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Conversion Factors

Inch/Pound to SI

Multiply By To obtain

Length

foot (ft) 0.3048 meter (m)

mile (mi) 1.609 kilometer (km)

inch (in.) 25.4 millimeter (mm)

Area

square mile (mi*) 259.0 hectare (ha)

square mile (mi?) 2.590 square kilometer (km?)
Volume

inch per year (in/yr) 25.4 millimeter per year (cm/yr)

gallon (gal) 3.785 liter (L)

gallon (gal) 0.003785 cubic meter (m?)

gallon (gal) 3.785 cubic decimeter (dm?)

million gallons per day (Mgal/d) 3.785 cubic meter (m*/d)

cubic inches (in%) 16.387 milliliter (mL)

cubic inches (in’) 16.387 cubic centimeters (cm?)

Flow rate
cubic foot per second (ft*/s) 0.02832 cubic meter per second (m*/s)
gallons per minute 0.06309 liters per second (L/s)

Specific Capacity

gallons per minute per foot [(gal/min)/ft]

0.2070

liters per second per meter [(L/s)/m]

Transmissivity”

feet squared per day (ft*/d)

0.09290

meter squared per day (m%d)

Hydraulic Conductivity

foot per day (ft/d)

0.3048

meter per day (m/d)

Radioactivity

picocurie per liter (pCi/L)

0.037

becquerel per liter (Bq/L)

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

°F=(1.8x°C)+32
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Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(°F-32)/1.8

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 (NAD 83).
Elevation, as used in this report, refers to distance above the vertical datum.

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

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)
or micrograms per liter (ug/L).

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times
foot of aquifer thickness [(ft¥/d)/ft*]ft. In this report, the mathematically reduced form, foot
squared per day (ft%d), is used for convenience.

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

Abbreviations
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Assessment of Hydrogeologic Terrains, Well-Construction
Characteristics, Groundwater Hydraulics, and Water-
Quality and Microbial Data for Determination of Surface-
Water-Influenced Groundwater Supplies in West Virginia

By Mark D. Kozar and Katherine S. Paybins

Abstract

In January 2014, a storage tank leaked, spilling a large
quantity of 4-methylcyclohexane methanol into the Elk River
in West Virginia and contaminating the water supply for more
than 300,000 people. In response, the West Virginia Legisla-
ture passed Senate Bill 373, which requires the West Virginia
Department of Health and Human Resources (WVDHHR) to
assess the susceptibility and vulnerability of public surface-
water-influenced groundwater supply sources (SWIGS) and
surface-water intakes statewide. In response to this mandate
for reassessing SWIGS statewide, the U.S. Geological Survey
(USGS), in cooperation with the WVDHHR, Bureau of Public
Health, Office of Environmental Health Services, compiled
available data and summarized the results of previous ground-
water studies to provide the WVDHHR with data that could
be used as part of the process for assessing and determining
SWIGS.

Existing geologic, hydrologic, well-construction, water-
quality, and other related data and information from previous
U.S. Geological Survey (USGS) hydrogeologic studies and the
USGS National Water Information System (NWIS) database,
in conjunction with data from the West Virginia Bureau for
Public Health (WVBPH) Department of Health and Human
Resources (WVDHHR) and the West Virginia Department of
Environmental Protection database and files, were collected,
compiled, and analyzed to help the WVDHHR to better assess
public groundwater supply wells that may meet the definition
of a surface-water-influenced- groundwater supply (SWIGS).

In this study, measures of intrinsic susceptibility, which
are characterized by the physical properties that affect the
ease with which water moves through the unsaturated zone
and, subsequently, into the saturated zone within an aquifer,
showed that karst limestone aquifers are the aquifers most
intrinsically susceptible to contamination within the State of
West Virginia. Karst limestone aquifers are present within
Cambrian- and Ordovician-age formations within West Vir-
ginia’s eastern panhandle and in Mississippian-age limestones

within the Greenbrier River valley. Solution development
within these limestone aquifers allows rapid recharge and

flow of groundwater within the aquifer, both of which allow
surface contaminants to easily enter the aquifer and travel long
distances in a short period of time.

Alluvial aquifers bordering the Ohio River in western
West Virginia are also potentially highly susceptible to con-
tamination because these alluvial aquifers can receive signifi-
cant recharge from the adjacent Ohio River. Any potential con-
taminants that may be present in the river have the potential to
enter the aquifer and contaminate wells completed within the
sand and gravel alluvial sediments within which the wells are
completed. These same alluvial sediments, however, help to
retard the movement of bacteria and other potentially patho-
genic organisms, such as Cryptosporidia and Giardia lamblia,
into the aquifer. As a result, samples from alluvial aquifers
bordering the Ohio River and elsewhere within the State do
not commonly test positive for indicator bacteria, such as
total coliform, fecal coliform, or Escherichia coli (E. coli).
The alluvial sediments do not, however, provide assimilative
capacity with respect to water soluble compounds such as
nitrate and certain volatile and semi-volatile organic com-
pounds. Therefore, the Ohio River alluvial aquifers are highly
susceptible to organic compounds present in the river or on the
land surface near a well. These aquifers are also susceptible to
nitrate contamination from fertilizers, pesticides, and manure,
which are commonly used on the fertile agricultural soils pres-
ent on terraces along the Ohio River.

Abandoned-coal-mine aquifers, which are typically used
as a source of groundwater in southern West Virginia, are
moderately susceptible to contamination. The vast network of
voids from mine entries provide vast storage for groundwater
in abandoned mine aquifers, and fracturing of overburden
strata, which is common in areas of past or current mining, can
allow rapid infiltration of contaminants to the aquifer. Where
streams cross over below-drainage underground coal mines,
there is an increased potential for contamination of coal-
mine aquifers. As a result, above-drainage underground coal
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mines, those mines that are present at an elevation above local
tributary drainage, are probably less susceptible to contamina-
tion than are below-drainage underground coal mines. Public
groundwater supplies in abandoned coal mines need to be
evaluated on a case-by-case basis to assess the potential for
recharge of contaminated surface water to enter below-drain-
age underground coal-mine aquifers and to assess potential
hydraulic conductivity to nearby surface-water bodies, such as
lakes, ponds, rivers, or streams.

Fractured-rock aquifers compose an additional major
type of aquifer within the State of West Virginia. Owing to
their low permeability and their typically small groundwater
capture areas, fractured-rock aquifers within the State of West
Virginia typically have low susceptibility to contamination.
However, there are exceptions, and wells completed in frac-
tured-rock aquifers that are in close proximity to streams may
be adversely affected by induced recharge from the stream.
Where such systems are present, frequent bacterial testing
of the source water can be used to ascertain the potential for
microbial contamination of the aquifer.

Intrinsic susceptibility alone does not fully predict
whether or not a well is vulnerable to contamination, only
that the hydrogeologic terrain is suitable for rapid transport of
pathogenic organisms or chemical compounds to and within
the aquifer. However, contaminants may or may not be pres-
ent in the recharge water to an individual well or well field.
Therefore, an assessment of potential contaminant sources,
such as nearby gas wells, landfills, underground storage tanks,
above ground storage tanks, major transportation corridors,
surface or underground coal mines, and flood plains, is needed
to assess vulnerability. The assessments need to be conducted
on a case-by-case basis or, as has been done in this study, by
collecting and compiling the number of potential contaminant
sources that may be present in the source-water-protection
area for an individual public groundwater supply source.

Groundwater public-supply systems in areas of high
intrinsic susceptibility and with a large number of potential
contaminant sources within the recharge or source-water-
protection area of individual wells or well fields are potentially
vulnerable to contamination and probably warrant further
evaluation as potential SWIGS. However, measures can be
taken to educate the local population and initiate safety proto-
cols and protective strategies to appropriately manage contam-
inant sources to prevent release of contaminants to the aquifer,
therefore, reducing vulnerability of these systems to con-
tamination. However, each public groundwater supply source
needs to be assessed on an individual basis. Data presented in
this report can be used to categorize and prioritize wells and
springs that have a high potential for intrinsic susceptibility or
vulnerability to contamination.

Introduction

In March 2014, the West Virginia legislature passed Sen-
ate Bill No. 373. The legislation was enacted in response to a
major chemical spill in January 2014 of 4-methylcyclohexane
methanol (MCHM) from a leaking storage tank on the banks
of the Elk River. The spill contaminated the drinking-water
supply for more than 300,000 people in the Kanawha River
valley region in Kanawha County, West Virginia, and adja-
cent counties. Major provisions of the legislation (1) mandate
regulation of the public water systems by the Commissioner
of the Bureau for Public Health; (2) provide for entry into
and evaluations of water systems; (3) require source-water-
protection plans and specified contents of the plans; (4) require
assessment and monitoring of plans; (5) require the Bureau
for Public Health to coordinate a long-term medical study of
potential health effects of MCHM; (6) mandate continuance
of the wellhead and source-water-protection grant program;
(7) continue a grant fund to provide water source protection;
(8) revise the Water Resources Protection and Management
Act; and (9) establish the Aboveground Storage Tank Act,
which requires the secretary of the West Virginia Department
of Environmental Protection to compile an inventory of above
ground storage tanks in the state and requires inventories
of sources of selected contaminants in the zones of critical
concern of certain public water systems. Section 16-1-9c¢ (a)
of the legislation, which requires update or completion of
source-water-protection plans, specifies that on or before July
1, 2016, each existing public water utility that draws and treats
water from a surface-water supply source or a surface-water-
influenced groundwater-supply source shall submit to the
commissioner an updated or completed source-water-protec-
tion plan for each public water system plant intake to protect
public water supplies from contamination. In section 16-1-2
(19) a “public surface-water-influenced groundwater supply
source” is defined as “a source of water supply for a public
water system which is directly drawn from an underground
well, underground river or stream, underground reservoir, or
underground mine, and the quantity and quality of the water in
that underground supply source is heavily influenced, directly
or indirectly, by the quantity and quality of surface water in
the immediate area.”

Because the legislation was written in response to a
chemical spill on the Elk River, and because the term “surface
water in the immediate area” is loosely defined, the term “Sur-
face-Water-Influenced Groundwater Supply” (SWIGS) within
this report has a broader definition that includes a groundwater
supply that is heavily influenced by water recharging the well
from adjacent rivers, streams, ponds, lakes, irrigation water,
or even precipitation that pools at the surface. Therefore,



SWIGS, as used in this report, includes water from shallow
surface processes, such as crop irrigation, and (or) natural
recharge from precipitation. This approach was taken because
in alluvial and karst aquifers rapid infiltration of precipitation
or flow of pooled surface overland runoff into alluvial sedi-
ments or sinkholes can be a source of contaminants entering
alluvial and karst aquifers. This report, which was written by
the U.S. Geological Survey (USGS) in cooperation with the
West Virginia Department of Health and Human Resources
(WVDHHR ), provides information to better assess the qual-
ity of water from production wells that meet the definition of
heavily surface-water-influenced groundwater supply, hereaf-
ter referred to as SWIGS.

Within this report, two primary sources of data are
assessed to aid the WVDHHR in determining whether par-
ticular groundwater systems should be identified as SWIGS.
The first is the natural hydrogeologic properties of the aquifers
related to their transmissivity and permeability, hereafter
referred to as “intrinsic susceptibility.” More transmissive
aquifers, such as karst and alluvial aquifers, are more easily
contaminated by surface contaminants than are less transmis-
sive aquifers such as fractured-rock aquifers. The second is the
vulnerability of an aquifer and is based on well-construction
properties, including casing length and well depth, and the
chemical and microbial quality of groundwater with respect
to constituents, such as indicator bacteria, nitrate, pesticides,
volatile organic compounds (VOCs), and chlorofluorocarbons
(CFCs). Potential sources of contaminants are compiled to
aid in determining sites that have a high number of potential
sources of contaminants in the designated source-water-pro-
tection areas of individual wells, springs, or well fields.

Purpose and Scope

The purpose of this report is to present a discussion of
available geologic, hydrologic, well-construction, water-qual-
ity, and other related data and information from past USGS
hydrogeologic studies, from the USGS National Water Infor-
mation System (NWIS) database, the WVDHHR database and
files, and the West Virginia Department of Environmental Pro-
tection (WVDEP) database and files. These data may be used
by the WVDHHR to better assess the quality of groundwater
supply withdrawn by production wells that meets the defini-
tion of a SWIGS. As the definition of SWIGS leaves room for
interpretation, it is imperative that determinations of potential
SWIGS are based on the best available scientific data. This
report summarizes information from more than 40 previous
studies related to the intrinsic susceptibility of aquifers in
West Virginia to contamination via surface water, presents an
evaluation of the relation of well construction to well vulner-
ability, provides direct observation of vulnerability of aquifers
and wells using existing water-quality data, and provides a
tally of the number and type of contaminant sources within the
source-water-protection area for production wells or springs. A
discussion is presented on basic groundwater hydraulics, such
as hydraulic gradient, hydraulic conductivity, and fundamental
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groundwater-flow processes, which are important in assess-
ing the potential movement (or lack thereof) of a potential
contaminant towards a production well.

Description of Study Area

The study area for this investigation is the entire State
of West Virginia, which includes parts of the Appalachian
Plateaus, Valley and Ridge, and Blue Ridge Physiographic
Provinces (fig. 1). Aquifers are divided into five basic hydro-
geologic terrains, each with their own intrinsic susceptibility
to contamination. A hydrogeologic terrain is a lithologic type
of rock or rocks with distinct similar hydraulic properties
and groundwater-flow processes. The aquifer types and five
terrains consist of (1) alluvial aquifers bordering the Ohio and
Kanawha Rivers and other major tributary streams; (2) karst
aquifers in the Shenandoah River valley of West Virginia’s
eastern panhandle and in the Greenbrier River valley, and thin
limestone outcrops in the Valley and Ridge Physiographic
Province; (3) fractured crystalline metamorphic and igneous
rock aquifers in a thin band within the Blue Ridge in Jefferson
County, in the easternmost part of West Virginia; (4) aban-
doned underground coal-mine aquifers in southern West Vir-
ginia; and (5) fractured sandstone, shale, coal, and associated
sedimentary-rock aquifers in most of the State, including parts
of the Appalachian Plateaus and Valley and Ridge Physio-
graphic Provinces. These important aquifers and their intrinsic
susceptibility to contamination (or lack there of) are discussed
in more detail in the “Assessment of Hydrogeologic Terrains
as a Factor for Assessing SWIGS” section of this report.

Definitions of Significant Terminology

In order for the reader to understand the process by which
data are analyzed and presented within this report, it is critical
to first define several terms of uncommon usage in hydrogeo-
logic literature. These terms have been subject to misinter-
pretation; therefore, the terms (1) “surface-water-influenced
groundwater supplies (SWIGS),” (2) “intrinsic susceptibility,”
(3) “vulnerability,” and (4) “hydrogeologic terrains” will be
defined here to avoid confusion.

The term “public surface-water-influenced groundwater
supply source,” as defined in West Virginia Senate Bill 373,
section 16-1-2 (19), is “a source of water supply for a public
water system which is directly drawn from an underground
well, underground river or stream, underground reservoir or
underground mine, and the quantity and quality of the water in
that underground supply source is heavily influenced, directly
or indirectly, by the quantity and quality of surface water in
the immediate area.” The definition is subject to interpreta-
tion, so representatives of the USGS met with representatives
of the WVDHHR to clarify the State’s definition of the term
for this study. During the discussion, the representatives of
the WVDHHR indicated that the framers of the legislation
intended to protect groundwater resources not only from
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Figure 1. Physiographic provinces and major hydrogeologic terrains (aquifers) in West Virginia. (P. P., Physiographic Province)

potential contamination which may be induced by infiltration
into pumped wells from nearby streams, lakes, or ponds, but
any surface-water source, including precipitation that falls on
the ground surface, and accidental releases of contaminant-
laden water, such as storage tank failures or leaks, that spills
onto the surface and potentially may be transported into and
contaminate an aquifer. The phrase “in the immediate” area
was also interpreted to include non-point sources of con-
tamination such as nitrates and pesticides that can occur in
agricultural areas.

Intrinsic susceptibility is defined in USGS Circular 1224
(Focazio and others, 2002) and further discussed in USGS
Circular 1385 (Eberts and others, 2013). Intrinsic susceptibil-
ity is characterized by the physical properties that influence

the ease with which water moves through the unsaturated zone
and within an aquifer. Intrinsic susceptibility is an important
aspect of vulnerability because infiltrating water can con-

tain contaminants, and subsurface travel times can influence
whether reactions affecting contaminant concentrations can
take place before the water is discharged from the aquifer.
Intrinsic susceptibility depends on the thickness and hydrau-
lic properties of the unsaturated zone, which affect recharge
rates to the aquifer. It also depends on the aquifer hydraulic
properties (hydraulic conductivity, porosity, and transmissiv-
ity) and hydraulic gradients, which affect flow rates within the
aquifer and discharge rates from the aquifer. A brief discus-
sion of the applications of Darcy’s Law and groundwater flow,
with respect to the terms in the groundwater-flow equation,



is presented in the “Groundwater Hydraulics” section of this
report. Collectively, recharge rates, discharge rates, the abil-
ity of the aquifer material to transmit water, and the size and
shape of an aquifer contribute to the length of time groundwa-
ter will reside in an aquifer. Thus, groundwater age—the time
elapsed since water entered an aquifer system—is a measure
of intrinsic susceptibility.

Within this report, intrinsic susceptibility is discussed in
terms of hydrogeologic terrains. These hydrogeologic terrains
differ significantly with respect to recharge rate, groundwater
age and residence times, lithology, hydraulic properties, and
water quality. The terrains are a major factor to be considered
by the WVDHHR in assessing SWIGS. In addition, statewide
assessments of groundwater age based on chlorofluorocar-
bons (McCoy and Kozar, 2007) and water quality have been
conducted using data collected as part of USGS National
Water-Quality Assessments (NAWQA) in the Kanawha/New
River and Allegheny/Monongahela River watersheds, and
using additional data collected by the USGS, WVDHHR, and
WVDERP as part of the statewide Ambient Groundwater-Qual-
ity Monitoring Network (AMBGWMN). The water-quality
data from the statewide AMBGWMN, which were collected
from 324 wells, predominantly production wells (appendix 1),
also are a major source of data that may be used by the
WVDHHR in determining SWIGS.

Groundwater vulnerability as discussed in USGS Circular
1385 (Eberts and others, 2013) depends on three factors.

» Contaminant sources (contaminant input) in the
recharge area to production wells or springs It is
important to document whether there are point or non-
point sources of contamination in the recharge area
to production wells or springs. Point sources could
include above or underground storage tanks; chemical
processing plants; and transportation corridors, such
as railroads or interstate highways. Non-point sources
could include agricultural land, golf courses, irrigation
waters, or large densities of septic systems.

¢ Chemical and physical processes in the subsurface
that affect contaminant concentrations in an aqui-
fer (contaminant mobility and persistence) Such
processes may include redox processes, denitrification,
biodegradation, other biogeochemical changes, and
filtering of microbes by sediments.

* Intrinsic susceptibility The ease with which water and
contaminants can travel to and within an aquifer.

Hydrogeologic terrains, as used within this report, refer
to bedrock or alluvial aquifers within a physiographic prov-
ince that share similar hydraulic properties, groundwater-flow
processes, recharge rate, groundwater age and residence time,
lithology, and water quality. Hydrogeologic terrains are cor-
relative to aquifers and have been identified as such in previ-
ous USGS literature (Schwietering, 1981; Puente, 1985). The
term “hydrogeologic terrains” is used in this report only when
referring to stratigraphy or geologic formation, and the term
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“aquifers” is used when referring to the overall water-bearing
formations. The three factors related to production well vul-
nerability can be assessed by understanding (1) the sources of
recharge that contribute water to a well and the contaminants
associated with the recharge—a measure of contaminant
input; (2) the geochemical conditions encountered by water
drawn into a well—a measure of contaminant mobility and
persistence; and (3) the groundwater-age, which is a mixture
of different waters that blend (or mix) in a well—a measure of
intrinsic susceptibility.

