimeter at 25 
degrees Celsius; NTU, nephelometric turbidity ratio units; NO3 + NO2, nitrate plus nitrite; E. coli, Escherichia coli; MPN/100 mL, most probable number per 
100 milliliters of sample; μg/L, microgram per liter; >, greater than; pCi/L, picocuries per Liter; Th-230, thorium; Cs-137, cesium-137; E, number noted in scien-
tific notation format; mg/kg, milligrams per kilogram]

Parameter Unit

Median Mean Maximum

Well depth < 95 ft 
(shallow wells)

Well Depth 
≥ 95 ft (deep 

wells)

Well depth < 
95 ft (shallow 

wells)

Well Depth 
≥ 95 ft (deep 

wells)

Well depth < 
95 ft (shallow 

wells)

Well Depth 
≥ 95 ft (deep 

wells)

Number of samples NA 15 15 15 15 15 15
Site characteristics

Well depth ft (bls) 73 126 70.6 159.9 85 460
Water level ft (bls) 15.2 20 18.1 42.7 50.9 236

Field parameters

Dissolved oxygen mg/L 0.6 0.4 1.01 1.35 3 9.1
pH std unit 7.5 7.2 7.67 7.37 9.1 8.9
Specific conductance µS/cm 457 555 547 620 1,580 1,280
Turbidity NTU 1 0.8 1.5 4.9 5.9 60
Alkalinity mg/L 153 215 181 239 334 483
Bicarbonate mg/L 185 262 212 287 356 587
Carbonate mg/L <1 <1 4.81 2.9 31.8 15.5

Total dissolved solids and hardness

TDS mg/L 266 340 323 356 863 723
Hardness mg/L 69 145 90.3 126 381 336

Major ions

Calcium mg/L 20.4 39.9 27.5 34.9 118 87.4
Magnesium mg/L 3.55 7.43 5.06 9.17 20.2 28.5
Potassium mg/L 1 1.28 1.06 1.18 2.03 1.71
Sodium mg/L 52.8 35 84.5 90.5 328 262
Bromide mg/L 0.034 0.055 0.294 0.254 3 1.33
Carbon dioxide mg/L 8.4 29 22.9 30.9 139 77
Chloride mg/L 10.9 7.5 53.8 43.5 353 260
Fluoride mg/L 0.26 0.26 0.433 0.711 1.73 2.86
Silica mg/L 11.1 11.6 12.2 11.6 20.2 16.6
Sulfate mg/L 10.8 10.2 13.2 12 34.3 43.9

Nutrients

Ammonia mg/L 0.12 0.07 0.171 0.071 0.74 0.29
NO3 + NO2 mg/L <0.04 <0.042 0.087 0.368 0.634 3.79
Nitrate mg/L <0.04 <0.042 0.086 0.367 0.634 3.79
Nitrite mg/L <0.001 <0.001 <0.001 0.002 0.008 0.005
Orthophosphate mg/L 0.038 0.007 0.044 0.029 0.167 0.181

Bacteria

E. coli MPN/ 100 
mL

<1 <1 16 17 210 220
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Table 13.  Statistical summary of median, mean, and maximum analytical data for select constituents analyzed in water samples from 
the 30 sites sampled in the wet-gas-dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia segregated by 
well depth.—Continued

[Data referenced in this table are available from the USGS National Water Information System (NWIS) database (U.S. Geological Survey, 2021). <, less than; ft, 
foot; ≥, greater than or equal to; NA, not applicable; bls, below land surface; mg/L, milligrams per liter; std, standard; μS/cm, microsiemens per centimeter at 25 
degrees Celsius; NTU, nephelometric turbidity ratio units; NO3 + NO2, nitrate plus nitrite; E. coli, Escherichia coli; MPN/100 mL, most probable number per 
100 milliliters of sample; μg/L, microgram per liter; >, greater than; pCi/L, picocuries per Liter; Th-230, thorium; Cs-137, cesium-137; E, number noted in scien-
tific notation format; mg/kg, milligrams per kilogram]

Parameter Unit

Median Mean Maximum

Well depth < 95 ft 
(shallow wells)

Well Depth 
≥ 95 ft (deep 

wells)

Well depth < 
95 ft (shallow 

wells)

Well Depth 
≥ 95 ft (deep 

wells)

Well depth < 
95 ft (shallow 

wells)

Well Depth 
≥ 95 ft (deep 

wells)

Bacteria—Continued

Total coliform MPN/ 100 
mL

38 200 251 616 >2,400 >2,400

Trace metals

Aluminum µg/L 3.3 9 12 12.5 101 70.5
Barium µg/L 200 264 359 434 1,400 1,690
Beryllium µg/L <0.010 <0.01 0.018 0.023 0.05 0.06
Cadmium µg/L <0.030 <0.03 0.036 0.059 0.09 0.18
Chromium µg/L <0.500 <0.5 0.67 1.17 2.5 3
Cobalt µg/L <0.030 0.038 0.05 0.081 0.15 0.306
Copper µg/L <0.400 1.2 1.02 6.39 4.3 44.4
Iron µg/L 66.6 12.2 447 111 5,150 487
Lead µg/L 0.06 0.078 0.112 0.265 0.462 0.998
Manganese µg/L 62.7 6.3 125 75 527 257
Mercury µg/L <0.005 <0.005 <0.005 <0.005 <0.005 0.008
Molybdenum µg/L 1.79 1.69 2.47 3.83 7.22 16.9
Nickel µg/L <0.2 0.29 0.27 0.56 1 1.8
Silver µg/L <1 <1 <1.2 <1.93 <3 <6
Strontium µg/L 333 591 399 592 1,520 1,380
Zinc µg/L 4.6 6.2 10.6 9.5 55.7 34
Antimony µg/L <0.06 <0.06 0.072 0.116 0.18 0.36
Arsenic µg/L 2.3 2.5 6.37 6.11 31.4 26.4
Selenium µg/L <0.05 0.14 0.094 0.141 0.25 0.34

Radionuclides

Gross alpha pCi/L 
Th-230

1.1 3.5 2.59 3.27 19 7.3

Gross beta pCi/L 
Cs-137

1.6 2.5 2.11 2.32 4.5 4.1

Radium-224 pCi/L <0.2 <0.1 0.311 0.151 1.3 1
Radium-226 pCi/L 0.15 0.15 0.344 0.373 1.6 1.38
Radium-228 pCi/L 0.42 0.48 0.531 0.515 1.6 1.4
Radon pCi/L 1,615 1,075 1,794 1,128 2,910 2,690
Uranium µg/L <0.033 0.166 0.089 0.413 0.397 2.63
Uranium-234 pCi/L 0.11 0.22 0.129 0.437 0.4 2.5
Uranium-235 pCi/L <0.019 <0.023 <0.013 <0.022 0.04 0.05
Uranium-238 pCi/L 0.05 0.06 0.044 0.165 0.15 0.87
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radium-226, ethane, and barium. It is not possible, however, 
given the data collected for this study, to definitively identify 
the source of these constituents in groundwater in the study 
area, whether derived from natural processes or derived from 
activities related to oil and gas development. Future work 
employing isotopic analysis of methane, ethane, and noble 
gases could provide additional insight into the source of 
ethane, radium-226, barium, and other constituents within the 
study area.

Chemical data for pertinent constituents related to oil and 
gas production such as barium, bromide, chloride, radium-222, 
methane, and ethane were plotted to assess if there was a dis-
tinct geographical bias within the data with respect to location 
of wells with higher constituent concentrations within ground-
water in the study area. Only radium-226 showed a geographi-
cal bias with higher concentrations present in the northern 
part of the study and overall lower concentrations found in the 
southern part of the study area (fig.16). There was no apparent 
correlation between radium-226 and geologic formation; it is 
unclear what may be controlling the elevated radium-226 in 
the northern part of the study area.

Groundwater Age Tracers (CFCs, SF6, and Tritium 
results)

Groundwater age tracers (CFCs, SF6) were analyzed at 
17 of the 30 wells sampled (Haase and others, 2022). The 
dissolved concentrations of the tracers were corrected for 
recharge temperature, excess air, and nitrification based on 
the nitrogen argon (N2/Ar) ratios using the Unsaturated Air 
(UA) model (Heaton and Vogel, 1981). Concentrations of all 
the age tracer results were greater than the analytical detection 
limits for all wells sampled indicating that water recharged 
after 1950 comprised a substantial fraction of each sample, 
as CFCs were not used substantially until the late 1940s. This 
was corroborated by tritium activities greater than 1 TU for 

all samples, indicating that the samples were predominately 
young (post 1950s) water (Lindsey and others, 2019). The 
most reliable age tracer is SF6 because all the samples in this 
study had very low oxygen or were anoxic, and levels of 
nitrate, iron, and the presence of methane indicated reducing 
conditions that potentially degraded all of the CFC tracers 
to varying degrees. CFC-11 was degraded in most samples 
to levels that could not be used for dating. There were a few 
samples with tracer partial pressures greater than those of the 
atmosphere, or with apparent CFC-113 age younger than the 
CFC-12 apparent age, (CFC-113: Wet-0114, Wet-0140, and 
Dod-0070; SF6: Dod-0070, and Rit-0128). The CFC-12 and 
CFC-113 piston flow ages are roughly correlated with each 
other and SF6, though they are biased 20 to 30 years older 
than the SF6, indicating that the CFC tracers in the study 
experienced similar decay rates. Several sites showed much 
larger differences in SF6 concentrations (Tyl-0095, Dod-0068, 
and Tyl-0100), which could indicate locally higher CFC 
degradation rates or contributions from a non-atmospheric 
SF6 source. Given that this is observed in other sites in the 
dataset, the apparent age of these sites is assigned from the 
CFC-12 age, subtracting the 27-year offset due to degradation. 
Overall, the combined observation of CFC degradation and 
non-atmospheric SF6 makes fitting the age distributions to a 
specific mixing model impractical and only piston flow ages 
were used to determine relative differences in residence time.

Geochemistry
Rock water interactions, redox state, bedrock mineral-

ogy, freshwater and saline water mixing interactions, cation 
exchange, and gas composition of groundwater are all factors 
affecting the geochemistry of groundwater within the study 
area. These factors were assessed for this study by graphical 

Table 13.  Statistical summary of median, mean, and maximum analytical data for select constituents analyzed in water samples from 
the 30 sites sampled in the wet-gas-dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia segregated by 
well depth.—Continued

[Data referenced in this table are available from the USGS National Water Information System (NWIS) database (U.S. Geological Survey, 2021). <, less than; ft, 
foot; ≥, greater than or equal to; NA, not applicable; bls, below land surface; mg/L, milligrams per liter; std, standard; μS/cm, microsiemens per centimeter at 25 
degrees Celsius; NTU, nephelometric turbidity ratio units; NO3 + NO2, nitrate plus nitrite; E. coli, Escherichia coli; MPN/100 mL, most probable number per 
100 milliliters of sample; μg/L, microgram per liter; >, greater than; pCi/L, picocuries per Liter; Th-230, thorium; Cs-137, cesium-137; E, number noted in scien-
tific notation format; mg/kg, milligrams per kilogram]

Parameter Unit

Median Mean Maximum

Well depth < 95 ft 
(shallow wells)

Well Depth 
≥ 95 ft (deep 

wells)

Well depth < 
95 ft (shallow 

wells)

Well Depth 
≥ 95 ft (deep 

wells)

Well depth < 
95 ft (shallow 

wells)

Well Depth 
≥ 95 ft (deep 

wells)

Dissolved hydrocarbons

Methane mg/kg 0.043 0.026 0.66 1.78 4.02 17.9
Ethane mg/kg 4.20E-05 0.0001 0.002 0.087 0.014 1.27
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and statistical analysis. The following sections of this 
report describe the geochemical processes occurring within 
the aquifer.

Methane Geochemistry

There are several relationships in the geochemistry that 
are potentially relevant to the assessment of measured concen-
trations of methane in the groundwater in this study. The ratio 
of calcium to sodium in groundwater generally decreases as 
water equilibrates with aquifer materials and the concentration 
of TDS increases (fig. 17). Many of the samples in this study 
have high calcium to sodium (Ca/Na) ratios and low TDS con-
centrations, indicating the samples are dominated by recently 
recharged water, and that deep, long-transit-time sources of 
groundwater are minor.

Fifteen of the 30 samples had chloride concentrations 
less than 10 mg/L, limiting the ability to distinguish anion 
signatures that could characterize samples with halite dissolu-
tion, septic runoff, and deep Appalachian basin brine compo-
nents. A subset of samples had chloride to bromide ratio (Cl/
Br) mass ratios between 70 and 200 (fig. 18), indicating deep 
Appalachian brines mixed with the groundwater (Kessler and 
others, 1996; Llewellyn and others, 2015; Harkness and oth-
ers, 2017). The green shaded area between 70 mg/L and 200 
mg/L on figure 18 represents the ratios where Appalachian 
brines are expected to fall (Mullaney and others, 2009). These 
samples contrast with other common chloride to bromide (Cl/
Br) ratios that are typical of halite dissolution (1,000–10,000 
from natural and anthropogenic salt sources) and animal waste 
or sewage (300–1,000), which are the other probable major 
chloride and bromide sources to groundwater in the area 
(Mullaney and others, 2009).

Base from U.S. Geological Survey 1:24,000-scale digital data for County Boundaries , 2005; 
Wet gas/dry gas line from J . Moore, WV Geological and Economic Survey written commun. 2022 
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Methane and Dissolved Hydrocarbon 
Composition and Origin

The abundance and sources of dissolved volatile hydro-
carbons have long been a topic of study in West Virginia as 
the state’s abundant coal beds contribute to the presence of 
hydrocarbons in the state’s groundwater (Mathes and White, 
2006; White and Mathes, 2006; Kozar and others, 2012; 
Chambers and others, 2015; Harkness and others, 2017; 
McAdoo and Kozar, 2017; Kozar and others, 2020). Natural 
gas development from the shale resources in the state have 
renewed interest in the origins of these compounds. Dissolved 
hydrocarbon concentration data in groundwater can provide 
information useful in determining the source and geochemi-
cal processes responsible for the presence of natural gas in 

shallow groundwater aquifers. Dissolved methane commonly 
occurs in groundwater and can originate from microbial activ-
ity in the aquifer system or from transport of thermogenic 
hydrocarbons. The presence of methane in West Virginia’s 
groundwater is well documented and generally associated with 
methane from coal beds (Mathes and White, 2006; White and 
Mathes, 2006; Kozar and others, 2012; Chambers and others, 
2015; Harkness and others, 2017; McAdoo and Kozar, 2017; 
Kozar and others, 2020). As methane is a major component 
of natural gas recovered from thermally mature shales like 
the Marcellus Shale in West Virginia and the Utica Shale in 
Ohio, there is utility in assessing methane concentrations in 
groundwater before and during well development to establish 
the baseline conditions, extant sources of methane, and to help 
understand the relations that changes in water quality might 
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Figure 17.  Plot of calcium/sodium mass ratio versus total dissolved solids concentration in the 30 water wells sampled in the 
wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia.
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have to surface activity associated with drilling and extraction. 
(Molofsky and others, 2016; Barth-Naftilan and others, 2018; 
Woda and others, 2018).

