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Baseline Water Quality of an Area Undergoing Shale-Gas
Development in the Muskingum River Watershed, Ohio,

2015-16

By S. Alex. Covert, Martha L. Jagucki, and Carrie Huitger

Abstract

In 2015-16, the U.S. Geological Survey, in cooperation
with the Muskingum Watershed Conservancy District, led a
study to assess baseline (2015-16) surface-water quality in
six lake drainage basins within the Muskingum River water-
shed that are in the early years of shale-gas development. In
2015, 9 of the 10 most active counties in Ohio for oil and gas
development were wholly or partially within the Muskingum
River watershed. In addition to shale gas development, the
area has a history of conventional oil and gas development and
coal mining.

In all, 30 surface-water sites were sampled: 20 in tributar-
ies flowing to the lakes, 4 in lakes themselves, and 6 down-
stream of the lakes. At each of the 30 sites, 6 samples were
collected to characterize surface-water chemistry throughout
a range of hydrologic conditions. The sampling generally
occurred during low flows (periods of greater groundwater
contribution) rather than during runoff events (periods of high
stream stage).

Trilinear diagrams of major ion chemistry revealed three
main types of water in the study area—sulfate-dominated
waters, bicarbonate-dominated waters, and waters with mixed
bicarbonate and chloride anions. Most sites produced samples
of bicarbonate-dominated water, and 11 sites produced sam-
ples with sulfate-type waters. Mixed bicarbonate and chloride
waters were found in samples from two of the six lake drain-
age basins studied.

The baseline (2015-16) assessment of surface-water
quality in the study area indicated that few water-chemistry
constituents and properties occurred at concentrations or levels
that would adversely affect aquatic organisms. Chemical-
specific, aquatic life use criteria were not met in only three
instances: two were for total dissolved solids at sites likely
impacted by coal mining in their drainage basins (hereafter
referred to as “mine-impacted sites”), and one was for dis-
solved oxygen.

Mine drainage from historical coal mining in the region
likely affected the quality of about one-third of the streams
sampled. To simplify interpretation of water-chemistry
results, 11 sites with sulfate-type water were identified as

mine-impacted sites based on water-quality criteria established
by Ohio Department of Natural Resources, Division of Min-
eral Resources Management, and separated out for subsequent
statistical analysis. Concentrations or levels of bicarbonate,
boron, calcium, carbonate, total dissolved solids, fluoride,
magnesium, lithium, pH, potassium, sodium, specific conduc-
tance, strontium, sulfate, and suspended sediment in water
were higher (significance level of 0.05) at mine-impacted
stream sites than at non-mine-impacted stream sites.

An accidental release of oil- and gas-related brines could
increase salinity (sodium and chloride), the concentration of
total dissolved solids in shallow groundwater and streams, and
specific conductance. For this study, chloride concentrations
in the study area ranged from 2.12 to 76.1 milligrams per liter.
Sources of chloride in water samples were evaluated using
binary mixing curves and ratios of chloride to bromide. These
ratios indicated that 13 samples from 3 sites in the drainage
basin that contained the highest density of conventional oil
and gas wells in the study, as well as 4 samples collected from
other drainage basins, likely contained a component of brine.
Concentrations or levels of barium, bromide, chloride, iron,
lithium, manganese, and sodium were significantly higher
(alpha = 0.05) in samples with a component of brine than in
samples without a component of brine.

Benzene, toluene, ethylbenzene and xylene (BTEX),
compounds that occur naturally in crude oil, made up 24 of
the 45 detections (53 percent) of volatile organic compounds
in the study area. The BTEX detections were not associ-
ated with sites containing a component of brine. The only
volatile organic compound detected in any of the 17 samples
that contained a component of brine was acetone, detected in
3 (18 percent) of these samples and in 11 percent of samples
not containing a component of brine. Considering that BTEX
are gasoline hydrocarbons and that most of the detections
occurred during warmer months in and around the lakes, the
BTEX detections likely are associated with increases in out-
door activities such as automobile and boating traffic.

Radium-226 and radium-228 were included in the list
of analytes for this study because production water from
shale-gas drilling can contain these naturally occurring
radioactive materials. Concentrations of radium-226 exceeded
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background levels in only two surface-water samples. Con-
centrations of radium-228 exceeded background levels in one
surface-water sample.

A brine signature potentially indicative of oil and gas
contamination was detected in samples collected at two sites
that contained active or plugged waste injection wells, or both.
Results from the study indicated significant differences in the
median concentrations of bromide, chloride, lithium, manga-
nese, sodium, and total dissolved nitrogen between sites with
and without injection wells in their drainage areas. Median
concentrations of bromide, chloride, lithium, and sodium,
which are common oil- and gas-related contaminants, were
higher at sites with injection wells in their drainage areas com-
pared to sites without injection wells.

Historical (1960s, 1970s, and 1980s) chloride concen-
trations and streamflow data at or near five of the six sam-
pling sites downstream from each lake dam were compared
to current (2015-16) values. An analysis of covariance was
done to test the effects of streamflow, time (decade), and the
combined effects (cross product) of streamflow and time on
chloride concentrations. Those analyses indicated that stream-
flow was not significant in explaining the variation in chloride
concentration, likely because streamflow in those locations is
controlled by dam operations; therefore, association between
runoff-generating events and streamflow is less direct than
in unregulated streams. From the 1980s to the study period
(2015-16), data for three of the five lakes indicated an
increase in chloride concentrations. The comparison of histori-
cal and current (2015-16) study data from samples collected
at another lake indicated that chloride concentrations increased
from the 1960s to the 1970s, but concentrations in the 1970s
and 2015-16 were similar even though 13 samples from this
lake drainage basin were classified as having a component of
brine. Median chloride concentrations for the fifth lake, how-
ever, seemed to decrease from the 1980s to 2015-16.

Introduction

The Muskingum River watershed, the largest watershed
completely contained within Ohio (fig. 1), covers more than
8,000 square miles (approximately one-fifth of the State) and
all or part of 27 counties (Muskingum Watershed Conser-
vancy District [MWCD], 2017a). The Muskingum Watershed
Conservancy District is tasked with providing flood reduc-
tion, water conservation, and recreational opportunities within
the watershed. To accomplish these goals, the MWCD works
with the U.S. Army Corps of Engineers (USACE) to man-
age 10 permanent dams and reservoirs, hereafter referred to
as “lakes,” in the watershed—the USACE operates the dams
for flood reduction and the MWCD manages most of the lake
areas upstream from the dams. The lakes are popular rec-
reation areas in the Muskingum River watershed (MWCD,
2017b). The study area included 6 of the 10 lakes (fig. 1).

In 2015, 9 of the 10 most active counties in Ohio regard-
ing oil and gas development (Belmont, Carroll, Columbiana,
Guernsey, Harrison, Monroe, Noble, Stark, and Tuscarawas
Counties—not shown) were wholly or partially within the
Muskingum River watershed (Ohio Department of Natural
Resources [ODNR], Division of Oil & Gas Resources, 2017a)
along the eastern edge of the watershed. In 2015, the wells in
those nine counties produced about 90 percent of the crude oil
and 95 percent of the natural gas in the State. Crude oil pro-
duction in Ohio increased more than 500 percent from 2012 to
2015, and natural gas production increased elevenfold (fig. 2)
(ODNR, Division of Oil & Gas Resources, 2015; ODNR,
Division of Oil & Gas Resources, 2017b). Most of the increase
in production can be attributed to an increase in horizontal
drilling to recover oil and gas from shales. In 2012, produc-
tion from the Utica Shale and the Point Pleasant Limestone,
referred to hereafter as the Utica/Point Pleasant formation, and
the Marcellus Shale in the State accounted for 12.8 percent
of oil production and 14.8 percent of natural gas production
(ODNR, Division of Oil & Gas Resources Management,
2013); by 2014, shale formations accounted for 73 percent
of oil production and 88.3 percent of natural gas production.
Of all wells drilled in Ohio in 2014, 73 percent targeted the
Utica/Point Pleasant formation (ODNR, Division of Oil & Gas
Resources, 2015).

As shale-gas production expanded in Ohio and else-
where in the United States, public concern increased about
the potential effects of energy development on water quality
(U.S. Department of Energy, 2013). Oil and gas production
can lead to increased sediment runoff to nearby surface waters
through activities at the drill site such as road and well-pad
construction (Entrekin and others, 2011). Likewise, the con-
struction of pipeline infrastructure can cause significant land
disturbances and increased sediment runoff (Entrekin and
others, 2011). Once a well is drilled, water, sand, and chemi-
cal additives are injected into the shale under high pressure
to fracture the shale and release the gas. About 20 percent of
this mixture flows back to the surface through the well bore
within days of being injected (Ohio Environmental Protec-
tion Agency [OEPA], 2014). This “flowback” water is stored
temporarily in tanks or engineered impoundments before
being sent offsite for disposal or reuse. Flowback water often
contains volatile organic compounds (VOCs) such as benzene,
toluene, ethylbenzene, and xylene (BTEX) and other organic
compounds (Guerra and others, 2011). Flowback water and
brines that are naturally present in the shale are coproduced
with the oil and gas throughout the lifetime of the well and are
referred to as “production water.” Production water contains
elevated concentrations of major ions and trace elements
leached from the shale formation, including calcium, magne-
sium, sodium, bicarbonate, sulfate, chloride, bromide, barium,
iron, and strontium, compared to natural surface waters.
Production water often can be classified as brine, with a chlo-
ride concentration of 100,000 milligrams per liter (mg/L) or
higher. Production water can also contain naturally occurring
radioactive materials, such as radium isotopes. (The radium
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Figure 2. Historical reported crude oil and gas production in
Ohio, 2005-15.

isotopic ratio, radium-228-to-radium-226, in water samples
has been suggested as an indicator of the provenance or source
of radium in samples of unknown origin. The radium-228-to-
radium-226 ratio for produced water from the Marcellus Shale
has been determined to be less than 0.3 [Rowan and others,
2011] but no ratio has been established for the Utica/Point
Pleasant formation because of a lack of data regarding pro-
duced waters.) Flowback and produced water contain elevated
concentrations of total dissolved solids that, if accidentally
released to streams, could potentially impair water quality

and detrimentally affect aquatic life in surface waters (OEPA,
2014).

Shale-gas drilling in Ohio is most active along the
eastern edge of the Muskingum River watershed where six of
the MWCD lakes (Atwood, Leesville, Tappan, Clendening,
Piedmont, and Senecaville Lakes) are used for recreation and
flood control (fig. 3). Tappan Lake is also the source of water
for the city of Cadiz (fig. 1) public water supply. To address
concerns about the potential effects of shale-gas development
on surface-water quality in areas of the Muskingum River
watershed where people are most likely to be exposed to
water, the U.S. Geological Survey (USGS), in cooperation
with the MWCD, collected baseline (2015-16) water-quality
data for these six lakes and their tributaries. Baseline water-
quality data document current (2015-16) conditions that can
be compared to future water-quality data to identify possible
changes caused by shale-gas-production activities, should
they occur.

Purpose and Scope

The purpose of this report is to (1) characterize baseline
surface-water quality at 30 surface-water sites in the eastern
part of the Muskingum River watershed where several popular

recreational lakes are located and where shale-gas drilling is
particularly focused, (2) evaluate the source of a few elevated
chloride concentrations, (3) compare water quality at reference
sites (sites with no shale-gas development) to water quality

at non-reference sites, and (4) compare current (2015-16)
chloride concentrations to historical chloride concentrations
collected during comparable flow conditions at sites down-
stream of each lake.

Future water-quality data can be compared to these base-
line data to identify changes in water quality that could result
from increased oil and gas development or other activities.
These data also provide context for the dissolved ions contrib-
uting to specific conductance that is measured continuously at
14 gages in the study area. Study results can be used by deci-
sion makers to effectively manage water resources and to pro-
tect and conserve water resources for beneficial public uses—
human health, aquatic health, and environmental quality.

To characterize baseline water quality, USGS person-
nel collected samples from 30 sites—20 sites on tributaries
flowing to 6 lakes (Atwood, Leesville, Tappan, Clendening,
Piedmont, and Senecaville), at swimming/recreational areas in
4 of the lakes (Atwood, Tappan, Piedmont, and Senecaville),
and at sites near stream gages downstream from the dams at
each of the 6 lakes (fig. 1). Because water quality can vary
with changes in streamflow, samples were collected six times
during the period April 2015 through May 2016 under a vari-
ety of streamflow conditions at each of these 30 sites. Results
of water-quality analyses were compared to various aquatic
life use criteria established by the OEPA to help determine if
observed values have the potential to adversely affect aquatic
life. Sources of chloride to streams were evaluated using
graphical mixing models. Because human activities other than
shale-gas development can affect water quality, selected envi-
ronmental characteristics, such as number of conventional oil
and gas wells, percentage of coal-mined area, miles of roads,
and number of wastewater treatment outfalls, were quantified
in the drainage basin upstream from each sampling site, and
correlations to concentrations of selected constituents were
evaluated. Historical concentrations of chloride (1960s—1980s)
were compared to current (2015-16) concentrations collected
at five lake-outflow gage sites to determine if median concen-
trations changed at these locations with time.