Previous Investigations

Hydrogeologic studies have been completed that can
be used to assess groundwater under the influence of surface
water and groundwater affected by surface or shallow near-
surface land use, and that may provide significant insight into
the factors needed to assess SWIGS. Studies were conducted
for various aquifers within the State, including but not limited
to the karst aquifers in West Virginia’s eastern panhandle
within the Shenandoah River valley, the alluvial aquifers along
the Ohio River, abandoned underground coal-mine aquifers,
and fractured-rock aquifers. Other studies are statewide and
retrospective in scope. The water-quality data from these stud-
ies provide direct observations of aquifer or well vulnerability.

Karst Aquifer Studies

Owing to the ease with which karst aquifers may be
contaminated by shallow groundwater and surface land-use
activities, such as agriculture and septic system return flows,
numerous investigations of the water quality of karst aqui-
fers in Jefferson, Berkeley, and Morgan Counties in West
Virginia’s eastern panhandle have been conducted. The first
significant karst study was conducted in Jefferson and Berke-
ley Counties in the late 1950s (Bieber, 1961). Bieber’s study
was the first to document potentially high concentrations
of nitrate in groundwater in the region, although only 1 of
41 wells sampled (2.4 percent) had nitrate concentrations that
equaled or exceeded the current U.S. Environmental Protec-
tion Agency (EPA) 10-milligrams per liter (mg/L) of nitrate
as nitrogen (N) maximum contaminant level (MCL) drinking
water standard. At the time of Bieber’s study, the dominant
land use was agricultural.

Early studies often report nitrate in terms of nitrate as
NO?, with an older 45-mg/L MCL drinking water standard.
This includes data from Bieber (1961) and Hobba (1981a and
1976). Within this report, all references are with respect to the
current 10-mg/L as N MCL drinking water standard; data have
been converted and are referenced accordingly.

Follow-up studies ensued to address potential bacte-
rial and nitrate contamination in karst aquifers in the east-
ern panhandle. In 1976, a water-quality study in Berkeley
County, West Virginia, (Hobba, 1976) showed that 6 of 345
(1.7%) wells sampled had concentrations of nitrate exceeding
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drinking water standards, and 3 of 15 (20%) wells sampled
contained either fecal coliform or fecal streptococcus bacte-
ria. A potentiometric-surface (water-table) map of Berkeley
County, based on water levels measured in 336 wells, was
developed and published as part of the Hobba (1976) study.
The potentiometric-surface map is especially useful and aids
assessment of recharge areas to production wells and springs.
Three successful dye tracer tests were conducted for the study
(1 additional test was not successful) by injection of fluores-
cent dyes into sinkholes and monitoring of resurgence points
at springs and streams in the area surrounding the injection
point. The dye tracer tests were not summarized in the report,
but are part of a statewide compilation of dye tracer tests for
West Virginia (Jones, 1997). According to Jones (1997), on the
basis of fluorometric dye tracer tests, groundwater velocities
in Berkeley County ranged from 32 to155 feet per day (ft/d)
with a median of 71 ft/d for the fracture-dominated diffuse-
flow part of the karst aquifer and from 703 to 1,879 ft/d with
a median of 1,139 ft/d for the conduit-dominated part of the
karst aquifer. Rapid flow in conduit-dominated parts of the
karst aquifer system can allow transport of contaminants over
a broad area in a very short period of time; therefore, the karst
aquifer systems are highly susceptible to contamination.

In 1981, a similar study conducted for adjacent Jefferson
County, West Virginia, (Hobba, 1981a) showed that 24 of 192
(12.5%) wells sampled had concentrations of nitrate exceeding
drinking water standards, and 23 of 30 (77%) wells sampled
contained either fecal coliform or fecal streptococcus bacteria.
The two early studies by Hobba (1976, 1981a) were focused
on documenting nitrate contamination in the heavily agricul-
tural region, but the sporadic bacteria testing indicated an even
greater likelihood of bacterial contamination. A potentiomet-
ric-surface map of Jefferson County, developed and published
as part of the study, is based on water levels measured in
201 wells. Two dye tracer tests were attempted for the study,
but neither were successful. Results of six dye tracer tests con-
ducted in Jefferson County are summarized by Jones (1997).
According to Jones (1997), groundwater velocities in Jeffer-
son County, which are based on flow to 14 resurgence points,
ranged from 50 to 150 ft/d with a median flow rate of 120 ft/d;
similar velocities were determined for Berkeley County.

As a result of sparse bacterial data from previous studies,
follow-up studies were conducted in Jefferson County in 1988
(Kozar and others, 1991) and in Berkeley County in 1989 and
1990 (Shultz and others, 1995) to further investigate the extent
of nitrate and bacterial contamination, and to assess whether
concentrations were increasing over time. The study by Kozar
and others (1991) shows that nitrate concentrations in Jeffer-
son County were higher than documented in the earlier Hobba
(1981a) study. Of 62 wells and 8 springs sampled, samples
from 18 (26%) exceeded the 10-mg/L as N drinking water
standard for nitrate, and samples from 37 (53%) contained one
or more colonies of fecal coliform bacteria per 100 milliliters
(mL) of sample. Samples from 48 of 69 wells and springs
(70%) contained one or more colonies of fecal streptococcus
bacteria. Five dye tracer tests were conducted for the study,

but only 3 were successful. On the basis of the three successful
fluorometric dye tracer tests conducted, groundwater veloci-
ties in Jefferson County ranged from 30 to 185 ft/d for the
fracture-dominated diffuse-flow part of the karst aquifer, and
velocities were at least 840 ft/d for conduit flow along a fault
with enhanced permeability due to dissolution of limestone
along the fault.

A 1993 study of groundwater availability and quality in
Berkeley County (Shultz and others, 1995) found that samples
from 54 percent of wells collected in June through October
1989 tested positive for fecal streptococcal bacteria, and
24 percent tested positive for fecal coliform bacteria. Samples
collected during the cold winter months of March and Decem-
ber 1989 and March of 1990 contained lower concentrations
of bacteria. Samples from only 17 percent of wells tested posi-
tive for fecal streptococcal bacteria, and samples from only
7.4 percent of wells tested positive for fecal coliform bacteria.
Cold air temperatures and minimal applications of manure on
agricultural fields in winter months may be responsible for the
lower detection rate of bacteria in winter months.

In June 2000, 50 additional wells in Berkeley County in
the eastern panhandle of West Virginia were sampled for indi-
cator bacteria (Mathes, 2000). The primary objective of the
study was to assess the bacterial quality of water with respect
to the density of septic systems in a 5-acre circular area around
the wells sampled. No relation was found between bacteria
concentrations and septic density. Of the 50 wells sampled,
however, 31 (62%) contained total coliform bacteria, 16 (32%)
contained Escherichia coli (E. coli), and 15 (30%) contained
fecal coliform bacteria. The preponderance of bacteria in karst
aquifers in the eastern panhandle is direct evidence of the
intrinsic susceptibility and vulnerability of the aquifer.

An intensive hydrogeologic study of the Leetown area
(Kozar and others, 2007a and b) showed that the groundwater-
flow system responds quickly to precipitation, and ground-
water recharge occurs quickly. The karst aquifer is dominated
by a shallow epikarstic layer—a shallow layer of heavily
weathered, highly fractured, and solutionally enlarged bedrock
and regolith, which ranges in typical thickness from 22 to 61 ft
with a median thickness of 40 ft. Groundwater recharge to
this epikarstic layer is nearly instantaneous, which indicates a
significant vulnerability to contamination of the aquifer from
any land-use activity at the surface. Groundwater-flow veloci-
ties in the karst aquifer are rapid, ranging from 12 to 540 ft/d
during relatively dry periods and from 1,000 to 6,500 ft/d after
heavy recharge events. Heavy recharge events force water to
rise from the lower, more diffuse, less solutionally enlarged
karst part of the groundwater system, where groundwater-flow
velocities are slow, upwards into the shallow epikarstic layer
where groundwater-flow velocities can be very rapid. Flush-
ing of groundwater through the shallow epikarstic layer is
common after heavy storms. Groundwater-flow models were
developed for the Leetown area beginning with a groundwa-
ter-flow model of the Hopewell Run watershed near Leetown
(Kozar and others, 2007a).



Additional groundwater-flow models were developed for
the Opequon Creek watershed, of which Hopewell Run is a
tributary (Kozar and Weary, 2009), and for the entire Shenan-
doah River valley (Yager and others, 2008). These models
are useful for understanding the water budgets for the karst
aquifers in the Shenandoah River valley, and for assessing
the potential recharge areas to production wells and springs
in the region. As a result of the body of work that has been
conducted in the eastern panhandle of West Virginia, the karst
aquifers of the region are considered the aquifers most intrinsi-
cally susceptible to contamination within the State of West
Virginia.

In 1973, a report summarizing a study of the hydrology
of limestone karst in Greenbrier County, West Virginia, was
published (Jones, 1973). Jones (1973) conducted multiple
groundwater tracer tests using fluorometric dyes, mapped
major karst groundwater catchments, described significant
springs and karst features, and discussed the karst hydrology
of Greenbrier County. The study found, as is common for
karst watersheds, that groundwater catchment areas do not
necessarily coincide with topographic watershed divides. Dye
tracer tests completed in the Greenbrier County study, along
with additional tracer tests completed for other studies are
summarized by Jones (1997). On the basis of the Jones (1997)
summary of 20 dye resurgence points from 15 dye tracer tests,
groundwater-flow velocities for the karst aquifer in Greenbrier
County are much faster than those for Jefferson and Berkeley
Counties, West Virginia, ranging from 560 to 10,800 ft/d with
a median of 1,914 ft/d. Such high median groundwater-flow
velocities are more characteristic of a conduit-dominated karst
groundwater-flow system than a diffuse-flow-dominated karst
groundwater-flow system, such as in Jefferson and Berkeley
Counties. As such, the karst hydrogeologic setting in the Mis-
sissippian-age Greenbrier Group limestone in the Greenbrier
River valley (fig. 1) can be considered highly susceptible to
contamination, and is possibly the most intrinsically suscep-
tible aquifer in West Virginia.

A compilation of the caves and karst of West Virginia
(Dasher, 2012) identified similar Greenbrier Group limestone
karst in the Appalachian Plateaus Physiographic Province,
in parts of Monroe, Pocahontas, and Pendleton Counties in
West Virginia and to a lesser extent in other counties in the
eastern part of West Virginia. As such, limestones of the
Greenbrier Group that crop out in other areas of West Virginia
can produce similar karst features and may have the rapid
groundwater-flow rates characteristic of conduit-dominated
karst groundwater-flow systems. The Karst Hydrology Atlas
of West Virginia (Jones, 1997) summarizes dye tracer tests for
Monroe and Pocahontas Counties, the second and third most
significant outcrop areas of the Greenbrier Group in West Vir-
ginia. Data compiled from the atlas for 13 resurgence points
indicate a range of groundwater-flow velocities from 1,320
to 5,680 ft/d with a median of 2,350 ft/d for Monroe County,
West Virginia, and a range of groundwater-flow velocities
from 240 to 52,800 ft/d with a median of 5,700 ft/d for Poca-
hontas County. The Monroe County groundwater velocities
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are similar to those for Greenbrier County, indicating a
conduit-dominated flow system. Groundwater velocity esti-
mates for Pocahontas County seem to indicate a dual porosity
system similar to that of Jefferson and Berkeley Counties, but
both counties are considered highly intrinsically susceptible to
contamination. Few tracer test data are available for the areas
with minor outcroppings of karst limestone formations.

Fractured Metamorphic and Igneous Rock
Aquifer Studies

Aquifers in fractured metamorphic and igneous rocks of
the Blue Ridge Physiographic Province in West Virginia com-
pose only a very small surficial area in the easternmost extent
of West Virginia in Jefferson County, along the mountain sepa-
rating Virginia from West Virginia (fig. 1). However, limited
water-quality data for Blue Ridge metamorphic and igneous
aquifers in West Virginia (Kozar and others, 1991) and for
similar aquifers farther south in North Carolina and Virginia
(Kozar and others, 2001) indicate that Blue Ridge fractured-
rock aquifers are especially susceptible to elevated levels of
naturally occurring radon-222, a carcinogenic radioactive gas
linked to lung cancer (Otton, 1992). Radon is derived from
the radioactive decay process of uranium; uranium and other
radioactive elements are common in igneous and metamorphic
rocks (Otton, 1992). Only three wells were sampled for radon
in the Blue Ridge Physiographic Province in Jefferson County,
West Virginia; concentrations of radon were 2,300; 3,100;
and 8,700 picocuries per liter (pCi/L), all exceeding the EPA
proposed MCL drinking water standard of 300 pCi/L (Kozar
and others, 1991).

A USGS NAWQA study of 30 wells in the Blue Ridge
Physiographic Province in North Carolina and Virginia (Kozar
and others, 2001) found 26 of 30 wells sampled (87%) had
concentrations of radon in excess of the proposed 300 pCi/L
drinking water standard. In 10 of the 30 wells sampled (33%),
the concentrations exceeded the proposed alternate maximum
contaminant level of 4,000 pCi/L. The NAWQA study also
found bacterial contamination of groundwater. Eleven of
29 wells sampled (38%) tested positive for the presence of
total coliform bacteria, although none tested positive for the
presence of fecal coliform or E. coli bacteria.

Alluvial Aquifer Studies

Numerous alluvial aquifer studies have been conducted
in the past, mostly to assess the resource with respect to the
quantity of water available for public and industrial ground-
water supplies. One of the first studies of alluvial aquifers con-
ducted in West Virginia was a study of groundwater conditions
along the Ohio River at Parkersburg, West Virginia (Jeffords,
1945). Radial collector wells, or “Ranney Wells” as they are
often referred to, are commonly used by large public suppliers
and industry along the Ohio river. These collector wells are
designed to use existing alluvial sediments and well screens as
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a pre-filter to remove contaminants, such as bacteria, Crypto-
sporidia, and Giardia lamblia (Gidley, 1952). The collector
wells have lateral arms that extend beneath the river bed and
are designed to pull water from alluvial deposits in a large area
beneath streams. For the Parkersburg water plant, which with-
draws on average nearly 4.8 million gallons per day (Mgal/d)
of water from radial collector wells, as much as 75 percent of
the water pumped from the wells is induced recharge from the
Ohio River (Kozar and McCoy, 2004).

Of 63 wells sampled for nitrate, none exceeded the MCL
drinking water standard of 10 mg/L as N', established by
the EPA. However, 16 of 29 wells sampled for iron (55%)
exceeded the 300-microgram per liter (nug/L) EPA secondary
maximum contaminant level (SMCL) drinking water stan-
dard for iron. Jeffords (1945) found the water temperature of
groundwater in alluvial wells in Parkersburg closely mimicked
water temperatures in the Ohio River, although there was a
potential lag of days to months in some wells. The similar
temperatures indicate that the Ohio River is a potential source
of recharge to alluvial wells completed in glacial outwash
sediments along the Ohio River. Bacterial analyses of raw well
water were reviewed for the study and indicated that bacte-
rial contamination of the groundwater did occur, although the
frequency of detection was low. Jeffords (1945) concludes that
the sand and gravel aquifer serves as a natural filter pack to fil-
ter out most of the bacteria and other pathogens in Ohio River
water that eventually percolates through the sand and gravel
aquifer to production wells.

Alluvial sediments along the Kanawha River are not as
coarse grained as those along the Ohio River and contain a
higher percentage of fluvially deposited sand compared to
Ohio River alluvial deposits, which contain a larger percentage
of glacial outwash gravel (Doll and others, 1960; Wilmoth,
1966). As a result, wells tapping the alluvial deposits along
the Kanawha River likely induce less recharge of stream water
than those located along the Ohio River. Alluvial aquifers
along other smaller streams and tributaries in West Virginia
typically have a much higher silt and clay content than sand
and (or) gravel and typically are not tapped as a water source
for public supply.

Most of the previous studies of alluvial aquifers in the
State did not obtain water-quality data. However, these stud-
ies were very effective in documenting the sand and gravel
composition of river valley aquifers and river terraces (Jef-
fords, 1945; Kazmann and others, 1943; Simard, 1989). For
Ohio River alluvial deposits, coarse-grained glacial outwash
composed of sands and gravels are separated by lenses of silt
and clay. These alternating sequences of sand and gravel and
silt and clay lenses have been proposed to act as large filters,
effectively filtering out microbial contaminants, microscopic
particulates, and pathogens such as Giardia lamblia and Cryp-
tosporidia from nearby streams (Jeffords, 1945). This filtering
of microbes and particulates likely has a substantial effect on

' The MCL of 10 mg/L as N is equivalent to 45 mg/L as nitrate.

water quality, given that studies using groundwater-flow mod-
els to estimate recharge to production wells along the Ohio
River indicate that from 0 to more than 75 percent of water
derived from alluvial aquifers along the Ohio River originates
as infiltration of river water from the Ohio River (Kozar and
McCoy, 2004).

Coal-Mine Aquifer Studies

Numerous hydrogeologic and water-quality studies have
been conducted by the USGS in cooperation with the WVDEP,
the WVDHHR, and the West Virginia Geological and Eco-
nomic Survey (WVGES). A 1981 study of abandoned coal
mines in West Virginia used as a source of water for public
and domestic supplies (Lessing and Hobba, 1981) found that
72 public water systems pumped more than 7 Mgal/d of water
from abandoned-coal-mine aquifers and served approximately
81,600 people. The same study estimated that if just one-half
of the abandoned underground coal mines in West Virginia
were flooded or partially flooded, the total volume of water
potentially stored in underground coal mines could be as much
as 250 billion gallons.

A similar study was conducted for the WVDEP by the
WYVGES in 2012 to assess the potential amount of water
stored in abandoned underground coal mines (McColloch
and others, 2012). This study used more robust and quanti-
tative methods, especially geographic information system
(GIS) analyses, in conjunction with a detailed statewide mine
map database and structure contours for major coal seams,
to provide much more quantitative estimates of water avail-
ability than were possible during the earlier study by Lessing
and Hobba (1981). Structure contours for the various mapped
mines were compared with digital elevation models to deter-
mine whether the mines are present at an elevation above that
of local tributary streams (above drainage) or if they are pres-
ent below the elevation of perennial streams (below drainage).
The study documented that 99 mines in 14 major coal seams
are likely totally filled with water (flooded), and an additional
532 mines are likely partially flooded.

A study of abandoned mine workings near Welch, West
Virginia, was conducted (Ferrell, 1992) to describe the hydro-
logic characteristics of the flooded and abandoned mines and
determine sources of recharge and interconnection of water
from various sources, including adjacent coal mines, precipita-
tion, and induced recharge from the Tug Fork River. The Tug
Fork River is adjacent to the abandoned mines from which the
city of Welch derives its water and is at a higher elevation than
some parts of the mines. A key finding of that study was that
recharge from the Tug Fork River can be induced when water
within the mine aquifer falls to certain levels. Many communi-
ties in headwater streams of the Tug Fork drainage area are
un-sewered or lack proper septic systems, and the discharge
of raw sewage into tributary streams is common (West Vir-
ginia Department of Environmental Protection, 2008). Thus,
induced recharge is a potential source of bacterial contamina-
tion to below-drainage abandoned-coal-mine aquifers.