The presence of methane in groundwater could be an 
indication of contamination and other water-quality issues 
(Levêque and Burns, 2019; Turley and Caretta, 2020). 
Functionally, the presence of methane in groundwater has 
several effects: methane gas can accumulate in enclosed 
spaces where groundwater is discharged leading to a combus-
tion hazard, it can create unpleasant qualitative characteristics 
(ebullition and reduced clarity), and it can potentially co-occur 
with other contaminants that can negatively impact the safety 
and utility of the water (Borch and Others, 2010). A histogram 
of the dissolved methane concentrations observed in this 
study is shown in figure 19 below. Methane concentrations 
in this study were generally very low, with the most probable 
concentration being between 0.01 and 0.1 mg/L. No samples 
exceeded 28 mg/L, but one sample, Rit-0119, exceeded 
10 mg/L.

Methane and other dissolved hydrocarbons originate in 
groundwater from an array of possible biogenic pathways or 
from thermogenic sources. Biogenic gas can be generated in 
situ by multiple reductive pathways and both biogenic and 
thermogenic gas can be transported from their point of origin 
by groundwater flow or by resource extraction operations. 

During transport, compositions of dissolved gas can be 
modified by mixing with water of different geochemistry and 
exposure to different redox regimes, resulting in dissolved 
hydrocarbon compositions having unique signatures (Schoell, 
1988; Colosimo and others, 2016). A defining characteristic 
of biogenic methane is that it does not usually co-occur with 
concentrations of higher chain hydrocarbons (Cn greater 
than 1), and therefore has C1/Cn source ratios greater than 
1,000. In contrast, thermogenic gas typically has lower C1/Cn 
ratios, in the range of 10–1,000, with lower ratios represent-
ing low thermal maturity wet gas. This is because wet gas 
has a greater abundance of longer-chained hydrocarbons and 
higher ratios representing late-stage thermal maturity with 
lower abundances of higher hydrocarbons (Cn), but, as gas 
undergoes thermal maturation, the longer-chained hydrocar-
bons are decomposed to methane, which increases the C1/
Cn ratio, compared to that of higher thermal maturity dry gas 
(Schoell, 1983; Whiticar, 1999; Taylor and others, 2000). After 
generation, gases can be modified by oxidative processes, 
fractionation during transport, secondary methanogenesis, 
biodegradation, and methanotrophy. The cumulative processes 
result in signatures that can be used to infer the sources, type, 
and degree of modifications that have acted on a dissolved gas 
(Whiticar, 1999; Révész and others, 2012; Molofsky and oth-
ers, 2013; Kozar and others, 2020).
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For most of the samples in this study, the C1 to C6 
hydrocarbons have characteristics that reflect a biogenic gas 
signature that has, to varying degrees, undergone methanotro-
phic oxidation processes during transport. To illustrate these 
processes, the concentrations of dissolved methane are plotted 
against the C1/C2 ratio and with the ratios of isobutane to 
n-butane (fig. 20) and isopentane to n-pentane (fig. 21). This 
graphic presentation allows the source, mixing, and redox 
characteristics to be assessed, as trends and groups in iso-
mer fractionation (from approximate source ratios near unity 
(Lu and others, 2019)) from microbial action and transport 
are depicted in the same context as dryness and abundance 
(Molofsky and others, 2013; Kozar and others, 2020).

None of the samples show a characteristic thermogenic 
cracking pattern among the hydrocarbon ratios, with each 
successive pair of hydrocarbons (C1/C2, C2/C3, and so on) 
occurring in ratios in the percent range. Even samples with C1/
C2 in the range of a thermogenic source did not have ratios of 
other (greater than C2) hydrocarbons that indicated a thermo-
genic origin. Those samples with C1/C2 ratios in the range of 
100 were generally of low concentration (less than 0.1 mg/
kg), except for sample Cal-0134, which had a concentration 
of 8.0 mg/kg and had a C1/C2 ratio of 10 but was not accom-
panied by levels of higher hydrocarbons indicating a proximal 

thermogenic source of low thermal maturity. The ratios of 
greater than C2 gases were also less than the range 0.1 ratio 
expected for thermogenic-sourced gas and were enriched 
with respect to branched isomers (high isoalkane to n-alkane 
ratios). This indicates that the gases in this sample had under-
gone considerable oxidative processing (Prinzhofer and others, 
2000; Igari and others, 2007). Figure 20 shows there is no 
gradient for samples with a high methane and low methane/
ethane ratio. The black lines represent the addition of biogenic 
methane with C1/C2 of 1,000 and 10,000 to background ther-
mogenic gas with C1/C2 between 50 and 100. The green line 
represents the limit of detection of the measurements.

The plot in figure 21 shows no gradient in pentane isomer 
ratios for samples with high methane and low ethane/meth-
ane ratio. The black lines represent the addition of biogenic 
methane with C1/C2 of 1,000 and 10,000 to background ther-
mogenic gas with C1/C2 between 50 and 100. The green line 
represents the limit of detection of the measurements.

The Cl/Br mass ratios of all the samples greater than 1 
mg/kg methane are in the range of 70 to 200 (fig. 22), which 
resemble the anion signatures of Appalachian basin brines 
(Llewellyn and others, 2015), and coincide with the high-
est concentrations of methane observed in the study (shaded 
area on fig. 22). Additionally, all the samples with methane 
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Figure 19.  A histogram of the dissolved methane concentrations for the 30 wells sampled in the wet gas dominated 
part of the Marcellus Shale oil and gas play in northwestern West Virginia.
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greater than 1 mg/kg were situated in valleys. This follows 
similar findings in previous studies that showed shallow 
aquifers in valley bottoms received brines that coincided with 
the presence of high concentrations of hydrocarbon gases, 
either from biogenic generation from long flow paths or from 
introduction into the aquifer by natural Appalachian basin 
brine movement (Heisig and Scott, 2013; Llewellyn and oth-
ers, 2015; Colosimo and others, 2016; Molofsky and others, 
2016; Harkness and others, 2017; Yan and others, 2017; Woda 
and others, 2018; Wen and others, 2019). Of the samples with 
methane concentrations greater than 1 mg/kg, the available 
groundwater age tracer data indicate that the apparent age was 
more than 40 years. Further, the low Ca/Na ratios (fig. 23) 
indicate that long flow paths can coincide with methane 
occurrence.

In contrast to methane and dissolved hydrocarbons col-
lected in West Virginia’s southern coal field region (Kozar 
and others, 2020) where fractionation of the branched isomers 
increased with gas concentration at low C1/C2 ratios, there 
is not a clear trend in isomeric fractionation (isobutane to 
n-butane and isopentane to n-pentane) with either methane 
concentration or methane/ethane ratio, where the ratios of 
both compounds’ isomers are typically near 1. Though there is 
considerable variation in the butanes, samples with methane 
greater than 1 mg/kg tended to display enrichment in branched 
isomers, whereas samples with lower methane concentrations 
tended toward enrichment in straight-chain isomers, possibly 
indicating oxidation or formation pathways for some of the 
samples with concentrations greater than 1 mg/kg (fig. 24). No 
patterns were apparent for the pentane or hexane isomers.
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Geochemical Evolution of Groundwater

Information on the geochemical processes controlling 
groundwater evolution in an aquifer system is gathered when 
data from numerous wells are analyzed together. Boxplots 
of selected major ions (fig. 25) show clear dominance of the 
bicarbonate anion and a mixture of calcium, magnesium, and 
sodium cations, which suggests multiple water-rock interac-
tions in the shallow subsurface are altering solute concentra-
tions from what would be expected in precipitation. Trilinear 
diagrams (figs. 7, 8B, 8C) also suggest two dominant water 
types, calcium plus magnesium bicarbonate and sodium plus 
potassium bicarbonate, with only a few samples showing 
higher proportions of sulfate for the dominant anion.

The conceptual model of geochemical evolution for 
groundwater in this area of West Virginia (fig. 26) starts with 
recharge from precipitation, is heavily influenced by water-
rock interactions, and is classified by three possible redox 
categories. Precipitation in West Virginia has low dissolved 

solids, acidic pH, and is capable of dissolving carbonate min-
erals to buffer acidity during overland flow and infiltration. 
Precipitation percolates through the soil zone and recharges 
the saturated zone of the aquifer. Along this path, the chemi-
cally aggressive and oxygen-rich water dissolves carbonate 
minerals and oxidizes sulfides, which releases ions into 
the solution and increases TDS concentration in the water. 
Microbes likely mediate oxygen, nitrate, manganese, iron, 
and sulfate concentrations by preferential electron acceptor 
utilization through oxic and anoxic redox states (Ouyang and 
others, 2017).

The conceptual model of geochemical evolution in the 
shallow aquifer systems was evaluated by multivariate statis-
tical analysis of the available chemical data for the 30 wells 
sampled using PCA, comparing significant Spearman’s correla-
tion coefficients (app. 1), graphical analysis, and by computa-
tion of SIs for mineral species. The results of the PCA analysis 
(table 14) show four major hydrogeologic variables—carbonate 
dissolution, ion exchange, redox, and mixing—controlling 

Analytical lim
it o

f detectio
n

C1/C
2 = 10,000 mixin

g lin
e

C1/C
2 = 1,000 mixin

g lin
e

C1/C2 less than 100

10 100 1,000 10,000 100,000
Methane to ethane mole ratio

0.0001

0.00001

0.001

0.01

0.1

Di
ss

ol
ve

d 
m

et
ha

ne
, in

 m
illi

gr
am

s p
er

 ki
lo

gr
am

10

1

100

−1.5

−1

−0.5

0

0.5

1

Ba
se

 10
 lo

ga
rit

hm
 o

f t
he

 is
op

en
ta

ne
 to

 n
-p

en
ta

ne
 m

ol
e 

ra
tio

Figure 21.  Plot of dissolved methane concentration and methane to ethane ratio, with a color scale of 
isopentane over n-pentane in the 30 wells sampled in the wet gas dominated part of the Marcellus Shale oil 
and gas play in northwestern West Virginia.
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the system with 76 percent of the total variance in the data-
set explained by these first four principal components. These 
major hydrogeologic variables are discussed in separate sec-
tions that follow. Twenty-six of the most commonly detected 
variables are represented in the PCA by loadings, which 
are correlations of individual variables to specific principal 
components. Positive loadings indicate that as the value of one 
constituent increases, the value of the correlated constituent 
also increases, whereas negative loadings indicate that as the 
value of one constituent increases, the value of the correlated 
constituent decreases. Spearman’s rho correlation coefficients 
were found to be significant in this study for values greater 
than 0.463 and less than -0.463 at a confidence level of 99 
percent (p less than 0.01) or between 0.362 and -0.362 at a con-
fidence level of 95 percent (p less than 0.05; table 14; app. 1). 
Significant Spearman’s rho correlation coefficients for variables 
not assessed in the principal components model are shown in 
table 15.

Water-Rock Interactions Controlling Major Ion 
Concentrations

Dissolution and precipitation of mineral phases present 
in bedrock and soil zones near a sample site are important in 
controlling major ion concentrations in groundwater. Various 
sulfide, sulfate, carbonate, and aluminosilicate minerals com-
mon to the bedrock of West Virginia were used to calculate 
SIs even though the presence of these minerals may vary 
spatially with depositional environment. If a mineral is pres-
ent in a sample, the SI indicates the potential of that mineral 
to precipitate or dissolve. Saturation Indices were computed 
using the USGS geochemical modeling software, PHREEQC 
(Parkhurst and Appelo, 2013), and plotted against pH (fig. 27) 
to identify mineral phases that may affect the solute concentra-
tion if the mineral is present.
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Figure 22.  Plot of methane concentration versus chloride/bromide mass ratio in samples collected from the 30 wells sampled in the 
wet gas part of the Marcellus Shale oil and gas play in northwestern West Virginia.
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Carbonate Dissolution
The first component—carbonate dissolution (table 14)—

has significant (p less than 0.01) positive loadings indicative of 
the geochemical process that increases hardness through car-
bonate dissolution. These processes include the highest positive 
loadings for hardness, calcium, and magnesium. Carbonate 
mineral phases that commonly control these constituents in 
solution are mostly undersaturated (fig. 27A) throughout the 
entire pH range in the study area indicating that calcite and 
dolomite are likely the source of hardness in the shallow aqui-
fer. pH has significant negative loading on the first component 
which suggests that carbonate dissolution occurs at lower pH 
water which may have higher dissolved carbon dioxide from 
recent recharge. The mass of magnesium averages 35 percent 
of the mass of calcium throughout the study area and figure 
28 clearly shows that the mass of calcium is greater than the 
mass of magnesium at all sites. This is a good indication that 
calcite dissolution is more important than dolomite dissolu-
tion in the addition of hardness and alkalinity to the shallow 
aquifer system.

Occurrence of Trace Elements
The first principal component—carbonate dissolution—

also has significant (p less than 0.01) loadings for strontium 
and barium, which are alkali earth minerals and commonly 
replace calcium and magnesium in the crystal lattice of car-
bonate minerals. Like calcium and magnesium, they are subse-
quently released when these minerals are dissolved (Skougstad 
and Albert, 1963). It is also possible, to a lesser degree, that 
barium and strontium concentrations are increased due to the 
dissolution of strontianite or witherite (fig. 27H), but these 
minerals are less common.

Positive loadings on principal component one for iron 
and manganese at a lower level of significance (p less than 
0.05) may be due to oxidation of sulfide minerals, but the dis-
solved oxygen is generally low, and this may not be the case in 
many of these samples. Siderite and rhodochrosite (iron and 
manganese carbonate minerals) are undersaturated in these 
samples which means they may dissolve and possibly be a 
source (figs. 27F, G), but more information on the study area 
mineralogy is needed to confirm if they are present in the aqui-
fer. Uranium mobilization is more common in shallow oxic 
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Figure 23.  Plot of methane concentration versus calcium to sodium mass ratio in the 30 wells sampled in the 
wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia.
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parts of aquifers and increases with uranyl-carbonate com-
plexation (Langmuir, 1978). Positive loading of uranium on 
principal component one at a lower level of significance (p less 
than 0.05) provides evidence that oxygen may be more preva-
lent than indicated by the absence of dissolved oxygen loading 
in the PCA, and oxidation of sulfides may increase iron and 
manganese in less evolved groundwater where carbonate dis-
solution is the dominant process. Figure 27H shows that barite 
is at saturation throughout the study area. With the dissolution 
of sulfide minerals, it would be expected that sulfate would be 
higher than is observed but with high loadings of barium on 
component one, it is possible that sulfate is removed from the 
solution through precipitation of barite, or in reducing condi-
tions where reduction to hydrogen sulfide could occur.