Description of Study Area and Existing
Monitoring Network

The area of interest is along the eastern edge of the
Muskingum River watershed (fig. 1), in Belmont, Carroll,
Guernsey, Harrison, Monroe, Noble, and Tuscarawas Coun-
ties, an area with a history of coal mining and conventional
oil and gas drilling. Several of the MWCD lakes are in this
area, along with the most active counties for oil and gas
development in Ohio in 2015 (ODNR, Division of Oil &
Gas Resources, 2017a), giving these lakes the potential to be
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affected by shale-gas drilling activities. This study focused on
the drainage areas to six lakes (listed from north to south—
Atwood, Leesville, Tappan, Clendening, Piedmont, and Sen-
ecaville Lakes), hereafter referred to as the “study area.” The
study area covers 463 square miles or about 5.75 percent of
the Muskingum River watershed. Water from the five northern
lakes flows into the Tuscarawas River (fig. 1) (a tributary of
the Muskingum River), and water from the southernmost lake,
Senecaville, drains to Wills Creek (fig. 1) (also a tributary

of the Muskingum River). The dams at Atwood, Leesville,
Clendening, Piedmont, and Senecaville Lakes release water
from near the bottom of the lake at fixed points. A selec-

tive withdrawal system at Tappan Lake allows for mixing

of water from near the bottom of the lake with water from a
fixed point near the top of the lake (6 feet [ft)] below surface
of summer pool or 1 ft below surface of winter pool) (Jean
Diedel, USACE, written commun., 2017). The six lakes lie in
the unglaciated Appalachian Plateaus physiographic province
(Fenneman and Johnson, 1946), which has hilly topography
with steep valleys.

Average annual precipitation (1981-2010) in the region
was 39.6 and 40.7 inches at weather stations operated by the
National Weather Service in Cambridge (USC00331197) and
Cadiz (USC00331152), respectively (fig. 1) (Midwestern
Regional Climate Center, 2017). The baseline water-quality
survey occurred from April 2015 through May 2016, by which
time the station at Cadiz had been discontinued. Annual pre-
cipitation during 2015 at station USC00331197 in Cambridge
was 1.49 inches higher than the long-term average (29 years)
annual precipitation (table 1). Annual precipitation in 2016
was 1.79 inches less than the long-term average (29 years)
annual precipitation.

Land cover in the drainage basins of the six lakes was
predominantly forest (about 53—69 percent) and agricultural
(about 1629 percent) (table 2 and fig. 4). Developed lands
in the drainage basins of the six lakes ranged from about 5 to
10 percent and included the cities of Carrollton and Barnes-
ville (figs. 1 and 4).

Table 1.
precipitation at climate station USC00331197 in Cambridge, Ohio.

Table 2. Major land cover in six lake drainage basins,
Muskingum River watershed, Ohio, 2011.

[Rows do not add up to 100 percent because only major land covers were
listed. Land cover data are from the 2011 National Land Cover Database
(Homer and others, 2015)]

Lake drainage Land cover type (percent)

basins Developed Forest Agricultural
Atwood 9.7 55.3 28.4
Leesville 53 61.9 27.1
Tappan 6.2 69.5 16.4
Clendening 53 66.3 21.1
Piedmont 6.3 53.6 28.7
Senecaville 6.5 69.0 17.8

As part of a separate cooperative project with MWCD,
gages were installed by USGS personnel in summer 2015 to
monitor stream stage and specific conductance at 14 sites in
the study area (shown as orange triangles in fig. 1). These sites
were on the lower reaches of each significant tributary to the
six lakes and gas wells drilled into the Utica/Point Pleasant
formation are in the drainage basins upstream of the sites. The
purpose of the gages was to detect spikes in specific conduc-
tance that might indicate the presence of brine spills (if any)
that occur during oil and gas development activities. Meteo-
rological stations that measure precipitation, temperature,
evaporation, and other parameters were installed at each lake
in November 2014. Additionally, the USGS and the USACE
operated gages downstream from four of the six lakes since
the late 1930s (Leesville, Tappan, Piedmont, and Senecav-
ille). The gages Indian Fork below Atwood Dam near New
Cumberland, Ohio, and Brushy Fork near Tippecanoe, Ohio
(below Clendening Lake) were installed in 1960 and 2014,
respectively. Streamflow is monitored so that the volume of
discharge from the lakes can be determined. Only stream stage
was monitored at five of the six gages from October 1991

Monthly and annual total precipitation, in inches, during the study period compared to long-term average annual

[Data are from the Midwestern Regional Climate Center, cli-MATE (application tools environment), accessed June 27, 2017. Long-term average monthly and
annual precipitation is for 1981-2010. Precipitation extremes (minimum and maximum total rainfall) are for period of record (August 1, 1948, to May 22,
2017). Blue shading indicates the time range of the baseline water-quality study. Gray shading indicates long-term average precipitation and monthly extremes]

Year Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec. Annual
2015 2.86 1.51 3.86 5.82 3.86 6.95 3.00 1.12 5.24 1.19 2.58 3.10  41.09
2016 1.31 3.02 3.94 4.27 3.22 4.64 1.92 3.98 3.05 2.48 1.57 441 37.81
Long-term 2.98 2.28 2.99 3.49 4.25 4.05 4.05 3.29 3.29 2.81 3.30 2.82  39.60
average
Minimum total ~ 0.72 0.36 1.15 0.63 1.42 0.67 1.48 0.38 0.15 0.56 0.45 0.56  25.81
rainfall
Maximum total ~ 7.98 4.89 9.50 8.22 8.58 15.4 9.02 11.39 12.43 6.56 14.29 6.97 56.13

rainfall
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through September 2014 (sometimes just as crest, or peak
stage). At the sixth gage (Indian Fork below Atwood Dam near
New Cumberland, Ohio), stage-only monitoring began earlier
than at other sites—in October 1975.

Hydrogeology

The uppermost bedrock units in the study area are
Pennsylvanian to Permian age and consist of (listed from
oldest to youngest) the Allegheny Group (underlying Atwood
and Leesville Lakes), the Conemaugh Group (in all lake
drainage basins), the Monongahela Group (present in the
drainage basins of the four southernmost lakes), and the
Dunkard Group (present only in Piedmont and Senecaville
Lakes drainage basins) (fig. 5) (USGS, 2005). Figure 5 shows
a change in bedrock ages (older in the northwest corner to
younger in the east/southeast). The Allegheny Group has
several economically important layers of coal interbedded
between layers of massive sandstone and thin limestone
(Sedam and Francy, 1993). The Conemaugh Group has thick
shale sequences, patchy sandstones, widespread limestones,
and has fewer economically important (named) coal seams
than either the Monongahela or Allegheny Groups. The
Monongahela Group consists of proportionally more limestone
and less sandstone than the other units listed. These three
bedrock groups consist of layers of sandstone, shale, coal,
clay, and limestone, as described by Sedam and Francy (1993,
p. 10). The Dunkard Group consists of sandstones (some
massive), with shales and minor coal beds. All four bedrock
units compose the upper part of the Appalachian Plateaus
aquifer (McCoy and others, 2015).

According to a regional Soil-Water-Balance model
constructed for the Appalachian Plateaus physiographic
province for 1980-2011 (McCoy and others, 2015), 62 percent
of the precipitation falling on the land surface in this area is
returned to the atmosphere as evapotranspiration. An average
of 19 percent of precipitation runs off to streams, whereas
another 19 percent infiltrates through the soil and into the
aquifer. Once the precipitation reaches the water table, the
infiltrating water (now called groundwater) flows downward
and laterally with time through low-porosity sandstone units
(Abate, 1993), coal seams (Harlow and LeCain, 1993),
solution openings in limestone or dolostone (Ferrell, 1988),
bedding planes beneath valley floors, and vertical and
horizontal stress-relief fractures in valley walls (Wyrick and
Borchers, 1981) to discharge to springs and streams.

During periods of rainfall, streamflow primarily consists
of surface runoff; however, during dry periods, a part (or all)
of streamflow may originate from groundwater discharge to
streams (Todd, 1980). The part of streamflow originating from
groundwater is referred to as “base flow.” In the Appalachian
Plateaus, base flow accounts for 60 to 65 percent of annual
streamflow (Bloyd, 1974). Generally, the chemical charac-
teristics of base flow can be affected by the aquifer matrix
through which groundwater flows and the residence time of
water in the aquifer. Analysis of age tracers in groundwater

samples collected from seven shallow (less than 300 ft deep)
wells throughout the Tuscarawas River drainage basin indicate
that the average residence time of sampled groundwater near
the current (2015-16) study area is relatively short—Iess

than 50 years—according to Haefner and Simonson (2010).
Haefner and Simonson (2010) also determined that the “chem-
istry of shallow groundwater is closely related to land-use
practices” in the Tuscarawas River drainage basin, based on

a literature search of water-quality data and a comparison of
the chemistry of the seven groundwater samples that were
collected to overlying land use. Five of the six lake drainage
basins included in the current study are in the Tuscarawas
River drainage basin, although only one of the seven ground-
water samples collected were actually in one of the lake drain-
age basins—that of Piedmont Lake.

Coal Mining

The study area lies within the Ohio coal region where
more than 3.6 billion tons of coal have been extracted since
1800 (ODNR, Division of Mineral Resources Management
[ODNR-DMRM], 2016). Active, legally closed (remediated),
and abandoned lands associated with coal mines are present in
27 of the 30 drainage basins in this study (fig. 6). Belmont and
Harrison Counties (where Tappan, Clendening, and Piedmont
Lakes are located) were the top two coal-producing counties in
the State in 2015 (Stucker, 2016). Mine drainage can contami-
nate streams and increase specific conductance and concen-
trations of total dissolved solids, sulfate, iron, manganese,
arsenic, and aluminum (Helsel, 1983; Haefner and Simonson,
2010; ODNR-DMRM, 2016). Generally, mine drainage is
acidic. However, in this study area, mine drainage tends to be
alkaline because of interactions with limestone layers in the
underlying bedrock (OEPA, 2017a). “Alkaline” in reference to
mine drainage means that, before treatment, the pH is higher
than or equal to 6.0, and total iron concentration is less than
10 mg/L (Electronic Code of Federal Regulations, 2018a).

Mine drainage from abandoned mine lands can cause
drainage basins to be impaired so that they do not support a
normal assemblage of aquatic life (ODNR-DMRM, 2016).
The ODNR-DMRM identifies and prioritizes drainage basins
that are impacted by mine drainage so that treatment and
abatement projects can be implemented (ODNR-DMRM,
2016). In eastern Ohio, 122 streams (including some streams
in the current [2015-16] study area) were sampled by Helsel
(1983). Results of the sample analyses indicated that streams
draining reclaimed mine lands have (1) pH and alkalinity simi-
lar to unmined lands underlain by the same rock type, (2) alu-
minum concentrations similar to those in unmined areas, and
(3) iron concentrations slightly higher than those in unmined
areas, with higher concentrations detected in areas underlain
by the Allegheny Group rather than the Monongahela Group.
Even after reclamation, however, sulfate concentrations
and specific conductance detected in mined drainage basins
remained higher than those detected in unmined drainage
basins (Helsel, 1983).
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0il and Gas Drilling

Oil and gas drilling has occurred in Ohio for more than
150 years (Ohio Oil and Gas Association, 2013). Commercial
quantities of oil and gas were produced in 69 of the 88 coun-
ties in Ohio; however, most recent (2015—-16) production
was in the eastern one-third of the State (ODNR, Division of
Geological Survey, 2004). With more than 65,000 wells cur-
rently (2015-16) in operation in Ohio, the ODNR-DMRM is
responsible for regulating the permitting, drilling, and produc-
tion of oil and natural gas resources in Ohio.

As of May 2016, approximately 1,209 conventional
(vertical) oil and gas wells and 352 unconventional (horizon-
tal) gas wells tapped the Utica/Point Pleasant formation in the
study area (fig. 3). Most (by number) of the conventional wells
were completed in the Clinton Sandstone (34.9 percent), Berea
Sandstone (23.3 percent), Ohio Shale (11.7 percent), and Gor-
don Sandstone (7.9 percent) (ODNR, Division of Oil & Gas
Resources, 2017a).