A study of abandoned-underground coal mines in Upshur
County, West Virginia, was conducted by the USGS to deter-
mine whether the mines were a suitable source of water to
augment existing supplies during times of drought (Hobba,
1987). Although it was determined that sufficient quantities
of water were available from the abandoned-underground-
coal-mine aquifers to augment existing supplies in times of
drought, it was also determined that the water would require
extensive treatment to remove nuisance constituents such as
iron, manganese, and sulfide.

Studies by the USGS of the effects of conventional min-
ing on the hydrology of selected mined watersheds in West
Virginia (Hobba, 1981b) and the results of long-wall coal
mining (Shultz, 1988) indicate that mining has the capacity to
greatly increase fracturing of overburden strata, thereby arti-
ficially inducing additional recharge to underground aquifers,
including abandoned-coal-mine aquifers and fractured-rock
aquifers. Subsidence fracturing of overburden and overly-
ing streambeds was shown to increase aquifer transmissivity,
decrease discharge of springs in overlying strata, alter water
levels in overlying and underlying strata, and induce recharge
to abandoned-underground-coal-mine aquifers. Loss of water
from overlying streams is a potential source of recharge to
underlying aquifers but also is a potential source of contami-
nation to abandoned-underground-coal-mine aquifers.

The USGS NAWQA program conducted a study (McAu-
ley and Kozar, 2006) to compare and contrast groundwater
quality of domestic wells downgradient from reclaimed
surface coal mines with the water quality of equivalent wells
in unmined areas. The study area for the investigation was
the low-sulfur coal fields of southern West Virginia within the
Kanawha and New River watersheds and the high sulfur coal
fields in northern West Virginia and southwestern Pennsyl-
vania in the Allegheny and Monongahela River watersheds.
Groundwater within about 500 ft of mined areas had median
concentrations of constituents indicative of mine drainage
(sulfate, iron, manganese, calcium, magnesium, turbidity, and
specific conductance) that were significantly greater than the
median concentrations of these constituents in water samples
from wells in unmined areas. However, concentrations of mine
drainage constituents were equal to or less than concentrations
at unmined sites more than 1,000 ft downgradient from the
reclaimed surface mines.

The USGS partnered with the WVDEP, the WVDHHR,
and the WVGES to conduct a study of abandoned above-
drainage coal mines in the Elkhorn area, McDowell County,
West Virginia (Kozar and others, 2012). The primary objec-
tive of the study was to better understand groundwater-flow
processes, recharge, and water quality of above-drainage
abandoned-underground-coal-mine aquifers and to develop a
quantitative numerical groundwater-flow model for the above-
drainage abandoned-underground-coal-mine aquifer. Even
though the coal mines in this area are above drainage at most
locations, some parts of the mines that are at locally lower
elevations are flooded. The Pocahontas No. 3 coal seam is the
primary source of water for public supply in the Elkhorn area.
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The groundwater -flow model was used to assess the area con-
tributing recharge to the abandoned-coal-mine aquifer, which
discharges from mine outfalls (also called adits, which are
mine entries from land surface) at elevations approximately
80 to 100 ft above the elevation of nearby streams, such as
Elkhorn Creek and North Fork. Such mine outfalls are the
primary source of water for public supply in the Elkhorn area
and are gravity fed to downgradient water treatment plants for
chlorination and distribution. The comprehensive study was
one of the first studies to prove the utility of groundwater-flow
models for assessing recharge areas to production wells and
mine outfalls in a complex above-drainage coal-mine aquifer.
The study, based on dye tracer tests, documented that rapid
recharge of precipitation and groundwater flow in stress-
relief fractures is possible on a scale of days to weeks but that
abandoned-underground-coal-mine aquifers can have a much
older component of groundwater. The older component of
groundwater was determined to be approximately 26 years.
Interbasin transfer of groundwater within abandoned mine
workings is also possible.

Fractured Sedimentary Rock Aquifer Studies

Most of the aquifers in the Appalachian Plateaus and Val-
ley and Ridge Physiographic Provinces of West Virginia are
composed of fractured sedimentary rock. The USGS, in coop-
eration with the WVDEP, the WVDHHR, and the WVGES,
has also conducted a number of hydrogeologic investiga-
tions in the fractured-rock areas of the State. For clarity of
discussion, the results of fractured-rock aquifer studies in the
Appalachian Plateaus Physiographic Province will precede
discussions of similar fractured-rock aquifer studies in the Val-
ley and Ridge Physiographic Province.

Appalachian Plateaus Studies

Investigation of groundwater resources in Harrison
County, West Virginia, (Nace and Bieber, 1958) found
groundwater hardness ranged from soft to very hard, and
iron (5 of 6 wells sampled, or 83%) concentrations typically
exceeded the 300-pg/L SMCL. Well yields of 1-5 gallons
per minute (gal/min) were common, and yields in excess of
25 gal/min were rare. A more robust sampling of groundwater
in neighboring Monongalia County (Carlston, 1958) showed
similar patterns of water quality; water hardness ranged from
soft to very hard. Iron concentrations equaled or exceeded
the SMCL drinking water standard in 19 of 47 (40%) wells
sampled. Nitrate exceeded the 10-mg/L as nitrogen (N) MCL
in only 1 of 186 wells sampled (0.5%). Well yields in Monon-
galia County were higher than those in neighboring Harrison
County, ranging from less than 1 to 400 gal/min and equaling
or exceeding 10 gal/min in 56 of 213 (26%) wells sampled.
In Ohio County in the northern panhandle of West Virginia,
of 12 wells sampled, none exceeded the SMCL of 300 pg/L
for iron or the 10 mg/L as N MCL for nitrate, and only 1 well
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sampled had a concentration of manganese that exceeded the
50-pg/L SMCL (Robison, 1964).

A study of bacterial contamination of rural drinking-water
supplies was conducted in Preston County, West Virginia
(Sworobuk, 1984). Of 155 groundwater samples collected
from springs, dug wells and drilled bedrock wells, 87 per-
cent contained 1 or more colonies of total coliform bacteria,
48 percent contained fecal coliform bacteria, and 61 percent
contained fecal streptococcus bacteria. Springs and dug wells
are typically much more prone to contamination than are
drilled bedrock wells and are no longer encouraged for use as
a residential water supply [Title 64 Legislative Rule—Series 46
(64CSR46)]. Therefore, when only the drilled bedrock wells
are considered, 33 of 66 (50%) wells sampled contained 1 or
more colonies of total coliform bacteria per 100 mL of sample,
10 of 47 (21%) contained 1 or more colonies of fecal coliform
bacteria, and 11 of 26 (42%) contained 1 or more colonies of
fecal streptococcus bacteria. Although total coliform is ubiqui-
tous in the environment, high concentrations of fecal coliform
and fecal streptococcus bacteria indicate that the shallow
fractured-rock aquifers in Preston County, West Virginia, are
potentially vulnerable to fecal contamination from human or
animal sources.

Salty groundwater at shallow depths is a known problem
in certain parts of West Virginia. Maps showing depth to saline
groundwater, based on data reported for oil and gas permits
(Foster, 1980), indicate that saline water can occur at depths
of 500 ft or less below land surface in the western part of West
Virginia near the Ohio River. Naturally occurring salt springs
in that area were used as a source of salt by native Americans
and early settlers and is one factor that led to the eventual
development of the chemical industry in the Kanawha River
valley (Bain, 1970). Campbell’s Creek in Kanawha County,
Buffalo Lick in Braxton County, and the Burning Springs
Anticline in Wood and Wirt Counties (Bain, 1970) are areas
where saline water and hydrocarbons may be found at shallow
depths. The Pocatalico watershed in Jackson, Kanawha, and
Roane Counties north of Sissonville in south-central West
Virginia has a long history of excessive salt concentrations
in surface water and shallow groundwater, possibly owing
to early gas development from the Poca gas field and natural
processes (Bain, 1970).

In a study of the fractured-rock aquifers of the Canaan
Valley area in Tucker County West Virginia (Kozar, 1996),

50 groundwater samples were collected and analyzed for a
broad range of constituents including common ions, trace
metals, indicator bacteria, and pesticides. Most of the constitu-
ents did not exceed EPA drinking water standards. However,
iron and manganese concentrations exceeded the 300 pg/L
and 50 pg/L SMCLs in 2 and 20 percent of samples analyzed,
respectively. Radon was more problematic because concentra-
tions exceeded the 300-pCi/L proposed MCL in 67 percent

of the wells and springs sampled. Radon concentrations were
higher in the Pocono and Pottsville/Mauch Chunk Group
rocks, which contain dark shales, than in the rocks of the
Greenbrier Group, which is composed primarily of limestone.

Dark shales are a primary source of radioactive minerals in
bedrock within West Virginia and elsewhere (Otton, 1992).
Fecal coliform and fecal streptococcus bacteria were detected
at varying concentrations in 22 and 48 percent of sites sam-
pled, respectively. Well yields in the Canaan Valley area were
higher than is typical for most fractured-rock aquifers in West
Virginia; mean well yields were 23.3, 22.5, and 19.2 gal/min
for the Pottsville/Mauch Chunk Group, Greenbrier Limestone,
and Pocono Group, respectively. These higher than typi-

cal well yields may partially explain the high occurrence of
indicator bacteria detected in the groundwaters because the
aquifers in Canaan Valley are more permeable than other frac-
tured-rock aquifers throughout the State and, therefore, may
have the capacity to receive recharge over a much larger area
than is common for most fractured-rock aquifers within West
Virginia. Soils are typically very thin in areas of Mauch Chunk
Group and especially overlying the Pottsville Group bedrock;
thin soils provide little filtration of any surface contaminants
that may be present.

The USGS NAWQA program conducted groundwater
and surface-water quality appraisals for most of the larger
river watersheds in the United States. One such study was a
groundwater-quality appraisal of the Kanawha River water-
shed in the Appalachian Plateaus Physiographic Province of
West Virginia (Sheets and Kozar, 2000). Thirty wells were
sampled for a broad suite of constituents, including major
ions, indicator bacteria, nutrients, trace elements, radon, pesti-
cides, and volatile organic compounds (VOCs). This was one
of the first studies that investigated the occurrence of VOCs in
groundwater in fractured-rock aquifers of West Virginia. Total
coliform bacteria were detected in 5 of the 30 (17%) wells
sampled for the study; E. coli was detected in 1 of the wells
(3%) sampled. The iron and manganese findings were similar
to those in other fractured-rock aquifers in West Virginia, with
12 of 30 (40%) wells sampled having concentrations of iron
exceeding the 300-pg/L SMCL drinking water standard and 17
of 30 wells sampled (57%) exceeding the 50-pg/L SMCL for
manganese. None of the samples contained concentrations in
excess of the 10 mg/L as N MCL for nitrate or the MCLs for
the various pesticides and VOCs analyzed. Nitrates, pesticides,
and VOCs were not detected at concentrations exceeding
established drinking water standards or health-based screen-
ing levels (HBSLs), where such standards exist. Arsenic was
found in concentrations exceeding the 10-ug/L MCL at 4 of
the 30 (13%) wells sampled.

Valley and Ridge Studies

Results of an intensive hydrogeologic and water-quality
study of Ordovician- to lower Mississippian-age fractured-
rock aquifers in Morgan County, West Virginia, which is in
the Valley and Ridge Physiographic Province (Boughton and
McCoy, 2006), indicate water-quality issues similar to those in
other fractured-rock investigations in the Appalachian Plateaus
Physiographic Province of West Virginia. In 1984, the State
of West Virginia passed legislation (West Virginia Bureau for
Public Health, 1984) that mandated homeowners apply for



a permit and well drillers submit a report upon completion

of drilling of residential water wells. In 2008, (West Virginia
Department of Health and Human Resources, 2008) legisla-
tion was passed that mandated grouting of all new residential
water wells. Grouting requirements had already been in place
in Jefferson, Berkeley, and Morgan Counties as a result of
county health ordinances established to better protect resi-
dential wells from contamination, especially with respect to
bacterial contaminants and associated pathogens that may be
associated with fecal wastes. Boughton and McCoy (2006)
targeted only wells of recent completion for sampling as part
of the Morgan County study to determine whether the new
grouting and well-construction regulations were a factor in
reducing bacterial contamination of groundwater. Samples
collected from 91 wells and 8 springs were analyzed for a
broad range of constituents, including common ions, trace
metals, nutrients, indicator bacteria, and radon-222. Of the

91 wells sampled, 42 (46%) tested positive for total coliform
bacteria, but only 5 (5%) tested positive for fecal coliform
bacteria, and only 2 (2%) tested positive for E. coli bacteria.
Total coliform bacteria are ubiquitous in the environment and
may not necessarily be the best indicator of potential patho-
gens in groundwater. The presence of fecal coliform or E. coli
bacteria, however, are regarded as indicators for the pres-
ence of potential pathogens, as they generally originate in the
intestines of warm-blooded animals. A plot of total coliform
bacteria versus the ratio of casing length to well depth showed
far fewer bacteria in wells with high ratios of casing length

to well depth (Boughton and McCoy, 2006). The relatively
low concentrations of fecal coliform (5%) and E. coli (2%)
detected in the wells sampled in Morgan County indicate that
grouting of wells, installation of longer casings, and drilling
of deeper water wells to avoid zones of shallow contaminated
water near the surface may help to reduce bacterial contami-
nation. In contrast, wells sampled in previous studies had
relatively high concentrations of indicator bacteria and did not
meet current (2008) well-grouting requirements.

Iron and manganese were also common constituents in
groundwater in Morgan County as in other areas of fractured
rock in West Virginia; 32 percent of wells sampled had iron
concentrations in excess of the 300-ug/L SMCL, and 60 per-
cent of groundwater samples collected for manganese analysis
had concentrations in excess of the 50-pug/L SMCL. None of
the wells sampled had concentrations of arsenic or nitrate in
excess of the 10-ug/L or 10-mg/L MCL drinking water stan-
dards, respectively. Radon-222, a radioactive and carcinogenic
gas known to cause lung cancer (Otton, 1992), was found in
concentrations exceeding the proposed 300-mg/L MCL drink-
ing water standard in 56 percent of the wells sampled.

A study of the hydrology and geochemistry of thermal
springs in the Appalachians (Hobba and others, 1979) indi-
cated that, in the Valley and Ridge Physiographic Province,
there is a potential for groundwater to percolate along steeply
dipping geologic structures such as anticlines and synclines
to depths of 1,000 ft or more below land surface. This can
result in groundwater circulating to sufficient depths to be
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geothermally heated; discharging water then emanates as
warm springs in fractured sedimentary-rock aquifers within
the Valley and Ridge Physiographic Province. Warm springs
discharge near the town of Bath, better known as Berkeley
Springs in Morgan County.

A study of the hydrologic effects of stress-relief frac-
turing in Appalachian valleys (Wyrick and Borchers, 1981)
showed that most of the groundwater flow in fractured rocks
of the Appalachian Plateaus occurs in fractures that formed as
a result of isostatic rebound (a result of stress relief from ero-
sion of overlying sediments). Isostatic rebound causes upward
arching of bedding planes in valley bottoms and subsequent
vertical stress-relief fractures in valleys and hillsides. Thus,
the control of groundwater flow in fractured rocks in the Appa-
lachian Plateaus Physiographic Province is primarily a shallow
phenomenon, whereas control of flow in fractured rocks in
the Valley and Ridge Physiographic Province can be a much
deeper process. Shallow fracture-flow systems are typically
more vulnerable to contamination than are deeper fracture-
flow systems.

Statewide Aquifer Studies

Several studies have investigated groundwater condi-
tions at a statewide level. The first of such statewide stud-
ies investigated groundwater for major drainage watersheds
within the State (Schwietering, 1981). Schwietering (1981)
used a framework for analysis similar to that used in this
report—that of intrinsic susceptibility, based on certain broad
hydrogeologic terrains, such as fractured-rock aquifers in the
Valley and Ridge and Appalachian Plateaus Physiographic
Provinces, alluvial aquifers along major river valleys, and
coal-mine aquifers. Igneous and metamorphic fractured-rock
aquifers of the Blue Ridge Physiographic Province were not
included in his study owing to the minor outcrop of Blue
Ridge aquifers within the State of West Virginia. Schwieter-
ing (1981) provides detailed discussion of the hydrogeologic
properties of the aquifers within the State but provides only
a cursory discussion of water quality, mostly with regards to
water hardness, water type (based on predominant anion), and
concentrations of iron.

Groundwater resources were described for West Virginia
as part of a nationwide assessment of groundwater resources
(Puente, 1985). Puente’s (1985) classification nomenclature is
similar to that of Schwietering (1981). Puente (1985) classifies
aquifers into one of six primary aquifer types primarily on the
basis of lithology and geologic age. Puente (1985) identifies
the following six aquifer types for West Virginia: (1) Alluvial
aquifers, (2) Upper Pennsylvanian aquifers, (3) Lower Penn-
sylvanian aquifers, (4) Mississippian aquifers, (5) Devonian
and Silurian aquifers, and (6) Ordovician and Cambrian aqui-
fers. The approach used in this investigation is similar to that
of Schwietering (1981) and Puente (1985), but physiographic
province and lithology, primarily carbonate or siliciclastic,
were used to differentiate the Cambrian, Ordovician, Silurian,
Devonian, and Mississippian aquifers on the basis of water
quality. As with Schwietering (1981), Puente (1985) did not
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discuss Blue Ridge aquifers because of their small outcrop
area within the State of West Virginia.

A statewide assessment of groundwater-quality data
stored in the USGS NWIS database was conducted in 1998
(Mathes and others, 1998). Studies conducted by the USGS
prior to the 1980s rarely investigated water quality with
respect to VOCs or pesticides, and only sparsely investigated
the occurrence and distribution of bacteria in groundwater
within the State. Therefore, most of the data available for
analysis by Mathes and others (1998) consisted of concentra-
tions of common ions, trace elements (especially those related
to acid mine drainage), and nutrients. The water-quality
data were analyzed in relation to major aquifers on the basis
of geologic age, principally Cambrian, Ordovician, Silu-
rian, Devonian, Mississippian, Pennsylvanian, and Permian
fractured-rock aquifers, and Quaternary-age alluvial aquifers,
in all major physiographic provinces in West Virginia, except
for the Blue Ridge. Analyses of water-quality data in relation
to well depth also were conducted. The highest concentrations
of dissolved iron and manganese were found in wells in valley
settings, followed by wells on hillsides; wells on hilltops gen-
erally had lower concentrations of dissolved iron and manga-
nese. Water hardness showed the exact opposite trend; hilltop
wells generally had the hardest waters, and valley wells typi-
cally had softer waters. The median concentrations of iron in
wells of various depth ranges were as follows: 0-100 ft deep,
300 pg/L; 101-300 ft deep, 60 pg/L; and more than 300 ft
deep, 35 pg/L. Likewise, median concentrations of manganese
decreased with well depth as follows: 0-100 ft deep, 130 pg/L;
101-300 ft deep, 47 ng/L; and greater than 300 ft deep,

9 nug/L. In contrast, median concentrations of total dissolved
solids were found to increase with increasing well depth as
follows: 0-100 ft deep, 310 mg/L; 101-300 ft deep, 362 mg/L;
and greater than 300 ft deep, 450 mg/L. Concentrations of iron
and manganese in groundwater are a result of redox processes
and are more common where highly oxygenated waters occur,
predominantly valley settings and in shallow wells.