Ion Exchange
The second component—ion exchange (table 14)—has 

significant (p less than 0.01) positive loadings for TDS, spe-
cific conductance, alkalinity, sodium, chloride, bromide, and 
positive loading at the 95 percent confidence level for pH. In 
systems where calcite dissolution is a major hydrochemical 
process, calcium and magnesium should increase with increas-
ing bicarbonate at the pH range observed throughout the study 
area, but figure 29 shows that several samples have calcium 
and magnesium concentrations that are lower than would be 
expected with increasing bicarbonate.

Alkalinity is used to calculate bicarbonate, increases 
in solutions from dissolution of carbonate minerals, and is 
expected to load on the first principal component with calcium 
and magnesium but, instead, significantly loads on the second 
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Figure 24.  Plot of isobutane to n-butane ratio versus methane concentration in the 30 wells sampled in the wet gas 
dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia.
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Calcium Magnesium Sodium Bicarbonate Chloride Sulfate
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component and has no significant correlation with calcium 
or manganese (p less than 0.01, app. 1). Alkalinity and pH 
are both positively correlated with sodium (p less than 0.01, 
app. 1) and normally have a dependent relationship but are 
not significantly correlated with each other (p less than 0.01, 
app. 1) in this dataset. Calcium and magnesium are negatively 
correlated with sodium (p less than 0.01, app. 1) which means 
sodium generally increases in concentration as calcium and 
magnesium decrease. These observations indicate that there is 
either a source of alkalinity that is unaccounted for or calcium 
and magnesium are being replaced in more evolved water, 
likely through ion exchange with sodium.

Comparing the calcium, magnesium, and sodium to 
bicarbonate ratios (fig. 29) shows that sodium is 10 to 100 
times higher in the study area than would be expected from 
halite dissolution alone. The ratio of calcium plus magne-
sium to bicarbonate is mostly less than one and close to zero 
in some samples, which indicates that if bicarbonate comes 
primarily from carbonate dissolution, then calcium and 
magnesium are being removed from the system, likely by ion 
exchange with sodium.

Observations of analyte ratios and correlations between 
certain constituents coupled with the loadings on the second 
component (table 14) suggest that ion exchange is an impor-
tant geochemical process controlling calcium, magnesium, 
and sodium concentrations in the system. Specifically, as the 
groundwater moves along the flow path and dissolves more 
carbonate minerals, calcium, magnesium, and bicarbonate 
increase in solution. As pH and alkalinity increase, calcium 
and magnesium begin to exchange with sodium on clay miner-
als. Removing calcium and magnesium from the solution pro-
motes more carbonate dissolution and the formation of sodium 
bicarbonate-type waters. Continued carbonate dissolution as 
a result of ion exchange is also a likely explanation for why 
values of alkalinity and pH generally increase with increasing 
sodium concentrations (fig. 30).

Assuming increased TDS is an indication of more 
evolved groundwater, as described by figure 26, carbonate 
dissolution likely occurs throughout the entire flow path and 

ion exchange is initiated when the flow path intersects clay 
mineral exchange points. Figure 31 shows specific conduc-
tance, pH, sodium, bicarbonate, calcium, and magnesium 
concentrations plotted against increasing TDS. As described 
by the conceptual geochemical model, TDS is expected to 
increase with greater geochemical evolution of groundwater 
along a flow path. Specific conductance and sodium have 
a positive monotonic relationship (p less than 0.01) with 
TDS and continually increase throughout groundwater flow 
paths. Bicarbonate and pH initially increase with TDS until 
TDS reaches approximately 400 mg/L, which may indicate 
the point where dissolution of carbonate minerals is reduced 
or the system becomes saturated with respect to calcite and 
subsequently precipitates carbonate minerals. Except for a 
few samples, sodium continues to increase after TDS reaches 
approximately 300 mg/L, while calcium and magnesium con-
centrations generally stop increasing at this point, indicating 
the influence of ion exchange in more evolved water.

Reduction and Oxidation Processes

The third principal component (table 14) is representa-
tive of ions that are controlled by redox processes and has 
significant (p less than 0.01) positive loadings for ammonia, 
iron, manganese, radon, and arsenic. The lack of significant 
negative loading for dissolved oxygen indicates that redox 
processes are likely catalyzed by microorganisms and ion 
concentrations are controlled by preferential electron acceptor 
utilization. The ecological succession of terminal electron-
accepting processes is the preferential order of the most ener-
getically favorable and naturally available electron acceptor 
for microbial metabolism. The order of reduction processes 
starts with oxygen, followed by nitrate in anoxic conditions, 
followed by manganese, ferric iron, sulfate, and carbon diox-
ide. The most common electron donor in groundwater systems 
is dissolved organic carbon. This process is further explained 
by McMahon and Chapelle (2008).

Increasing dissolved solids more geochemically evolved

Increasing distance along flow path

Recharge from precipitation

Carbonate dissolution
Sulfide oxidation

Oxic

Ion exchange
Suboxic/Anoxic

Ion exchange
Connate water mixing

Suboxic/Anoxic 

Discharge or
incorporation 
into regional 

groundwater system 

Figure 26.  Conceptual model of groundwater geochemical evolution within the wet gas dominated part of the Marcellus 
Shale oil and gas play in northwestern West Virginia.
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Table 14.  Distribution of eigenvector loadings and significant 
Spearman’s correlation coefficients for the principal component 
analysis model.

[Communality is a measure of the proportion of the variables variance as a 
result of the principal components. PC, principal component; p, p-value of sta-
tistical significance at a 95-percent confidence level (p less than 0.05) or at a 
99-percent confidence level (p less than 0.01); TDS, total dissolved solids; SC, 
specific conductance; N, nitrogen; Rn-222, radon 222; DO, dissolved oxygen; 
%, percent, —, percentage not applicable]

Loadings

Explanatory geochemical process

Communality​
Carbonate 
dissolution

Ion ex-
change

Redox Mixing

PC1 PC2 PC3 PC4

Hardness 10.93 −0.08 −0.07 −0.27 0.94

Calcium 10.93 −0.07 0.03 −0.28 0.95

Strontium 10.9 0.1 0.15 0.02 0.84

Magnesium 10.88 −0.11 −0.25 −0.25 0.92

Potassium 10.79 −0.16 −0.21 0.03 0.69

Silica 10.61 2−0.42 0.18 0.02 0.58

Barium 10.66 −0.21 20.45 0.26 0.76

pH 1−0.73 20.45 0.1 0.1 0.76

TDS −0.07 10.97 −0.11 0.03 0.95

SC −0.07 10.97 −0.13 0.07 0.96

Alkalinity −0.15 10.87 −0.37 −0.06 0.92

Sodium 1−0.5 10.76 0.05 0.26 0.9

Chloride −0.11 10.69 0 20.45 0.69

Fluoride 1−0.59 10.63 −0.12 0.1 0.76

Ammonia_N 0.04 0.08 10.92 0.24 0.92

Iron 20.43 −0.26 10.72 −0.03 0.77

Manganese 20.41 −0.23 10.79 0.15 0.86

Rn-222 −0.15 −0.14 10.69 −0.04 0.52

Arsenic −0.11 20.4 10.51 0.12 0.44

Well depth 0.31 0.27 1−0.53 0.26 0.51

Uranium 20.43 0.29 1−0.67 2−0.39 0.86

Methane −0.18 0.18 20.45 10.7 0.76

Ethane −0.22 0.29 0.12 10.67 0.6

Bromide −0.11 10.58 −0.14 10.67 0.82

DO 0.06 −0.31 −0.22 1−0.47 0.37

Sulfate 0 0.28 0.08 1−0.84 0.79

Eigenvalue 6.68 5.64 4.3 3.23 —

Cumulative 
variance %

26 47 64 76 —

Component 
variance %

26 21 17 13 —

Proportion 
explained 
%

34 28 22 16 —

1Indicates significant loadings on each component at the 99 percent confi-
dence interval (p < 0.01).

2Indicates significant loadings at the 95 percent confidence interval 
(p < 0.05).

Table 15.  Significant Spearman’s correlation coefficients for 
variables not included in the principal component analysis model.

[PC, principal component; p, p-value of statistical significance at a 99 percent 
confidence level (p less than 0.01); Ra-226, radium 226; --, Spearman’s correla-
tion coefficient not significant (p < 0.01); P, phosphorous; E. coli, Escherichia 
coli; U234, uranium 234, U238, uranium 238; N, nitrogen; m, meters]

Variable PC1 PC2 PC3 PC4

Significant Spearman’s correlations (p < 0.01)

Ra-226 0.59 -- 0.46 --
Zinc 0.49 -- -- --
Gross beta 0.49 -- -- --
Orthophosphate_P −0.48 -- -- --
Molybdenum −0.54 0.63 -- --
Total coliforms -- -- −0.54 --
E. coli -- -- −0.58 --
Selenium -- -- −0.62 --
U234 -- -- −0.64 --
U238 -- -- −0.68 --
Nitrate_N -- -- −0.69 --
Copper -- -- −0.69 −0.49
Total number wells 

within 500 m
-- -- -- 0.52

Lead -- -- -- −0.54
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Figure 27.  Saturation indices of calcite to dolomite, gypsum to quartz, albite to chlorite, illite or montmorillonite, 
kaolinite to muscovite, goethite and ferrihydrite to siderite, manganite to rhodochrosite, and barite to witherite phases 
calculated from the water-quality data for the 30 wells sampled in the wet gas dominated part of the Marcellus Shale oil 
and gas play in northwestern West Virginia.
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Following methods outlined by McMahon and Chapelle 
(2008) for categorizing and identifying redox processes 
according to threshold concentrations of major electron accep-
tors (table 16), each site was classified by a redox category and 
possible redox processes that may be controlling ion concen-
trations. An important observation (table 17) is that many of 
these sites are classified as mixed and several meet the criteria 
for multiple redox processes. This is possibly due to open well 
bore construction in the fractured-rock aquifers and mixing of 
several redox zones in long open intervals which may reduce 
the usefulness of using threshold concentrations to identify 
specific redox processes (McMahon and Chapelle, 2008; 
McMahon and others, 2019).

Nevertheless, the data (table 17) clearly show that Mn 
(IV) and Fe (III) reduction is an important process at several 
sites. In the aquifer, Mn (IV) is likely in the mineral form of a 
manganese oxide and Fe (III) is likely in the mineral form of 
a ferric oxyhydroxide. Upon microbial reduction of Mn (IV) 
and Fe (III) mineral species, manganese and iron are released 
into solution as anions (Mn2+ and Fe2+). Soluble arsenate 

complexes can adsorb on the surfaces of Mn (IV) and Fe (III) 
oxyhydroxides and subsequently release arsenic to solution 
upon microbial reduction and dissolution of these minerals.

McMahon and others (2019) have shown that manganese 
concentrations are significantly higher in wells with shallow 
(less than 5 m) depth-to-open-interval and depth-to-water due 
to increased transport of dissolved organic carbon from the 
soil zone and subsequent microbial reduction of manganese 
oxides. From the PCA model, well depth has a negative load-
ing (p less than 0.01) on the third principal component which 
suggests that shallower wells have higher concentrations of 
iron and manganese that may originate from oxidation of 
sulfide minerals but could be controlled by microbial mediated 
reduction of Mn (IV) and Fe (III) oxides or oxyhydroxides. 
The negative loading (p less than 0.01) of uranium further sup-
ports the evidence that the third principal component is repre-
sentative of sites with low oxygen because uranium mobiliza-
tion is more common in the shallow oxic parts of the aquifer 
and increases with uranyl-carbonate complexation (Langmuir, 

0

1

2

3

4

5

6

0 1 2 3 4 5 6

Ca
lc

iu
m

, i
n 

m
ill

ie
qu

iv
al

en
ts

Magnesium, in milliequivalents
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water-quality data for the 30 wells sampled in the wet gas dominated part of the Marcellus Shale oil 
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wet gas dominated part of the Marcellus Shale oil and gas play in northwestern West Virginia.
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1978). Redox control on ion concentrations is clearly complex 
in the shallow aquifer system of the study area and may need 
additional study and analysis to fully understand.

Influence from Appalachian Basin Brines

The fourth principal component—mixing (table 14)—has 
significant (p less than 0.01) positive loadings for methane, 
ethane, and bromide which may be indicative of deeper 
Appalachian basin brines influencing the shallow aquifer 
system. Negative loadings for dissolved oxygen and sulfate 
suggest reducing conditions where sulfate reduction may be 
important. The previous section on Methane Geochemistry 
showed that a subset of sites had bromide/chloride ratios 
that meet the criteria for brine classification, but the chloride 
concentrations are relatively low and the proportion of brine 
in these samples is likely small. With these data, it is difficult 
to determine the source of the brine signature and whether 
it is from natural upwellings, legacy wells, or recent oil and 
gas activity. There is a significant (p less than 0.01, app. 1) 
correlation between the fourth principal component and the 
total number of wells within 500 m which suggests that either 
these wells are impacted by oil and gas activity, or oil and gas 
activity is more pronounced around these groundwater wells 
because target drilling formations are closer to the surface and 
the wells are impacted by natural brines closer to the shal-
low system.

Summary
Thirty primarily rural residential wells were sampled for 

a broad range of chemical constituents to provide a baseline 
dataset of groundwater-quality data for current assessment 
and future comparison and to assess the effect, or lack thereof, 
of oil and gas development on shallow groundwater quality 
within the study area. A primary impetus for this project was 
concern that trace metals, radionuclides, or other contami-
nants present in water from unregulated residential water 
wells may pose a health threat to individuals that rely on these 
sources for their water supply. For that reason, groundwater-
quality data collected for this study are compared to public 
drinking-water standards, even though those regulations are 
not enforceable for rural residential water supplies. A majority 
of the constituents analyzed in this study did not exceed any 
of the aforementioned standards. There were several notable 
exceptions, most of which were not unexpected based on 
previous studies.

Turbidity exceeded the 5 Nephelometric Turbidity Unit 
(NTU) U.S. Environmental Protection Agency (EPA) maxi-
mum contaminant level (MCL) drinking water standard in 2 of 
30 (7 percent) wells sampled and exceeded the 1 NTU surface 
water treatment rule (SWTR) treatment technique (TT) stan-
dard in 12 of 30 (40 percent) wells sampled. Turbidity is com-
mon in many wells in West Virginia and may be related to iron 
oxyhydroxide precipitates, sediment carried into the aquifers 
from the shallow soil zone due to improperly constructed or 
cased wells or transported to the aquifer in shallow stress relief 
fracture zones. The minimum, maximum, mean, and median 
turbidity levels for the 30 wells sampled were 0.30, 60.0, 3.21, 
and 0.85. NTUs, respectively.

Table 16.  Threshold concentrations for identifying redox processes.