Oil and gas development results in waste fluids—mostly
brine that occurs naturally in the geologic formation being
drilled—that are coproduced with the oil and gas and must
be disposed of. In 2010, about 98 percent of oil-field fluids in
Ohio were disposed of in Class II injection wells (and were
stored in tanks prior to disposal), and 2 percent of oil-field flu-
ids were spread on county, township, and village roads for dust
and ice control (Tomastik, 2010). An active injection well is in
each of the Atwood and Piedmont Lake drainage basins, and
the Atwood Lake drainage basin also contains two plugged
injection wells (ODNR, Division of Oil & Gas Resources,
2017¢) (fig. 3). In addition to oil-field fluids from Ohio, fluids
disposed of in Ohio injection wells may originate from out of
State. In 2014, approximately 60 percent of brines disposed of
in injection wells in Ohio originated from out of State (ODNR,
Division of Oil & Gas Resources, 2015).

The ODNR-DMRM regulates the spreading of oil-field
fluids on township roads for dust control in the State of Ohio.
During the study sampling period (2015—-16), within the drain-
age basins of the 6 lakes, permits to spread oil-field fluids
were issued to 10 townships in Carroll County, 7 townships in
Harrison County, 1 township in Guernsey County, and 2 town-
ships in Monroe County (Kenny Brown, ODNR, Division of
Oil & Gas Resources, written commun., 2017). In February
or March 2017, after sample collection for this study was
completed, the following six townships changed their rules
to no longer allow spreading of oil-field fluids: Washington
Township in Carroll County; Green, Harrison, and Nottingham
Townships in Harrison County; Londonderry Township in
Guernsey County; and Seneca Township in Monroe County.

Previous Studies

During 1975-83, the USGS analyzed multiple surface-
water samples collected from the coal-producing area of
Ohio. During 1975-76, the USGS collected water-quality

Site Selection 1

samples from 150 streams during low-flow conditions (Pfaff
and others, 1981; Helsel, 1983). In response to the Surface
Mining Control and Reclamation Act of 1977, water quality
samples were collected at 142 stream sites draining mined
lands, reclaimed mine lands, and unmined lands (Engelke and
others, 1981). During 1985-91, the USGS assessment of water
quality in the coal region continued. The assessment included
41 stream sites that were sampled periodically as part of a
longer-term network and 45 stream sites that were sampled
once (Jones, 1988; Sedam, 1991; Sedam and Francy, 1993).
Several of these USGS sampling sites (1975-91) lie within the
current (2015-16) study area.

In the 1970s, the USACE began a large-scale water-
quality sampling program on MWCD lakes to monitor the
effects of the operation of the dams on water quality (MWCD,
2016). The USACE continues to sample an average of 2 lakes
a year for more than 46 parameters, including concentrations
of 27 metals, 4 nutrients, 9 major ions, 3 physical parameters,
and 3 measures of suspended and dissolved material.

The MWCD collaborates with the Ohio Lake Man-
agement Society Citizen Lake Awareness and Monitoring
program to collect a variety of information at MWCD lakes.
Citizen Lake Awareness and Monitoring citizen-scientists have
been monitoring and collecting algae samples at park beaches
at Atwood, Seneca, and Tappan Lakes. Similarly, since 2010,
the MWCD and USGS have collaborated to sample for bacte-
ria at the same park beaches.

During 2011-15, the OEPA sampled 31 streams at
63 locations and 3 lakes (Tappan, Clendening, and Piedmont)
at 6 locations in the Stillwater Creek drainage basin as part
of a statewide, annual stream water-quality monitoring and
assessment program (OEPA, 2017a). As part of the program,
50 biological (2012), 63 water-chemistry (2011-15), 9 sedi-
ment (2012), 8 fish-tissue (2012), and 23 bacterial (2012) sites
were sampled in the study area.

To further assist in the development of acid mine drain-
age abatement and treatment plans, the Abandoned Mine Land
Program (ODNR-DMRM, 2016), assessed drainage basins in
Ohio that were impacted by abandoned mine land. The pro-
gram developed criteria to identify and assess the severity of
mining impacts based on concentrations of eight water-quality
constituents and properties.

A variety of water-related and other projects in the
study area can be viewed online at the MWCD web-
site (https://www.mwcd.org/projects). A more thorough
list and description of historical water-related studies in
the Tuscarawas River watershed is given in Haefner and
Simonson (2010).

Site Selection

Thirty sites (fig. 1 and table 3) were selected for baseline
sampling. Fourteen sampling sites were colocated with the
14 gages that monitor stream stage and specific conductance
as part of another USGS/MWCD project (fig. 1). These sites
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Table 3. Site information for 30 sites in baseline water-quality study in Muskingum River watershed, Ohio, 2015-16.

Baseline Water Quality of an Area Undergoing Shale-Gas Development in the Muskingum River Watershed, Ohio, 2015-16

[Site types are defined as follows: stream, sites were located on tributaries to the six lakes and contained shale-gas wells completed in the Utica Shale or the Point
Pleasant Limestone in their upstream drainage basins; reference, sites (one for each lake) were selected on tributaries with no to little permitted or existing Utica/
Point Pleasant shale-gas wells and as few conventional oil and gas wells and mining operations as possible in upstream portions of their drainage basins; lake,

sites located at swimming/recreational areas (Tappan Lake, Atwood Lake, Piedmont Lake, and Senecaville Lake); gage, sites were located at the U.S. Geological
Survey (USGS) gages downstream from each lake to coincide with locations where historical streamflow and water-quality data were collected. Sites are listed in
order by lake, north to south and by site, smallest to largest drainage area. ID, identification; mi?, square mile; °, degrees; ', minutes; ", seconds]

Site ) USGS ) Drainage ) )
ID Site name . Site type area Latitude Longitude County
(fig. 1) station number (mi?)
Atwood Lake
1 Unnamed tributary near Dellroy, Ohio 03120961 Stream 338  40°34'05" 81°1526" Carroll
2 Elliot Run near Dellroy, Ohio 403441081125300 Reference 3.5 40°34'41.37" 81°12'53.10" Carroll
3 Willow Run near Dellroy, Ohio 03120869 Stream 7.78 40°34'41" 81°11'34" Carroll
4 Indian Fork at Dellroy, Ohio 03120820 Stream 37.9 40°33'13" 81°11'5" Carroll
5 Atwood Lake at Main Swimmers Beach, Ohio 403219081155500 Lake 70 40°32'19” 81°15'55" Carroll
6 Indian Fork below Atwood Dam near New 03121500 Gage 70 40°31'31" 81°17'18" Carroll
Cumberland, Ohio
Leesville Lake
7 Bear Hole Run near Carrollton, Ohio 03119979 Stream 1.43 40°31'44" 81°8'13" Carroll
8 Unnamed tributary to McGuire Creek near 403052081063100 Reference 9.42 40°30'52" 81°6'30.56”  Carroll
Carrolltown, Ohio
9 North Fork McGuire Creek near Carrollton, Ohio 03119971 Stream 11.3 40°30'48" 81°06'46" Carroll
10 McGuire Creek above Leesville Lake, Ohio 03119341 Stream 13 40°27'42.29" 81°07'31.61" Carroll
11 McGuire Creek near Leesville, Ohio 03120500 Gage 48.3 40°28'13" 81°11'48" Carroll
Tappan Lake
12 Unnamed ditch tributary to Tappan Lake, Ohio 401910081111200  Reference 0.85 40°19'9.52"  81°11'11.9"  Harrison
13 Beaverdam Run above Tappan Lake, Ohio 03127989 Stream 3.5 40°20'48.79" 81°07'36.34" Harrison
14 Standingstone Fork above Tappan Lake, Ohio 03127986 Stream 13.5 40°18'42" 81°6'55" Harrison
15 Clear Fork above Tappan Lake, Ohio 03127980 Stream 233 40°20'19.04"  81°06'50.08” Harrison
16 Tappan Lake at Main Swimmers Beach, Ohio 401926081105100 Lake 71.1 40°1926" 81°10'51.3"  Harrison
17 Little Stillwater Creek below Tappan Dam at 03128500 Gage 71.1 40°2125" 81°13'49" Harrison
Tappan, Ohio
Clendening Lake
18 Coleman Run above Clendening Lake, Ohio 401657081125600 Reference 2.86 40°16'56.9"  81°12'56.4"  Harrison
19 Brushy Fork above Clendening Lake, Ohio 03126395 Stream 359 40°14'52" 81°8'54" Harrison
20 Brushy Fork near Tippecanoe, Ohio 03126910 Gage 70 40°15'58" 81°17'3" Harrison
Piedmont Lake
21 Robinson Run above Piedmont Lake, Ohio 400606081085700 Reference 6.06 40°6'6.4" 81°8'57.1" Belmont
22 Stillwater Creek above Piedmont Lake, Ohio 03125338 Stream 37.9 40°5'03" 81°7'38" Belmont
23 Piedmont Lake near Piedmont, Ohio 400925081105700 Lake 85.8 40°9"25" 81°10'57" Guernsey
24 Stillwater Creek below Piedmont Dam near 401139081125400 Gage' 85.8 40°11'39" 81°12'54" Harrison
Piedmont, Ohio
Senecaville Lake
25 Glady Run above Senecaville Lake, Ohio 395150081204000 Reference 8.29 39°51'50.33"  81°20'39.6”  Noble
26 Beaver Creek above Senecaville Lake, Ohio 03140950 Stream 17 39°54'05" 81°19'10" Noble
27 South Fork at TR199 above Senecaville Lake, Ohio  395036081190200  Stream 27.5 39°50'36" 81°19'02" Noble
28 Seneca Fork above Senecaville Lake, Ohio 03140853 Stream 29.1 39°51'49.8”  81°19'14.6”  Noble
29 Seneca Lake at Swimming Beach near 395433081250100 Lake 118 39°54'33" 81°25'1" Noble
Senecaville, Ohio
30 Seneca Fork below Senecaville Dam near 03141500 Gage 118 39°55"28" 81°26'17" Noble

Senecaville, Ohio

!Gage is at Stillwater Creek at Piedmont, Ohio (USGS station number 03126000). Baseline water-quality samples were collected upstream of the gage at
USGS station number 401139081125400, before inflow from Boggs Fork into Stillwater Creek.



were on tributaries to the six lakes and contained Utica/Point
Pleasant shale-gas wells in their upstream drainage basins. Six
sites (one for each lake) were selected on tributaries with no
to little permitted or existing shale-gas wells drilled into the
Utica/Point Pleasant formation and as few conventional oil
and gas wells and mining operations as possible in upstream
parts of their drainage basins and are hereafter referred to as
“reference sites.” Six additional sites were at the USGS gages
downstream from each lake to coincide with locations where
historical streamflow and water-quality data were collected.
Four lake sites also were selected at swimming/recreational
areas (Tappan, Atwood, Piedmont, and Senecaville Lakes).
The 14-stream stage and specific conductance gages
were not installed until summer 2015 (after the first 2 rounds
of baseline water-quality samples were collected); therefore,
a few discrepancies exist between baseline sampling sites
and gage locations. South Fork above Senecaville Lake,
Ohio (USGS station number 03140900) (28.3 square miles),
was installed a short distance downstream from where the
water-quality samples were collected (South Fork at TR199
above Senecaville Lake, Ohio [USGS station number
395036081190200] [27.5 square miles]). Also, because of the
relocations of two stream stage and specific conductance gage
sites, water-quality samples were collected only five times at
Brushy Fork above Clendening Lake, Ohio (USGS station
number 03126395), and four times at Stillwater Creek above
Piedmont Lake, Ohio (USGS station number 03125338).

Sampling Methods and Laboratory
Analysis

Water-quality data collected for this study included field
parameters and major ions, metals, trace elements, nutrients,
VOCs, radionuclides, and suspended sediment (table 4). These
data were used to identify different sources of water—for
example, water derived from contact with the Utica/Point
Pleasant formation (flowback from hydraulic fracturing
or formation water), produced water from conventional
oil and gas wells, sewage effluent, or coal-mine drainage.
During a variety of flow conditions from April 2015 through
May 2016, samples were collected four to six times at each
site. Two sites—Brushy Fork above Clendening Lake, Ohio,
and Stillwater Creek above Piedmont Lake, Ohio—were
sampled fewer than six times. Streamflow was measured to
document flow conditions at the time of sampling. Because
of complications with high water (stream was deeper than
anticipated, stream could not be waded, and equipment
needed to measure discharge from a bridge or boat was not
immediately available), streamflow could not be measured on
the same day that the water-quality samples were collected for
7 of the 177 samples (table 5).