Water quality was also assessed in relation to major geo-
logic units (Mathes and others, 1998) because certain geologic
units contain higher than average concentrations of iron, man-
ganese, and nitrate in excess of drinking water standards. The
report did not go into detail as to specific minerals that may be
responsible for the exceedances of the drinking water stan-
dards by iron and manganese. Dissolved iron concentrations
exceeded the 300-pg/L SMCL in 61 percent of samples from
wells in the Lower Pennsylvanian-age rocks and 54 percent
of samples from wells completed in Middle Pennsylvanian-
and Devonian-age rocks. Dissolved manganese concentra-
tions exceeded the 50-mg/L SMCL in 78 percent of samples
from wells completed in the Lower Pennsylvanian-age rocks,
66 percent of samples from wells completed in Devonian-
age rocks, 57 percent of samples from wells completed in
Upper Pennsylvanian-age rocks, and 58 percent of samples
from wells completed in Quaternary-age alluvial deposits.
Dissolved nitrate exceeded the 10-mg/L MCL in 27 percent
of samples from wells completed in Cambrian-age rocks

and 12 percent of wells completed in Ordovician-age rocks.
Dissolved nitrate generally did not exceed drinking water
standards in other hydrogeologic terrains. The major agricul-
tural area within the State of West Virginia is present in the
Shenandoah River valley in Jefferson and Berkeley Counties,
an area of predominantly Cambrian- and Ordovician-age karst
limestone and dolostone bedrock.

A third statewide assessment was conducted by the
USGS in 2012 (Chambers and others, 2012), which summa-
rized groundwater-quality data for West Virginia from 1993
to 2008 for the 324 wells that compose the USGS, WVDEP,
and WVDHHR cooperative statewide Ambient Groundwater-
Quality Monitoring Network (AMBGWMN). Data collected
for the AMBGWMN included results of more intensive
analyses of indicator bacteria, radon, VOCs, and pesticides
than were done during the previous statewide assessments of
groundwater quality. Chambers and others (2012) found that
constituent concentrations were less than the MCLs in most
samples. However, some samples exceeded non-enforceable
SMCLs, proposed MCLs, or advisory HBSLs. HBSLs (1) are
USGS non-enforceable water-quality benchmarks that can
be used to supplement EPA Maximum Contaminant Levels
(MCLs) and (2) determine whether contaminants found in sur-
face-water or groundwater sources of drinking water may indi-
cate a potential human-health concern. Radon-222 concentra-
tions exceeded the proposed MCL of 300 pCi/L in 45 percent
of 301 samples, and iron concentrations exceeded the SMCL
of 300 pg/L in 57 percent of samples. Manganese concentra-
tions were greater than the SMCL (50 pg/L) in 62 percent of
samples and greater than the HBSL (300 pg/L) in 25 percent
of the samples. Other constituents, including VOCs, pesti-
cides, and trace elements, exceeded drinking-water criteria
at much lower frequencies. The median concentrations of
radon-222 in samples from Cambrian-, Ordovician-, Silurian-,
Permian-, and Quaternary-age aquifers exceeded the proposed
300-pCi/L MCL. Although median radon concentrations for
wells in Devonian-, Mississippian-, and Pennsylvanian-age
aquifers were less than the proposed MCL, radon concen-
trations greater than the proposed MCL were measured in
samples from aquifers of all geologic ages. The median iron
concentrations for samples from Devonian- and Pennsyl-
vanian-age aquifers were greater than the 300-pg/L SMCL.
Iron concentrations exceeded the SMCL in aquifers of all
geologic ages, except the Cambrian. Median concentrations of
manganese exceeded the SMCL in samples from Devonian-,
Pennsylvanian-, and Quaternary-age aquifers. As with iron,
manganese concentrations were found to exceed the SMCL in
at least one sample from aquifers of all geologic ages, except
the Cambrian. Pesticides were detected most frequently and in
higher concentrations in limestone-dominated areas (Cambrian
and Ordovician age). Although most arsenic concentrations
were less than the reporting level of 0.2 pg/L, samples from
15 wells exceeded the 10-pg/L MCL. Arsenic concentrations
exceeding the MCL were found in 6 samples collected from
Pennsylvanian-age aquifers, 4 from Devonian-age aquifers, 2
from Mississippian-age aquifers, and 1 each from Silurian-,



Permian-, and Quaternary-age aquifers. Fecal coliform bac-
teria were detected in 32 of 320 wells (10%) sampled from
1993 to 2008; E. coli were detected in 8 of 90 (9%) samples
analyzed using the Colilert© method (American Public Health
Association and others, 2005) from 2006 to 2008. No strong
spatial patterns were observed in the occurrence of fecal
coliform bacteria or E. coli. However, samples from springs,
which are particularly susceptible to contamination from
surface activities, frequently had quantifiable concentrations of
fecal coliform bacteria. Fecal coliform bacteria were detected
in 67 percent of spring samples (6 of 9), whereas fecal coli-
form bacteria were detected in approximately 8 percent of well
samples.

Aquifer Vulnerability and Intrinsic Susceptibility
Assessments

The aquifer vulnerability assessment done for this report
is based on a similar one conducted in Virginia using data col-
lected from 1998 through 2000 (Nelms and others, 2003). The
primary constituents used for the Virginia assessment were
chlorofluorocarbons (CFCs), but nitrate and VOCs were used
as well. The general premise of the study was that occurrence
of CFCs, VOCs, and nitrate in groundwater is an indicator
of young water recharging the aquifer and, therefore, is an
indicator of potential aquifer vulnerability. If these compounds
are found in groundwater, they may indicate that the aquifer
is vulnerable to contamination by other more harmful com-
pounds. Results of the study indicate that all the fractured-
rock aquifers within the State of Virginia, including those
in the Appalachian Plateaus, Valley and Ridge, Blue Ridge,
and Piedmont Physiographic Provinces, are vulnerable to
contamination. Only deeper aquifers within the Coastal Plain
Physiographic Province are deemed not vulnerable to contami-
nation. The study did not attempt to differentiate the degree of
intrinsic susceptibility and did not investigate the occurrence
of indicator bacteria as a primary constituent for determination
of aquifer vulnerability. Assessment of well construction and
the presence or absence of common indicator bacteria are part
of the approach used to assess vulnerability within this current
study.

An initial assessment of the intrinsic susceptibility of
aquifers in West Virginia was done by the USGS on the basis
of CFC and dissolved-gas data obtained between 1997 and
2004 (McCoy and Kozar, 2007). A total of 111 sites were
sampled for CFCs as part of the cooperative West Virginia
AMBGWMN and the USGS NAWQA program. CFCs are
commonly used refrigerants that came into widespread use
during World War II in the early 1940s. Therefore, the pres-
ence of CFCs in groundwater is an indicator of fairly young
groundwater. McCoy and Kozar (2007) found on the basis of
CFC data that the apparent age of groundwater in aquifers in
West Virginia ranged from 5.9 to 56 years. The median ages of
groundwater in Appalachian Plateaus, Valley and Ridge, and
Ohio River alluvial aquifer systems were 21, 13, and 20 years,
respectively. Groundwater in Blue Ridge aquifers was not
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assessed owing to minimal data availability. For fractured-rock
aquifers in the Appalachian Plateaus, the median apparent ages
of groundwater for hilltop, hillside, and valley settings were
12, 14, and 25 years, respectively. Concentrations of CFCs
generally increased in the atmosphere from the 1940s through
the late 2000’s. Concentrations of one or more CFCs in allu-
vial and Valley and Ridge aquifers different from that expected
within the atmosphere for a given point in time indicate poten-
tial mixing of waters of various ages. As groundwater within
the State of West Virginia typically is young (< 50 years) or
contains a young component of recharge, the potential for
anthropogenic activities at the surface to adversely affect
groundwater quality is high. However, comparisons of CFC
determined apparent groundwater age with concentrations of
selected naturally occurring constituents (common ions and
trace metals) show no correlation. Only constituents of anthro-
pogenic origin, primarily nitrate and VOCs, correlated with
younger groundwater ages.

Detections of VOCs, anthropogenic contaminants, were
compared to apparent age and percentage young fraction of
water determined using CFC methods. Twenty-one wells with
detections of VOCs were found to have water that recharged
the aquifer during 1980-90; appreciable VOC detections
also occurred for wells in aquifers recharged during 1970-80
(10 wells). Groundwater that recharged aquifers during
four periods—after 1990, 196070, 1950-60, or prior to
1950—had only 3—5 VOC detections for each decade. More
stringent well casing and grouting requirements became more
common in the mid to late 1980s and thus are potentially
responsible for fewer detections of VOCs after 1990. On
the basis of frequency of detection of various contaminants
in groundwater in West Virginia, aquifers are vulnerable to
contamination from constituents of anthropogenic origin,
such as nitrate from fertilizers or bacteria from septic system
return flows; to a much lesser extent, aquifers are vulnerable to
VOCs and pesticide contamination. Manure, which is a com-
monly used agricultural fertilizer, and other animal wastes at
the land surface, for example feedlots or wildlife, are poten-
tial sources of nitrate and bacteria in groundwater. Although
susceptibility to these contaminants can be high for certain
aquifers, vulnerability of the aquifers to these constituents is
only moderate (karst limestone aquifers) to low (alluvial and
fractured-rock aquifers) because few of these constituents
are routinely detected in groundwater within West Virginia
(Chambers and others, 2012).

Methods of Study

The natural hydrogeologic factors that relate to intrinsic
susceptibility, along with the anthropogenic factors that relate
to vulnerability such as well construction, chemical param-
eters, and microbial data that may be useful for assessing
surface-water-influenced groundwater supplies, were assessed
in several ways. Information regarding (1) the hydrogeologic
factors that relate to the intrinsic susceptibility of an aquifer,
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such as hydrogeologic terrain and well construction, (2) the
factors that relate to well vulnerability, such as chemical and
microbial water-quality data that represent direct observations
of aquifer and well vulnerability, and (3) the potential sources
of contamination to wells were compiled or assessed to aid
in the evaluation of surface-water-influenced groundwater
supplies. In addition, a review of the protocols and procedures
initially used to determine groundwater under direct influence
(GWUDI) of surface water was also conducted to determine
which factors susceptible systems may have in common.
Four primary data sources were used for analyses within
this study.

1. Water-quality data for 324 wells—predominantly pro-
duction wells—sampled as part of the USGS, WVDEP,
and WVDHHR statewide AMBGWMN (appendix 1)
were brought into a geographic information system (Arc-
GIS) for graphical display. The data were also entered
into a statistical database to assess potential trends in
individual water-quality data (Chambers and others,
2012).

2. Data were retrieved for all wells (787 sites) with cas-
ing and well depth data that were stored in the USGS
Groundwater Site Inventory (GWSI) database and that
also had microbial data stored in the USGS water-quality
(QWDATA) database. These data were analyzed to
determine whether parameters such as well depth and
length of well casing were important factors for deter-
mining SWIGS (appendix 2).

3. Data on source-water-protection areas for production
wells, as delineated by the WVDHHR were provided to
the USGS.

4. GIS information from the WVDEDP, such as the loca-
tion of 100-year flood plains, transportation corridors,
streams, National Pollutant Discharge Elimination
System (NPDES) sites, above-ground water tanks,
underground storage tanks, hydrogeologic terrain,
and coal-mine boundaries, in conjunction with the
WVDHHR data for source-water-protection areas were
analyzed using GIS to ascertain the potential use of these
data to aid in the determination of surface-water-influ-
enced groundwater supplies (appendix 3).

GIS Data Aggregation and Spatial Analysis

Groundwater data on public supplies in West Virginia
were brought into Arc-GIS for spatial and trend analysis. The
water-quality data used for the analysis were from a retro-
spective statewide investigation of the water quality of public
groundwater supply within the State of West Virginia (Cham-
bers and others, 2012). The groundwater wells sampled and
the associated water-quality data on major ions, trace metals,
naturally occurring radioactive materials, dissolved gases,
and indicator bacteria were mapped and visually assessed for

spatial trends by loading the data into ArcMap, a GIS tool for
analysis of geospatial data.

Next, well source-water-protection areas from the
WVDHHR database were intersected with additional geo-
spatial data to assess the various types of potential sources
of contamination within the source-water-protection areas
(appendix 3). The resulting polygons were used to assess
the presence or absence of possible sources of water-supply
contamination within the source-water-protection area. The
geospatial data consisted of 16 types of potential sources of
contamination, including but not limited to surface-water
features, streams, railroads, roads, floodways, Superfund sites,
septic systems, and gas wells.

Previously Developed GWUDI Procedures

Processes previously developed by the WVDHHR
and recommended by the EPA for determining groundwa-
ter under direct influence (GWUDI) of surface water were
reviewed because they are similar to the procedure that the
West Virginia legislature has requested for assessment of
SWIGS. In 1993, the EPA established the Surface Water
Treatment Rule (SWTR) to improve public health protection
through control of microbial contaminants. Although primar-
ily directed towards public surface-water supplies, the rule
is also applicable to public supplies of GWUDI of surface
water. Under the SWTR, disinfection is required for all public
surface-water supplies and groundwater supplies deemed to
be under the direct influence of surface water (EPA, 2011).
With a few minor exceptions those sites also require filtration
to remove potential pathogenic bacteria, viruses, Crypto-
sporidia, Giardia lamblia, Legionella, and other pathogens.
In 2006, the EPA established the Groundwater Rule (GWR)
which used a risk-based approach to identify groundwater
systems that are susceptible to fecal microbial contamination
(EPA, 2004, 2008a and b, 2010a, b). The GWR also requires
periodic sanitary surveys (EPA, 1999) of groundwater sup-
plies, which are based on stringent criteria. Although GWUDI
sites fall under the SWTR, provisions of the GWR are useful
for identifying potential GWUDI sites. Provisions of the GWR
and the SWTR recommend obtaining available data and cop-
ies of hydrogeologic and water-quality studies from organiza-
tions, such as the USGS, State Geological Surveys, and other
Federal, State, and local agencies, that may be used to identify
sensitive hydrogeologic settings (as used in this study) and
potential GWUDI sites. Data and reports useful for deter-
mining GWUDI sites include information on hydrogeologic
properties of aquifers; types of aquifers; aquifers especially
vulnerable to contamination, such as karst and alluvial aqui-
fers; microbial and chemical quality of groundwater; geologic
maps; aquifer maps; and other data, such as spatial distribution
of CFCs and VOCs.

The EPA has several guidance documents related to
implementation of the SWTR and the GWR that provide
detailed discussions on requirements of the rules and meth-
ods that may be employed to comply with the rules. These



guidance documents include the following EPA reports: (1) EPA
816-R-11-009 (Surface Water Treatment Rules; EPA, 2011), (2)
EPA 816-F-10-074 (Comprehensive Surface Water Treatment
Rules Quick Reference Guide: Systems Using Conventional or
Direct Filtration; EPA, 2010b), (3) EPA 816-F-04-001 (Com-
prehensive Surface Water Treatment Rules Quick Reference
Guide: Unfiltered Systems; EPA, 2004), (4) EPA 815-R-08-011
(Groundwater Rule Corrective Actions Guidance Manual; EPA,
2008b), (5) EPA 815-R-99-016 (Guidance Manual for Conduct-
ing Sanitary Surveys of Public Water Systems: Surface Water
and Ground Water Under the Direct Influence (GWUDI); EPA,
1999), (6) EPA-816-F-08-029 (Groundwater Rule: a Quick
Reference Guide; EPA, 2010a), and (7) EPA-815-R-07-023
(Ground Water Rule Source Water Assessment Guidance
Manual; EPA, 2008a).

In 1998 the USGS was asked by the WVDHHR to provide
any data and reports that were pertinent to the identification
of potential GWUDI sites. At that time the USGS provided a
bibliography of pertinent publications, summaries of pertinent
USGS reports, and chemical and microbial data that potentially
could be used to determine factors specific to the State of West
Virginia for identifying GWUDI of surface water.

To conform with recommendations and guidance in the
EPA documents, the WVDHHR used state-specific informa-
tion provided by the USGS for the development of procedures
for assessing and identifying potential GWUDI sites within
the State of West Virginia. These procedures are specified in
WVDHHR Guidance Memorandum #23 Update (West Vir-
ginia Bureau for Public Health, 1999). The WVDHHR has
divided groundwater public-supply systems into three classes
on the basis of their vulnerability to surface-water influence.
Group | systems are considered low risk sites and are typically
transient systems with minimal distribution. Group 1 sites are
evaluated on the basis of two bacteria samples of raw water col-
lected 3—5 weeks apart. Group 2 systems are considered moder-
ate risk sources and are typically non-community/non-transient
and community systems. Group 2 systems are evaluated on the
basis of 6 bacteria samples of raw water; 2 samples are col-
lected 3—5 weeks apart during dry weather, and 4 samples are

Table 1.
supplies under direct influence of surface water.

[ >, greater than; <, less than or equal to; mL/, milliliter; °, degree]
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collected within a week after a rain event. Group 3 systems
are considered high risk sources and are usually community
systems with sources that have a potential to be contaminated,
such as springs, coal mines, and wells in a karst areas. Group 3
sources are evaluated on the basis of Group 2 requirements
with 4 additional bacteria samples of raw water collected on

4 different days after a second additional rain event, for a

total of 10 samples. Dry weather is defined as no more than

2 inches of rain over a 7-day period or 2-inch or more of rain
in any 24-hour period during the 7-day period. A rain event is
considered any precipitation event of ¥-inch or more of rain in
a 24-hour period.

Determinations of whether or not a site is considered a
GWUDI are then based on the results of the bacteria tests and
any temperature, turbidity, nitrate, or microbial data such as
microscopic particulate analysis to identify Cryptosporidia,
Giardia lamblia, and insect parts that may be present. Accord-
ing to requirements of the SWTR (EPA, 2011), water sources
with fewer than 20 colonies per 100 milliliters (cols/100 mL)
of E. coli bacteria and fewer than 100 cols/100 mL of total
coliform bacteria do not require filtration, only chlorination
to disinfect for bacteria and associated pathogens. WVDHHR
criteria for GWUDI determination sets the threshold at greater
than (>) 15 cols/100 mL of E.coli and >100 cols/100 mL of
total coliform. Guidance for GWUDI determination also refers
to temperature variation in the source water over the 3—5 week
sampling period. Groundwater sources with water tempera-
ture variation of more than 7 degrees Fahrenheit (°F) over the
bacteria sampling period may be indicative of a GWUDI. A
well with the possibility of GWUDI may require a sanitary
survey to assess whether proper grout seal and casing installa-
tion requirements have been met. Additional bacteria sampling
may be required on the basis of site-specific criteria if a source
has a temperature variation greater than 7 °F but no bacteria
are detected in initial samples collected. Table 1 presents
the GWUDI method of determination currently used by the
WVDHHR. Sites identified by the WVDHHR as GWUDI
sites are shown in table 1 and on figure 2.