[Redox process based on water quality criteria defined by McMahon and Chapelle (2008). mg/L, milligram per Liter; O2, oxygen; ≥, greater than or equal to; --, 
no process identified; <, less than; redox, reduction oxidation; NO3

− - N, nitrate as nitrogen; Mn2
+, manganese; Fe2+, ferrous iron; SO4

2-, sulfate]

Redox process
Water-quality criteria (mg/L)

Comments
O2 NO3

− - N Mn2+ Fe2+ SO4
2-

Oxic

O2 reduction ≥0.5 -- <0.05 <0.1 --
Suboxic

-- <0.5 <0.5 <0.05 <0.1 -- Further definition of redox processes not possible
Anoxic

NO3
− reduction <0.5 ≥0.5 <0.05 <0.1 --

Mn (IV) reduction <0.5 <0.5 ≥0.05 <0.1 --
Fe (III)/SO4

2− reduction <0.5 <0.5 -- ≥0.1 ≥0.5
Methanogenesis <0.5 <0.5 -- ≥0.1 <0.5

Mixed

-- -- -- -- -- -- Criteria for more than one redox process are met
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Table 17.  Dominant redox processes determined from threshold concentrations of major electron acceptors.

[Redox process based on water quality criteria defined by McMahon and Chapelle (2008). mg/L, milligram per Liter; redox, reduction oxidation; Wet, 
Wetzel County; O2, oxygen; Wir, Wirt County; NO3

−, nitrate; Fe (III), ferric iron; SO4
2−, sulfate; Rit, Ritchie County; Tyl, Tyler County; Mn (IV), same 

as Mn4+; Dod, Doddridge County; Gil, Gilmer County; Roa, Roane County; Cal, Calhoun County; --, no process identified]

Station 
name

Topographic 
setting

Well depth
Concentrations in mg/L

Redox 
category

Redox processDissolved 
oxygen

Nitrate Manganese Iron Sulfate

Wet-0137 Hilltop 95 1.4 0.271 0.0007 0.01 43.9 Oxic O2 reduction

Wir-0109 Hilltop 126 9.1 3.79 0.002 0.214 13 Mixed O2, NO3
−, Fe(III)/SO4

Rit-0121 Hilltop 240 4.6 0.357 0.0012 0.01 5.85 Oxic O2 reduction

Rit-0124 Hillside 57 1.3 0.096 0.0381 0.0372 5.79 Oxic O2 reduction

Rit-0120 Hillside 80 1.3 0.075 0.0004 0.01 31.7 Oxic O2 reduction

Tyl-0095 Hillside 80 0.2 0.046 0.181 0.218 14.2 Anoxic Mn (IV) reduction

Dod-0069 Hillside 116 0.3 0.04 0.187 0.487 8.22 Anoxic Mn (IV), Fe (III)/SO4

Gil-0199 Hillside 170 1 0.309 0.005 0.01 9.88 Oxic O2 reduction

Roa-0195 Hillside 460 0.6 0.199 0.00554 0.01 9.58 Oxic O2 reduction

Cal-0133 Valley 85 0.3 0.04 0.336 0.196 10.8 Anoxic Mn (IV), Fe (III)/ SO4

Dod-0068 Valley 49 0.3 0.04 0.527 5.15 9.19 Anoxic Mn (IV), Fe (III)/ SO4

Gil-0202 Valley 50 0.3 0.04 0.0627 0.0871 7.02 Anoxic Mn (IV) reduction

Wet-0141 Valley 58 2.1 0.04 0.175 0.0666 34.3 Mixed O2, Mn (IV) reduction

Wet-0144 Valley 62 2.9 0.04 0.192 0.174 22.5 Mixed O2, Mn (IV), Fe (III)/ 
SO4

Cal-0135 Valley 62.5 0.3 0.04 0.00297 0.01 13.9 Suboxic --

Roa-0193 Valley 71 0.6 0.634 0.00859 0.0145 8.44 Mixed O2, NO3
− reduction

Roa-0192 Valley 73 0.3 0.04 0.00514 0.01 10.7 Suboxic --

Tyl-0100 Valley 80 0.3 0.04 0.0118 0.0848 11.6 Suboxic --

Gil-0201 Valley 82 3 0.04 0.186 0.573 2.85 Mixed O2, Mn (IV), Fe (III)/ 
SO4

Wet-0139 Valley 85 0.8 0.04 0.114 0.0517 12.2 Mixed O2, Mn (IV) reduction

Wet-0140 Valley 85 1.1 0.04 0.0323 0.0249 3.01 Oxic O2 reduction

Cal-0137 Valley 100 0.3 0.04 0.00627 0.0133 13.0 Suboxic --

Cal-0134 Valley 101 0.3 0.04 0.00555 0.01 1.04 Suboxic --

Dod-0070 Valley 120 0.3 0.04 0.257 0.324 20.0 Anoxic Mn (IV), Fe (III)/ SO4

Rit-0128 Valley 120 0.4 0.19 0.153 0.02 10.2 Anoxic Mn (IV) reduction

Roa-0197 Valley 124 0.8 0.068 0.0841 0.0122 14.1 Mixed O2, Mn (IV) reduction

Rit-0126 Valley 130 0.2 0.042 0.187 0.445 3.43 Anoxic Mn (IV), Fe (III)/ SO4

Tyl-0096 Valley 150 0.5 0.04 0.204 0.0791 12.7 Anoxic Mn (IV) reduction

Rit-0119 Valley 166 0.2 0.04 0.0258 0.01 3.77 Suboxic --

Roa-0198 Valley 180 0.3 0.04 0.00514 0.01 10.8 Suboxic --
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For the wells sampled, 5 (17 percent) had pH that were 
outside the 6.5–8.5 EPA secondary maximum contaminant 
level (SMCL) for pH, and of those 5 sites, 4 (80 percent) were 
indicative of alkaline water and only 1 (20 percent) was indica-
tive of acidic water. The minimum, maximum, mean, and 
median pH levels for the 30 wells sampled were 6.0, 9.1, 7.5, 
and 7.4 standard pH units, respectively.

The Langelier Saturation Index (LSI) is a measure of cal-
cite saturation and can be used as an indicator of the potential 
for calcium scale to form in plumbing. Of the 30 wells sam-
pled, 27 sites (90 percent) had an LSI less than -0.5, indicative 
of corrosive waters, 3 sites (10 percent) had LSI values in the 
indeterminate range, and none (0 percent) of the wells sampled 
had an LSI value of an alkaline scale-forming water.

The corrosivity of water alone is insufficient to assess 
whether water from a particular well has the potential to pro-
mote galvanic corrosion (PPGC). Therefore, PPGC was com-
puted for the 30 wells sampled. Of the 30 wells sampled, none 
(0 percent) had a PPGC that classified as high, 26 (87 percent) 
were classified as moderate, and 4 (13 percent) were classified 
as low. Since the PPGC classification is based partly on total 
alkalinity, the moderate to high levels of alkalinity present in 
groundwater in the study area buffer the water and reduce the 
potential to promote galvanic corrosion in public and residen-
tial water systems in the study area.

Both total coliform bacteria and Escherichia coli (E. 
coli) were detected in groundwater samples from the 30 wells 
sampled. Total coliforms, which are a broad class of indicator 
bacteria, are common in groundwater in West Virginia and 
were detected in 26 of the 30 wells (87 percent) sampled. The 
presence of total coliform bacteria in groundwater are a poten-
tial indicator of surface contamination, but E. coli bacteria are 
indicative of fecal contamination of groundwater from either 
human or animal sources. Eleven of the 30 (37 percent) wells 
sampled had detections of E. coli bacteria, and the presence of 
E. coli in groundwater may be considered an indicator of other 
related pathogens such as viruses. In these cases, chlorination, 
ozonation, or ultraviolet (UV) light treatment may be appro-
priate to kill potential pathogenic microorganisms.

Total dissolved solids (TDS), which are a measure 
of the amount of dissolved constituents in a water sample 
and are commonly related to water hardness, exceeded the 
500-milligram per liter (mg/L) EPA secondary maximum con-
taminant level (SMCL) in 5 of 30 (17 percent) wells sampled. 
Overall 40 percent of the sites sampled had hardness represen-
tative of hard to very hard water, but most of the wells sampled 
had water that was considered moderately hard to soft. Soft 
water can make it difficult for soap to work effectively and 
water that is too hard can contribute to scale deposits in water 
heaters and plumbing lines.

Sodium, chloride, fluoride, and sulfate are very common 
constituents in groundwater within the study area. Sulfate and 
chloride in water can impart a salty taste to water at concentra-
tions greater than 250 mg/L. Sulfate and chloride concentra-
tions in the study area were generally low, none (0 percent) 
of the wells sampled contained sulfate in concentrations 

exceeding the EPA SMCL of 250 mg/L and only 2 of 30 (7 
percent) wells sampled contained chloride in excess of the EPA 
SMCL. Sodium has an EPA health-based value (HBV) of 20 
mg/L for individuals who are on a sodium-restricted diet for 
blood pressure or other health reasons. Sodium concentrations 
were elevated in a large proportion of the wells sampled, with 
24 of 30 (80 percent) exceeding the 20-mg/L HBV. Fluoride 
in high concentrations can cause mottling or discoloration of 
teeth. The EPA SMCL for fluoride is 2.0 mg/L and only 1 of 
30 (3 percent) wells sampled contained fluoride (2.86 mg/L) 
greater than this amount.

Manganese, aluminum, and iron were prevalent con-
taminants detected in the groundwater samples collected for 
this study with many of the samples exceeding the proposed 
SMCL drinking-water standards for these constituents: 14 of 
30 (47 percent) sites for manganese, 7 of 30 (23 percent) sites 
for aluminum, and 5 of 30 (16.7 percent) wells sampled for 
iron exceeding the proposed 50-, 2.0-, and 300-micrograms 
per liter (µg/L) SMCL drinking-water standards, respectively. 
Two of the 30 wells sampled (7 percent) had concentrations of 
manganese that exceeded the 300-µg/L U.S. Geological Survey 
(USGS) health-based screening level (HBSL) and none of the 
wells sampled exceeded the 1,600-µg/L EPA drinking water 
equivalent level (DWEL), which is based on a lifetime expo-
sure level. There are no applicable HBSLs or DWELs for iron 
or aluminum in drinking water. The median, maximum, and 
minimum concentrations of iron for the 30 wells sampled were 
31.1 µg/L, 5,150 µg/L, and less than the 10-µg/L method detec-
tion limit, respectively. The median, maximum, and minimum 
concentrations of manganese for the 30 wells sampled were 
35.2 µg/L, 527 µg/L, and less than the 0.4-µg/L method detec-
tion limit, respectively. The maximum concentration of alu-
minum for the 30 wells sampled was 101 µg/L, but the median 
and minimum aluminum concentrations for wells sampled was 
less than the 3.0 µg/L method detection limit, respectively.

Lead also can be a problem constituent with respect to 
human health in some aquifers, but none (0 percent) of the 
wells sampled for this study exceeded the EPA TT drinking 
water standard. The EPA MCL goal (MCLG) for lead is 0, and 
23 of 30 (77 percent) of wells sampled contained lead at detect-
able concentrations. However, the maximum lead concentra-
tion detected was only 0.998 µg/L with median and minimum 
concentrations of 0.077 µg/L and less than the 0.020 µg/L 
method detection limit, respectively.

Arsenic is a potential contaminant of concern with 
respect to human health within the study area, with 7 of 30 
(23 percent) of the wells sampled exceeding the 10-µg/L EPA 
MCL health-based drinking water standard. The EPA MCLG 
for arsenic is 0 µg/L, and 29 of 30 wells sampled contained 
detectable concentrations of arsenic. The maximum, median, 
and minimum arsenic concentrations for the wells sampled 
were 31.4 µg/L, 2.40 µg/L and less than the 0.19-µg/L method 
detection limit, respectively.

Mercury was only detected at 1 of 30 (3 percent) wells 
sampled, exceeding the EPA MCLG of 0 µg/L for mercury 
but did not exceed either the EPA MCL or DWEL. The 
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concentration of mercury for the one site sampled with a 
detectable concentration was only 0.008 µg/L. None of the 30 
wells sampled had barium, beryllium, antimony, cadmium, 
chromium, copper, selenium, silver, or zinc concentrations 
exceeding the EPA MCLs, MCLGs, SMCLs, DWELs, or molyb-
denum and nickel concentrations exceeding EPA DWELs or 
USGS HBSLs. Median concentrations of barium and zinc were 
222 and 4.70 µg/L, and median concentrations of antimony, 
beryllium, cadmium, chromium, copper, selenium, and silver 
were all low, with median concentrations for the 30 wells 
sampled of less than the method detection levels of 0.06, 0.01, 
0.03, 0.5, 0.4, 0.05, 1.0, µg/L, respectively. Except for barium, 
median concentrations were typically at or below the method 
detection limits.

Methane and other dissolved hydrocarbons are poten-
tially explosive combustible gases that are commonly related 
with the production and development of oil and gas, which 
is a dominant land-use in the study area, so the potential for 
these gases to be present in groundwater in the study area 
was assessed. There are no EPA drinking-water standards for 
methane gas or other dissolved hydrocarbons except for ben-
zene. The EPA MCL and MCLG goal for benzene are 5.0 and 
0.0 milligrams per kilogram (mg/kg), respectively. Benzene 
was detected at 11 of 30 (37 percent) wells sampled, all at very 
low concentrations. The maximum benzene concentration was 
only 9.84 × 10-6 mg/kg and none of the wells sampled (0 per-
cent) had concentrations of benzene in excess of the EPA MCL 
drinking water standard.

Only 1 of 30 (3 percent) wells sampled for methane gas 
had a concentration (17.9 mg/kg) exceeding the 10-mg/L 
U.S. Office of Surface Mining Reclamation and Enforcement 
(OSMRE) level of concern (LOC), and none exceeded the 
28-mg/L immediate action level (IAL). Median, minimum, 
and maximum concentrations of methane gas for the 30 wells 
sampled were 0.042, 3.51 × 10-5, and 17.9 mg/kg, respectively.

Radium-224, radium-226, radium-228, uranium, 
uranium-234, uranium-235, uranium-238, and gross alpha and 
gross beta radioactivity were analyzed for the 30 wells sampled. 
Radon-222 was only analyzed in 28 of the wells sampled (2 
radon-222 samples were lost in shipment). These constituents 
are not uncommon in bedrock in the study area but are more 
commonly associated with dark shales such as the Marcellus 
Shale, which is the target formation for horizontal well oil and 
gas development within the study area. For the wells sampled, 
all 28 (100 percent; 2 of the 30 were lost in shipment) met or 
exceeded the EPA-proposed 300-picocuries per liter (pCi/L) 
MCL for radon, but none exceeded the 4,000-pCi/L alternate 
maximum contaminant level (AMCL), which is applicable 
to public drinking water systems that have adopted radon 
mitigation programs. Sites with radon gas concentrations 
exceeding the 300-pCi/L proposed MCL have the potential 
for airborne concentrations of radon to exceed the 4-pCi/L 
indoor air standard. Inhalation of radon can cause lung cancer 
and the 4-pCi/L indoor air standard is based on an inhalation 
standard. Therefore, homeowners whose wells have dissolved 
radon gas concentrations exceeding 300 pCi/L may be advised 

to test their indoor air concentrations. The mean radon con-
centration was 1,461 pCi/L, the median was 1,450 pCi/L, and 
the maximum and minimum radon concentrations were 2,910 
and 320 pCi/L, respectively.