Hydrographs from two nearby gaging stations— USGS
station number 03121850 northwest of Atwood Lake and
USGS station number 03141870 northwest of Senecaville

Sampling Methods and Laboratory Analysis 13

Lake (figs. 1 and 74-7B), hereafter referred to as “index
gages”—were used to evaluate the suitability of using a later
discharge measurement to estimate discharge at the time of
sample collection. During April 14-16, 2015, streamflow at
the two index gages was steeply receding. Thus, discharge
measurements made during this period (table 5) likely under-
estimate the discharge on an earlier date. During April 20-21,
2015, streamflow was slowly receding at the northern index
gage (fig. 74), so the streamflow measurement made during
this period, near the northern end of the study area at McGuire
Creek above Leesville Lake, Ohio (table 5), is deemed to

be a reasonable approximation of streamflow on the sample
collection date. Finally, streamflow at both index gages

(figs. 74-7B) was stable on June 2-3, 2015, so discharge mea-
surements made during this period (table 5) are deemed to be
a reasonable approximation of streamflow on the sample col-
lection date. In subsequent sections of this report, streamflows
at an individual site are ranked and classified as above- or
below-median streamflow. These rankings will not be affected
by the three underestimated discharges (table 5) because these
three measurements were already in the above-median flow
category. However, the range of discharge values observed at
these three sites may be slightly underestimated.

At each of the 26 stream sites, when possible, depth-
integrated, isokinetic samples were collected with a DH-81
sampler using an equal-width-increment method described in
the USGS National Field Manual (USGS, variously dated).
When water depth was less than 0.3 ft, grab sample(s) were
collected at one or more points across the stream channel
using a sample bottle. When stream velocity was less than
1.5 feet per second, grab sample(s) were collected through the
vertical water column at one or more points across the stream
channel using a DH-81 sampler. Samples were composited
in a churn splitter. At each of three lake sites (Atwood,
Tappan, and Senecaville), water samples were collected and
composited from three wadable locations. At the Piedmont
Lake site, water samples were collected and composited
from the side of a dock. For the lake sites, a DH-81 sampler
was lowered and raised at a uniform rate, similar to stream
samples, from just below the water surface to approximately
3.5 ft and back to the surface.

Water-quality samples were processed using standard
USGS methods (USGS, variously dated; Wilde and
others, variously dated). All samples were analyzed for
alkalinity, total dissolved solids, metals, major ions, trace
elements, nutrients, dissolved organic carbon, radium-226
and radium-228, selected VOCs, and suspended sediment
(table 4). Field measurements of water temperature, specific
conductance, dissolved oxygen concentration, pH, and
alkalinity were made onsite according to standard protocols
(USGS, variously dated). Water temperature, specific
conductance, pH, and dissolved oxygen were measured using
YSI data sondes, and the reported value of each was the
median of at least three readings taken across the stream cross
section. Sulfide concentration was measured, for grab samples
collected in the thalweg or the deepest point in the cross
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Table 5. Water-quality sample-collection sites where discharge at the time of sample collection was estimated using a measurement
made on a later date, April-June 2015.

[ID, identification]

Date Is the discharge measurement a reasonable
Site ID . Water-  Discharge approximation of discharge at the time the water-quality
" Site name -
(fig. 1) quality measure- sample was collected, based on hydrographs
sample ment of nearby streams (fig. 7)?
4 Indian Fork at Dellroy, Ohio 4/14/2015  4/15/2015 Discharge is likely underestimated.
6/2/2015  6/3/2015  Discharge is a reasonable approximation.
6 Indian Fork below Atwood Dam near 4/13/2015 4/16/2015 Discharge is likely underestimated.
New Cumberland, Ohio'
10 McGuire Creek above Leesville Lake, Ohio  4/20/2015  4/21/2015 Discharge is a reasonable approximation.
6/2/2015  6/3/2015  Discharge is a reasonable approximation.
15 Clear Fork above Tappan Lake, Ohio 4/15/2015 4/16/2015 Discharge is likely underestimated.
24 Stillwater Creek below Piedmont Dam near  4/20/2015  4/21/2015 Discharge is an invalid approximation because the water-

Piedmont, Ohio

quality samples were collected just below the dam,
upstream of Boggs Creek and streamflow was measured
a short distance downstream at gage 03126000, down-
stream from Boggs Creek. No discharge measurement
is associated with this sample.

'Gage not operational during this time period, so discharge cannot be determined from the gage. Also, above a gage height of 7 feet, backwater can occur,

so stage-discharge relation is not valid for estimating discharge.

section in the field, with a Hach DR2000 spectrophotometer
by use of the methylene blue method (Hach Company, 1989).
Turbidity was measured on a part of the unfiltered, composited
sample (obtained from churn splitter) in the field using a
portable Hach 2100P turbidimeter. Alkalinity was measured
on a part of the unfiltered, composited sample in the field
using a Beckman 250 pH meter. Analyses for total dissolved
solids, metals, major ions, trace elements, nutrients, VOCs,
and dissolved organic carbon were done at the USGS National
Water Quality Laboratory (NWQL) in Denver, Colorado.
Analyses for radium-226 and radium-228 were done at ALS
Environmental, an NWQL-contracted laboratory in Fort
Collins, Colo. Suspended sediment analyses were done at a
USGS laboratory in Louisville, Ky. Analytical methods are
listed in table 4.

The terms “detection limits,” “reporting levels,” and
“censored values” are often used in discussions of chemical
concentrations. The detection limit is traditionally defined as
the lowest concentration (or amount) of analyte that can be
measured and reported with 99 percent confidence that the
analyte concentration is higher than zero (Electronic Code of
Federal Regulations, 2018b). The reporting level is the lowest
measured concentration that may be reliably measured, is
determined statistically, and may be higher than the detec-
tion limit (NWQL Technical Memorandum 15.02). Censored
values are values less than the detection limit or reporting
level and are reported using a less-than sign (<) in front of
either the detection limit or reporting level value. Censored
values often are referred to as “nondetections,” whereas values

EENE3

higher than the censored values are referred to as “detec-
tions.” The nondetections for all constituents in this report are
reported as less than the detection limit except for VOCs. The
USGS includes measurements of VOCs that are less than the
reporting level but higher than the detection limit. Within this
range, detected VOCs are present, but the quantification is not
as certain as it is for concentrations higher than the report-

ing level. For the purposes of this report, the term “reporting
level” will be used to represent the lowest concentration (or
amount) reported by the laboratory, regardless of the analyti-
cal method used. In some instances, reporting levels decreased
during the project, which resulted in situations where analyti-
cal values normally considered nondetections when compared
to the original reporting level were higher than the new,
decreased reporting level and considered detections. In these
cases of multiple reporting levels, prior to statistical analyses,
results were censored to a common reporting level equal to the
highest nondiluted reporting level used by the laboratory for
that constituent during the study period, as reported in table 4.
For example, from October 1, 2014, through September 30,
2015, the reporting level for bromide was 0.03 mg/L. Starting
on October 1, 2015, the reporting level changed to 0.01 mg/L.
Values less than 0.03 mg/L reported after October 1, 2015, are
thus treated as censored values (in this case, <0.03 mg/L) for
statistical purposes. The analytical results are available online
from the USGS National Water Information System (NWIS)
database (USGS, 2017a). USGS station numbers (table 3) and
parameter codes (table 4) are needed to retrieve these data.
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Figure 7. U.S. Geological Survey gaging stations A, 03121850 Huff Run at Mineral City, Ohio, and B, 03141870 Leatherwood Creek near
Kipling, Ohio, April 1 through June 15, 2015.



Data Analysis and Statistical Methods

Water-chemistry results and geospatial data that included
natural and anthropogenic characteristics were examined for
patterns and relations. Details of these analyses are described
in the “Geospatial Analyses” and “Statistical Analyses”
sections.

Geospatial Analyses

Geospatial data (table 6) were obtained and compiled
using ArcMap (Esri, 2017), a geographic information system
(GIS) tool, to assess potential relations and impacts on water
quality. Drainage basin boundaries were delineated using
StreamStats—a USGS, GIS-based web application that allows
users to obtain the drainage-basin boundary upstream of a
single point (Koltun and others, 2006). These drainage basins
were used to summarize a variety of environmental data and
human-based activities occurring within each upstream drain-
age basin. The geospatial data of human-based activities for
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each drainage basin were divided by the drainage area of the
basin—producing a number per square mile—to help account
for bias introduced by drainage basin areas.

Statistical Analyses

Censored-style boxplots were created using a USGS-
developed function/package (boxPlot.Icens/smwrQW) in
RStudio software (RStudio, Inc., 2016) to compare the range,
median, and outliers of the water-chemistry data. Values that
were less than the reporting level were used in the calculations
but were visually truncated at the censored-value line.

The coefficient of determination (R?) is a measure of the
goodness of fit for a linear regression model and is expressed
as the percentage variation of the response variable that is
explained by the linear model. The R? was used to examine
the relations among specific conductance and concentrations
of sulfate, bicarbonate, and chloride in streams. The R? values
range from 0 to 1. The higher the R? the better the line fits
the data.

Table 6. Geospatial data types, sources, and transformations used for analyses in baseline water-quality study in Muskingum River

watershed, Ohio, 2015-16.

[NA, not applicable]

Data type Source

Data transformation

Oil and gas wells (both conven-
tional and shale)
2017a;

Ohio Department of Natural Resources,
Division of Oil & Gas Resources, 2017b

Lands associated with surface and
underground coal mines
ment, 2017

Active and plugged waste injec-
tion wells

Wastewater treatment plants

Ohio Department of Natural Resources,
Division of Oil & Gas Resources,

Ohio Department of Natural Resources,
Division of Mineral Resources Manage-

Specific well types within the oil and gas database were
compiled to represent only producing oil and gas wells
(rather than dry holes or plugged wells). These well
types included (1) gas, (2) gas show (meaning some
gas), (3) gas with oil show, (4) gas and oil show, (5) oil,
(6) oil and gas, (7) oil show, and (8) oil with gas show.

Four data classes were merged to calculate the percentage
of lands associated with surface coal mines for each
site’s drainage basin: (1) Surface Industrial Minerals
(IM) Mine Operations, (2) Surface Mines, (3) Surface
Coal Mine Operations, and (4) Disturbed Reclamation
Land. Two data classes were merged to calculate the
percentage of lands associated with underground coal
mines for each site’s drainage basin: (1) Underground
Mine Extents and (2) Abandoned Underground Mines.

Ohio Department of Natural Resources, NA
Division of Oil & Gas Resources, 2017¢

Ohio Department of Natural Resources, NA

Division of Oil & Gas Resources, 2017¢

Land cover including forest, agri- Homer and others, 2015 NA
culture, and developed
Municipal, county, and state roads Ohio Department of Transportation, 2014 NA

Townships with permits to spread
brine

Kenny Brown, Ohio Department of Natu-
ral Resources, Division of Oil & Gas
Resources, written commun., 2017

Townships for Carroll County: Augusta, East, Lee, Loud-
on, Monroe, Orange, Perry, Rose, Union, Washington;
Harrison County: Cadiz, German, Green, Harrison,
Monroe, Nottingham, Washington; Guernsey County:
Londonderry; Monroe County: Malaga, Seneca.
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Characteristics such as nonnormality, small sample sizes,
and outliers often make environmental data unsuitable for
common parametric analyses. For these reasons, nonpara-
metric statistical analyses were used in Statistical Analysis
System (SAS) JMP version 13.0.0 software (SAS Institute
Inc., 2016) to draw inferences from the water-quality and
geospatial data. For these nonparametric analyses, all concen-
trations less than the common reporting level for a constituent
were assigned the same value that was less than all reported
concentrations, so that ranks of values less than the highest
reporting level were tied, yet less than the rank for the lowest
measured concentration.

The Spearman’s rank correlation coefficient is a non-
parametric test that measures the strength and direction of
monotonic association between two variables (Helsel and
Hirsch, 1992). The Spearman’s rank correlation coefficient
is computed on the ranks of the data values instead of on the
values themselves. The strength of the relation is denoted
by rho—the closer rho is to +1 or -1, the stronger the asso-
ciation. Positive values of rho signify a positive correlation
and negative values of rho signifies a negative correlation.

All correlations presented were statistically significant at a
95-percent confidence level (p-value <0.05). For purposes of
this report, the strength of the correlation between two proper-
ties or constituents is defined as follows, based on the absolute
value of rho: very-strong correlation 0.80—1.0; strong correla-
tion 0.60-0.79; moderate correlation 0.40 to 0.59; and weak
correlation 0.20—0.39. The drainage areas of some sites were
nested within the drainage basins of other sites. To ensure that
the sample independence requirement for using Spearman’s
rank correlation coefficients was met, lake sites and gage sites
below the lakes were excluded from tests. These sites were
excluded because the upstream drainage basins of these sites
contained drainage basins of other smaller sites, and the data
from these smaller sites were used in the analyses.

The Wilcoxon rank-sum test was used to test differences
among medians of constituent concentrations in different bin
pairs such as coal-mine-impacted versus non-mine-impacted,
samples with a brine component versus samples containing no
brine, sites with and without injection wells in their drainage
areas, and past versus current (2015—16) time periods (Hel-
sel and Hirsch, 1992). All chi-square approximations for the
Wilcoxon rank-sum test statistic used an alpha level of 0.05
to assess significance. The drainage areas of some sites were
nested within the drainage basins of other sites. To ensure that
the sample independence requirement for using the Wilcoxon
rank-sum test was met, lake sites and gage sites below the
lakes were excluded from tests. These sites were excluded
because the upstream drainage basins of these sites contained
drainage basins of other smaller sites, and the data from these
smaller sites were used in the analyses.