Flow chart showing the West Virginia Department of Health and Human Resources criteria for determination of groundwater

Are > 15
colonies/100 mL
E. colibacteria

Groundwater under
the direct influence
(GWUDI):

Are there <15
colonies/100 mL
E. colibacteria

Are there > 100
colonies/100 mL
total coliform

Are <100
colonies/100 mL
total coliform

present? present? present? present?
Does water Yes GWUDI Not GWUDTI! GWUDI Not GWUDT!
temperature vary
more than 7°
Fahrenheit: No GwuDI! Not GWUDI GwuDI! Not GWUDI

'In situations where definitive confirmation of a GWUDI is difficult to determine or rule not applicable, microscopic particulate analysis may be used to con-

firm whether or not a particular site is or is not considered a GWUDI.
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Figure 2. Major aquifers, locations of production wells and springs, and groundwater systems in West Virginia that have been
classified as groundwater under direct influence of surface water by the West Virginia Bureau for Public Health.
(P. P, Physiographic Province)
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Hydrogeologic Terrains as a Factor for
Assessing Aquifer Susceptibility

Hydrogeologic terrain, a concept first applied in West
Virginia by Schwietering (1981) and adopted as standard
nomenclature by Puente (1985), is one of the most important
factors related to assessing whether an aquifer is intrinsically
susceptible to contamination from near-surface processes.
Hydrogeologic terrains are bedrock or alluvial aquifers within
a physiographic province that share similar hydraulic proper-
ties, groundwater-flow processes, recharge rates, groundwater
ages and residence times, lithology, and water quality. They
are commonly used to differentiate aquifers within West
Virginia. There are three distinct physiographic provinces
within the State: the Appalachian Plateaus, Valley and Ridge,
and Blue Ridge (fig. 1). There are also three primary rock
types and alluvial sand and gravel deposits that occur in the
State and compose the principal aquifers (fig. 1): (1) frac-
tured sedimentary rocks, consisting mostly of non-carbonate
siliciclastic rocks that are primarily sandstone, siltstone, shale,
mudstone, and thin limestones in the Appalachian Plateaus and
the Valley and Ridge Physiographic Provinces; (2) carbonate
rocks, primarily limestone and dolostone in the Valley and
Ridge Physiographic Province, and to a lesser degree Missis-
sippian-age rocks in the Appalachian Plateaus Physiographic
Province, many of which have developed karst (solution
features); (3) fractured metamorphic and igneous rocks in the
Blue Ridge Physiographic Province in the easternmost part of
West Virginia (Cardwell and others, 1968); (4) alluvial sand
and gravel deposits—alluvial aquifers along the borders of
some of the State’s major tributaries, especially along the Ohio
and Kanawha rivers within the Appalachian Plateaus Physio-
graphic Province; and (5) abandoned-underground-coal-mine
aquifers are a subset of the Appalachian Plateaus fractured-
rock aquifers and provide a source of public groundwater sup-
ply in certain areas, primarily in the southern part of the State.

Geologic strata in West Virginia are composed of several
formations and groups (fig. 34, available online at http://
dx.doi.org/10.3133/sir20165048), ranging in age from the
Cambrian through the Permian (Cardwell and others, 1968)
within the three physiographic provinces. The names of the
geologic formations and groups follow the nomenclature as
used by the West Virginia Geologic and Economic Survey
(Cardwell and others, 1968) and do not necessarily conform
to USGS nomenclature. Each formation has different perme-
ability, specific capacity, transmissivity, and topographically
or structurally controlled groundwater-flow patterns that relate
to the intrinsic susceptibility of the aquifer to contamination.
A statewide assessment of aquifer characteristics for West
Virginia (Kozar and Mathes, 2001) provides aquifer transmis-
sivity data (summarized in table 2) that can be used to assess
the potential for intrinsic susceptibility of the State’s major
aquifers. Generally, the more transmissive aquifers, such as
the karst, alluvial, and abandoned-coal-mine aquifers within
the State, have larger zones of contribution and are therefore

more susceptible to contamination than are less transmis-
sive aquifers, such as the fractured-rock aquifers, with much
smaller zones of contribution. The fractured-rock aquifers
also typically have lower well yields and capture water from
a smaller area than the more transmissive karst, abandoned-
coal-mine, and alluvial aquifers. In the following sections,
hydrogeologic data and CFC data from previous studies are
combined to create a summary of data that characterizes the
intrinsic susceptibility of aquifers to contamination and pro-
vides direct observations of vulnerability for each hydrogeo-
logic terrain in the State.

Thirty wells were sampled by the USGS in the Blue
Ridge Physiographic Province in Virginia and North Caro-
lina as part of USGS National Water Quality Assessment
(NAWQA) programs. Due to the sparsity of data for the Blue
Ridge province in West Virginia, data from the NAWQA stud-
ies in the Blue Ridge province in Virginia and North Carolina
(Kozar and others, 2001) were used to augment the minimal
data for the Blue Ridge province in West Virginia owing to
the similarity in rock type throughout the Blue Ridge prov-
ince. Rocks of the Blue Ridge province are much older and
of a different type than those of the Appalachian Plateaus and
Valley and Ridge Phyisographic Provinces in West Virginia,
range in age from the Early Proterozoic eon to the Early
Cambrian period, and are primarily composed of metamorphic
and igneous rock (Nicholson and others, 2005; Dicken and
others, 2005). Figure 3B (fig. 3B, available online at http://
dx.doi.org/10.3133/sir20165048) illustrates the geology of the
NAWQA study area in the Blue Ridge province, and correlates
with the geologic formations listed in Appendix 2.

Karst Aquifers

Karst aquifers in West Virginia are present within the Val-
ley and Ridge and Appalachian Plateaus Physiographic Prov-
inces. The Valley and Ridge Physiographic Province contains
several geologic formations that are dominated by limestone
or dolostone; some formations are of a karst nature. Valley and
Ridge karst aquifers (fig. 1) are present within the Cambrian-
Ordovician-age Beekmantown, Trenton, Black River, and St.
Paul Groups, and the Conococheague and Elbrook Forma-
tions; the Silurian-age Tonoloway and Wills Creek Forma-
tions; and the Devonian-age Helderberg Group (fig. 34). The
Cambrian-Ordovician-age aquifers cover substantial areas, but
the Silurian- and Devonian-age limestones typically crop out
in very thin beds (fig. 34). The only significant karst aquifer
within the Appalachian Plateaus Physiographic Province is
composed of the limestones of the Mississippian-age Green-
brier Group (fig. 34). The high maximum transmissivity
values for these geologic formations (table 2) indicate that all
of these aquifers likely have a substantial karst conduit-flow
component accompanying the diffuse-flow component of the
fractured-rock matrix within the aquifers. Given the potential
for high transmissivity values and rapid infiltration of precipi-
tation, and given that past water-quality studies have shown


http://dx.doi.org/10.3133/sir20165048
http://dx.doi.org/10.3133/sir20165048
http://dx.doi.org/10.3133/sir20165048
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karst aquifers to be easily contaminated by agricultural fertil-
izers, pesticides, manure, and septic releases, the karst aquifers
within the State of West Virginia are the aquifers most intrinsi-
cally susceptible to contamination from surface sources.

Fractured Metamorphic and Igneous Rock
Aquifers

The igneous and contact metamorphic sedimentary and
intrusive rocks of the Blue Ridge, and to a lesser extent the
fractured-rock aquifers within the Appalachian Plateaus which
have a high proportion of dark shale bedrock, tend to contain
a higher percentage of radioactive minerals than elsewhere
in the State and, therefore, tend to be sources of radon in
groundwater in these areas. Radon concentrations in the Blue
Ridge Physiographic Province are the highest documented in
the State; three samples had concentrations of radon of 2,300;
3,100; and 8,700 pCi/L, exceeding the EPA proposed MCL
drinking water standard of 300 pCi/L by 8 to 29 times. The
Blue Ridge fractured-rock aquifers have the lowest median
transmissivity of all the aquifers within the State (table 2;
see values for the Tomstown Dolomite and the Harpers and
Weverton Formations). The low median transmissivity is
likely associated with smaller capture areas for individual
wells, which indicates that fewer contaminant sources might
be present in the capture zone than are likely to be present for
a well with a larger capture zone.

The thin soils derived from the igneous and metamorphic
rocks of the Blue Ridge Physiographic Province, and the steep
colluvial slopes typical of the region, provide little capacity
to filter contaminants in water recharging the groundwater
(Kozar and others, 2001). Concentrations of radon in water
from 26 of 30 (87%) wells sampled in North Carolina and
Virginia in bedrock similar to that of the Blue Ridge Physio-
graphic Province in West Virginia indicate a high percentage
of wells have radon concentrations in excess of the proposed
300-pCi/L drinking water standard. For 10 of the 30 wells
sampled (33%), the concentrations exceeded the proposed
alternate maximum contaminant level of 4,000 pCi/L. Radon,
however, is a constituent derived from the radioactive decay
of minerals within the bedrock and not a result of surface pro-
cesses. Kozar and others (2001) found bacterial contamination
of groundwater at low levels with only 11 of 29 wells sampled
(38%) testing positive for the presence of total coliform
bacteria, and none testing positive for the presence of fecal
coliform or E. coli. Owing to the typically low well yields and
permeability of the Blue Ridge fractured-rock aquifer, and

on the basis of the low potential for bacterial contamination,
the crystalline rock aquifers of the Blue Ridge Physiographic
Province are considered to have low intrinsic susceptibility
and vulnerability to contamination in West Virginia.

Alluvial Aquifers

Alluvial aquifers in West Virginia (fig. 34) are present
along the Ohio River, the Kanawha River, and along minor
rivers and streams. Alluvial aquifers along the Ohio River
are commonly used as a source of water for public supply.
Because alluvial sediments along the Ohio River are com-
posed of very coarse-grained glacial outwash deposits overlain
by finer grained fluvial deposits (Simard, 1989), Ohio River
alluvial aquifers tend to have very high median and maximum
aquifer transmissivity (table 2). Wells completed in the Ohio
River alluvial aquifers have the capacity to derive significant
recharge from the Ohio River, given the high withdrawal rates
and proximity to the river (Kozar and McCoy, 2004). Ranney-
style collector wells at Parkersburg, West Virginia, have radial
arms that extend beneath the river and are designed to induce
infiltration of water from the river. Using a groundwater-
flow model developed for the Parkersburg area, Kozar and
McCoy (2004) estimated that on average 75 percent of the
water withdrawn by the Parkersburg municipal water plant is
derived from induced recharge from the Ohio River, and only
25 percent is derived from alluvial aquifer water recharged by
precipitation. Alluvial aquifers along minor tributary streams
are not frequently tapped as a source of water for public sup-
ply because of the low permeability and minimal thickness
of alluvial sediments. The Kanawha River alluvium is not a
common source of water for public supply, but historically it
has been used as a source of water for industry. Alluvial sedi-
ments bordering the Kanawha River are of fluvial origin and
are not as coarse grained as the sediments composing Ohio
River alluvium (Doll and others, 1960; Wilmoth, 1966). Even
though the transmissivity of alluvial aquifers bordering the
Ohio River, and to a lesser extent the Kanawha River, is high
(table 2), wells tapping the alluvial sediments typically do
not contain indicator bacteria such as fecal coliform and total
coliform because flow of water through the sediments tends
to filter out bacteria (Jeffords, 1945). However, dissolved
chemical contaminants, such as VOCs and nitrate, are typi-
cally not removed by sediments (Chambers and others, 2012).
Given the potential for alluvial aquifers to receive significant
recharge from adjacent rivers, and given the capacity for the
alluvial sediments to act as microbial filters, alluvial aquifers
have a low intrinsic susceptibility to microbial contaminants
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but a high intrinsic susceptibility to VOCs, nitrate, or other
chemicals released or spilled at or near the surface.

Given the potential for large amounts of induced recharge
from rivers, and the young groundwater ages of alluvial
aquifer waters (discussed in more detail in the “Chlorofluo-
rocarbons” section of this report), alluvial aquifers in West
Virginia are considered the second most intrinsically suscep-
tible aquifers in the State of West Virginia. Note, however, that
even though alluvial aquifers are susceptible to contamina-
tion, no alluvial aquifers in West Virginia have been identified
as GWUDI of surface water, as per guidance from the EPA
(2004, 2008 a and b, 2010 a and b), owing to a lack of indica-
tor bacteria and microscopic particulates in raw process water.
Therefore, although the intrinsic susceptibility may be high,
vulnerability to bacterial contamination may be low.

Coal-Mine Aquifers

A small sub-category of Appalachian Plateaus fractured-
rock aquifers are abandoned underground coal mines located
at elevations either below local stream drainage (fully or par-
tially flooded mines) or above local stream drainage (partially
flooded adits or free flowing discharge from adits) that are
commonly used as a source of water for public supply (fig. 4).
Abandoned-coal-mine aquifers have much higher transmissiv-
ity (Shultz, 1988) and potential for water storage (McColloch
and others, 2012) than unmined rocks of similar composition
(fig. 5). The hydrologic effects of coal mining include sev-
eral important alterations to the movement of water and the
magnitude and timing of flow (Callaghan and others, 1998).
In underground coal mines, water flows down dip along the

80° 79° 78° 77°

83° 82° 81°
T T T ’
|
; |
& HA CK
Allegheney and o=
Monongahela ]
Basin "T& J
Kanawha- - _'
420° - New River _. /
Basin
39° -
N\
~ \
38° -
KENTUCKY
/
;
A | I

T T T

PENNSYLVANIA

EXPLANATION

Coal mines in West Virginia
County boundary

Production well or spring
from coal mine aquifers

o ol

Production well or spring

VIRGINIA
25 50 MILES

| | | |
TTT T T
25 50 KILOMETERS

o 1T o

1 1 1

Base from U.S. Geological Survey digital data, 1:100,000, 1983, Universal Transverse Mercator projection, Zone 18,
Coal mine extent digital data from West Virginia Geologic and Economic Survey, 2014; county boundaries from

U.S. Geological Survey, 2002

Figure 4. Distribution of current and abandoned underground coal mines in West Virginia and locations of production springs or wells
that tap these underground mines, with production springs and wells that tap other aquifers.
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mine floor, even in areas where the dip is slight. If the mined
seam is above grade or higher than the elevation of the local
streambed, water can be transferred from the up dip side of the
mountain to the down dip side (Kozar and others, 2012). If the
mined seam is below grade or if it dips from above grade on
its uphill side to below grade on the down dip side, water col-
lects in a pool in the void space in a mine (McColloch and oth-
ers, 2012). Where mining is active, the water is pumped to the
surface and discharged. Even after mining ends, water from
mine pools may still reach land surface through openings if
hydraulic head is sufficient. One consequence of underground
coal mining is the disturbance of the natural flow system,
which can induce changes in natural patterns of groundwater
flow resulting from interconnected mine voids. Voids can
extend beneath and beyond local topographic divides, which
allows interbasin transfer of groundwater in these aquifers
(Kozar and others, 2012). Alternatively, mine openings or
fractures in collapsed overburden layers can intersect land
surface, allowing the loss of water from overlying streams to
underlying coal-mine aquifers (Ferrell, 1992). The maximum
transmissivity values for coal-mine aquifers in table 2 are
indicative of abandoned-underground-coal-mine aquifers with
associated fracturing of overburden rock strata.

Long-wall coal mines are a specific type of underground
coal mine where a shear passes along the face of the coal
seam, removing an entire length of coal sometimes several
hundreds of feet in width. The remaining overburden strata
collapse to fill the void left behind by the shear as it extracts
the coal. Where long-wall underground coal-mine passages
cross beneath tributary streams or rivers, there is increased
potential for fracturing of overburden strata compared to frac-
turing from more conventional mining methods; the fractures
can provide a pathway for stream water to enter abandoned-
coal-mine aquifers (Shultz, 1988). When the overlying stream
water contains a high concentration of bacteria, the underlying
abandoned-coal-mine aquifer has the potential to be easily
contaminated with bacteria and other potentially pathogenic
organisms if the subsidence from the underlying coal mines
extends to the surface and intersects the stream. On the basis
of previous studies (Shultz, 1988; Hobba, 1981b, 1987) and
maximum transmissivity data for Appalachian Plateaus frac-
tured-rock aquifers (fig. 5), abandoned-underground-coal-mine
aquifers may have a moderate (conventional mining methods)
to potentially high (long-wall mining) intrinsic susceptibility
to contamination from surface sources. Vulnerability, however,
is based on the presence or absence of potential contaminants
in the area overlying the mine or in a stream that crosses over
the mine and, therefore, would need to be assessed on a site-
by-site basis.

Fractured Sedimentary Rock Aquifers
The most areally extensive physiographic province

in West Virginia is the Appalachian Plateaus (fig. 1). The
Appalachian Plateaus are characterized by relatively flat-lying

sedimentary rocks composed mostly of sandstone, shale,
mudstone, siltstone, and coal of Mississippian through Perm-
ian age. The fractured rocks of the Appalachian Plateaus in
West Virginia are part of a regionally extensive aquifer system
of small local-scale, fractured-rock aquifers. Groundwater
flow is usually local with recharge to the aquifers occurring
predominantly within closed watersheds. Groundwater flow is
dominated by fracture flow in stress-relief fractures in hillsides
and valleys and upward arching bedding in valleys (Wyrick
and Borchers, 1981), and is separated by topographic divides.
The median, maximum, and minimum transmissivity values
for fractured-rock aquifers within the Appalachian Plateaus
Physiographic Province are highly variable (table 2), owing to
coal mining which occurs in certain coal-bearing strata includ-
ing the Dunkard Group, Monongahela Group, Conemaugh
Group, Allegheny Formation, Kanawha Formation, New River
Formation, Pocahontas Formation, and the Pottsville Group
(table 2). In table 2, the median and minimum transmissivity
values listed are more characteristic of fractured-rock aquifers
than abandoned-coal-mine aquifers, whereas the maximum
transmissivity values are more characteristic of abandoned-
coal-mine aquifers. A study of the hydraulic characteristics of
unmined coal seams in Pennsylvanian-age rocks just across
the state line in Virginia indicates that even unmined coal
seams tend to have higher transmissivity than associated sand-
stone and shale bedrock in coreholes (Harlow and LeCain,
1993). Non coal-bearing fractured-rock aquifers within the
Appalachian Plateaus Physiographic Province include the
Maccrady Formation, Pocono and Greenbrier Groups, and

the Bluefield, Hinton, Bluestone, and Princeton Formations
(grouped as the Mauch Chunk in areas of thin stratigraphic
occurrence). Within the Appalachian Plateaus, fractured-rock
aquifers in the northern part of the State have a higher propor-
tion of shale bedrock than the fractured-rock aquifers in the
southern part of the State, which have a larger proportion of
sandstone. As such, the fractured-rock aquifers in the northern
part of the state have slightly lower median transmissivity
values than the fractured-rock aquifers in the southern part of
the State (table 2 and figs. 4 and 5).

Fractured sedimentary-rock aquifers also occur in the
Valley and Ridge Physiographic Province (fig. 1), and there is
some overlap between Appalachian Plateaus and Valley and
Ridge aquifers with respect to Mississippian-age and Devo-
nian-age fractured-rock aquifers. However, Valley and Ridge
aquifers have a larger proportion of shale bedrock and, there-
fore, have a much lower median transmissivity than Missis-
sippian- or Pennsylvanian-age fractured-rock aquifers, which
have a larger proportion of sandstone (table 2). The Valley and
Ridge Physiographic Province contains geologic formations
that are dominated by limestones, some of which are of a karst
nature. Higher yielding wells, such as are typical of municipal
wells, are usually more susceptible to contamination because
they tend to capture water from a larger area than lower-
yielding wells, which typically are wells drilled for residential
use. Fractured-rock aquifers in Morgan County are similar
to the fractured-rock aquifers elsewhere in the State; iron,
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manganese, and radon are common contaminants. In Morgan
County, a much lower percentage of fractured-rock wells
tested positive for fecal coliform or E. coli bacteria as a result
of the more stringent casing, grouting, and drilling require-
ments established for Morgan County. On the basis of the
studies of fractured-rock aquifers within Appalachian Plateaus
and Valley and Ridge Physiographic Provinces, these aquifers
are considered to be the aquifers least intrinsically susceptible
to anthropogenic contamination within West Virginia and have
a very low intrinsic susceptibility on the basis of hydrogeo-
logic factors. The major constituents of concern are iron, man-
ganese, and radon, which are naturally occurring in bedrock
and are not derived from shallow surface processes, but are
rather a function of hydrogeologic terrain and redox condi-
tions within the aquifer. Fecal coliform bacteria and E. coli
were found to be prevalent in wells that were completed prior
to 1997 when statewide regulation of residential wells and
requirements for grouting wells were established. Wells of
newer construction that are properly grouted are much less
vulnerable to fecal coliform bacteria or surface contamination
than are older wells, especially those that were not grouted or
were poorly grouted (Boughton and McCoy, 2006).