Wilcoxon Signed Rank Tests determined that there 
were statistically significant differences in concentrations 
of calcium, magnesium, potassium, silica, and turbidity for 
Dunkard Group wells compared with the combined data for 
the Conemaugh Group and Monongahela Formation wells. 
Results of the Wilcoxon Signed Rank Test of statistical com-
parison of populations by constituent show that the overall 
turbidity, calcium, magnesium, and potassium concentra-
tions are higher for wells sampled in the Dunkard Group than 
for wells sampled in the combined Conemaugh Group and 
Monongahela Formation. Concentrations of sodium are high-
est in groundwater sampled from the Conemaugh Group and 
Monongahela Formation.

The depth of wells also can affect groundwater quality, as 
deeper wells typically contain lower dissolved oxygen levels 
than shallower wells or wells with short casings. Dissolved 
oxygen, or the lack thereof, is a primary factor control-
ling reduction-oxidation (redox) processes in groundwater. 
For wells sampled for this study, shallower wells less than 
95 feet (ft) deep had slightly higher dissolved oxygen, iron, 
manganese, radon-222, and ammonia concentrations than 
wells greater than or deeper than 95 ft, which had slightly 
higher concentrations of calcium, magnesium, bicarbonate, 
and uranium. Median concentrations of dissolved oxygen, 
iron, manganese, radon-222, and ammonia for shallow wells 
were 0.6 mg/L, 66.6 µg/L, 62.7 µg/L, 1,615 pCi/L, and 0.120 
µg/L, respectively, whereas deeper wells had much lower 
median concentrations of dissolved oxygen, iron, manganese, 
radon-222, and ammonia of 0.4 mg/L, 12.2 µg/L, 6.3 µg/L, 
1,075 pCi/L, and 0.070 µg/L, respectively. Median concen-
trations of calcium, magnesium, bicarbonate, and uranium 
for shallow wells were 20.4 mg/L, 3.55 mg/L, 185 mg/L, and 
less than 0.033 mg/L, respectively, whereas deeper wells had 
slightly higher median concentrations of calcium, magnesium, 
bicarbonate, and uranium of 39.9 mg/L, 7.43 mg/L, 262 mg/L, 
and less than 0.166 mg/L, respectively.

There were statistically significant differences in val-
ley and upland wells for total coliform bacteria, calcium, 
magnesium, ammonia, nitrate, radon-222, uranium, copper, 
manganese, molybdenum, selenium, ethane, and methane. 
Concentrations of dissolved oxygen, calcium, magnesium, 
nitrate, uranium, and copper were greater in upland wells com-
pared to valley wells, and constituents of ammonia, radon-222, 
iron, manganese, and molybdenum were greater in valley wells 
as compared to upland wells. As was evident for chemical con-
stituent concentrations for deep and shallow wells, the primary 
process likely responsible for the differences in groundwater 
quality between upland and valley wells are redox processes.

Groundwater-quality data for the wells sampled also 
were assessed with respect to the proximity to nearby oil and 
gas wells. Processes associated with the drilling of oil and gas 
wells, production of oil and gas, and associated maintenance 
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and upgrade of wells within the study area have been postu-
lated to possibly affect groundwater quality within the study 
area. There was a statistically significant difference based 
on Wilcoxon Signed Rank Test in radium-226, barium, and 
ethane concentrations with respect to the density of oil and 
gas wells present within a 500-meter (m) radius around the 
rural residential wells sampled for the study. Residential wells 
sampled that had four or fewer oil and gas wells surrounding 
the residential wells sampled had statistically lower concentra-
tions of radium-226, bromide, and ethane than for residential 
wells sampled that had 5 or more oil and gas wells in a 500-m 
radius of the wells sampled. Since methane is the dominant 
gas produced in the region, whether the elevated concentra-
tions of radium-226, bromide, and ethane are related to oil and 
gas development or whether the elevated concentrations are 
related to natural geochemical processes is uncertain. A larger 
more robust dataset using similar methods would help to 
assess whether the differences are due to oil and gas develop-
ment or due to natural geochemical processes.

Groundwater age tracers (chlorofluorocarbons, sulfur 
hexafluoride) were sampled at 17 of the 30 sites. All the trac-
ers were greater than the detection limit for all wells sampled 
indicating that water recharged after the 1950s comprised a 
substantial fraction of each sample. This was corroborated by 
tritium activities greater than 1 tritium unit for all samples, 
indicating that the samples were predominately young, post 
1950s in age.

Except for methane, the dissolved hydrocarbon con-
centrations were very low, and the maximum benzene con-
centration was only 9.84 × 10−6 mg/kg, which is equivalent 
to a non-detect using analytical methods for which the MCL 
standard was designed. There are several relationships in the 
geochemistry that are relevant to the measured concentrations 
of methane in the groundwater in this study. First, the ratio of 
calcium to sodium in groundwater decreases as water equili-
brates with aquifer materials and the concentration of TDS 
increases. Many of the samples in this study have high cal-
cium to sodium (Ca/Na) ratios and low TDS concentrations, 
indicating they are dominated by recently recharged water, 
and that deep, long transit time sources are minor. A subset of 
samples had chloride to bromide mass ratios between 70 and 
200, indicating deep Appalachian basin brines mixed with the 
shallow groundwater. For most of the samples in this study, 
the C1 to C6 hydrocarbons have characteristics that reflect a 
biogenic gas signature that has, to varying degrees, undergone 
oxidation processes during transport. Six of the samples have 
low C1/C2 ratios that are indicative of a thermogenic origin, 
though these samples do not show a characteristic thermo-
genic cracking pattern among the higher (C2+) hydrocarbons, 
indicating that the gas composition has undergone biologi-
cal processing during natural migration that has obscured its 
source characteristics.

The Cl/Br mass ratios of all the samples greater than 1 
mg/kg methane are in the range of 100–200, which resemble 
the anion signatures of Appalachian basin brines. Additionally, 
all methane wells with methane concentrations greater than 1 

mg/kg were situated in valleys. This follows similar findings of 
prior studies that show that shallow aquifers in valley bottoms 
can receive brines that may coincide with the presence of high 
concentrations of hydrocarbon gases, either from biogenic 
generation from long flow paths or from being carried into the 
aquifer by natural Appalachian basin brine movement.

The conceptual model of geochemical evolution for 
groundwater in this area of West Virginia starts with precipi-
tation, is heavily influenced by water-rock interactions, and 
was classified by three possible redox categories. Precipitation 
in West Virginia has low dissolved solids, acidic pH, and is 
capable of dissolving carbonate minerals to buffer acidity. 
Precipitation percolates through the soil zone and becomes 
recharge in the saturated zone of the aquifer. Along this path, 
the chemically aggressive and oxygen-rich water dissolves car-
bonate minerals and oxidizes sulfides which releases ions into 
the solution and increases dissolved solids concentration in 
the water. Microbes likely mediate oxygen, nitrate, manganese, 
iron, and sulfate concentrations by preferential electron accep-
tor utilization through oxic and anoxic redox states.

The conceptual model of geochemical evolution in the 
shallow aquifer systems was evaluated by multivariate statis-
tical analysis of the available chemical data for the 30 wells 
sampled using multivariate principal components analysis 
(PCA), comparing significant Spearman’s correlation coef-
ficients, graphical analysis, and by computation of saturation 
indices (SIs) for mineral species.

The first component is indicative of the geochemical 
process that increases hardness through carbonate dissolu-
tion. Carbonate mineral phases that commonly control these 
constituents in solution are mostly undersaturated throughout 
the entire pH range in the study area, indicating that calcite 
and dolomite are likely the source of hardness in the shal-
low aquifer. The first principal component also has statisti-
cally significant (p less than 0.01) loadings for strontium and 
barium which are alkali earth minerals and commonly replace 
calcium and magnesium in the crystal lattice of carbonate 
minerals. Like calcium and magnesium, they are subsequently 
released when these minerals are dissolved (Skougstad and 
Albert, 1963).

The second component indicates that there is either 
a source of alkalinity that is unaccounted for or calcium 
and magnesium are being replaced in more evolved water. 
Comparing the sodium chloride ratio with the calcium plus 
magnesium and bicarbonate ratio shows that sodium is 20 to 
100 times higher in the study area than would be expected 
from halite dissolution alone, further supporting the premise 
for cation exchange. The ratio of calcium plus magnesium to 
bicarbonate is mostly less than one and close to zero in some 
samples which indicates that if bicarbonate comes primarily 
from carbonate dissolution, then calcium and magnesium are 
being removed from the system. Specifically, as the ground-
water moves along the flow path and dissolves more carbon-
ate minerals, calcium, magnesium, and bicarbonate increase 
in solution. The pH increases with increasing alkalinity and 
calcium and magnesium begin to exchange with sodium on 
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clay minerals. Continued carbonate dissolution as a result 
of ion exchange is also a likely explanation for why values of 
alkalinity and pH generally increase with increasing sodium 
concentrations.

The third principal component is representative of ions 
that are controlled by redox processes and has statistically 
significant (p less than 0.01) positive loadings for ammonia, 
iron, manganese, and arsenic. The lack of significant negative 
loading for dissolved oxygen indicates that redox processes 
are likely catalyzed by microorganisms and ion concentra-
tions are controlled by preferential electron acceptor utiliza-
tion. Mn (IV) and Fe (III) reduction is an important process 
at several sites. In the aquifer, Mn (IV) is likely in the form of 
a manganese oxide and Fe (III) is likely in the form of a ferric 
oxyhydroxide. Upon microbial reduction of Mn (IV) and Fe 
(III) species, manganese and iron are released into solution as 
anions (Mn2+ and Fe2+).

The fourth principal component has significant (p less 
than 0.01) positive loadings for methane, ethane, and bromide 
and a significant (p less than 0.05) positive loading for chloride 
which is indicative of the shallow aquifer system mixing with 
deeper Appalachian basin brine. There is a statistically signifi-
cant (p less than 0.01) correlation between the fourth principal 
component and the total number of oil and gas wells within 
500-m, which suggests that either these wells are impacted 
by oil and gas activity or oil and gas activity is greater around 
these wells because target drilling formations are closer to the 
surface and the wells are impacted by natural brines closer to 
the shallow system.

References Cited

American Public Health Association, American Water Works 
Association, and Water Environment Foundation, 2018, 
Standard methods for the examination of water and waste-
water: Enzyme substrate coliform test, accessed February 5, 
2018, at ht​tps://www.​standardme​thods.org/​action/​doSearch?​
AllField=​Enzyme+Sub​strate+Col​iform+Test.

Back, W., 1966, Hydrochemical facies and ground water flow 
patterns in northern part of Atlantic Coastal Plain: U.S. 
Geological Survey Professional Paper 498–A, p. A1–A42, 
accessed February 7, 2019, at https​://pubs.er​.usgs.gov/​
publication/​pp498A.

Bader, J.S., Mathes, M.V., and Shultz, R.A., 1997, Ground-
water hydrology of the area bordering the Ohio River 
between Chester and Waverly, West Virginia: U.S. 
Geological Survey Open-File Report 95–710, 61 p., 
accessed February 5, 2018, at, https://doi.org/​10.3133/​
ofr95710.

Bain, G.L., and Friel, E.A., 1972, Water resources of the 
Little Kanawha River Basin, West Virginia: West Virginia 
Geological and Economic Survey, River Basin Bulletin 
Number 2, 170 p.

Barth-Naftilan, E., Sohng, J., and Saiers, J.E., 2018, Methane 
in groundwater before, during, and after hydraulic fractur-
ing of the Marcellus Shale: Proceedings of the National 
Academy of Sciences of the United States of America, 
v. 115, no. 27, p. 6970–6975, accessed February 7, 2019, at 
https://doi.org/​10.1073/​pnas.1720898115.

Belitz, K., Jurgens, B.C., and Johnson, T.D., 2016, Potential 
corrosivity of untreated groundwater in the United 
States: U.S. Geological Survey Scientific Investigations 
Report 2016–5092, 16 p., accessed February 7, 2019, at 
https://doi.org/​10.3133/​sir20165092.

Benjamin, M.M., 2002, Water Chemistry: Long Grove, Ill., 
Waveland Press, 668 p.

Berg, T.M., Edmunds, W.E., Geyer, A.R., Glover, A.D., 
Hoskins, D.M., MacLachlan, D.B., Root, S.I., Sevon, W.D., 
Socolow, A.A., Miles, C.E., and Kuchinski, J.G., 1980, 
Geologic map of Pennsylvania: Pennsylvania Department 
of Environmental Resources, Bureau of Topographic and 
Geologic Survey State Geologic Map, scale 1:250,000, 
2 sheets.

Blake, B.M., Jr., Cross, A.T., Eble, C.F., Gillespie, W.H., 
and Pfefferkorn, H.W., 2002, Selected plant megafossils 
from the Carboniferous of the Appalachian region, United 
States, in Hills, L.V., Henderson, C.M., and Bamber, E.W., 
eds., Carboniferous and Permian of the World—Canadian 
Society of Petroleum Geologists Memoir, v. 19, p. 259–335, 
stratigraphic column accessed April 3, 2020, at https:/​
/www.wvgs.​wvnet.edu/​www/​coal/​coal_​images/​WVGES_​
CoalS​tratChartP​ennsylvani​anBeds.pdf.

Borch, T., Kretzschmar, R., Kappler, A., Van Cappellen, P., 
Ginder-Vogel, M., Voegelin, A., and Campbell, K., 2010, 
Biogeochemical redox processes and their impact on con-
taminant dynamics: Environmental Science and Technology, 
v. 44, no. 1, p, 15–23, accessed September 23, 2022, at 
https://doi.org/​10.1021/​es9026248.

Bruhn, R.W., 1985, A note on ground movements and associ-
ated ground water responses at an underground Appalachian 
mine: SME-AIME reprint 85–63, 10 p.

Busenberg, E., and Plummer, L.N., 1992, Use of chlorofluo-
rocarbons as hydrologic tracers and age-dating tools—The 
alluvium and terrace system of central Oklahoma: Water 
Resources Research, v. 28, no. 9, p. 2257–2283, accessed 
February 7, 2019, https://doi.org/​10.1029/​92WR01263.

https://www.standardmethods.org/action/doSearch?AllField=Enzyme+Substrate+Coliform+Test
https://www.standardmethods.org/action/doSearch?AllField=Enzyme+Substrate+Coliform+Test
https://pubs.er.usgs.gov/publication/pp498A
https://pubs.er.usgs.gov/publication/pp498A
https://doi.org/10.3133/ofr95710
https://doi.org/10.3133/ofr95710
https://doi.org/10.1073/pnas.1720898115
https://doi.org/10.3133/sir20165092
https://www.wvgs.wvnet.edu/www/coal/coal_images/WVGES_CoalStratChartPennsylvanianBeds.pdf
https://www.wvgs.wvnet.edu/www/coal/coal_images/WVGES_CoalStratChartPennsylvanianBeds.pdf
https://www.wvgs.wvnet.edu/www/coal/coal_images/WVGES_CoalStratChartPennsylvanianBeds.pdf
https://doi.org/10.1021/es9026248
https://doi.org/10.1029/92WR01263


82    Groundwater Quality and Geochemistry of the Western Wet Gas Part of the Marcellus Shale Oil and Gas Play

Busenberg, E., and Plummer, L.N., 2000, Dating young 
groundwater with sulfur hexaflluoride—Natural and anthro-
pogenic sources of sulfur hexafluoride: Water Resources 
Research, v. 36, no. 10, p. 3011–3030, accessed February 7, 
2019, at https://doi.org/​10.1029/​2000WR900151.