An analysis of covariance was done to test the effects
of streamflow, time (1960s, 1970s, 1980s, 2015-16), and the
combined effects (cross product) of streamflow and time on
chloride concentrations. An analysis of covariance was calcu-

lated using SAS JMP at a significance level set at alpha = 0.05.

Quality-Control Results

Quality-control (QC) samples collected during sampling
consisted of blanks and replicates. Blank samples were used to
check for contamination during sample collection, processing,
equipment cleaning, or analysis. Replicate samples were used
to determine the reproducibility/variability in the collection
and analysis of environmental samples. All QC samples were
collected and processed according to protocols described in
the USGS National Field Manual for the Collection of Water-
Quality Data (USGS, variously dated).

To ensure sample integrity and final quality of data, QC
samples (12 equipment blanks, 22 field blanks, and 19 repli-
cate samples) were collected for all analytes except those mea-
sured or analyzed in the field (alkalinity, bicarbonate, carbon-
ate, dissolved oxygen, pH, specific conductance, sulfide, and
temperature) and sent to the appropriate laboratory for analysis
(Covert and others, 2018). The QC sample results were evalu-
ated using the reporting levels originally specified by the labo-
ratory, not the common reporting levels (table 4) subsequently
used for statistical evaluation of environmental data.

Equipment Blanks

Prior to field sampling, 12 equipment blanks (Covert and
others, 2018) were processed in a laboratory setting in Febru-
ary 2015. The equipment blanks were processed to confirm
that sampling equipment, tubing, filters, and preservatives
that would be used to collect and process the stream samples
would not contribute appreciable amounts of the constituents
of interest to the environmental samples.

Inorganic-free blank water was poured into each of the
six churn splitters that would be used in the field to composite
water collected across a stream cross section. Blank water
aliquots to be analyzed for total phosphorus were collected
from the churn spigot. Water samples to be analyzed for all
dissolved inorganic and radiologic constituents were drawn
from each churn using silicon tubing attached to a peristaltic
pump, then passed through a 0.45-micrometer (um) pore-size
disposable capsule filter. Aliquots to be analyzed for total par-
ticulate carbon and nitrogen (TPCN) were filtered through one
of the two 0.7-pum pore-size glass-fiber filtering apparatuses to
be used in the field. For the dissolved organic carbon equip-
ment blank, volatile- and pesticide-free blank water (VPBW)
was drawn from the blank water bottle through the silicon
tubing by use of the peristaltic pump and then passed through
anew 0.45-pum pore-size disposable capsule filter. Equipment
blank results for both pieces of equipment (churns and TPCN
apparatuses) are listed as a single sample (Covert and others,
2018). For the VOC-sampler equipment blanks (Covert and
others, 2018), each of the five VOC samplers to be used in
the field were separately placed into a clean, stainless steel
container and filled with VPBW until the vials in the sampler
filled. All equipment blank samples for organic, inorganic, and



radiologic constituents were preserved using the same proce-
dures used for the environmental samples.

Multiple bottles of inorganic-free blank water and vola-
tile- and pesticide-free blank water with the same lot numbers
were used in the process of preparing the equipment blanks.
When the bottles were opened, an aliquot of the unfiltered
water was poured immediately into sample containers and
stored at 4 degrees Celsius until results of equipment blank
analyses were received. These samples are referred to as
“source-solution blanks” (Francy and Shaffer, 2008). Source-
solution blanks were analyzed only if a constituent was
detected in an equipment blank.

Seven inorganic and organic equipment and source-
solution blanks were sent to the NWQL for analysis (Covert
and others, 2018). Six radiological equipment and source-
solution blanks were sent to ALS Environmental for analysis
(Covert and others, 2018). The VOC source-solution blank
was not analyzed because VOCs were not detected in
equipment blanks (Covert and others, 2018).

Concentrations of most constituents in the equipment
blanks were less than the reporting levels with the following
exceptions: (1) chloride was detected in one blank sample
(churn 5) at the reporting level (0.02 mg/L); (2) manganese
was detected in one blank sample (churn 3) at the report-
ing level (0.2 microgram per liter [pg/L]); (3) total particu-
late carbon was detected in one blank sample (churn 1) at a
concentration of 0.57 mg/L; (4) silica was detected in blank
samples from all churns, with concentrations ranging from
0.11 to 0.25 mg/L; (5) radium-226 was detected in blank
samples from all churns, with concentrations ranging from
0.07 to 0.16 picocurie per liter (pCi/L); and (6) radium-228
was detected in blank samples from three of the six churns,
with concentrations ranging from 0.23 to 0.35 pCi/L (Covert
and others, 2018). The detected concentration of chloride in
the equipment blank (0.02 mg/L) was at least 100 times less
than the lowest chloride concentration in the environmental
samples (2.12 mg/L), making the contribution by sample
equipment negligible. The detected concentration of man-
ganese in the equipment blank (0.2 pg/L) was about four
times less than the lowest manganese concentration in the
environmental samples (0.78 pg/L), making the contribution
by sample equipment negligible. Following the detection of
TPC in the equipment blank from churn splitter 1 and TPCN
apparatus 2, these pieces of equipment were recleaned prior to
field use. Subsequent field blanks collected from churn 1 and
TPCN apparatus 2 (Seneca Fork below Senecaville Dam near
Senecaville, Ohio [USGS station number 03141500] on Octo-
ber 26, 2015, and McGuire Creek near Leesville, Ohio [USGS
station number 03120500] on March 15, 2016) contained no
detectable TPC (Covert and others, 2018).

Only silica, radium-226, and radium-228 were con-
sistently detected in equipment blanks. Because silica
was detected in the six churn (equipment) blanks but only
0.008 mg/L was detected in the source-solution blank, the
contribution of silica by sampling equipment—most likely, the
new silicon tubing—was indicated. Subsequent field blanks
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contained silica at concentrations of <0.018 to 0.08 mg/L
(Covert and others, 2018), indicating that silica contribution
to environmental samples from silicon tubing likely decreased
with time. Regardless, the highest concentration of silica

in any equipment blank (0.25 mg/L) was at least five times
less than the lowest silica concentration in the environmen-
tal samples (1.48 mg/L), making the contribution by sample
equipment negligible. No environmental concentrations of
silica were censored based on QC findings.

The presence of radium-226 and radium-228 in the
equipment blanks is indicative of the ubiquitous nature of
these naturally occurring radionuclides. Both constituents also
were detected in the source-solution blank (Covert and others,
2018)—in the case of radium-228, at a higher concentra-
tion (0.64 pCi/L) than was detected in the equipment blanks.
Concentrations present in source solution and equipment
blanks did not seem to indicate contamination of equipment
or poor sample-handling technique. Rather, concentrations
were within the range of normal background levels (Ann Mul-
lin, NWQL Radiochemistry Unit Chemist, written commun.,
2017). Radium reporting level decisions based on QC data are
discussed further in the “Field Blanks™ section.

Field Blanks

To identify contamination from equipment, supplies,
ambient environmental conditions, and sample handling tech-
niques (Francy and Shaffer, 2008), field blank samples were
collected for 52 analytes (Covert and others, 2018). Blanks
were not collected for alkalinity, bicarbonate, carbonate, dis-
solved oxygen, pH, specific conductance, sulfide, or sus-
pended sediment. Ten blank samples were collected and pro-
cessed through (1) a churn splitter for major ion, trace metal,
nutrient, dissolved organic carbon, and radionuclide analytes
and (2) a sampler for VOCs. The field blanks were collected
using the same procedures described for the equipment blanks
except that the samples were processed streamside rather than
in a laboratory. Field blanks were collected at a sampling loca-
tion prior to the sampling equipment and churn splitter being
used to collect the environmental sample.

Bias was evaluated by comparing the range of blank
results to the range of all environmental results and was
calculated as the percentage of detections in environmental
samples that were less than the maximum blank value (ideally,
zero percent). Field blanks contained detectable concentrations
of aluminum, ammonia, arsenic, chloride, lithium, magne-
sium, silica, styrene, total particulate carbon, total dissolved
nitrogen, radium-226, and radium-228 (Covert and others,
2018). For ammonia, arsenic, chloride, lithium, magnesium,
silica, total particulate carbon, and total dissolved nitrogen, the
percentage of environmental samples with detected concentra-
tions less than the maximum field blank concentration ranged
from 0 to 10.9 percent.

For aluminum and styrene, however, detected concen-
trations were less than the maximum blank concentration
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for most of the environmental samples (65.1 and 84 percent,
respectively). Aluminum foil was used to cover and protect
some of the field equipment from contaminants and might
have increased aluminum concentrations in the environmen-
tal samples. Styrene, a component of motor vehicle gasoline
(Zogorski and others, 2006), can potentially be present in
exhaust fumes in the ambient air during sample collection,
processing, and shipment. To eliminate positive bias from
potential systematic contamination in the environmental
samples, the environmental results for aluminum and styrene
were censored at three times the average detectable blank con-
centration—20.8 and 0.31 pg/L, respectively (table 4). Cen-
soring the data in this way was deemed to be conservative and
resulted in 25 of 177 samples (14 percent) having aluminum
concentrations higher than the new reporting level. Styrene
detections were not higher than the new reporting level.
Additionally, some field blanks for aluminum, ammo-
nia, and styrene contained concentrations that were near or
higher than the associated environmental sample (although
for ammonia this was not deemed to be a systematic problem
with the dataset). In these instances of concentrations near or
higher than the associated environmental sample, the tabulated
blank-pair results were colored red and bolded in (Covert and
others, 2018), and the environmental data were given a remark
code of “V” (meaning “value affected by contamination”) and
a value-qualifier code of “e” (meaning “see field comments for
this result”) in the USGS NWIS database (USGS, 2017a).
Field blank and environmental sample pairs for
radium-226 and radium-228 were evaluated using the formula
for normalized absolute difference (McCurdy and others,
2008, p. 15), which considers the sample results and associ-
ated uncertainties (plus or minus values) to determine whether
the pairs are statistically the same or different at a 95-percent
confidence level. Of the 10-field blank/environmental sample
pairs analyzed for radium-226, 8 were not determined to be
statistically different, as designated by bolded blue text in the
tabulated results (Covert and others, 2018). All the radium-228
field blank/environmental sample pairs were statistically the
same. The great degree of overlap in radiological blanks and
environmental samples, however, was not viewed as contami-
nation from equipment or sample-handling technique; rather,
counts detected in blanks were within the range of normal,
background levels (Ann Mullin, NWQL Radiochemistry
Unit Chemist, written commun., 2017). To evaluate samples
exceeding background levels of radium-226 and radium-228
(for those samples that did not have an associated field blank),
the environmental results for these constituents were compared
to the highest blank count for each constituent—radium-226
count of 0.18+0.053 pCi/L (field blank) and radium-228 count
of 0.64+0.13 pCi/L (source-solution blank)—using normalized
absolute differences (McCurdy and others, 2008). Radium-226
counts in only two environmental samples were different from
the highest field blank count at a statistically significant level.
Similarly, the radium-228 count for only one environmental
sample was different from the highest source-solution blank
count at a statistically significant level. For the purposes of

this report, reporting levels for radium-226 and radium-228
were increased to 0.51 and 1.2 pCi/L (table 4), respectively, to
distinguish samples with counts at or higher than these levels
from samples with counts statistically the same as blanks.

Analytical Bias

To determine and track the degree of bias and variabil-
ity (or uncertainty) associated with the measured values of
chemical concentration with time, the USGS Quality Systems
Branch (QSB) operates independent, external, blind sample
projects for inorganic, nutrient (Inorganic Blind Sample Proj-
ect), and organic (Organic Blind Sample Project) constituents
(USGS, 2017b). Through the projects, “blind” QC samples are
submitted for analysis, meaning that concentration levels in
the samples are unknown to the analyst. Blind QC samples are
either blanks or contain selected inorganic, organic, and nutri-
ent constituents at various concentrations and are presented
as routine environmental samples. Tables and charts available
from the QSB website (https://bgs.usgs.gov) indicate how
closely the NWQL analytical results approximate the target
value of the blind QC samples. Metrics obtained from the
QSB for dissolved aluminum (parameter code 01106, method
code PLM43) indicated false positive rates of 8 and 11 percent
for 2015 and 2016, respectively, in blind blanks sent to the lab.
Most (78 percent) of the false positive concentrations were
less than 11 pg/L. Thus, analytical bias could have caused
some of the aluminum detections in field blanks. This analyti-
cal bias further validates the decision to increase the reporting
level for aluminum to 20.8 pug/L for the purposes of this report.
Furthermore, control charts obtained from the QSB website
indicated a consistently positive deviation in measured alumi-
num concentrations from the known concentration of the blind
samples (the median concentrations of each constituent in the
standard reference samples [https://bgs.usgs.gov/srs] used to
make the double-blind QC samples) during the time that study
samples were being analyzed for inorganics (April 13, 2015,
through August 4, 2016). This deviation suggests that alumi-
num results for this study might exhibit a similar positive bias.