Groundwater Hydraulics as a Factor for
Assessing Aquifer Susceptibility

Groundwater hydraulics can also play an important role
in understanding the intrinsic susceptibility and potential
vulnerability of groundwater supplies to contamination. Where
sufficient data are available, such data may be used to aid
in SWIGS determinations. A full discussion of groundwater
hydraulics, derivation of the groundwater-flow equation, and
discussion of the hydrologic cycle is beyond the scope of this
report. However, a brief summary of Darcy’s Law and other
concepts that relate to groundwater and surface-water interac-
tions are presented here to provide examples of how ground-
water hydraulic data can be used to aid in potential determina-
tion of SWIGS.

Groundwater flow through porous media is described
by the partial differential equation for groundwater flow. An
algebraic form of the groundwater-flow equation is expressed
by Darcy’s law (Lohman, 1972):

q=Q/A=-K?dh/dl [LT'] (1)
where

Q is volumetric discharge of groundwater
within an aquifer [L*/T],

K is aquifer hydraulic conductivity [L/T],

Sh/dl is the change in head over distance of the

hydraulic gradient [unitless], and

A is the cross-sectional area of the aquifer [L?]
(Lohman, 1972).

Darcy’s Law is more commonly expressed as

Q =-KAdh/dl or Q=-KiA 2)
where i represents the hydraulic gradient dh/dl term. For aver-
age velocity (v), the porosity of the aquifer material (6) must
be known. Equation 2 can then be arranged in the form

Q=vA0=-KASh/&l . 3)

Rewriting equation to solve for average velocity (v), we
obtain
v=-Koh/l/® or v=-Ki® [LT'] . 4)

Assuming aquifer vulnerability is related to groundwater
velocity, equation 4 presents measurable variables, K and i,
which along with estimates of porosity permit an assessment
of groundwater velocity, which can be used to help assess the
intrinsic susceptibility and potential vulnerability of ground-
water to contamination.

Groundwater-flow models such as MODFLOW 2000
(Harbaugh and others, 2000), which use finite difference meth-
ods, are used to approximate the differential equation describ-
ing groundwater flow (McDonald and Harbaugh, 1988).

One such approach is the finite difference method, wherein
the continuous system described by the partial differential
equation for groundwater flow is replaced by a finite set of
discrete points in space and time, and the partial derivatives
are replaced by terms calculated from the differences in head
at these points.

Groundwater-flow models contain numerous cells within
a single or multi-layered grid and may provide significant
insight into groundwater-flow processes within a region. Such
models can be very simplistic and contain only a few cells,
such as simple models to estimate the zone of contribution to
a single pumping well, or can assess the interaction of a single
pumped well with a boundary condition, such as a no-flow
boundary, or an infinite source of recharge, such as a nearby
stream or lake. Other models can be extremely complex, con-
taining hundreds of thousands of cells, and provide hydrau-
lic head and flow estimates over vast multi-state areas for
multiple aquifers and confining units. Several USGS investi-
gations completed for West Virginia used various versions of
MODFLOW to produce numerical groundwater-flow models
to better understand complex groundwater and surface-water
interactions within alluvial aquifers (Kozar and McCoy, 2004),
karst aquifers (Kozar and others, 2007a; Kozar and Weary,
2009), and above-drainage coal-mine aquifers in West Virginia
(Kozar and others, 2012).

Streams can be either gaining or losing, depending on
the direction of the hydraulic gradient between a given stream
and an adjacent aquifer (fig. 6). In some cases, such as in
karst areas of Jefferson and Berkeley Counties, West Virginia,
streams can alternate between gaining and losing reaches
(Evaldi and Paybins, 20064, B) naturally over the course
of a stream. In the eastern United States, most of the natu-
ral streams are gaining and derive most of their water from
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Figure 6. Water-level contours for A, gaining and B, losing streams. (Modified from Winter and others, 1998)

base-flow groundwater discharge to streams (Nelms and oth-
ers, 2015). Groundwater withdrawals can reverse the normal
hydraulic gradient towards a stream, causing streamflow to
flow from the stream back into an aquifer (Goode and oth-
ers, 2014). Hydraulic gradients may be determined for certain
areas by measuring water levels in a number of wells in the
vicinity of a production well, well field, or spring.

In the simplest of cases, if hydraulic gradients show that
water-level elevations in monitored wells are higher than the
elevation of a nearby stream or surface-water body, then the
aquifer may not be deriving a significant amount (and poten-
tially little) of recharge from the nearby stream, lake, or pond
(fig 74). Groundwater withdrawals can alter natural ground-
water-flow patterns, and a well situated near a stream may
derive recharge from the aquifer at certain withdrawal rates
and still not derive recharge from the nearby surface-water
body (fig. 7B). If pumping rates are increased to a rate higher
than that which may be supplied by the aquifer, then it is pos-
sible that recharge will be induced from the river or nearby
surface-water body (fig. 7C). The scenarios represented in fig-
ure 7B and 7C occur for the alluvial aquifer in the Parkersburg
and Vienna areas in Wood County, West Virginia (Kozar and
McCoy, 2004). Kozar and McCoy (2004) found that 6 wells

within the Parkersburg area, completed in alluvial deposits
bordering the Ohio River, derive at least some portion of
recharge directly from the Ohio River (fig. 8), whereas only 2
of 6 wells completed in the alluvial aquifer in the Vienna area
derive recharge from the Ohio River (fig. 8). Figure 8 shows
5-year time of travel estimates derived using the MODPATH
(Winston, 1999) particle tracking software for wells in the
Parkersburg and Vienna areas. Such particle tracking simula-
tions are an effective tool for estimating recharge areas to
wells and can be used as part of the SWIGS determination
process where such simulations are available.

River stage can also affect recharge to aquifers. Under
base-flow conditions when most of the water within a stream
is derived from groundwater discharge to the stream, hydrau-
lic gradients are commonly towards the stream as depicted in
figures 74 and 94. However, when river stage rises as occurs
during and after heavy precipitation events, stream water can
cause a reversal of the normal hydraulic gradient and provide
recharge to the aquifer (fig. 9B), or as a result of flooding,
river stages can rise to levels above the elevation of the adja-
cent aquifer (fig. 9C). Such flooding of alluvial aquifers can be
especially problematic and, if wells are not constructed to pre-
vent entry of stream water into the well, can result in bacterial



Groundwater Hydraulics as a Factor for Assessing Aquifer Susceptibility 27

Stream

— X N/ \ =
Water table

\ Unconfined \\ \\
\ aquifer \
_— —

S~ B
> > > — —>

———
—_
—

Confining bed

®
=
=
[mn]

Stream

—_——
—_

\\ Unconfined \ \ \ -
ifer \
\aqm

T~ T

T
— — e > —p H e«

Confining bed

—

Stream

—_——
— -

\ Unconfined \ \ o
aquifer N A ]

\ \\»_»
T

Confining bed

Figure 7. Hydraulic gradient A, towards a stream, B, towards a pumping well deriving recharge solely from the aquifer, and C, a
pumping well that is deriving recharge both from the aquifer and from a nearby stream. (Modified from Winter and others, 1998)



28 Assessment for Determination of Surface-Water-Influenced Groundwater Supplies in West Virginia

EXPLANATION

|:| Model boundary << 5-year-time of travel path

Model cell assignment 595——  Equipotential isoline.
. Contour interval 1 foot
D Active cell

. —— Stream
Inactive cell

D Water cell @ Production well

Base from U.S. Geological Survey digital data, 1:100,000,
1983, Universal Transverse Mercator projection, Zone 18,
Stream lines are from the National Hydrography Dataset,
1:24,000 (U.S. Geological Survey, 2002)

05 1 MILE

o —|— o

05 1 KILOMETER

Figure 8. Calibrated heads and 5-year time-of-travel paths to wells completed in alluvial deposits bordering the Ohio River in the
Parkersburg and Vienna areas, Wood County, West Virginia. (Kozar and McCoy, 2004)



Groundwater Hydraulics as a Factor for Assessing Aquifer Susceptibility 29

Land surface
(flood plain)

EXPLANATION

=<
N <
@

Sequential stream stages

—>  Approximate direction of
groundwater flow or
recharge through the
unsaturated zone

Figure 9. Hydraulic gradient A, towards a stream, B, induced recharge to an aquifer as a result of rising stream stage, and C, over
topping of an aquifer by flood waters. (Winter and others, 1998)



30 Assessment for Determination of Surface-Water-Influenced Groundwater Supplies in West Virginia

contamination of the well. As a result it is important to evalu-
ate whether production wells are situated in a flood plain and
assure that wells situated in a flood plain are constructed so as
to prevent entry of surface water in the event of a flood that
over tops the wells. Mapping of flood plains for production
wells in West Virginia was conducted as part of this study, and
the data were provided to the WVDHHR in support of their
SWIGS determination process.

In the absence of complex numerical groundwater-flow
models, if water-level data are available or can be obtained,
mapping of groundwater levels by producing a potentiometric-
surface map is a good way to assess the potential for ground-
water and surface-water interactions (fig. 10). Direction of
groundwater flow can often be inferred from potentiometric-
surface maps, which help to assess the potential for migration
of contaminants from known sources towards a production
well. Monitoring of water-temperature and water-quality fluc-
tuations can provide additional evidence to support determina-
tion of a connection or lack thereof between a production well
and a nearby surface-water body.

Hydraulic gradients based on water levels in a few wells
may not always afford a clear indication of the potential for a
hydraulic gradient towards a pumped well or spring in com-
plex hydrogeologic terrains such as fractured-rock aquifers. In
fractured-rock terrains, such as are common in West Virginia,
several fractures may yield water to a well, but only one or
more of the fractures may actually be in hydraulic connection
with a nearby surface-water body. In such a case, there may
be a connection between the well and a nearby surface-water
body, but the composite head for all the water-producing
fractures does not indicate a hydraulic gradient to the pumped
well or spring. In such cases, discrete-zone packer testing
can be conducted on the pumped wells to establish the head
relations between all the water-producing fractures in the well.
Borehole and surface geophysics may be required to map the
fracture distribution and interconnectedness or lack thereof
of a fracture to a nearby surface-water body. Regardless,
measurement of water levels and creation of potentiometric-
surface maps are a good way, in most cases, to assess potential
flow directions towards a well or spring and can be employed
as part of the SWIGS determination process.

Hydrograph separation and analysis programs, such as
PART (Rutledge, 1998) and HYSEP (Sloto and Crouse, 1996),
may be used to separate streamflow into surface-runoff and
base-flow components and to estimate groundwater recharge.
Estimates of groundwater recharge for West Virginia, using
hydrograph separation and analysis methods, range from a
mean of only 8.4 inches per year (in/yr) for the Little Kanawha
River watershed to a mean of as much as 24.6 in/yr for the
eastern part of the Kanawha River watershed (Kozar and
Mathes, 2001). Base-flow discharge to streams accounts for
all but about 2 in/yr of the mean estimated recharge. Results of
similar hydrograph separation methods for streams in mined
and unmined areas of southern West Virginia in McDowell
County show that base flow composes 47.2 percent of stream-
flow in relatively unmined areas to as much as 98.5 percent of

streamflow in Johns Knob Branch, a heavily mined area with
significant interbasin transfer of groundwater via discharge
from mine adits (Kozar and others, 2012). Median base flow,
based on hydrograph separation, for streams in McDowell
County was 64.1 percent of streamflow. Because coal min-
ing can fracture overburden rock, it can create man-made
hydrologic flow systems similar to that of karst limestone and
dolostone hydrogeologic terrains.

In karst areas of West Virginia similar estimates of
high base-flow percentage of streamflow were documented;
93 percent of streamflow in the Hopewell Run watershed was
attributed to base-flow discharge to streams. With such high
percentages of groundwater discharge to streams, a relatively
minor amount of surface runoff to streams after storms, and
the ease with which precipitation infiltrates the aquifer in karst
areas (Kozar and others, 2007a and b), during the SWIGS
determination process, it is important to be cognizant of poten-
tial non-point source activities, such as agriculture in karst
areas, as much as and possibly more than potential capture of
water from adjacent streams, lakes, rivers, or ponds.

Interbasin transfer, as assessed in the Elkhorn Creek
study in McDowell County (Kozar and others, 2012), is
common in many mined areas of West Virginia and presents
unique challenges for assessing potential SWIGS because
interbasin transfer can occur as groundwater travels down dip
along abandoned mine workings beneath topographic divides
(fig. 11). Note that the groundwater-flow lines in figure 11
are in the opposite direction from some of the streams in
the eastern part of the model domain, which illustrates the
down dip interbasin transfer of groundwater along the base
of abandoned mine workings in the Pocahontas No. 3 coal
seam. As such, the potential for interbasin transfer needs to be
accounted for as part of the SWIGS determination process for
wells in mined areas where interbasin transfer is suspected.

However, without developing sometimes costly and
time-consuming numerical groundwater-flow models, simple
graphical examination of mine maps and structure contours for
coal seams that can be done easily with Arc-GIS can be used
to accurately estimate the potential, or lack thereof, for inter-
basin transfer and accurately estimate recharge areas for aban-
doned coal-mine aquifers. Mine maps and structure contours
for most mined areas and coal seams within West Virginia are
available from the WVGES. As with karst hydrogeologic ter-
rains, non-point sources of contamination may be as much, or
possibly more, of a concern for mined areas than for unmined
areas in fractured rock.

Numerical groundwater-flow models developed using
MODFLOW for the Hopewell Run and Opequon Creek water-
sheds illustrate the utility of numerical models for assessing
recharge areas to production wells and for assessing potential
interaction between groundwater and nearby surface-water
bodies in karst areas of West Virginia. Figure 12 was devel-
oped as part of a MODFLOW simulation of groundwater
flow in the area around Leetown, in Jefferson County, West
Virginia (Kozar and others, 2007a); it illustrates the simulated
drawdown around pumped wells in the Leetown area using
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scenarios of anticipated withdrawals. The same model was
used to estimate groundwater recharge areas for the springs
that serve as the primary source of water for the USGS facility
at Leetown. A similar groundwater-flow model was developed
for the Opequon Creek watershed (fig. 13), which incorporated
parts of Jefferson and Berkeley Counties in West Virginia and
Clarke and Frederick Counties in Virginia. Although particle
tracking and drawdown analyses were not conducted as part
of the Opequon Creek model, the model was later used by the
WVDHHR to assess groundwater recharge areas to public-
supply springs and production wells in Jefferson and Berkeley
Counties, West Virginia.

Hydraulic conductivity typically is derived from esti-
mates of transmissivity, which are computed from aquifer tests
or estimated from specific capacity test data. Transmissivity

(T) is hydraulic conductivity (K) multiplied by the saturated
thickness (b) of the aquifer. Specific capacity is the pumped
discharge rate divided by the drawdown produced by pump-
ing the well over a period of time. Such methods were used

to produce statewide estimates of transmissivity for various
geologic formations and groups in West Virginia (Kozar and
Mathes, 2001). Table 2 summarizes statewide data available
for transmissivity estimated from specific capacity test data
(Kozar and Mathes, 2001). Specific capacity, transmissivity,
and other data are presented in the statewide aquifer character-
istics compilation (Kozar and Mathes, 2001), and transmissiv-
ity statistics are summarized in table 2. The data can be used to
determine which geologic formations tend to have low median
transmissivity and which tend to have high median transmis-
sivity. Depending on the rate of pumping (Q), wells with low
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hydraulic conductivity generally produce much smaller cones
of depression than wells with high hydraulic conductivity

(fig. 14). Examination of the transmissivity data presented in
table 2 shows that all geologic formations across West Virginia
have a wide range of transmissivity values. Thus, the trans-
missivity is controlled by the secondary porosity, owing to
fractures within the geologic formations. These fractures may
be the result of natural features, such as bedding planes, joints,
stress-relief fractures, and faults.

Alternatively, fractures can be produced by human activ-
ity, such as coal mining, and can cause significant subsidence
creating additional fractures in overburden strata, which can
result in significant enhanced secondary permeability. The
larger maximum transmissivity values for Pennsylvanian-age
fractured-rock aquifers summarized in table 2 and shown in
figure 5 likely are a result of subsidence fracturing as a result
of coal mining. Cambrian-, Ordovician-, and Mississippian-
age karst limestone aquifers can also exhibit large maximum
transmissivity values owing to enhanced secondary porosity
resulting from conduit development (see the remarks column
and associated maximum and median transmissivity data in
table 2) that results from solution enlargement of fractures in
limestone and dolostone aquifers. Aquifers with the highest
median and maximum transmissivity values in West Virginia

Land surface

are the alluvial aquifers bordering the Ohio and Kanawha
Rivers. Alluvial aquifers along other minor tributary streams
in West Virginia are not often tapped as a source of water for
public supply.

Therefore, alluvial, karst, and abandoned-coal-mine aqui-
fers have the potential to generate large cones of depression
and associated zones of contribution or recharge areas than the
more fracture-dominated bedrock aquifers of Devonian age,
such as those of the Oriskany Sandstone, Onondaga Group,
Marcellus Formation, Mahantango Formation, Harrell Shale,
Brallier Formation, and Hampshire Formation. Some wells
in karst aquifers without conduit-dominated flow, and a large
proportion of wells in unmined areas in Pennsylvanian- and
Permian-age fractured-rock aquifers, may exhibit transmissiv-
ity values more associated with fractured-rock aquifers rather
than karst or abandoned-coal-mine aquifers. As such, aquifer
transmissivity within a geologic formation or group can vary
by orders of magnitude (table 2); such data need to be evalu-
ated for individual wells on a site-specific basis to determine
the potential for a well to produce a large cone of depression
around a pumped well with an associated large zone of con-
tribution or recharge area. Generally however, karst aquifers,
alluvial aquifers, and abandoned-coal-mine aquifers can have
large cones of depression around pumped wells and associated

Land surface

T, - Initial non pump-
ing water level

T,- Pumping water
level and cone
of depression

1= I_nitial non pump-
ing water level

T, - Pumping water
level and cone
of depression

Figure 14. A, hypothetical high hydraulic conductivity in a well showing a broad shallow cone of depression and B, hypothetical low
hydraulic conductivity in a well showing a much deeper and narrower cone of depression. (Modified from Freeze and Cherry, 1987)
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large zones of contribution and recharge areas. Multi-well
aquifer tests are the best method to ascertain the potential size
of a cone of depression around a pumped well and can be
used in certain cases to estimate the zone of contribution and
recharge area for a well. Numerical groundwater-flow models
(as illustrated in figs. 12—14) are an even more powerful tool
for assessing recharge areas and zones of contributions, espe-
cially where there are multiple wells in a well field or complex
hydrogeology or boundary conditions occur. In the absence

of numerical simulations, aquifer tests or even estimation of
transmissivity from specific capacity test data can provide use-
ful data for SWIGS determinations.

Well-Construction Characteristics as a
Factor for Assessing Vulnerability

All available water-quality and microbial data for wells
sampled in West Virginia were retrieved from the USGS
water-quality database and merged with well-construction data
(well depth and length of casing) retrieved from the USGS
GWSI database to provide a comprehensive database for
analysis (appendix 2). The merged data were used to make an
assessment of well depth and length of casing in relation to
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microbial data (fecal coliform, total coliform, fecal streptococ-
cus, and E. coli bacteria).

Well Depth

A plot of well depth in relation to concentrations of fecal
coliform (fig. 15), total coliform, fecal streptococcus, and
E. coli bacteria showed no correlation between concentrations
of bacteria and overall depth of the well sampled. There-
fore, well depth is not an appropriate criteria for determin-
ing whether or not an individual well may be identified as a
SWIGS. As bacteria enter a well near the surface, characteris-
tics such as length of the well casing and proper or inadequate
well grouting are probably more important controls than the
depth of the well when considering whether or not a particular
well will be susceptible to contamination by bacteria from
human or animal sources.