Callaghan, T., Fleeger, G.M., Barnes, S., and Dalberto, 
A., 1998, Groundwater flow on the Appalachian Plateau 
of Pennsylvania, in Brady, K.B.C., Smith, M.W., and 
Schueck, J., eds., Coal mine drainage prediction and 
pollution prevention in Pennsylvania: Harrisburg, Pa., 
Pennsylvania Department of Environmental Protection, 
5600-BK-DEP2256 8/98, chap. 2, p. 2-1 to 2-39, accessed 
February 12, 2018, at https://fi​les.dep.st​ate.pa.us/​mining/​
Bur​eauOfMinin​gPrograms/​BMPPortalFiles/​Coal_​Mine_​
Drainage_​Prediction_​and_​Pollution_​Prevention_​in_​
Pennsylvania.pdf.

Cardwell, D.H., Erwin, R.B., and Woodward, H.P., 1968, 
Geologic map of West Virginia: West Virginia Geological 
and Economic Survey, 2 sheets, scale 1:250,000.

Cecil, C.B., Stanton, R.W., Neuzil, S.G., DuLong, F.T., 
Ruppert, L.F., and Pierce, B.S., 1985, Paleoclimate con-
trols on late Paleozoic sedimentation and peat formation 
in the central Appalachian Basin (USA): International 
Journal of Coal Geology, v. 5, no. 1–2, p. 195–230, 
accessed February 7, 2019, at https://doi.org/​10.1016/​0166-​
5162(85)90014-​X.

Chambers, D.B., Kozar, M.D., Messinger, T., Mulder, 
M.L., Pelak, A.J., and White, J.S., 2015, Water quality of 
groundwater and stream base flow in the Marcellus Shale 
gas field of the Monongahela River Basin, West Virginia, 
2011–12 (ver. 1.1, June 25, 2015): U.S. Geological Survey 
Scientific Investigations Report 2014–5233, 76 p., accessed 
February 7, 2019, at https://doi.org/​10.3133/​sir20145233.

Chambers, D.B., Kozar, M.D., White, J.S., and Paybins, K.S., 
2012, Groundwater quality in West Virginia, 1993–2008: 
U.S. Geological Survey Scientific Investigation Report 
2012–5186, 47 p., accessed February 7, 2019, at  
ht​tps://pubs​.usgs.gov/​sir/​2012/​5186/​.

Colosimo, F., Thomas, R., Lloyd, J.R., Taylor, K.G., 
Boothman, C., Smith, A.D., Lord, R., and Kalin, R.M., 
2016, Biogenic methane in shale gas and coal bed 
methane—A review of current knowledge and gaps: 
International Journal of Coal Geology, v. 165, p. 106–120, 
accessed February 7, 2019, at https://doi.org/​10.1016/​
j.coal.2016.08.011.

Cozzarelli, I.M., Skalak, K.J., Kent, D.B., Engle, M.A., 
Benthem, A., Mumford, A.C., Haase, K., Farag, A., Harper, 
D., Nagel, S.C., Iwanowicz, L.R., Orem, W.H., Akob, 
D.M., Jaeschke, J.B., Galloway, J., Kohler, M., Stoliker, 
D.L., and Jolly, G.D., 2017, Environmental signatures and 
effects of an oil and gas wastewater spill in the Williston 
Basin, North Dakota: Science of the Total Environment, 
v. 579, p. 1781–1793, accessed November 17, 2020, at 
https://doi.org/​10.1016/​j.s​citotenv.2​016.11.157.

Davis, J.C., 1986, Statistics and data analysis in Geology 
(2nd ed.): New York, John Wiley & Sons, 646 p.

Eggleston, J.R., 2004, History of West Virginia Mineral 
Industries—Oil and Gas: West Virginia Geological and 
Economic Survey web page, accessed April 7, 2021, at 
www.wvgs.wvnet.edu/​www/​geology/​geoldvog.htm.

Eltschlager, K.K., Hawkins, J.W., Ehler, W.C., and Baldassare, 
F., 2001, Technical measures for the investigation and miti-
gation of fugitive methane hazards in areas of coal mining: 
Pittsburgh, Pa., Office of Surface Mining Reclamation and 
Enforcement, 124 p., accessed July 7, 2022, at ht​tps://ntrl​
.ntis.gov/​NTRL/​dashboard/​searchResults/​titleDetail/​
PB2002106133.xhtml.

Esri, 2020, ArcGIS for Desktop Release 10.8.1: Redlands, 
Calif., Esri, accessed January 30, 2020, at https​
://support​.esri.com/​en/​Products/​Desktop/​arcgis-​desktop/​
arcmap/​10-​8-​1.

Fedorko, N., and Skema, V., 2013, A review of the stratigraphy 
and stratigraphic nomenclature of the Dunkard Group in 
West Virginia and Pennsylvania, USA: International Journal 
of Coal Geology, v. 119, p. 2–20, accessed February 7, 
2019, at https://doi.org/​10.1016/​j.coal.2013.07.016.

Fenneman, N.M., 1938, Physiography of eastern United 
States: New York, McGraw-Hill, 714 p.

Fenneman, N.M., and Johnson, D.W., 1946, Physiographic 
divisions of the conterminous United States: U.S. 
Geological Physiography Committee Special Map, 1 sheet, 
scale 1:7,000,000.

Ferguson, H.F., 1967, Valley stress relief in the Allegheny 
Plateau: Association of Engineering Geologists Bulletin, 
v. 4, p. 63–71.

Foster, J.B., 1980, Fresh and saline ground-water map of West 
Virginia: West Virginia Geological and Economic Survey 
Map Report WV–12, 4 sheets, scale 1:250,000.

Friel, E.A., Ehlke, T.A., Hobba, W.A., Ward, S.M., Jr., and 
Schultz, R.A., 1987, Hydrology of area 8, eastern coal 
province, West Virginia and Ohio: U.S. Geological Survey 
Open-file. Report 84-463, 78 p., accessed February 7, 2019, 
at https://doi.org/​10.3133/​ofr84463.

https://doi.org/10.1029/2000WR900151
https://files.dep.state.pa.us/mining/BureauOfMiningPrograms/BMPPortalFiles/Coal_Mine_Drainage_Prediction_and_Pollution_Prevention_in_Pennsylvania.pdf
https://files.dep.state.pa.us/mining/BureauOfMiningPrograms/BMPPortalFiles/Coal_Mine_Drainage_Prediction_and_Pollution_Prevention_in_Pennsylvania.pdf
https://files.dep.state.pa.us/mining/BureauOfMiningPrograms/BMPPortalFiles/Coal_Mine_Drainage_Prediction_and_Pollution_Prevention_in_Pennsylvania.pdf
https://files.dep.state.pa.us/mining/BureauOfMiningPrograms/BMPPortalFiles/Coal_Mine_Drainage_Prediction_and_Pollution_Prevention_in_Pennsylvania.pdf
https://doi.org/10.1016/0166-5162(85)90014-X
https://doi.org/10.1016/0166-5162(85)90014-X
https://doi.org/10.3133/sir20145233
https://pubs.usgs.gov/sir/2012/5186/
https://doi.org/10.1016/j.coal.2016.08.011
https://doi.org/10.1016/j.coal.2016.08.011
https://doi.org/10.1016/j.scitotenv.2016.11.157
http://www.wvgs.wvnet.edu/www/geology/geoldvog.htm
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/PB2002106133.xhtml
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/PB2002106133.xhtml
https://ntrl.ntis.gov/NTRL/dashboard/searchResults/titleDetail/PB2002106133.xhtml
https://support.esri.com/en/Products/Desktop/arcgis-desktop/arcmap/10-8-1
https://support.esri.com/en/Products/Desktop/arcgis-desktop/arcmap/10-8-1
https://support.esri.com/en/Products/Desktop/arcgis-desktop/arcmap/10-8-1
https://doi.org/10.1016/j.coal.2013.07.016
https://doi.org/10.3133/ofr84463


References Cited    83

Haase, K.B., Kozar, M.D., McAdoo, M.A., and Ried, L.T., 
2022, Dataset of C1-C6 dissolved trace hydrocarbon mea-
surements in the western “Wet Gas” part of the Marcellus 
Shale Oil and Gas Play in West Virginia, U.S.A. col-
lected between June and August 2018: U.S. Geological 
Survey data release, accessed September 30, 2022, at 
https://doi.org/​10.5066/​P9L98L0Y.

Haase, K.B., Busenberg, E., Plummer, L.N., Casile, G., 
and Sanford, W.E., 2014, Measurements of HFC-134a 
and HCFC-22 in groundwater and unsaturated-zone 
air—Implications for HFCs and HCFCs as dating tracers: 
Chemical Geology, v. 385, p. 117–128, accessed February 7, 
2019, at https://doi.org/​10.1016/​j​.chemgeo.2​014.07.016.

Hanshaw, B.B., and Back, W., 1979, Major geochemical 
processes in the evolution of carbonate—Aquifer sys-
tems: Journal of Hydrology, v. 43, no. 1–4, p. 287–312, 
accessed February 7, 2019, at https://doi.org/​10.1016/​0022-​
1694(79)90177-​X.

Harkness, J.S., Darrah, T.H., Warner, N.R., Whyte, C.J., 
Moore, M.T., Millot, R., Kloppmann, W., Jackson, R.B., and 
Vengosh, A., 2017, The geochemistry of naturally occurring 
methane and saline groundwater in an area of unconven-
tional shale gas development: Geochimica et Cosmochimica 
Acta, v. 208, p. 302–334, accessed November 17, 2020, at 
https://doi.org/​10.1016/​j.gca.2017.03.039.

Harlow, G.E., Jr., and LeCain, G.D., 1993, Hydraulic charac-
teristics of, and ground-water flow in, coal-bearing rocks of 
southwestern Virginia: U.S. Geological Survey Water Supply 
Paper 2388, 36 p., accessed February 8, 2019, at ht​tps://pubs​
.usgs.gov/​wsp/​wsp_​2388/​.

Haught, O.L., 1955, Oil and gas report and map of Pleasants, 
Wood, and Ritchie Counties, West Virginia: West Virginia 
Geological and Economic Survey Bulletin No. 11, 21 p.

Haught, O.L., 1959, Oil and gas report and map of Doddridge 
and Harrison Counties, West Virginia: West Virginia 
Geological and Economic Survey Bulletin No. 16, 39 p.

Heaton, T.H.E., and Vogel, J.C., 1981, “Excess air” in 
groundwater: Journal of Hydrology, v. 50, p. 201–216, 
accessed April 4, 2014, at https://doi.org/​10.1016/​0022-​
1694(81)90070-​6.

Heck, E.T., Hare, C.E., and Hoskins, H.A., 1964, Appalachian 
connate water: West Virginia Geological and Economic 
Survey Bulletin 28, 42 p.

Heisig, P.M., and Scott, T.-M., 2013, Occurrence of methane 
in groundwater of south-central New York State, 2012—
Systematic evaluation of a glaciated region by hydrogeologic 
setting: U.S. Geological Survey Scientific Investigations 
Report 2013–5190, 32 p., accessed February 8, 2019, at 
https://doi.org/​10.3133/​sir20135190.

Helsel, D.R., 2012, Statistics for censored environmental data 
using Minitab and R (2d ed.): Hoboken, N. J., John Wiley & 
Sons, 343 p.

Hem, J.D., 1992, Study and interpretation of the chemical char-
acteristics of natural water: U.S. Geological Survey Water 
Supply Paper 2254, 264 p., accessed February 8, 2019, at ht​
tps://pubs​.usgs.gov/​wsp/​wsp2254/​.

Hendryx, M., and Ahern, M.M., 2009, Mortality in 
Appalachian coal mining regions—The value of statisti-
cal life lost: National Library of Medicine Public Health 
Reports, v. 124, no. 4, p. 541–550, accessed February 8, 
2019, at https://w​ww.ncbi.nl​m.nih.gov/​pmc/​articles/​
PMC2693168/​.

Hennen, R.V., 1911, Wirt, Roane and Calhoun counties—West 
Virginia Geological Survey: Morgantown, W. Va., Acme 
Publishing, p. 278.

Hobba, W.A., Jr., 1980, Ground-water hydrology of the 
Little Kanawha River Basin, West Virginia: West Virginia 
Geological and Economic Survey, Map-WV-10, 1 p., pl. 1.

Homer, C., Dewitz, J., Yang, L., Jin, S., Danielson, P., Xian, 
G., Coulston, J., Herold, N., Wickham, J., and Megown, K., 
2015, Completion of the 2011 national land cover database 
for the conterminous United States—Representing a decade 
of land cover change information: Bethesda, Md., American 
Society for Photogrammetric Engineering and Remote 
Sensing, v. 81, no. 5, p. 345–354, accessed January 27, 2020, 
at https​://catalog​.data.gov/​dataset/​nlcd-​2011-​database.

IDEXX, 2019, Overview and resources for the Colilert method 
for processing and quantification of total coliform and E. 
coli bacteria: IDEXX web page, accessed May 15, 2018, at 
ht​tps://www.​idexx.com/​en/​water/​water-​products-​services/​
colilert/​.

Igari, S.-I., Maekawa, T., and Suzuki, Y., 2007, Pentane and hex-
ane isomers in natural gases from oil and gas fields in Akita, 
Niigata and Hokkaido, Japan—Determination factor in their 
isomer ratios: Geochemical Journal, v. 41, no. 1, p. 57–63, 
accessed February 8, 2019, at https://doi.org/​10.2343/​
geochemj.41.57.

Kessler, S.E., Martini, A.M., Appold, M.S., Walter, L.M., 
Huston, T.J., and Furman, F.C., 1996, Na-Cl-Br systematics 
of fluid inclusions from Mississippi Valley-type deposits, 
Appalachian Basin—Constraints on solute origin and migra-
tion paths: Geochimica et Cosmochimica Acta, v. 60, no. 2, 
p. 225–233, accessed November 17, 2020, at https://doi.org/​
10.1016/​0016-​7037(95)00390-​8.