Blind blank results for styrene (parameter code 77128,
method code GCM66) included no false positives or false neg-
atives for the period that study samples were being analyzed
for VOCs (April 13, 2015, through October 31, 2016)
(https://bgs.usgs.gov/OBSP/False _pos neg Marchl7.html).
These results indicated that the source of styrene contamina-
tion in the field blanks for this study was not from the labora-
tory but rather was introduced in the field.

Replicate Samples

To identify or determine variability (random measure-
ment error) in the collection and analysis of environmental
samples, replicate samples were collected for 52 analytes
(Covert and others, 2018). Replicates were not collected for
alkalinity, bicarbonate, carbonate, dissolved oxygen, pH,
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specific conductance, or sulfide. Ten sequential VOC repli-
cate samples were collected with the same VOC sampler and
methodology as the environmental samples. Nine additional
(non-VOC) replicate samples were collected and processed
through a churn splitter. These non-VOC replicate samples
were collected with the same sampling equipment as the
environmental samples but composited in different churn split-
ters—putting samples from alternating transect passes into one
of two churn splitters. Variability was evaluated in two ways:
(1) variability of detections for replicate sets and (2) variabil-
ity of concentrations.

Variability of Detections

Variability of detections was assessed by calculating the
mean percentage detection of a constituent and the percentage
of inconsistent replicate sets (sets that contain one detection
and one nondetection) (table 7). The mean detection rate of
an analyte was calculated as the average of the percentage
detections for the replicate sets within a given concentration
range (Mueller and others, 2015). The percentage detections
in a single replicate set was 100 percent when both values in a
replicate set were detections and 50 percent when a replicate
set contained detections and nondetections. Replicate sets with
two nondetections were excluded from the calculation of mean
percentage detection values. The percentage of replicate sets
with inconsistent detections was calculated as the number of
replicate sets with inconsistent detections divided by the total
number of replicate sets minus the number of sets with consis-
tent nondetections (both results less than the reporting level)
(Mueller and others, 2015).

Variability of constituent detections was a function of
concentration, and estimates of variability were developed
for discrete ranges of concentration. The mean percentage
detection and the percentage of inconsistent replicate sets were
calculated separately for three ranges of concentration that are
a function of the reporting level as follows: (1) less than the
reporting level, (2) the reporting level to 10 times the report-
ing level, and (3) higher than 10 times the reporting level. For
convenience in the text and for relative comparisons, the three
ranges of concentration are referred to as “low,” “medium,”
and “high,” respectively.

A mean percentage detection of 75 percent or less and
a percentage of inconsistent replicate sets of 50 percent or
higher was used in this assessment to indicate that variability
of detection was high (Martin, 2001). Both approaches to
calculating variability of detection indicated high variability
at concentrations less than the reporting level; variability
decreased with increasing concentrations. High variability of
detection was determined in 7 of 14 (50 percent) constituents
in the low range, 1 of 18 (6 percent) in the medium range, and
0 of 21 (0 percent) in the high range (table 7). Constituents
with a high variability of detection in the low range included
iron, nitrate plus nitrite, particulate nitrogen, 1,2,3-trimethyl-
benzene, 1,2,4-trimethyl-benzene, acetone, and benzene
(table 7). Only the variability of detection in the medium range
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was considered high for zinc. The zinc concentration for the
environmental sample at Seneca Fork above Senecaville Lake,
Ohio, on August 26, 2015, was 17.3 ng/L, whereas the repli-
cate result was a nondetection.

In general, the higher variability of detection for ana-
lyte concentrations near the reporting level than for those at
medium and high concentrations was attributed to variability
in the analytical method and not to sample contamination,
which the use of reporting levels is intended to prevent. Most
instances of high variability of detection were calculated with
a maximum of only one replicate set (two for iron).

Variability of Concentrations

The variability of concentrations was assessed using
relative percent differences (RPD) for replicate sets having
two detected values (Covert and others, 2018). The RPD in
concentrations between replicate paired samples (for example,
cl and c2) were calculated as [100*(c1—2) / ((c1+c2)/2)].

A criterion of 20 percent difference or less was considered
acceptable. The RPD could not be calculated for seven incon-
sistent replicate sets (sets that contain one detection and one
nondetection). Median RPD and range of differences in con-
centration for replicate sets were computed for each constitu-
ent (Covert and others, 2018).

For major ions, all RPDs were less than 20 percent, and
the median RPD ranged from 0 to 3.5 percent. For met-
als and trace elements, the median RPDs for seven of nine
constituents were less than 20 percent and ranged from 0.5 to
19.7 percent. The median RPDs for aluminum and iron were
44.3 and 31.5, respectively. The RPD for aluminum replicates
ranged from 0 to 72.1 percent, and the differences between the
environmental and replicate concentrations ranged from 0 to
8.3 ng/L. (Note that RPDs for aluminum were calculated prior
to raising the reporting level for aluminum to eliminate bias
indicated in field blanks. All replicate results were less than
the raised reporting level of 20.8 pug/L.) RPDs for iron repli-
cate values ranged from 6.6 to 138.2 percent, and the differ-
ences between the environmental and replicate concentrations
ranged from 3.4 to 133.2 pg/L. Although the median RPD of
19.7 percent for lithium was less than the 20 percent criterion,
the individual RPDs ranged from 0.4 to 102 percent and four
individual RPDs were more than 20 percent. For nutrients,
all median RPDs were less than 20 percent and ranged from
0to0 9.9 percent. For turbidity and suspended sediment, both
median RPDs were less than 20 percent and were 5.1 to
17.8 percent, respectively.

The variability of replicate pairs for radium-226 and
radium-228 was evaluated using the formula for normal-
ized absolute difference (McCurdy and others, 2008, p. 15),
which considers the sample results and associated uncertain-
ties (plus or minus values) to determine whether the pairs are
statistically the same or different at a 95-percent confidence
level. Replicate pairs can be determined to be statistically the
same, even when one sample is deemed a detection and the
other sample is deemed a nondetection (Ann Mullin, NWQL,
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Table 7. Variability of detections in field replicates for baseline water-quality study in Muskingum River watershed, Ohio, 2015-16.

[Consistent detection means that the constituent concentration was greater than the reporting level in both samples in a replicate set, or it was not detected in
either sample. Inconsistent detections means that the constituent concentration was greater than the reporting level for one sample in a replicate set, but not the
other sample. The mean detection rate of an analyte was calculated as the average of the percentage detections for the replicate sets within a given concentra-
tion range. The percentage detections in a single replicate set was 100 percent if both values in a replicate set were detections and 50 percent if a replicate set
contained both detections and nondetections. The percentage of replicate sets with inconsistent detections was calculated as the number of replicate sets with
inconsistent detections divided by the total number of replicate sets minus the number of sets with consistent non-detections (both results less than the reporting
level) (Mueller and others, 2015). The variability of radium-226 and radium-228 measurements were evaluated using a different method and are not shown in
this table. <, less than; mg/L, milligrams per liter; ug/L, micrograms per liter; N, nitrogen; >, greater than or equal to; P, phosphorus; SiO,, silica]

Number of replicate sets with Mean Replicate sets
Analyte Reporting Atleastone  Consistent Inconsistent detection  with inconsistent
level j A : rate detections
detection detections detections (percent) (percent)
(Low) mean concentration of the replicate sets: < reporting level
Bromide (mg/L) 0.05 5 3 2 80 40
Aluminum (pg/L) 18 8 7 1 93.75 12.5
Arsenic (pug/L) 0.6 7 7 0 100 0
Iron (ug/L) 4 2 0 2 50 100
Nitrogen (nitrate plus nitrite) (mg/L as N) 0.04 1 0 1 50 100
Total particulate nitrogen (mg/L) 0.03 1 0 1 50 100
1,2,3-Trimethyl-benzene (pg/L) 0.06 1 0 1 50 100
1,2,4-Trimethyl-benzene (ng/L) 0.032 1 0 1 50 100
Acetone (pg/L) 34 1 0 1 50 100
Benzene (pg/L) 0.026 1 0 1 50 100
m-Xylene plus p-xylene (ug/L) 0.08 1 1 0 100 0
o-Xylene (ng/L) 0.032 1 1 0 100 0
Styrene (pg/L) 0.042 4 3 1 87.5 25
Toluene (pg/L) 0.03 1 1 0 100 0
(Medium) mean concentration of the replicate sets: > reporting level and < 10 times the reporting level
Suspended sediment (mg/L) 1 4 4 0 100 0
Total dissolved solids (mg/L) 20 3 3 0 100 0
Bromide (mg/L) 0.05 1 1 0 100 0
Fluoride (mg/L) 0.01 2 2 0 100 0
Arsenic (ng/L) 0.6 1 1 0 100 0
Boron (ug/L) 2 1 1 0 100 0
Iron (ug/L) 4 1 1 0 100 0
Lithium (pg/L) 0.22 6 6 0 100 0
Zinc (ng/L) 1.9 1 0 1 50 100
Ammonia (mg/L as N) 0.01 7 7 0 100 0
Nitrogen (nitrate plus nitrite) (mg/L as N) 0.04 4 4 0 100 0
Orthophosphate (mg/L as P) 0.004 5 5 0 100 0
Total particulate nitrogen (mg/L) 0.03 7 7 0 100 0
Phosphorus (mg/L as P) 0.004 7 7 0 100 0
Total dissolved nitrogen (mg/L) 0.05 7 7 0 100 0
Total particulate carbon (mg/L) 0.05 4 4 0 100 0
Dissolved organic carbon (mg/L) 0.23 3 3 0 100 0
Styrene (ng/L) 0.042 1 1 0 100 0
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Table 7. Variability of detections in field replicates for baseline water-quality study in Muskingum River watershed, Ohio, 2015-16.

—Continued

[Consistent detection means that the constituent concentration was greater than the reporting level in both samples in a replicate set, or it was not detected in
either sample. Inconsistent detections means that the constituent concentration was greater than the reporting level for one sample in a replicate set, but not the
other sample. The mean detection rate of an analyte was calculated as the average of the percentage detections for the replicate sets within a given concentra-
tion range. The percentage detections in a single replicate set was 100 percent if both values in a replicate set were detections and 50 percent if a replicate set
contained both detections and nondetections. The percentage of replicate sets with inconsistent detections was calculated as the number of replicate sets with
inconsistent detections divided by the total number of replicate sets minus the number of sets with consistent non-detections (both results less than the reporting
level) (Mueller and others, 2015). The variability of radium-226 and radium-228 measurements were evaluated using a different method and are not shown in
this table. <, less than; mg/L, milligrams per liter; ug/L, micrograms per liter; N, nitrogen; >, greater than or equal to; P, phosphorus; SiO,, silica]

Number of replicate sets with Mean Replicate sets
Analyte Reporting Atleastone  Consistent  Inconsistent detection  with inconsistent
level j A ; rate detections
detection detections detections (percent) (percent)
(High) mean concentration of the replicate sets: > 10 times the reporting level
Suspended sediment (mg/L) 1 5 5 0 100 0
Total dissolved solids (mg/L) 20 6 6 0 100 0
Calcium (mg/L) 0.022 9 9 0 100 0
Magnesium (mg/L) 0.011 9 9 0 100 0
Sodium (mg/L) 0.06 9 9 0 100 0
Potassium (mg/L) 0.03 9 9 0 100 0
Chloride (mg/L) 0.02 9 9 0 100 0
Sulfate (mg/L) 0.02 9 9 0 100 0
Fluoride (mg/L) 0.01 7 7 0 100 0
Silica (mg/L as SiO,) 0.018 9 9 0 100 0
Barium (pg/L) 0.25 9 9 0 100 0
Boron (ug/L) 2 8 8 0 100 0
Iron (ug/L) 4 4 4 0 100 0
Lithium (png/L) 0.22 3 3 0 100 0
Manganese (ug/L) 0.2 9 9 0 100 0
Strontium (pg/L) 0.2 9 9 0 100 0
Nitrogen (nitrate plus nitrite) (mg/L as N) 0.04 1 1 0 100 0
Phosphorus (mg/L as P) 0.004 2 2 0 100 0
Total dissolved nitrogen (mg/L) 0.05 2 2 0 100 0
Total particulate carbon (mg/L) 0.05 5 5 0 100 0
Dissolved organic carbon (mg/L) 0.23 6 6 0 100 0
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written commun., 2017). For radium-226, eight of nine rep-
licate pairs were statistically the same at a 95-percent confi-
dence level as calculated using normalized absolute percent
difference (Covert and others, 2018; samples designated by
black text). For radium-228, seven of nine replicate pairs were
statistically the same. This result indicates good reproduc-
ibility, even at the low concentrations detected in the study
samples.