Casing Length

To investigate the role of well casing, and whether or not
the length of casing is correlated to bacterial contamination
in a well, a plot of casing length in relation to concentrations
(fig. 16) of fecal coliform, total coliform, fecal streptococcus,
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Figure 15.
Virginia.

Relation of fecal coliform, fecal streptococcus, total coli

form, and E. colibacteria to well depth for selected wells in West
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Figure 16. Relation of total coliform, fecal coliform, fecal streptococcus, and E. coli bacteria to length of well casing for selected wells

in West Virginia.

and E. coli bacteria was generated. At first glance it appears
that there is no relation between the length of the well casing
and bacteria concentrations. However, total coliform bacteria
are ubiquitous in the environment and can be detected even in
wells with long well casings. Total coliform is probably not

a good measure by which to assess potential contamination
of a well owing to its common occurrence in soil. Bacteria
that are more specific to humans and warm-blooded animals,
such as fecal coliform, E. coli, and fecal streptococcus are
much better indicators of potential pathogenic bacteria and
other organisms, such as Cryptosporidia, Giardia lamblia,
and viruses, than are total coliform bacteria. As a result, total
coliform bacteria were omitted, and fecal coliform, E. coli,
and fecal streptococcus bacteria were plotted in relation to
length of well casing (fig. 17). There is a distinct difference at
a casing length of about 45 ft. Detections of indicator bacteria
were more common in wells with casing lengths less than

or equal to 45 ft than in wells with casing lengths of more
than 45 ft. For wells with casings lengths greater than 45 ft,
only 2.3 percent had detectable concentrations of E. coli
bacteria, and only 4.7 percent had detectable concentrations
of fecal coliform bacteria. For wells with casing lengths

less than 45 ft, 13.1 percent had detectable concentrations

of E. coli, and 16.5 percent had detectable concentrations of
fecal coliform bacteria.

A common convention for wells drilled prior to about
1985 was to drill as shallow a well as needed and to case
wells only to sufficient depth to isolate regolith, shallow
unconsolidated sediments, and shallow fractures from more
competent bedrock. In 1985 the WVDHHR began regulating
residential well construction and required permits to be filed
and well-completion reports to be submitted by the well driller
upon completion of the well (West Virginia Bureau for Public
Health, 1984). Prior to 1993, there were no statewide regula-
tions regarding grouting of residential water wells, but a few
counties in West Virginia’s eastern panhandle had enacted
mandatory well grouting. In 2008 the WVDHHR mandated
that all new residential wells be grouted (West Virginia
Department of Health and Human Resources, 2008). There-
fore, since the data plotted in figures 15, 16, and 17 include a
significant proportion of wells drilled prior to 1993, a similar
plot generated with only wells of newer construction may
show significantly fewer detections of bacteria. Regardless,
length of casing may be a factor to consider in determining
whether or not a particular well can be considered a SWIGS.
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Virginia.

Water-Quality and Microbial Data as a
Factor for Assessing Vulnerability

Water-quality characteristics that may be used for assess-
ing SWIGS are similar to those developed to assess GWUDIs
and include anthropogenic sources, such as indicator bacte-
ria (total coliform, fecal coliform, fecal streptococcus, and
E. coli), nitrate, and natural variation in groundwater tempera-
ture. Bacteria and nitrate may be derived from human waste
via septic system return flows and leaking or faulty sewers,
and animal sources, such as manure used as a fertilizer for
agriculture and commonly present on animal feedlots and
(or) pastures. Fecal waste from wildlife, such as deer, geese,
bear, raccoons, beaver, and other animals, are an additional
source of fecal bacteria and potential pathogens such as
Giardia lamblia and Cryptosporidia. Additional anthropogenic
compounds that may potentially be used to identify vulnerable
aquifers and wells include synthetic organic chemicals, such
as pesticides, fertilizers, VOCs, and CFCs. Other microbial
indicators such as enterococci, coliphage, and microscopic
particulate analyses also can be useful in assessing potential
SWIGS wells or springs. Unfortunately, data for enterococci,
coliphage, Cryptosporidia, and Giardia lamblia are sparse and

Relation of fecal coliform, fecal streptococcus, and E. coli bacteria to length of well casing for selected wells in West

not readily available for SWIGS determinations unless previ-
ously collected for a municipal water system as part of the
GWUDI process. Data for indicator bacteria and nitrate, and
to a lesser extent VOCs and CFCs, are more readily available
and may be used in the SWIGS determination process. Other
non-anthropogenic constituents, such as iron, manganese,
and sulfate, can yield useful data for SWIGS determinations,
primarily with respect to shallow redox processes indicative
of shallow groundwater-flow processes, but lack of quanti-
tative redox data leads to difficulty in use of such data for
determining SWIGS. Thus nitrate, bacteria, VOCs, pesticides,
and CFCs are the most reliable water-quality data for SWIGS
determinations in West Virginia.

Bacteria

Results of bacterial tests for wells and springs sampled
for the AMBGWMN (Chambers and others, 2012) include
results for total coliform, fecal coliform, and E. coli bacteria.
These statewide analyses provide direct observations of well
and aquifer vulnerability to indicator bacteria and provide a
good predictor of which aquifers within the State are intrinsi-
cally susceptible to contamination by associated pathogens,
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such as Giardia lamblia, Cryptosporidia, Legionella, viruses,
and certain strains of E. coli (O157:H7), as a result of activi-
ties occurring at the land surface or within the recharge area
to a well. The presence of fecal coliform bacteria in a well is
a good indicator that the well has been contaminated by fecal
material; therefore, the potential for the presence in a well

of associated pathogens from activities occurring at the land
surface or in the recharge area to a well is high.

A plot of total coliform bacteria (fig. 18) shows that total
coliform presence in well water in West Virginia is common.
Because total coliform bacteria are present in soil as well as in
fecal wastes, the presence of total coliform bacteria is a poor

predictor of the presence of fecal bacteria and other pathogens.

Note that only 26 of 295 sites (8.8%) sampled (all wells, no

springs) contained total coliform bacteria in excess of the
100-col/100-mL criteria used by the WVDHHR for identifica-
tion of potential GWUDI sites.

Fecal coliform bacteria are a subset of total coliforms and
are primarily derived from warm-blooded animals, including
humans. Results of fecal coliform bacterial tests for wells and
springs sampled for the AMBGWMN (fig. 19) show that fecal
coliform contamination of wells in West Virginia is not com-
mon (Chambers and others, 2012). Only 32 of 319 sites sam-
pled (10.0%) contained fecal coliform bacteria. Springs seem
to be especially vulnerable, with fecal coliform bacteria detec-
tions in 6 of 9 spring samples (67 percent) and 3 of 9 springs
having concentrations exceeding 15 cols/100 mL. If bacteria
distribution for wells only is analyzed, because springs are
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considered a surface-water source by the WVDHHR, only 26
of 310 wells sampled (8.4%) contained fecal coliform bacteria,
and only 11 of 310 (3.5%) contained fecal coliform bacteria in
excess of the 15-col/100-mL criteria used by the WVDHHR
for identification of potential GWUDI sites.

E. coli bacteria are a specific class of bacteria within
the coliform group, and certain strains are known pathogens.
E. coli bacteria outbreaks can cause large numbers of people
to become sick, and the presence of certain strains of £. coli in
food or drinking water poses a mortality risk in persons with
suppressed immune systems, such as the elderly, infants, and

individuals with long-term illnesses. The presence of E.coli
bacteria in source water at significant concentration is a seri-
ous potential health risk. Results of tests for E. coli bacteria in
wells and springs sampled for the AMBGWMN (fig. 20) show
that E. coli contamination of wells in West Virginia is not
common (Chambers and others, 2012). Only 18 of 206 sites
(8.7%) sampled (all wells, no springs) had detectable concen-
trations of E. coli bacteria, and only 9 of 206 (4.4%) sites had
concentrations greater than the 15-col/100-mL threshold used
to identify potential GWUDI sites.
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Examination of the areal distribution of fecal coliform
and E. coli bacteria across West Virginia (figs. 19 and 20)
reveals two interesting trends. First, only 2 of the 34 (5.9%)
wells sampled in alluvial aquifers along the Ohio or Kanawha
Rivers had a positive detection of E. coli bacteria, and only 2
of the 40 (5%) wells sampled had a positive detection of fecal
coliform bacteria. One of the detections of bacteria was in a
sample collected in Chester, West Virginia, which derives it
water supply from a wooden infiltration gallery completed
in alluvial sediments along the river bank, rather than from
drilled, cased, and screened wells. The open nature of the
infiltration gallery makes the site more susceptible to con-
tamination than drilled, cased, and screened wells in similar
sediments. Therefore, only 1 of 42 (2.4%) drilled, cased, and

screened wells in alluvial settings had a detection of either
total coliform or E. coli bacteria, and neither concentration
exceeded the 15-col/100-mL criteria for GWUDI determina-
tion. This result is similar to the trend documented in a previ-
ous investigation (Jeffords, 1945). The alluvial sediments act
as a large sand filter naturally retarding the movement of bac-
teria from adjacent river water into alluvial wells. Therefore,
even though alluvial aquifers may be moderately to highly
intrinsically susceptible to contamination, they are not highly
vulnerable to bacterial contamination. Other constituents
such as nitrate, however, are soluble in water and easily pass
through the alluvial sediments (to be discussed in the follow-
ing “Nitrate” section).
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The second apparent trend is that wells in karst regions
of the State, including Canaan Valley and the Shenandoah
River and Greenbrier River valleys, had more frequent posi-
tive detections (8 of 20 wells sampled, or 40%) of either
fecal coliform or E. coli bacteria than other aquifers within
the State. Because karst aquifers are the most intrinsically
susceptible aquifers to contamination in West Virginia, such a
high percentage of wells with fecal coliform or E. coli bacteria
detections may warrant additional evaluation as part of future
SWIGS determinations.

Nitrate

Nitrate is a common contaminant found in agricultural
areas; typically, it is derived from manure and synthetic fertil-
izers used on crops. Another common source of nitrate is fecal
wastes from animal feedlots and pastures. Septic effluent from
residential septic systems is another common source of nitrate.
The EPA established an MCL for nitrate in public drinking
water of 10 mg/L because of the risk of methemoglobinemia,
commonly referred to as blue baby syndrome. Methemoglo-
binemia is a serious health condition that affects the ability
of the blood to transport oxygen and is potentially fatal for
infants (EPA, 2015).

Nitrate is a water soluble chemical compound that is eas-
ily transported in groundwater. As such, in addition to being a
good indicator of agricultural contamination, its presence can
also be used as a surrogate to predict potential contamination
from other water soluble chemical compounds, including some
VOCS, pesticides, and semi-volatile industrial compounds.
However, the absence of nitrates does not necessarily mean
the absence of vulnerability to dissolved anthropogenic com-
pounds because nitrate is converted to nitrogen gas in reducing
groundwater environments, whereas other contaminants can
persist in either reduced or oxidized environments. For the
USGS AMBGWMN data, nitrate is expressed as combined
nitrate plus nitrite. Since nitrite is a minimal component of
the total of nitrate plus nitrite, the nitrate plus nitrite can be
considered representative of total nitrate.

Results of nitrate plus nitrite tests of samples from wells
and springs for the AMBGWMN (fig. 21) show that nitrate
contamination in West Virginia is clustered primarily in two
principal hydrogeologic units (aquifers): alluvial aquifers
bordering the Ohio River and karst aquifers in the Cambrian-
Ordovician limestones of the Shenandoah River valley in
extreme eastern West Virginia, and in a few areas within the
Greenbrier River valley karst region. Only one site, an alluvial
well near Point Pleasant, West Virginia, contained nitrate plus
nitrite concentrations in excess of the 10-mg/L as N MCL.
Five of 29 (17%) wells completed in the Ohio River alluvial
aquifer had samples with elevated nitrate plus nitrite concen-
trations above background greater than or equal to 5 mg/L.
Five wells sampled had non-detectable concentrations of
nitrate plus nitrite in the Ohio River alluvium. None of three
wells sampled in Kanawha River alluvium had detectable
concentrations of nitrate plus nitrite. Four of 16 wells (25%)

in the Cambrian-Ordovician karst aquifer in West Virginia’s
eastern panhandle had elevated concentrations of nitrate plus
nitrite greater than or equal to 5 mg/L. None of the 11 (0%)
wells sampled in Canaan Valley or the Greenbrier River valley
had elevated concentrations of nitrate plus nitrite greater than
or equal to 5 mg/L. Fractured-rock aquifers within the Appala-
chian Plateaus and Valley and Ridge Physiographic Provinces
typically had non-detectable or very low concentrations of
nitrate plus nitrite (fig. 21) with a maximum concentration of
only 3.01 mg/L.

On the basis of statewide nitrate data, only the karst aqui-
fers in the Cambrian- and Ordovician-age rocks of the Shenan-
doah River valley, karst aquifers in the Greenbrier River val-
ley, and alluvial aquifers along the Ohio River are vulnerable
to nitrate contamination. Because nitrate is typically derived
from fertilizers and manure applied in agricultural areas, it is
not surprising that nitrate is common in the aforementioned
aquifers, as all are in areas of moderate to heavy agricultural
activity. As mentioned previously, because nitrate is soluble in
water, it can serve as a good indicator of potential contamina-
tion by other similar soluble chemical compounds, such as
most VOCs and pesticides, and some industrial chemicals.

Pesticides

Seventy-seven sites were sampled during 1993-2008
for a suite of 52 pesticides as part of routine sampling for
the AMBGWMN (Chambers and others, 2012). Statewide
distribution of pesticides detected is shown in figure 22.
Examination of the distribution of pesticide detections in
West Virginia (fig. 22) shows a cluster of pesticide detections
in the Cambrian-Ordovician karst aquifer in the Shenandoah
River valley in extreme eastern West Virginia. Pesticides
were detected in samples from 11 of 12 (92%) wells com-
pleted in the karst aquifer in the Shenandoah River valley;
10 of 12 wells sampled had three or more different pesticides
detected. One of two wells sampled in the Greenbrier River
valley contained detectable concentrations of three or more
pesticides; the other well had no detectable concentrations of
pesticides. In addition, 3 of 15 wells (20%) sampled in the
Ohio River alluvial aquifer had one or more detections of
pesticides. Three wells were sampled in the Kanawha River
alluvial aquifer, but none contained detectable concentrations
of pesticides. Sporadic pesticide detections were found else-
where in the State; samples from 6 of 27 (22%) wells com-
pleted in fractured-rock aquifers of the Appalachian Plateaus
had detectable concentrations of one or more pesticides. No
clear association was found between pesticide detections and
hydrogeologic terrain other than for the Cambrian-Ordovician
karst aquifer in the Shenandoah River valley. A sample from
only 1 of 16 (6.3%) wells in the fractured-rock aquifers of
the Valley and Ridge Physiographic Province had detect-
able concentrations of one or more pesticides. Note that even
though there is a high occurrence of pesticide detections for
wells in the karst aquifer in the Shenandoah River valley, and
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at a few sporadic sites elsewhere, none of the concentrations in
samples exceeded drinking water criteria (MCLs and HBSLs),
which have been established for 11 of the 12 pesticides that
were detected (Chambers and others, 2012).

Volatile Organic Compounds

VOCs are synthetic organic chemical compounds com-
monly used in industrial processes, dry cleaning operations,
solvents, and household chemicals. Their presence in ground-
water can be problematic if concentrations exceed drinking
water standards. To ascertain vulnerability to VOCs of West

Distribution of nitrate plus nitrite in West Virginia's major aquifers, 1993-2008. (Data from Chambers and others, 2012;

Virginia’s major aquifers, the USGS sampled 281 wells for

34 VOCs between 1993 and 2008 as part of the AMBGWMN
and other investigations. Of the 281 wells sampled, 210 (75%)
contained no detectable concentrations of pesticides, and
71(25%) contained detectable concentrations of at least one
VOC. Of the 71 wells with detections, 2 (3%) contained a
detectable concentration of only 1 VOC, 17 (24%) contained
detectable concentrations of 2 VOCs, and 12 (17%) contained
detections of 3 or more VOCs. A map showing the distribu-
tion of VOC:s (fig. 23) indicates that alluvial aquifers along
the Ohio River have a high proportion of wells with detectable
VOCs; 15 of 25 wells (60%) had detectable concentrations of



44

83°

82°

Assessment for Determination of Surface-Water-Influenced Groundwater Supplies in West Virginia

81° 80° 79° 78° 77°
T T T T T T T
EXPLANATION : VILES
0 25 50
3 Physiographic province boundary ‘ L1 L
Aquifers of West Virginia FrrrrrrTd
Alluvial 0 25 50 KILOMETERS
[ Fractured rock, Appalachian Plateaus P. P.
[ Fractured rock, Blue Ridge P. P.
N Fractured rock, Valley and Ridge P. P. i
40° - Karst PENNSYLVANIA
Number of pesticides detected in groundwater
oo B I, I
@ 12 T
0 35 MARYLAND
@ Greaterthanb
39°
- \
Huntington
VALLEY AND
RIDGE |
38° % /
Alleghney and
Monongahela
KENTUCKY VIRGINIA
Kanawha-
/ New River
-7 Basin
s
;
e, A~ | | | | |

Base from U.S. Geological Survey digital data, 1:100,000,
1983, Universal Transverse Mercator projection, Zone 18
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one or more VOCs. The only other wells with detections of
one or more VOCs are completed in the karst aquifer of the
Shenandoah and Greenbrier River valleys with 8 of 20 (40%)
wells having detectable concentrations of one or more VOCs.
Percentages of detections of VOCs in wells in fractured-rock
aquifers within the Valley and Ridge and Appalachian Plateaus
Physiographic Provinces were significantly less at only 12
and 21 percent, respectively. No wells sampled in the Valley
and Ridge Physiographic Province fractured-rock aquifers
had more than 3 VOC detections, and only 3 percent of the
wells sampled in Appalachian Plateaus fractured-rock aquifers
had more than 3 VOC detections. The higher proportion of
VOC detections in karst and alluvial aquifers reiterates that
these aquifers are intrinsically susceptible to contamination by

agricultural and industrial activity and by potential spills that
may occur on the land surface or in streams in these aquifer
settings.

Chlorofluorocarbons

Chlorofluorocarbons (CFCs) are synthetic organic
chemical compounds commonly used as refrigerants. Since
the introduction of CFC gases as refrigerants in the late
1930s, atmospheric concentrations increased until production
ceased in the mid-1990s. Concentrations of CFCs are com-
monly used to assess the relative age of groundwater and to
assess mixing proportions of younger and older water. CFC
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Figure 23. Distribution of volatile organic compounds in West Virginia's major aquifers, 1993-2008. (Data from Chambers and others,

2012; P. P, Physiographic Province).

age dating was conducted as a routine part of sampling for

the USGS Kanawha/New River and Allegheny/Monongahela
River NAWQA studies in the late 1990s and as part of the
AMBGWMN through 2005. On the basis of these available
data, a report was written to summarize CFC data with respect
to groundwater age for West Virginia’s major aquifers (McCoy
and Kozar, 2007).