Kirwan, L.M., and Rauch, H.W., 1988, Inventory and assess-
ment of salt water produced in conjunction with oil and gas 
for the Little Kanawha River Basin of West Virginia: West 
Virginia Department of Natural Resources Division of Water 
Resources, 190 p.

https://doi.org/10.5066/P9L98L0Y
https://doi.org/10.1016/j.chemgeo.2014.07.016
https://doi.org/10.1016/0022-1694(79)90177-X
https://doi.org/10.1016/0022-1694(79)90177-X
https://doi.org/10.1016/j.gca.2017.03.039
https://pubs.usgs.gov/wsp/wsp_2388/
https://pubs.usgs.gov/wsp/wsp_2388/
https://doi.org/10.1016/0022-1694(81)90070-6
https://doi.org/10.1016/0022-1694(81)90070-6
https://doi.org/10.3133/sir20135190
https://pubs.usgs.gov/wsp/wsp2254/
https://pubs.usgs.gov/wsp/wsp2254/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2693168/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2693168/
https://catalog.data.gov/dataset/nlcd-2011-database
https://www.idexx.com/en/water/water-products-services/colilert/
https://www.idexx.com/en/water/water-products-services/colilert/
https://doi.org/10.2343/geochemj.41.57
https://doi.org/10.2343/geochemj.41.57
https://doi.org/10.1016/0016-7037(95)00390-8
https://doi.org/10.1016/0016-7037(95)00390-8


84    Groundwater Quality and Geochemistry of the Western Wet Gas Part of the Marcellus Shale Oil and Gas Play

Kozar, M.D., McAdoo, M.A., and Haase, K.B., 2020, 
Groundwater quality and geochemistry of West Virginia’s 
southern coal fields (ver. 1.1, March 2020): U.S. Geological 
Survey Scientific Investigations Report 2019−5059, 78 
p., accessed April 1, 2021, at https://doi.org/​10.3133/​
sir20195059.

Kozar, M.D., and Mathes, M.V., 2001, Aquifer-characteristics 
data for West Virginia: U.S. Geological Survey Water-
Resources Investigations Report 01–4036, 74 p., accessed 
February 11, 2019, at ht​tps://pubs​.usgs.gov/​wri/​wri01-​4036/​.

Kozar, M.D., McCoy, K.J., Britton, J.Q., and Blake, B.M.B., Jr., 
2012, Hydrogeology, groundwater flow, and groundwater 
quality of an abandoned underground coal-mine aquifer, 
Elkhorn area, West Virginia: West Virginia Geological 
and Economic Survey Bulletin B-46, 103 p., accessed 
February 11, 2019, at ht​tp://downl​oads.wvgs.​wvnet.edu/​
pubcat/​docs/​Bulletin_​46_​Hydrogeology,​%​20Groundwa​
ter%20Aban​doned%20Co​al%20Mine%​20Aquifer,​
%20Elkhorn,​%20WV_​(2012).pdf.

Langmuir, D., 1978, Uranium solution-mineral equilibria 
at low temperatures with applications to sedimentary 
ore deposits: Geochemica et Cosmochimica Acta, v. 42, 
no. 6, part A, p. 547–569, accessed February 11, 2019, at 
https://doi.org/​10.1016/​0016-​7037(78)90001-​7.

Levêque, J.G., and Burns, R.C., 2019, Water quality perceptions 
and natural resources, Extraction - A matter of geography?: 
Journal of Environmental Management, v. 234, p. 379–386, 
accessed November 17, 2020, at https://doi.org/​10.1016/​j​
.jenvman.2​018.11.126.

Lindsey, B.D., Jurgens, B.C., and Belitz, K., 2019, Tritium as 
an indicator of modern, mixed, and premodern ground-
water age: U.S. Geological Survey Scientific Investigations 
Report 2019–5090, 18 p., accessed November 11, 2020, at 
https://doi.org/​10.3133/​sir20195090.

Llewellyn, G.T., Dorman, F., Westland, J.L., Yoxtheimer, D., 
Grieve, P., Sowers, T., Humston-Fulmer, E., and Brantley, 
S.L., 2015, Evaluating a groundwater supply contamina-
tion incident attributed to Marcellus Shale gas develop-
ment: Proceedings of the National Academy of Sciences of 
the United States of America, v. 112, no. 20, p. 6325–6330, 
accessed November 11, 2020, at https://doi.org/​10.1073/​
pnas.1420279112.

Lorenz, D.L., 2018, USGS-R/smwrQW – Tools for censored 
data analysis, Version 0.7.14, accessed February 7, 2019, at 
https://rdrr.io/​github/​USGS-​R/​smwrQW/​.

Lorenz, D.L., and Diekoff, A.L., 2017, smwrGraphs—An R 
package for graphing hydrologic data, version 1.1.2: U.S. 
Geological Survey Open-File Report 2016–1188, 17 p., 
accessed February 11, 2019, at https://doi.org/​10.3133/​
ofr20161188.

Lu, S., Li, J., Xue, H., Chen, F., Xu, Q., Wang, M., Wenbaio, L., 
and Pang, X., 2019, Pyrolytic gaseous hydrocarbon genera-
tion and the kinetics of carbon isotope fractionation in 
representative model compounds with different chemi-
cal structures: Geochemistry, Geophysics, Geosystems, 
v. 20, p. 1773–1793, accessed November 11, 2020, at 
https://doi.org/​10.1029/​2018GC007722.

Mathes, M.V., and White, J.S., 2006, Methane in West Virginia 
ground water: U.S. Geological Survey Fact Sheet 2006–3011, 
2 p., accessed February 11, 2019, at ht​tps://pubs​.usgs.gov/​fs/​
2006/​3011/​.

McAdoo, M.A., and Kozar, M.D., 2017, Groundwater-quality 
data associated with abandoned underground coal mine 
aquifers in West Virginia, 1973–2016—Compilation 
of existing data from multiple sources: U.S. Geological 
Survey Data Series 1069, 7 p., accessed February 7, 2019, at 
https://doi.org/​10.3133/​ds1069.

McAuley, S.D., and Kozar, M.D., 2006, Ground-water quality 
in unmined areas and near reclaimed surface coal mines 
in the northern and central Appalachian coal regions, 
Pennsylvania and West Virginia: U.S. Geological Survey 
Scientific Investigations Report 2006–5059, 57 p., accessed 
February 11, 2019, at ht​tps://pubs​.usgs.gov/​sir/​2006/​5059/​.

McMahon, P.B., Belitz, K., Reddy, J.E., and Johnson, T.D., 
2019, Elevated manganese concentrations in United States 
groundwater, role of land surface-soil-aquifer connections: 
Environmental Science & Technology, v. 53, no. 1, p. 29–38, 
accessed February 9, 2019, at https://doi.org/​10.1021/​
acs.est.8b04055.

McMahon, P.B., and Chapelle, F.H., 2008, Redox pro-
cesses and water quality of selected principal aquifer 
systems: Ground Water, v. 46, no. 2, p. 259–271, accessed 
February 7, 2019, at https://doi.org/​10.1111/​j.1745-​
6584.2007.00385.x.

Milici, R.C., 2004, Assessment of Appalachian Basin oil 
and gas resources—Carboniferous coal-bed gas total 
petroleum system: U.S. Geological Survey Open-file 
Report 2004–1272, 98 p., accessed February 7, 2019, at 
https://doi.org/​10.3133/​ofr20041272.

Molofsky, L.J., Connor, J.A., McHugh, T.E., Richardson, 
S.D., Woroszylo, C., and Alvarez, P.J., 2016, Environmental 
factors associated with natural methane occurrence in the 
Appalachian Basin: Groundwater, v. 54, no. 5, p. 656–668, 
February 11, 2019, at https://doi.org/​10.1111/​gwat.12401.

Molofsky, L.J., Connor, J.A., Wylie, A.S., Wagner, T., and 
Farhat, S.K., 2013, Evaluation of methane sources in 
groundwater in northeastern Pennsylvania: Ground Water, 
v. 51, no. 3, p. 333–349, accessed February 11, 2019, at 
https://doi.org/​10.1111/​gwat.12056.

https://doi.org/10.3133/sir20195059
https://doi.org/10.3133/sir20195059
https://pubs.usgs.gov/wri/wri01-4036/
http://downloads.wvgs.wvnet.edu/pubcat/docs/Bulletin_46_Hydrogeology,%20Groundwater%20Abandoned%20Coal%20Mine%20Aquifer,%20Elkhorn,%20WV_(2012).pdf
http://downloads.wvgs.wvnet.edu/pubcat/docs/Bulletin_46_Hydrogeology,%20Groundwater%20Abandoned%20Coal%20Mine%20Aquifer,%20Elkhorn,%20WV_(2012).pdf
http://downloads.wvgs.wvnet.edu/pubcat/docs/Bulletin_46_Hydrogeology,%20Groundwater%20Abandoned%20Coal%20Mine%20Aquifer,%20Elkhorn,%20WV_(2012).pdf
http://downloads.wvgs.wvnet.edu/pubcat/docs/Bulletin_46_Hydrogeology,%20Groundwater%20Abandoned%20Coal%20Mine%20Aquifer,%20Elkhorn,%20WV_(2012).pdf
https://doi.org/10.1016/0016-7037(78)90001-7
https://doi.org/10.1016/j.jenvman.2018.11.126
https://doi.org/10.1016/j.jenvman.2018.11.126
https://doi.org/10.3133/sir20195090
https://doi.org/10.1073/pnas.1420279112
https://doi.org/10.1073/pnas.1420279112
https://rdrr.io/github/USGS-R/smwrQW/
https://doi.org/10.3133/ofr20161188
https://doi.org/10.3133/ofr20161188
https://doi.org/10.1029/2018GC007722
https://pubs.usgs.gov/fs/2006/3011/
https://pubs.usgs.gov/fs/2006/3011/
https://doi.org/10.3133/ds1069
https://pubs.usgs.gov/sir/2006/5059/
https://doi.org/10.1021/acs.est.8b04055
https://doi.org/10.1021/acs.est.8b04055
https://doi.org/10.1111/j.1745-6584.2007.00385.x
https://doi.org/10.1111/j.1745-6584.2007.00385.x
https://doi.org/10.3133/ofr20041272
https://doi.org/10.1111/gwat.12401
https://doi.org/10.1111/gwat.12056


References Cited    85

Mullaney, J.R., Lorenz, D.L., and Arntson, A.D., 2009, 
Chloride in groundwater and surface water in areas under-
lain by the glacial aquifer system, northern United States: 
U.S. Geological Survey Scientific Investigations Report 
2009–5086, accessed February 19, 2019, at https://doi.org/​
10.3133/​sir20095086.

Myers, D.N., and Sylvester, M.A., 2014, Fecal indicator 
bacteria in National field manual for the collection of water-
quality data: U.S. Geological Survey Techniques of Water-
Resources Investigations, book 9, chap. 7.1 (09-A7.1), 73 
p., accessed February 12, 2018, at https​://pubs.er​.usgs.gov/​
publication/​twri09A7.1.

National Oceanic and Atmospheric Administration, 2022, 
Climatological station normals for 1991–2020 for 
Middlebourne, West Virginia, accessed July 12, 2022, at 
https:​//www.ncei​.noaa.gov/​access/​us-​climate-​normals/​
#dataset=​normals-​monthly&timeframe=​30&location=​
WV&station=​USC00465963.

Nguyen, C.K., Clark, B.N., Stone, K.R., and Edwards, M.A., 
2011, Role of chloride, sulfate, and alkalinity on galvanic 
lead corrosion: Corrosion, v. 67, no. 6, 9 p., accessed 
February 11, 2019, at https://doi.org/​10.5006/​1.3600449.

Norman, J.E., Toccalino, P.L., and Morman, S.A., 2018, 
Health-based screening levels for evaluating water-quality 
data (2d ed.): U.S. Geological Survey web page, accessed 
February 11, 2019, at htt​ps://water​.usgs.gov/​water-​
resources/​hbsl/​.

Orem, W.H., Varonka, M.S., Crosby, L.M., Haase, K.B., 
Loftin, K.A., Hladik, M., Akob, D.M., Tatu, C., Mumford, 
A.C., Jaeschke, J.B., Bates, A.L., Schell, T., and Cozzarelli, 
I.M., 2017, Organic geochemistry and toxicology of a 
stream impacted by unconventional oil and gas waste-
water disposal operations: Applied Geochemistry, v. 80, 
p. 155–167, accessed November 17, 2020, at https://doi.org/​
10.1016/​j.a​pgeochem.2​017.02.016.

Otton, J.K., 1992, The geology of radon—General Interest 
Publications of the U.S. Geological Survey: U.S. 
Department of the Interior, 30 p., accessed July 12, 2022, at 
ht​tps://pubs​.usgs.gov/​gip/​7000018/​report.pdf.

Ouyang, B., Akob, D.M., Dunlap, D., and Renock, D., 
2017, Microbially mediated barite dissolution in anoxic 
brines: Applied Geochemistry, v. 76, p. 51–59, accessed 
February 11, 2019, at https://doi.org/​10.1016/​j.a​pgeochem.2​
016.11.008.

Papp, L., Palcsu, L., Major, Z., Rinyu, L., and Tóth, I., 2012, 
A mass spectrometric line for tritium analysis of water 
and noble gas measurements from different water amounts 
in the range of microlitres and millilitres: Isotopes in 
Environmental and Health Studies, v. 48, no. 4, p. 494–511, 
accessed November 17, 2020, at https://doi.org/​10.1080/​
10256016.2012.679935.

Parkhurst, D.L., and Appelo, C.A.J., 2013, Description of 
input and examples for PHREEQC version 3—A computer 
program for speciation, batch-reaction, one-dimensional 
transport, and inverse geochemical calculations: U.S. 
Geological Survey Techniques and Methods 6‒A43, book 
6, chap. A43, 497 p., accessed February 11, 2019, at ht​
tps://pubs​.usgs.gov/​tm/​06/​a43/​.

Piper, A.M., 1944, A graphic procedure in the geochemical 
interpretation of water-analyses: Eos (Washington, D.C.), 
v. 25, no. 6, p. 914–923, accessed February 11, 2019, at 
https://doi.org/​10.1029/​TR025i006p00914.

Prinzhofer, A., Mello, M.R., and Takaki, T., 2000, 
Geochemical characterization of natural gas—A physi-
cal multivariable approach and its applications in matu-
rity and migration estimates: AAPG Bulletin, v. 84, 
no. 8, p. 1152–1172, accessed February 11, 2019, 
at https://doi.org/​10.1306/​A9673C66-​1738-​11D7-​
8645000102C1865D.

Puente, C., 1985, West Virginia Ground-Water Resources, in 
National Water Summary 1984, Hydrologic events, selected 
water-quality trends, and ground water resources: U.S. 
Geological Survey Water-Supply Paper 2275, p. 439–446, 
accessed July 12, 2022, at ht​tps://pubs​.usgs.gov/​wsp/​2275/​
report.pdf.

R Core Team, 2017, R: A language and environment for 
statistical computing: Vienna, Austria R Foundation for 
Statistical Computing, accessed February 11, 2019, at 
https://www.R-​project.org/​.

Renock, D., Landis, J.D., and Sharma, M., 2016, Reductive 
weathering of black shale and release of barium during 
hydraulic fracturing: Applied Geochemistry, v. 65, p. 73–86, 
accessed February 11, 2019, at https://doi.org/​10.1016/​j.a​
pgeochem.2​015.11.001.