Data Treatment Based on Quality-Control
Results

In summary, reporting levels were raised for the purposes
of this report on two constituents—aluminum and styrene—to
eliminate systematic positive bias in environmental samples
caused by sample collection, sample handling, or sample
analysis. Similarly, reporting levels for radium-226 and
radium-228 were raised to distinguish samples with natural
background counts from samples with counts higher than natu-
ral background levels. The reporting levels were raised prior to
graphical plotting or statistical analysis of data.

Sampling and analytical variability were evaluated using
replicate analyses. In subsequent sections of this report, when
statistical analysis of water-quality data identified statistically
significant differences between groups of data (such as sites
impacted by mine drainage versus non-mine-impacted sites,
samples containing a component of brine versus samples with-
out a brine component, and samples from sites with injection
wells in the drainage basin versus samples without injec-
tion wells in the drainage basin), the authors assessed if the
observed difference in median concentrations between groups
was higher than the maximum difference in concentration
between QC replicate pair samples (Covert and others, 2018).
Notations on boxplots of grouped data indicate when apparent
differences between groups may be the result of sampling and
analytical variability rather than actual environmental differ-
ences between groups.

Baseline Water Quality

This report documents the occurrences and
concentrations from April 2015 to May 2016 of a suite of
constituents, many of which may be present at elevated
concentrations in sediment released by construction of well
pads, flowback and produced waters associated with oil and
gas development, or coal-mine drainage. As part of the record
of baseline conditions, water-quality data were used to assess
(1) water types based on major ion chemistry; (2) sources of
salinity to streams; (3) seasonal and spatial variations in water
quality associated with natural drainage basin characteristics,
in-lake processes, or unknown factors; (4) potential for stream
water to adversely affect aquatic life; (5) relations between
water chemistry and measures of oil and gas development; and

(6) comparison of study results to historical (1960s—1980s)
chloride concentrations.

Summary statistics are presented for physical water-
quality properties and chemical analyses for streams, lakes,
and the gage sites below the dams (table 8). Complete
analytical results are available online from the USGS NWIS
database (USGS, 2017a).

Hydrologic Conditions and Changes in Specific
Conductance Captured by Sampling Events

Six samples were collected at each site to character-
ize water chemistry during a range of hydrologic conditions.
Usually in this type of study, the conditions captured by the
sampling events are compared to the range of hydrologic
conditions that occurred historically in the area to provide
context. However, the only long-term historical streamflow
data available in the study area are from the gages below the
dams, where streamflow is artificially controlled. Stream stage
and specific conductance data do exist, however, at each of
the 14 water-quality gages installed on tributaries to the lakes
in 2015. Thus, to assess the range of conditions that occurred
at a site compared to the amount of variation represented by
the sampling events, the six discrete values of stream stage
and specific conductance at each site were compared to hourly
measurements of stream stage and specific conductance at
each of the 14 water-quality gages (figs. 1-14 through 1-1N).
Discrete and continuous specific conductance readings taken
at the same time do not always match exactly. Discrete specific
conductance values were the median of at least three readings
taken across the stream cross section, whereas continuous
specific conductance readings were taken at a single point in
the stream. Specific conductance is an indication of the ionic
strength of water, which is related to the concentration and
charge of all ions in solution (Hem, 1985). Together, stream
stage and specific conductance provide clues about the hydro-
logic conditions sampled—whether a sample is composed pri-
marily of groundwater discharge or runoff. Also, the amount
of variation in specific conductance captured combined with
visual inspection of the hydrographs (figs. 1-14 through
1-1N) provides a qualitative indicator of stream chemistry and
indicates if the samples adequately represent the gradient of
major ion concentrations likely to occur at a site.

As an example, measurements made at Unnamed tribu-
tary near Dellroy, Ohio (in the Atwood Lake drainage basin)
are shown in figure 1-14. This plot is typical of patterns of
specific conductance and stream stage indicated at almost all
sites. Specific conductance was generally high during dry,
low stream stage periods, but decreased during rainfall events
because of the influx of runoff with low specific conductance,
as indicated by sudden decreases in specific conductance
corresponding to peaks in stream stage. This pattern also
occurs because groundwater contains minerals dissolved
from the aquifer matrix that cause the specific conductance
to be elevated relative to that of precipitation, and base flow
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(groundwater discharge to streams) makes up a larger part of
the streamflow during dry periods.

Stream stage and specific conductance also can be
affected by seasonality. In winter, after vegetation has been
killed by frost, proportionally less precipitation is lost to
evaporation and plant uptake, and more precipitation reaches
streams as runoff than during late spring and summer. This
result is evidenced by generally higher base flow during the
winter and early spring (mid-December through late April) and
a higher rise in stream stage after winter precipitation events
compared to the rise in stream stage that occurs after a sum-
mer precipitation event. The result is that specific conductance
tends to be less during the winter and starts to rise again in
May as temperatures rise, triggering increases in evaporation
and plant growth with its attendant transpiration. This sea-
sonal trend in specific conductance is muted at water-quality
gage sites in the Senecaville Lake drainage basin (figs. 1-1L
through 1-1N), and flow in this drainage basin is flashier
(more sudden and higher spikes in stream stage) than in the
lake drainage basins to the north.

At each of the 14 gages, the range of specific conduc-
tance measured during the 6 sampling rounds was divided
by the range of specific conductance measured hourly from
April 1, 2015, through June 30, 2016, to determine the per-
centage of total variation that was captured by the sampling
events (table 9). Maximum and minimum specific conductance
measured at the site always were recorded at the gage—not by
a discrete measurement. Water-quality sampling captured from
18.6 to 71.3 percent of total variation in specific conductance
at the sites. A lesser average percentage variation was captured
by samples at sites in Piedmont and Senecaville drainage
basins relative to sites in other lake drainage basins (table 9).

The range of stream stage measured during the six dis-
crete sampling rounds was divided by the total observed range
in stream stage to determine the percentage variation in stream
stage that was captured by the sampling events. Total range
of stream stage was the maximum value (always observed at
the gage) minus the minimum value (sometimes a gage read-
ing, sometimes a discrete reading). Water-quality sampling
captured from 13.2 to 51.0 percent of total variation in stream
stage at the sites (table 9). Sampling generally occurred dur-
ing low flows (periods of higher groundwater contribution)
rather than during runoff events (periods of high stream stage,
decreased specific conductance), although a runoff event in
March 2016 was captured at some sampling sites (figs. 1-14
through 1-1F and figs. 1-1G through 1-1/).

The 14 gages that continuously record water quality
captured sudden, unusual spikes in specific conductance that
seem to represent “incidents”—releases of water with differ-
ent chemical characteristics relative to that usually present in
the stream. These incidents were not captured by the water-
quality samples. An example of such an incident was recorded
at Willow Run near Dellroy, Ohio, in July 2015 (fig. 1-1B).
Although rise in stream stage on July 6 coincided with a drop
in specific conductance, as expected, the next, lower rise in
stream stage on July 14 coincided with an increase in specific
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conductance of 166 microsiemens per centimeter at 25 degrees
Celsius (uS/cm) that lasted for 9 days (fig. 1-1B). A similar,
sudden and unusual increase in specific conductance by more
than 400 uS/cm occurred at McGuire Creek above Leesville
Lake, Ohio, between June 27 and July 11, 2015 (fig. 1-1F),
concurrent with a rise in stream stage (although this time

the specific conductance increase consisted of three, closely
spaced pulses). The discrete water-quality sampling rounds
did not capture either of these unusual specific conductance
incidents (resulting in a particularly low score for percent-
age of specific conductance variation captured by sampling at
McGuire Creek above Leesville Lake, Ohio [table 9]). How-
ever, the timing of discrete samples bracketed the incidents.

Water Types Based on Major lons

Differences in the chemical composition of water at
different sampling sites can be examined by use of trilinear
diagrams (fig. 8). This type of diagram is constructed by
converting concentrations of major cations and anions to mil-
liequivalents per liter and then plotting relative percentages of
the major cations on the lower left triangle and major anions
on the lower right triangle (Hem, 1985). Each corner on the
triangles represents 100 percent of a particular type (or types)
of ions. The cation and anion compositions are then pro-
jected along lines parallel to the outer edges of the equilateral
triangles until the cation and anion projections intersect on the
upper, diamond-shaped diagram. Plotting of the data in this
way allows concentrations of multiple cations and anions to
be examined at once. In addition to plotting data for samples
from the 30 sites, data for brines originating from oil and gas-
drilling activities in Ohio (Blondes and others, 2017; hereafter
referred to as “Ohio brines”) were plotted on the trilinear
diagram as points of reference, as were water samples affected
by road salt. The brines were from conventional wells—no
analyses of Marcellus Shale or Utica/Point Pleasant formation
brines were available from Ohio. The water samples affected
by road salt included a sample of road salt runoff from beneath
a bridge in Western Springs, Illinois (sample RS-2 in table 2
of Panno and others [2005]) and samples of groundwater
collected from monitoring wells at a salt-storage facility in
Valparaiso, Indiana (wells TW-2, TW-94D, TW-94E, MW-3,
MW-4, MW-5, and MW-7 in table 1 of Risch and Robinson
[2000]). The surface-water samples that plot close to the Ohio
brines or road salt affected samples have a higher proportion
of sodium and chloride ions than other stream samples and
might contain a component of road salt or oil-field brine.

The study samples can be divided into the following
three distinct groups: calcium-bicarbonate-type waters that
are dominated by the bicarbonate anion, calcium-magnesium-
sulfate-type waters that are dominated by the sulfate anion
(hereafter referred to as “sulfate-type waters”), and mixed
bicarbonate-chloride-type waters. Most of the samples were
calcium-bicarbonate waters. Samples from all Piedmont Lake
sites, most Tappan Lake sites (Standingstone Fork above
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EXPLANATION

Atwood Lake and stream samples
Leesville Lake and stream samples
Tappan Lake and stream samples
Clendening Lake and stream samples

Piedmont Lake and stream samples
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Senecaville Lake and stream samples
Ohio brine (from Blondes and others, 2017)

Road salt (from Panno and others, 2005;
Risch and Robinson, 2000)
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Figure 8. Major cation and anion percentages for 30 water-quality samples collected in Muskingum River watershed, Ohio,

2015-16.

Tappan Lake, Ohio; Clear Fork above Tappan Lake, Ohio;
Tappan Lake at Main Swimmers Beach, Ohio; and Little Still-
water Creek below Tappan Dam at Tappan, Ohio), and most
Clendening Lake sites (Brushy Fork above Clendening, Ohio,
and Brushy Fork near Tippecanoe, Ohio) were sulfate-type
waters. The highest specific conductance (higher than 410 pS/
cm), elevated concentrations of total dissolved solids (higher
than 285 mg/L), sulfate (higher than 100 mg/L), and magne-
sium (higher than 18 mg/L) relative to other samples were
observed in the sulfate-type waters.

The Ohio brines and road salt affected waters from
Indiana and Illinois are sodium-chloride-type waters. Ion
compositions enriched in chloride and sodium plus potassium
relative to the other surface-water samples were observed in
several samples from Atwood Lake drainage basin (depicted
as black circles in fig. 8), indicating a chemistry intermediate
between that of calcium-bicarbonate waters and Ohio brines
or road salt—best seen on the small equilateral triangles of
figure 8. Atwood Lake samples falling into the “mixed cation
and anion” areas include Indian Fork at Dellroy, Ohio; Atwood

Lake at Main Swimmers Beach, Ohio; and Indian Fork

below Atwood Dam near New Cumberland, Ohio. The high-
est chloride concentration (76.1 mg/L) among all sites was
measured in a sample collected at Indian Fork at Dellroy, Ohio
(upstream from Atwood Lake).

A relation between elevated sulfate concentrations and
coal-mine drainage was determined in past studies (Helsel,
1983; Haefner and Simonson, 2010). Surface and underground
coal mines are prevalent in the region (fig. 6). All 11 sites with
sulfate-type water can be designated as “mine impacted” based
on criteria (table 10) used during a recent assessment of mine
drainage impacts (ODNR-DMRM, 2016). If any constitu-
ent concentration for a site met one of the ODNR-DMRM
criteria for mild, moderate, or severe mine drainage, then the
site was classified as “mine impacted.” Sulfate and specific
conductance values for 11 of the 30 sites fell into the mild to
severe mine drainage impact categories of the ODNR-DMRM
criteria. For the purposes of this study, describing severity
of impact was not an objective, and sites meeting any level
of criteria were classified as mine-impacted sites (table 11).
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Table 10. Chemical water-quality criteria for mine drainage impacts.