A study conducted by the USGS in Virginia used CFCs
as a major factor in evaluating the intrinsic susceptibility of
aquifers in Virginia (Nelms and others, 2003). Eberts and
others (2013) evaluated the intrinsic susceptibility of several
principal aquifers in the United States on the basis of a variety
of age-dating methods. CFC data available for the 111 wells
sampled in West Virginia indicate that groundwater in aquifers

of West Virginia ranged in age from 5.9 to 56 years. The
median age of all water samples was 19 years, and the median
ages of water samples from the Appalachian Plateaus and
Valley and Ridge Physiographic Provinces, and the Ohio
River alluvial aquifers, were 21, 13, and 20 years, respec-
tively. Wells in Appalachian Plateaus fractured-rock aquifers
had median ages for hilltop, hillside, and valley wells of 12,
14, and 25 years, respectively. The percentages of young
groundwater that mixed with older water were approximately
85, 52, and 57 percent for hilltop, hillside, and valley set-
tings, respectively. This is important because it indicates that
if anthropogenic contaminants were to reach wells in these
settings via young water, the contamination would be diluted
by mixing with approximately 15, 48, and 43 percent of older,
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potentially contaminant-free water (for wells on hilltops,
hillsides, and valley settings, respectively). Thus, wells on
hilltops in the Appalachian Plateaus Physiographic Province
have the least dilution potential (and thus the greatest intrinsic
susceptibility) relative to wells in other topographic settings,
if contamination were to occur. For wells in the Valley and
Ridge fractured-rock aquifers, the distributions were different,
with median ages for hilltop, hillside, and valley wells of 18,
21, and 13 years, respectively, and percentage of young water
for hilltop, hillside, and valley wells of 66, 62, and 61 percent,
respectively. Unlike the Appalachian Plateaus Physiographic
Province, groundwater age is not solely driven by topography,
but circulation to depths in excess of 1,000 feet is possible
along bedding planes (Hobba and others, 1979). The median
age for valley wells in the Ohio River alluvial aquifer was

20 years, but 100 percent of the water for the five wells sam-
pled was young water, indicating that wells in this setting have
a very high intrinsic susceptibility with no dilution potential
with older contaminant-free water.

The CFC age data indicate that all aquifers in West
Virginia are susceptible to contamination by VOCs and other
industrial chemical compounds, at least to some degree. How-
ever, the lack of occurrence of VOCs in fractured-rock aqui-
fers within the State, and their preponderance in Ohio River
alluvial aquifer and the karst aquifer of the Shenandoah River
valley, indicates that potential sources of these contaminants
may be more prevalent for these aquifers than for fractured-
rock aquifers elsewhere in the State, or that the rapid flow in
these aquifers allows contaminants to reach wells before the
contaminants can degrade. As Ohio River alluvial aquifers
contain nearly 100 percent of young water, CFC data indicate
that they are especially susceptible to contamination by VOCs
and other similar industrial chemical compounds. The young
age of groundwater in hilltop settings in Appalachian Plateaus
Physiographic Province fractured-rock aquifer (12 years)
and in valley settings in the Valley and Ridge Physiographic
Province fractured-rock aquifer (13 years) indicates that wells
in these settings may also be more vulnerable to contamination
than wells in other aquifers and topographic settings.

Unfortunately at the time of the CFC study (2007), data
on CFCs in the Shenandoah River valley karst aquifer were
sparse. Fortunately, a later groundwater age-dating study was
completed for the Leetown area in Jefferson County within the
karst aquifer of the Shenandoah River valley (Plummer and
others, 2013). The age tracers tritium and helium (*H/*He), sul-
fur hexafluoride (SF, ), and CFCs were used to determine the
age of groundwater in the area. For *H/*He tracers, groundwa-
ter ages of spring water discharging from the carbonate rocks
showed transient behavior, with ages averaging about 2 years
in 2004 following a wet climatic period (2003-2004) and
ranging from 4 to 7 years in periods of more average precipita-
tion (2008—09). For SF6 and CFC tracers, data indicate older
water (modeled ages of tens of years or more) in the low-
permeability shale of the Martinsburg Formation to the west
of Leetown. The very young age of groundwater (2—7 years)
documented for karst limestone aquifers in the Shenandoah

River valley, together with potential rapid transport in the
epikarst or via solution conduits (Kozar and others, 2007a, b;
Kozar and Weary, 2009) within the karst aquifer, indicates that
the Shenandoah River valley karst aquifers are the most vul-
nerable aquifers within the State with respect to surficial land
use and activities occurring at or near the land surface.

Potential Sources of Contamination as
a Factor for Assessing Vulnerability

Vulnerability to contamination is dependent on (1) the
intrinsic susceptibility of the various hydrogeologic terrains
to contamination, (2) the sources of contamination within the
recharge area to individual wells, and (3) the geochemical
environment in the subsurface that affects contaminant mobil-
ity and persistence. Location data for 948 public groundwater
systems were investigated, but only a subset of the systems
(927) had a source-water-protection area delineation made by
the WVDHHR (William J. Toomey, West Virginia Department
of Health and Human Resources written commun., 2015).
Using GIS, these 927 source-water-protection areas were
intersected with land-use data obtained from the WVDEP
(Brian A. Carr, West Virginia Department of Environmental
Protection written commun., 2015). The number and type of
potential sources of contamination within source-water-protec-
tion areas are summarized in table 3. A full list of individual
groundwater systems and the number of potential sources of
contamination within the source-water-protection area of the
well is presented in appendix 3.

The data available in appendix 3 can be used in conjunc-
tion with the intrinsically susceptible aquifers identified within
this report to determine whether or not individual groundwater
sources are potentially SWIGS. These determinations will be
made by the WVDHHR using the data summarized within this
report and additional site-specific data, if available.

The GIS assessment of potential sources of contamina-
tion to production wells and their respective source-water-
protection areas revealed interesting trends. Many of the
potential sources of contamination identified in appendix 3
have been previously identified by the WVDHHR or by
individual municipal water systems, public service water
districts, or other groundwater suppliers. Therefore, there
is some redundancy in the number of potential sources of
contamination available from the WVDHHR and other data
obtained elsewhere for analysis in this study (table 3 and
appendix 3). Significant potential sources of contamination to
public groundwater supplies in West Virginia are major rivers
or streams, if there is a hydrologic connection between the
rivers or streams and a production well or spring. Approxi-
mately 76 percent of public groundwater supplies had one or
more streams within the associated source-water-protection
area, and approximately 26 percent are within the 100-year
flood plain of a stream or river. Although a large number of
public groundwater sources may be near major streams or in
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Table 3. Summary of data derived from geographic information system analyses of datasets on land use and potential sources of
contamination pertaining to individual source-water-protection areas in West Virginia.

[SWPA, source water protection area; FEMA, Federal Emergency Management Agency; NPDES, National Pollutant Discharge Elimination System;
WVDHHR, West Virginia Department of Health and Human Resources; 100K, 100,000 scale; RCRA, Resource Conservation and Recovery Act]

Land use within the source water protection area

Number of sites in SWPAs Percent of SWPAs with respective

land use
Abandoned mine land (AML) points 69 7.4
Abandoned mine lands (AML) polygons 82 8.8
Above ground storage tanks (AST unique) 330 35.6
All types of coal mining 169 18.2
Below ground storage tanks 199 21.5
FEMA floodways 245 26.4
Landfill closure sites 3 0.3
Major roads 286 30.9
Natural gas wells 220 23.7
NPDES permitted outfalls 435 46.9
Railroads 303 32.7
Special reclamation sites 24 2.6
Streams from 100K topographic maps 706 76.2
Superfund, RCRA or other hazardous waste sites 493 53.2
Potential sources of contamination (WVDHHR) * 850 91.7
Voluntary remediation sites 49 53

" The WVDHHR potential sources of contamination may include data that is duplicated in other categories summarized in this table.

100-year flood plains, they may not be vulnerable to contami-
nation if aquifers are not intrinsically susceptible, if the wells
were constructed properly to protect against potential entry
of surface water during periods of flooding, and if there is

no hydraulic connection between the surface-water body and
production wells or springs.

Contaminated sites such as Resource Conservation and
Recovery Act (RCRA), Superfund, or voluntarily reclaimed
sites, such as old gas stations, are present in more than one-
half of the source-water-protection areas evaluated. Outfalls
(discharge points for waste streams to a water body) from
permitted National Pollutant Discharge Elimination System
(NPDES) sources, such as sewage treatment return flows, coal
mine impoundment return flows, or other industrial process
return flows, are present in high proportion, with more than
46 percent of source-water-protection areas containing one or
more NPDES outfalls. Major transportation corridors, such as
major roads (interstates or U.S. highways) and railroads, are

present in 30 and 32 percent of source-water-protection areas,
respectively. Other potential sources of contamination, such as
gas wells, above-ground storage tanks, and underground stor-
age tanks are present in approximately 24, 35 and 21 percent,
of source-water-protection areas assessed during this study,
respectively. Fifteen of 927 sites (1.6%) had no contamination
sources within the protection area, and the median number of
potential contamination sources for individual production wells
was four. The maximum number of contamination sources
within a source-water-protection area was 14, and 104 sites had
10 or more potential contamination sources within their respec-
tive source-water-protection area. It is clear that the presence
of a potential source of contamination within a source-water-
protection area does not necessarily result in well contamination.
But the presence of numerous potential contamination sources,
in conjunction with an aquifer with high intrinsic susceptibility,
indicates that a site-specific investigation of vulnerability may
be warranted for determination of SWIGS.
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Summary of Aquifer Susceptibility and
Vulnerability

Results of previous investigations consistently show
similar trends and improve the understanding of the factors
that are inherent to the intrinsic susceptibility and vulnerability
of groundwater in West Virginia to contamination. Because
the types and availability of data vary widely for the various
hydrogeologic terrains, a quantitative assessment of aquifer
susceptibility and vulnerability is not possible. In order to
prioritize those hydrogeologic terrains that are especially
intrinsically susceptible or vulnerable to contamination, a dia-
gram was be prepared with simple scales to illustrate overall
trends in aquifer susceptibility and vulnerability (fig. 24). It
is emphasized that the chart, although based on observed data
and trends from past hydrogeologic studies, is only qualitative
and individual SWIGS determinations need to be made on a
case-by-case basis. On the basis of previous investigations

and limited available data, karst aquifers are the most intrinsi-
cally susceptible and vulnerable aquifers within the State of
West Virginia, followed by alluvial aquifers (especially along
the Ohio River), fractured metamorphic and igneous aquifers,
below-drainage coal-mine aquifers, and above-drainage coal-
mine aquifers. Overall, fractured sedimentary-rock aquifers
have low intrinsic susceptibility and aquifer vulnerability.
Intrinsic susceptibility alone does not equate to over-
all vulnerability to contamination, but is a primary factor to
consider when assessing potential susceptibility of a well
or spring to contamination. Determining whether or not a
particular well or spring is a SWIGS is a task that will be
completed by the WVDHHR on a site-by-site basis, using
site-specific criteria. The data and results of previous inves-
tigations summarized in this report identify known areas of
existing widespread contamination and provide a mechanism
by which the WVDHHR may prioritize the assessment of
SWIGS statewide. Measures can be taken to educate the local
population and initiate protocols and protective strategies to
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appropriately manage contaminant sources to prevent release
of contaminants to the aquifer, therefore reducing vulnerability
of these systems to contamination.

Summary

In January 2014, a storage tank leaked, spilling a large
quantity of 4-methylcyclohexane methanol into the Elk River
in West Virginia contaminating the water supply for more
than 300,000 people. In response, the West Virginia Legisla-
ture passed Senate Bill 373, which requires the West Virginia
Department of Health and Human Resources (WVDHHR) to
assess the susceptibility and vulnerability of public surface-
water-influenced groundwater supply sources (SWIGS) and
surface-water intakes statewide. In response to this mandate
for reassessing SWIGS statewide, the U.S. Geological Survey
(USGS), in cooperation with the WVDHHR, Bureau of Pub-
lic Health, Office of Environmental Health Services, compiled
available data and summarized the results of previous ground-
water studies to provide the WVDHHR with data that could
be used as part of the process for assessing and determining
SWIGS.

The USGS has been conducting hydrogeologic and
water-quality studies within the State of West Virginia since
about 1940. More than 40 publications were reviewed and
summarized to provide additional information that could be
used to aid in SWIGS determinations, particularly regarding
intrinsic susceptibility of aquifers. Hydrogeologic terrains
were identified on the basis of aquifer properties, transmissiv-
ity estimates, and physiographic province, and were assessed
with respect to intrinsic susceptibility to contamination. Avail-
able water-quality and aquifer transmissivity data from USGS
databases were collected, compiled, and assessed to link
aquifer susceptibility, which is based on non-anthropogenic
factors, with known contamination resulting from anthropo-
genic factors.

Available data in USGS water-quality and groundwater
databases were retrieved and brought into a geographic infor-
mation system (Arc-GIS) for spatial analysis. Some of the data
used for spatial analysis include locations of production wells
(provided by the WVDHHR), distance to transportation cor-
ridors, type and number of potential sources of contaminants
in the designated source-water-protection area of the well,
locations of 100-year flood plains, locations of nearby streams
or rivers, and locations of permitted coal mines. The Arc-GIS
generated datasets can be used in the statewide assessment for
determination of SWIGS.

Water-quality and microbial data were available from a
statewide assessment of groundwater quality that was com-
pleted in 2012. These data were used to make direct observa-
tions of aquifer and well vulnerability and to determine spatial
patterns of vulnerability in different hydrogeologic settings.
Additional data on well-construction characteristics, such as
well depth and length of well casing, were retrieved from the
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USGS Groundwater Site Inventory database and paired with
water-quality data from the USGS water-quality database to
assess the importance, or lack thereof, of well depth and length
of casing in microbial contamination of wells. Wells with cas-
ings deeper than 45 feet below land surface had less bacterial
contamination than did wells with shorter well casings.

Data on chlorofluorocarbons in groundwater indicate
the relative age of groundwater in selected aquifers (hydro-
geologic terrains) within the State, the potential mixtures
of older groundwater (>50 years) and younger groundwater
(<50 years), and the dilution potential of water recharging a
well should it become contaminated. Median ages of water
in Appalachian Plateaus Physiographic Province, Valley and
Ridge Physiographic Province, Ohio River alluvial aquifer,
and Cambrian-Ordovician-age karst aquifers were 21, 13, 20,
and 5 years, respectively. The median ages represent a mixture
of older and younger groundwater. Almost 100 percent of
water derived from Ohio River alluvial aquifer and a high
percentage of water in Cambrian-Ordovician karst aquifers
contain young water, which makes them more susceptible to
contamination than aquifers in other hydrogeologic terrains in
the State.

A review of existing protocols used by the WVDHHR to
determine groundwater under direct influence (GWUDI) of
surface water was also conducted. Because the GWUDI and
SWIGS processes are similar, the protocols used for deter-
mining GWUDI sites can be applied, at least partially, to the
determination of SWIGS. All the aforementioned data have
been assessed to provide additional data that may help in the
process of assessing potential SWIGS.

On the basis of results of analysis of the available hydro-
geologic, chemical, and microbial data, karst aquifers in West
Virginia’s eastern panhandle and in the Greenbrier River val-
ley were found to be the aquifers most susceptible to contami-
nation within the State. Karst aquifers are highly susceptible
to contamination owing to the rapid ease with which precipita-
tion and surface water can infiltrate and recharge groundwater
aquifers, carrying along with the recharge water any contami-
nants that may be present at the land surface. Karst aquifers
within West Virginia are especially susceptible to contamina-
tion from agricultural sources. Nitrate, pesticides, and fecal,
total coliform, and Escherichia coli (E. coli) bacteria are the
contaminants most commonly found in the karst aquifers
within the State.

Alluvial aquifers along the Ohio River are also highly
susceptible to contamination because the composition of
alluvial sediments can be very permeable and allow rapid
infiltration of precipitation or induced recharge from the
nearby river. Because microbial contamination of Ohio River
water is common and agriculture along the banks of the Ohio
River is a major land use, nitrate and pesticide contamination
resulting from agricultural processes occurring at the land
surface is possible. Steel mills, power plants, chemical plants,
and other industrial plants are common on the alluvial terraces
bordering the Ohio River; therefore, potential exists for con-
tamination of the aquifer by volatile organic and semi-volatile
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organic compounds. Fortunately, the sand and gravel alluvial
sediments that compose the Ohio River alluvial aquifer are
effective traps for removing bacteria and other pathogenic
organisms, such as Giardia lamblia, Cryptosporidia, and
viruses; therefore, Ohio River alluvial aquifers are not highly
susceptible to microbial contamination.

Fractured-rock aquifers in West Virginia are present
in two distinct physiographic provinces—the Appalachian
Plateaus and the Valley and Ridge Physiographic Prov-
inces. Three types of fractured-rock aquifers are present in
West Virginia—(1) the Appalachian Plateaus fractured-rock
aquifers, which are composed of relatively flat-lying inter-
bedded layers of sandstone, shale, siltstone, mudstone, coal,
and thin limestone beds; (2) the thin limestone, sandstone,
and shale aquifers in the highly folded and faulted Valley
and Ridge Physiographic Province, and (3) the fractured-
rock aquifers composed of igneous and metamorphic rocks
in the Blue Ridge Physiographic Province. Fractured-rock
aquifers, because of their very small groundwater capture
areas, typically have a low intrinsic susceptibility to sur-
face contaminants. Although fractured-rock aquifers are not
highly susceptible to contamination, they may be vulnerable
to contamination by bacteria, nitrates, pesticides, and other
contaminants, if such contaminants are applied or spilled on
the land surface in the immediate vicinity of a well. The Blue
Ridge fractured-rock aquifers are susceptible to greater than
background levels of naturally occurring radon, a radioactive
carcinogenic gas known to cause lung cancer, which is derived
from the decay of uranium.

Abandoned coal-mine aquifers are of two categories. The
first category is the above-drainage underground coal-mine
aquifer. These are abandoned coal mines that are present at an
elevation above surrounding tributary streams. As such, they
are not heavily influenced by streams or rivers and receive
most of their recharge from overlying bedrock strata. As
overlying bedrock strata are typically devoid of human pres-
ence, the potential for infiltration of precipitation or recharge
with elevated concentrations of bacteria, nutrients, pesticides,
or organic chemical compounds is typically low. Therefore,
above-drainage underground coal mines probably have a low
susceptibility to contamination.

Below-drainage underground coal mines are a second
category of coal-mine aquifer and are present below the
elevation of local tributaries and streams. Because the mining
process can substantially fracture overburden strata, the coal-
mine aquifers are moderately susceptible to contamination by
surface water percolating downward from overlying strata. If
the overlying streams have a significant load of bacteria, the
underlying coal-mine aquifer can easily be contaminated by
bacteria discharged to the overlying stream from septic return
flows, surface runoff, sewage treatment plant return flows, or
direct discharge of untreated sewage to streams, which unfor-
tunately occurs in certain areas of West Virginia.

Groundwater public-supply systems in areas of
high intrinsic susceptibility and with a large number of
potential contaminant sources within the recharge or

source-water-protection area of individual wells or well fields
are potentially vulnerable to contamination and probably war-
rant further evaluation as potential SWIGS. However, mea-
sures can be taken to educate the local population and initiate
safety protocols and protective strategies to appropriately
manage contaminant sources to prevent release of contami-
nants to the aquifer, therefore reducing vulnerability of these
systems to contamination. Each public groundwater supply
source, however, needs to be assessed on an individual basis.
Data presented in this report can be used to categorize and pri-
oritize wells and springs that have a high potential for intrinsic
susceptibility or vulnerability to contamination.
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Appendixes 1, 2, and 3, available online as Excel files at http://dx.doi.org/10.3133/sir20165048

Appendix 1

Description of 324 wells in West Virginia sampled as part of the U.S. Geological Survey and West Virginia Department of
Environmental Protection statewide Ambient Groundwater Quality Monitoring Network.

Appendix 2
Description of wells in West Virginia, including casing length and well depth, that are part of the U.S. Geological Survey

Groundwater Site Inventory database with Escherichia coli, fecal coliform, and total coliform data that are stored in the U.S.
Geological Survey Water-Quality database.

Appendix 3

Permit data for public groundwater supplies in West Virginia with accompanying counts of number of potential sources of
contamination within the respective source-water-protection area for each public groundwater supply source.
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