Revelle, W., 2022, Package ‘psych’: Procedures for psycho-
logical, psychometric, and personality research: Evanston, 
Ill., Northwestern University, 445 p., accessed July 12, 
2022, at https://cran.r-​project.org/​web/​packages/​psych/​
psych.pdf.

Révész, K.M., Breen, K.J., Baldassare, A.J., and Burruss, 
R.C., 2012, Carbon and hydrogen isotopic evidence for the 
origin of combustible gases in water-supply wells in north-
central Pennsylvania: Applied Geochemistry, v. 27, no. 1, 
p. 361–375, accessed February 11, 2019, at https://doi.org/​
10.1016/​j.a​pgeochem.2​011.12.002.

Rowan, E.L., Engle, M.A., Kirby, C.S., and Kraemer, T.F., 
2011, Radium content of oil- and gas-field produced waters 
in the northern Appalachian Basin (USA)—Summary 
and discussion of data: U.S. Geological Survey Scientific 
Investigations Report 2011–5135, 31 p., accessed 
February 7, 2019, at https://doi.org/​10.3133/​sir20115135.

https://doi.org/10.3133/sir20095086
https://doi.org/10.3133/sir20095086
https://pubs.er.usgs.gov/publication/twri09A7.1
https://pubs.er.usgs.gov/publication/twri09A7.1
https://www.ncei.noaa.gov/access/us-climate-normals/#dataset=normals-monthly&timeframe=30&location=WV&station=USC00465963
https://www.ncei.noaa.gov/access/us-climate-normals/#dataset=normals-monthly&timeframe=30&location=WV&station=USC00465963
https://www.ncei.noaa.gov/access/us-climate-normals/#dataset=normals-monthly&timeframe=30&location=WV&station=USC00465963
https://doi.org/10.5006/1.3600449
https://water.usgs.gov/water-resources/hbsl/
https://water.usgs.gov/water-resources/hbsl/
https://doi.org/10.1016/j.apgeochem.2017.02.016
https://doi.org/10.1016/j.apgeochem.2017.02.016
https://pubs.usgs.gov/gip/7000018/report.pdf
https://doi.org/10.1016/j.apgeochem.2016.11.008
https://doi.org/10.1016/j.apgeochem.2016.11.008
https://doi.org/10.1080/10256016.2012.679935
https://doi.org/10.1080/10256016.2012.679935
https://pubs.usgs.gov/tm/06/a43/
https://pubs.usgs.gov/tm/06/a43/
https://doi.org/10.1029/TR025i006p00914
https://doi.org/10.1306/A9673C66-1738-11D7-8645000102C1865D
https://doi.org/10.1306/A9673C66-1738-11D7-8645000102C1865D
https://pubs.usgs.gov/wsp/2275/report.pdf
https://pubs.usgs.gov/wsp/2275/report.pdf
https://www.R-project.org/
https://doi.org/10.1016/j.apgeochem.2015.11.001
https://doi.org/10.1016/j.apgeochem.2015.11.001
https://cran.r-project.org/web/packages/psych/psych.pdf
https://cran.r-project.org/web/packages/psych/psych.pdf
https://doi.org/10.1016/j.apgeochem.2011.12.002
https://doi.org/10.1016/j.apgeochem.2011.12.002
https://doi.org/10.3133/sir20115135


86    Groundwater Quality and Geochemistry of the Western Wet Gas Part of the Marcellus Shale Oil and Gas Play

Ryder, R.T., Crangle, R.D., Jr., Trippi, M.H., Sweezy, C.S., 
Lentz, E.E., Rowan, E.L., and Hope, R.S., 2009, Geologic 
Cross Section D-D’ through the Appalachian Basin from 
the Findlay Arch, Sandusky County, Ohio, to the Valley 
and Ridge Province, Hardy County, West Virginia: U.S. 
Geological Survey Scientific Investigations Map 3067, 52 
p., 2 pls.

Schlosser, P., Stute, M., Dörr, H., Sonntag, C., and Münnich, 
K.O., 1988, Tritium/3He dating of shallow groundwa-
ter: Earth and Planetary Science Letters, v. 89, no. 3–4, 
p. 353–362, accessed November 17, 2020, at https://doi.org/​
10.1016/​0012-​821X(88)90122-​7.

Schoell, M., 1983, Genetic characterization of natural gases: 
AAPG Bulletin, v. 67, no. 12, p. 2225–2238.

Schoell, M., 1988, Multiple origins of methane in the Earth: 
Chemical Geology, v. 71, no. 1–3, p. 1–10, accessed 
February 11, 2019, at https://doi.org/​10.1016/​0009-​
2541(88)90101-​5.

Skougstad, M.W., and Albert, H.C., 1963, Occurrence and 
distribution of strontium in natural water: U.S. Geological 
Survey Water Supply Paper 1496–D, 50 p., accessed 
February 9, 2019, at https​://pubs.er​.usgs.gov/​publication/​
wsp1496D.

Stoner, J.D., 1983, Probable hydrologic effects of subsurface 
mining: Ground Water Monitoring and Remediation, v. 3, 
no. 1, p. 128–137, accessed July 12, 2022, at https://doi.org/​
10.1111/​j.1745-​6592.1983.tb00874.x.

Taylor, S.W., Sherwood Lollar, B., and Wassenaar, I., 2000, 
Bacteriogenic ethane in near-surface aquifers—Implications 
for leaking hydrocarbon well bores: Environmental Science 
& Technology, v. 34, no. 22, p. 4727–4732, accessed 
February 9, 2019, at https://doi.org/​10.1021/​es001066x.

Turley, B., and Caretta, M.A., 2020, Household water secu-
rity – An analysis of water affect in the context of hydraulic 
fracturing in West Virginia, Appalachia: Water, vol. 12, 
no. 147, 22 p., accessed April 2, 2021, at https://doi.org/​
10.3390/​w12010147.

U.S. Environmental Protection Agency, 2019, Drinking 
water contaminants regulations: U.S. Environmental 
Protection website, accessed February 12, 2019, at 
https://www.epa.gov/​dwreginfo/​drinking-​water-​regulations.

U.S. Environmental Protection Agency, 2022a, National 
primary drinking water regulations: U.S. Environmental 
Protection Agency website, accessed July 7, 2022, at 
https://www.epa.gov/​ground-​water-​and-​drinking-​water/​
national-​primary-​drinking-​water-​regulations.

U.S. Environmental Protection Agency, 2022b, Secondary 
drinking water standards—Guidance for nuisance chemi-
cals: U.S. Environmental Protection Agency website, 
accessed July 7, 2022, at https://www.epa.gov/​ground-​
water-​and-​drinking-​water/​national-​primary-​drinking-​water-​
regulations.

U.S. Geological Survey, 2006, Collection of water sam-
ples (ver. 2.0): U.S. Geological Survey Techniques 
of Water-Resources Investigations, book 9, chap. A4, 
September 2006, accessed February 12, 2018, at https://​
pubs.water​.usgs.gov/​twri9A4/​.

U.S. Geological Survey, 2020, Water use data for West 
Virginia–2015, in USGS water data for the Nation: U.S. 
Geological Survey National Water Information System data-
base, accessed March 12, 2020, at http://doi.org/​10.5066/​
F7P55KJN. [Site information directly accessible at https:/​
/waterdata​.usgs.gov/​wv/​nwis/​water_​use/​.]

U.S. Geological Survey, 2021, USGS water data for the 
Nation: U.S. Geological Survey National Water Information 
System database, accessed March 12, 2021, at http://doi.org/​
10.5066/​F7P55KJN.

U.S. Geological Survey and Association of American State 
Geologists, 2020a, National geologic map database for the 
Conemaugh Group, accessed April 3, 2020, at htt​ps://ngmdb​
.usgs.gov/​Geolex/​UnitRefs/​ConemaughRefs_​1192.html.

U.S. Geological Survey and Association of American State 
Geologists, 2020b, National geologic map database for 
the Monongahela Formation, accessed April 3, 2020, at 
htt​ps://ngmdb​.usgs.gov/​Geolex/​Units/​Monongahela_​
2826.html.

Wen, T., Woda, J., Marcon, V., Niu, X., Li, Z., and Brantley, 
S.L., 2019, Exploring how to use groundwater chemistry 
to identify migration of methane near shale gas sells in the 
Appalachian Basin: Environmental Science & Technology, 
v. 53, no. 15, p. 9317–9327, accessed November 17, 2020, 
https://doi.org/​10.1021/​acs.est.9b02290.

West Virginia Geological and Economic Survey, 2020a, Oil 
and gas summary statistics query page: West Virginia 
Geological and Economic Survey database, accessed 
March 12, 2020, at http:/​/www.wvgs.​wvnet.edu/​www/​
datastat/​ogsummary/​start2.asp.

West Virginia Geological and Economic Survey, 2020b, 
Updated oil and gas well data: West Virginia Geological and 
Economic Survey database, accessed March 12, 2020, at 
http:/​/www.wvgs.​wvnet.edu/​www/​news/​ogdvd1.html.

West Virginia Geological and Economic Survey, 2020c, West 
Virginia mine information database system: West Virginia 
Geological and Economic Survey, accessed March 18, 
2020, at https:/​/www.wvgs.​wvnet.edu/​www/​mids/​main.php.

https://doi.org/10.1016/0012-821X(88)90122-7
https://doi.org/10.1016/0012-821X(88)90122-7
https://doi.org/10.1016/0009-2541(88)90101-5
https://doi.org/10.1016/0009-2541(88)90101-5
https://pubs.er.usgs.gov/publication/wsp1496D
https://pubs.er.usgs.gov/publication/wsp1496D
https://doi.org/10.1111/j.1745-6592.1983.tb00874.x
https://doi.org/10.1111/j.1745-6592.1983.tb00874.x
https://doi.org/10.1021/es001066x
https://doi.org/10.3390/w12010147
https://doi.org/10.3390/w12010147
https://www.epa.gov/dwreginfo/drinking-water-regulations
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
https://pubs.water.usgs.gov/twri9A4/
https://pubs.water.usgs.gov/twri9A4/
http://doi.org/10.5066/F7P55KJN
http://doi.org/10.5066/F7P55KJN
https://waterdata.usgs.gov/wv/nwis/water_use/
https://waterdata.usgs.gov/wv/nwis/water_use/
http://doi.org/10.5066/F7P55KJN
http://doi.org/10.5066/F7P55KJN
https://ngmdb.usgs.gov/Geolex/UnitRefs/ConemaughRefs_1192.html
https://ngmdb.usgs.gov/Geolex/UnitRefs/ConemaughRefs_1192.html
https://ngmdb.usgs.gov/Geolex/Units/Monongahela_2826.html
https://ngmdb.usgs.gov/Geolex/Units/Monongahela_2826.html
https://doi.org/10.1021/acs.est.9b02290
http://www.wvgs.wvnet.edu/www/datastat/ogsummary/start2.asp
http://www.wvgs.wvnet.edu/www/datastat/ogsummary/start2.asp
http://www.wvgs.wvnet.edu/www/news/ogdvd1.html
https://www.wvgs.wvnet.edu/www/mids/main.php


References Cited    87

West Virginia Geological and Economic Survey, 2022, 
West Virginia stratigraphy: West Virginia Geological and 
Economic Survey web page, accessed August 1, 2022, at 
http:/​/www.wvgs.​wvnet.edu/​www/​geology/​stratigraphy/​
stratigraphy.htm.

West Virginia Office of Miner’s Health Safety and Training, 
2020, Annual reports: West Virginia Office of Miner’s 
Health Safety and Training website, accessed July 12, 2022, 
at https:​//minesafe​ty.wv.gov/​annual-​reports/​.

White, J.S., and Mathes, M.V., 2006, Dissolved-gas con-
centrations in ground water in West Virginia, 1997–2005: 
U.S. Geological Survey Data Series 156, 8 p., accessed 
February 12, 2019, at ht​tps://pubs​.usgs.gov/​ds/​2005/​156/​.

Whiticar, M.J., 1999, Carbon and hydrogen isotope system-
atics of bacterial formation and oxidation of methane: 
Chemical Geology, v. 161, no. 1–3, p. 291–314, accessed 
February 12, 2019, at https://doi.org/​10.1016/​S0009-​
2541(99)00092-​3.

Wilde, F.D., Radtke, D.B., Gibs, J., and Iwatsubo, R.T., 
eds., 2004, Processing of water samples (ver. 2.2, 
February 2009): U.S. Geological Survey Techniques of 
Water-Resources Investigations, book 9, chap. A5, accessed 
February 12, 2018, at https://​pubs.water​.usgs.gov/​twri9A5/​.

Woda, J., Wen, T., Oakley, D., Yoxtheimer, D., Engelder, 
T., Castro, M.C., and Brantley, S.L., 2018, Detecting and 
explaining why aquifers occasionally become degraded 
near hydraulically fractured shale gas wells: Proceedings 
of the National Academy of Sciences of the United 
States of America, v. 115, no. 49, p. 12349–12358, 
accessed February 7, 2019, at https://doi.org/​10.1073/​
pnas.1809013115.

Wyrick, G.G., and Borchers, J.W., 1981, Hydrologic effects 
of stress-relief fracturing in an Appalachian valley: U.S. 
Geological Survey Water-Supply Paper 2177, 51 p.

Yan, B., Stute, M., Panettieri, R.A., Jr., Ross, J., Mailloux, 
B., Neidell, M.J., Soares, L., Howarth, M., Liu, X., Saberi, 
P., and Chillrud, S.N., 2017, Association of groundwater 
constituents with topography and distance to unconven-
tional gas wells in NE Pennsylvania: Science of the Total 
Environment, v. 577, p. 195–201, accessed February 12, 
2019, at https://doi.org/​10.1016/​j.s​citotenv.2​016.10.160.

http://www.wvgs.wvnet.edu/www/geology/stratigraphy/stratigraphy.htm
http://www.wvgs.wvnet.edu/www/geology/stratigraphy/stratigraphy.htm
https://minesafety.wv.gov/annual-reports/
https://pubs.usgs.gov/ds/2005/156/
https://doi.org/10.1016/S0009-2541(99)00092-3
https://doi.org/10.1016/S0009-2541(99)00092-3
https://pubs.water.usgs.gov/twri9A5/
https://doi.org/10.1073/pnas.1809013115
https://doi.org/10.1073/pnas.1809013115
https://doi.org/10.1016/j.scitotenv.2016.10.160


88   Groundwater Quality and Geochemistry of the Western Wet Gas Part of the Marcellus Shale Oil and Gas Play in West Virginia

Appendix 1.  Correlation matrix showing Spearman’s correlation coefficients 
of statistical significance at a confidence interval of 99 percent for 58 variables, 
including 45 chemical constituents, 4 principal component analysis scores, 8 
land use classifications, and well depth

Matrix located at https://doi.org/ 10.3133/ sir20225094.

https://doi.org/10.3133/sir20225094
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