[>, greater than; <, less than; mg/L, milligrams per liter; cm, centimeter]

Parameter No d(_atectal_)le mine Mild m_ine Mo_deratt? mine S?vere !nine
drainage impact drainage impact drainage impact drainage impact

pH, standard units >6.0 5.5t06.0 45t05.4 <4.5
Total iron, mg/L 0.0t0 0.5 0.5t0 1.0 1.0 to 10.0 >10.0
Total manganese, mg/L 0.0t0 0.5 0.5t02.0 2.1t0 4.0 >4.0
Total aluminum, mg/L 0.0t0 0.5 0.5t0 1.0 1.0t0 5.0 >5.0
Specific conductance, microsiemens per cm <500.0 500.0 to 900.0 900.0 to 2,000.0 >2.000.0
Sulfate, mg/L <75.0 76.0 to 250.0 250.0 to 500.0 >500.0
Alkalinity, mg/L >20.0 <20.0 0 0
Acidity 0.0 to 20.0 >20.0 @) "

'Net alkaline water is goal at all times. Any net acid water is severe impact.

Table 11.
Muskingum River watershed, Ohio, 2015-16.

[Sites are listed in order north to south. USGS, U.S. Geological Survey]

List of mine-impacted sites per lake drainage basin for baseline water-quality study in

Lake drainage basin Site name USGS station number
Tappan Standingstone Fork above Tappan Lake, Ohio. 03127986
Clear Fork above Tappan Lake, Ohio. 03127980
Tappan Lake at Main Swimmers Beach, Ohio. 401926081105100
Little Stillwater Creek below Tappan Dam at Tappan, Ohio. 03128500
Clendening Brushy Fork above Clendening Lake, Ohio. 03126395
Brushy Fork near Tippecanoe, Ohio. 03126910
Piedmont Robinson Run above Piedmont Lake, Ohio. 400606081085700
Stillwater Creek above Piedmont Lake, Ohio. 03125338
Piedmont Lake near Piedmont, Ohio. 400925081105700
Stillwater Creek below Piedmont Dam near Piedmont, Ohio. ~ 401139081125400
Senecaville Beaver Creek above Senecaville Lake, Ohio. 03140950

The 11 mine-impacted sites included the sites with sulfate-
type waters in figure 8 plus Beaver Creek above Senecaville
Lake, Ohio, which plotted midway between bicarbonate-type
and sulfate-type waters. The water quality at sites that are
described in this report as being “non-mine-impacted” sites
may not be totally unaffected by the mines, but those effects
(if any) are lower than the criteria established by ODNR—
DMRM for mine-impacted sites.

Sulfate-to-chloride ratio plots have been used to differ-
entiate oil and gas produced waters from natural waters and
coal-related wastewaters (Wilson and others, 2014). Gener-
ally, higher median sulfate-to-chloride ratios are observed in
coal-mine discharges and abandoned mine drainage than in
inland surface water (Wilson and others, 2014). Conversely,
the sulfate-to-chloride ratios observed in oil and gas produced

waters are less than in inland surface water (Wilson and oth-
ers, 2014). In this study, the median sulfate-to-chloride ratio
ranged from 15 to 159 (fig. 9) in the samples collected from
the 11 sites categorized as mine-impacted sites in table 11.
This is higher than the range associated with natural waters
and within the range characteristic of coal-mine discharge and
abandoned mine drainage (Wilson and others, 2014). In addi-
tion, the median sulfate-to-chloride ratios observed in samples
collected from the 11 mine-impacted sites were distinctly
higher than in samples collected from the study sites catego-
rized as non-mine-impacted sites (fig. 9). Again, the water
quality at the 19 sites that are described in this report as being
“non-mine-impacted” may not be totally unaffected by the
mines, but those effects (if any) appear to be lower than the

11 mine-impacted sites.
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Figure 9. Median sulfate-to-chloride ratios for mine-impacted
and non-mine-impacted sites in the Muskingum River watershed,
Ohio, 2015-16.

Sources of Salinity

Potential sources of salinity in stream water include the
runoff of road salt, brine spreading for dust control, septic
system leachate, and wastewater treatment plant effluent—all
of which occur in the study area. An accidental release of
oil- and gas-related brines could increase salinity (sodium and
chloride), the concentration of total dissolved solids in shallow
groundwater and streams, and specific conductance.

A technique to discern sources of chloride in water is the
comparison of weight ratios of chloride and bromide concen-
trations in a sample (Whittemore, 1988; Knuth and others,
1990; Davis and others, 1998). Chloride and bromide are use-
ful indicators of sources of salinity because they are (1) highly
soluble; (2) minimally affected by adsorption to sediment
once dissolved in water; (3) not altered by oxidation-reduction
reactions; and (4) not detected in high concentrations in com-
mon rock-forming minerals, except for evaporite minerals
such as halite (sodium chloride) (Feth, 1981). Differences in
chloride-to-bromide (Cl1:Br) ratios occur because bromide is
more soluble in water than chloride (Davis and others, 1998).
As seawater evaporates, sodium chloride in the residual water

Baseline Water Quality 3

becomes saturated and precipitates (crystallizes) first, leaving
a residual brine with a higher bromide concentration relative
to chloride. If the sodium chloride (either as a natural rock salt
deposit or applied as road salt) is subsequently dissolved in
freshwater, the water will become more enriched in chloride
relative to bromide and will thus exhibit a higher Cl:Br ratio.
Residual brines, which can be present in deep aquifers as fos-
sil water that was trapped at the time of sediment deposition,
will be enriched with bromide relative to chloride and will
exhibit a much lower Cl:Br ratio (Davis and others, 1998).
Such residual brines often are brought to land surface as a
byproduct of oil and gas production (OEPA, 2014).

Following methods described in Whittemore (1988),
simple binary mixing curves (figs. 104—10D) were prepared to
show how the Cl:Br ratio of dilute stream water would change
with the addition of increasing amounts of two concentrated
solutions—saturated halite (road salt) solution and oil-field
brine. The halite and brine solutions and the dilute, unaffected
stream water are referred to as “end-members” because they
represent the starting and stopping points of the possible mix-
ing process.

The sample from Coleman Run above Clendening Lake,
Ohio, collected on May 12, 2016, was the lowest chloride con-
centration of any sample collected for this study (2.12 mg/L)
(USGS, 2017a) and was used as the dilute-water end-member;
this sample is represented by the location at which all lines
diverge on the left side of the graph (figs. 104—-10D). The
CI:Br ratios of the brine end-members were determined using
chemical data from multiple samples of Ohio brines produced
from the Berea and Clinton Sandstones (Blondes and oth-
ers, 2017), which are the primary target formations for the
conventional wells drilled in the study area (ODNR, Divi-
sion of Oil & Gas Resources, 2017a). No chemical analyses
of brine samples from the Utica Shale were available in the
produced water database (Blondes and others, 2017) to use as
an endpoint. Mixing curves were calculated using the brine
samples from each formation having the highest and lowest
CI:Br ratios as the brine endpoints. Two road salt endpoints
were used to show a range of possible concentrations. The
uppermost CL:Br value for the road salt endpoint (depicted as
a green square in figs. 104—10D) is road salt runoff collected
beneath a bridge in Western Springs, I1l. (Panno and others,
2005). The lesser road salt endpoint (depicted as a yellow
square in figs. 104—10D) was computed as the mean of three
samples of road salt applied in northeastern Ohio (collected
by Knuth and others, 1990). The green square shown between
these two values represents a concentrated saline solution
made by Panno and others (2005) from road salt collected at
an Illinois Department of Transportation salt-storage facil-
ity. Panno and others (2005) determined that septic system
effluent also could plot near the road salt endpoints if collected
during or immediately following regeneration of a household
water-softener ion exchange column. Other septic effluent,
wastewater treatment plant effluent, animal wastes, and water
from field tiles (agricultural subsurface drainage systems) can
plot between the brine and road salt mixing curves.
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Figure 10. Binary mixing curves for chloride-to-bromide ratios in the Muskingum River watershed, Ohio, 2015-16. A, all

water-quality samples; B, Atwood Lake samples; C, Leesville Lake samples; and D, Senecaville Lake samples.
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Binary mixing curves for chloride-to-bromide ratios in the Muskingum River watershed, Ohio, 2015-16. A, all

water-quality samples; B, Atwood Lake samples; C, Leesville Lake samples; and D, Senecaville Lake samples.—Continued
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Figure 10. Binary mixing curves for chloride-to-bromide ratios in the Muskingum River watershed, Ohio, 2015-16. A, all
water-quality samples; B, Atwood Lake samples; C, Leesville Lake samples; and D, Senecaville Lake samples.—Continued
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Figure 10. Binary mixing curves for chloride-to-bromide ratios in the Muskingum River watershed, Ohio, 2015-16. A, all
water-quality samples; B, Atwood Lake samples; C, Leesville Lake samples; and D, Senecaville Lake samples.—Continued
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The area designated as dilute water in figures 104—-10D is
based on the maximum chloride concentration (12 mg/L) and
the maximum CI:Br ratio (521) reported by Panno and others
(2005) for samples of Midwestern precipitation, soil water,
and groundwater deemed to be unaffected by sodium chloride
contamination. These results are similar to results of Jones and
Sroka (1997), who estimated that shallow wells in Ohio that
were unaffected by sodium chloride dissolution had chloride
concentrations less than 10 mg/L.

Water samples collected as part of this baseline study
in which bromide concentrations higher than the laboratory
reporting level were observed are plotted on figures 104—10D.
Samples that plotted outside of the dilute water region and
within the bounds of the upper and lower mixing curves
between dilute water and brines from the Clinton Formation
(depicted by blue lines) and Berea Sandstone (depicted by red
dashed lines) consist primarily of samples from the Atwood
Lake drainage basin (fig. 104)—specifically, multiple samples
from Unnamed tributary near Dellroy, Ohio; Elliot Run near
Dellroy, Ohio; and Willow Run near Dellroy, Ohio (fig. 10B).
Drainage areas upstream from these three sites are about 3.4 to
7.8 square miles—small (in the bottom quartile) compared
with other sampling site drainages in the study area (table 3).
Dividing the number of conventional oil and gas wells
upstream from these sites (table 12) by the upstream drainage
area (table 3) revealed that three of the four highest densities
of conventional oil and gas wells (6.9 to 9.2 wells per square
mile) occurred in Unnamed tributary near Dellroy, Ohio; Elliot
Run near Dellroy, Ohio; and Willow Run near Dellroy, Ohio.
Only the drainage basin of Willow Run near Dellroy, Ohio,
contains a Utica/Point Pleasant formation (shale-gas) well;
drainage basins of the other two streams contain active or
plugged injection wells, or both (table 12). For each of these
three streams, the samples with the strongest brine signature
as indicated by the highest chloride concentrations and lowest
Cl:Br ratios (fig. 10B) were collected in August and Octo-
ber 2015, when streamflow was low and the proportion of base
flow was likely higher than other times during the study period
(figs. 1-14 and 1-1B). Samples from the same three sites
having the weakest brine signature (lowest chloride concentra-
tions and the highest CIL:Br ratios) were collected during the
high flow event on March 2016 (figs. 1-14 and 1-1B), when
the proportion of runoff was high. Some of these weak brine
signature samples plot in the dilute water region of the mixing
curve. Based on binary mixing calculations, the maximum
percentage of brine input denoted by these samples is 0.1 per-
cent Berea brine, 99.9 percent dilute water (or an even lower
percentage—0.03 percent brine—if the endpoint is a more
saline brine from the Clinton Formation).

Single samples from four other sites plotted within
the bounds of the Berea brine mixing curves—South Fork
at TR119 above Senecaville Lake, Ohio, on August 18,

2015, and Beaver Creek above Senecaville Lake, Ohio, on
August 25, 2015 (fig. 10D); Brushy Fork above Clenden-
ing Lake, Ohio, on October 27, 2015 (denoted by an orange
triangle in fig. 104); and Clear Fork above Tappan Lake,

Ohio, on October 22, 2015 (denoted by a grey triangle in
fig. 104). Drainage basin area of these streams range from
17 to 35.9 square miles (table 3). Densities of conventional
oil and gas wells in upstream drainage basins of these streams
range from 0.5 to 8.6 wells per square mile. Densities of Utica/
Point Pleasant formation (shale-gas) wells range from 0.4 to
1.6 wells per square mile (calculated from tables 3 and 12;
not shown).

Several samples from Leesville Lake drainage basin
(fig. 10C) plot on or near the mixing curves between dilute
water and road salt endpoints. Some of the highest chloride
concentrations for the Leesville Lake drainage basin occurred
at Unnamed tributary to McGuire Creek near Carrollton, Ohio,
with the sample from March 14, 2016, (high flow) plotting
near the road salt mixing line and samples from August and
October 2015 (low flow) plotting in the area between the road
salt and brine curves. Panno and others (2005) determined that
samples plotting in this intermediate area were from known
sources such as septic waste, wastewater treatment plant efflu-
ent, water from field tiles, and water affected by animal waste.
The same scenario (road salt mixing at high flow in March
2016, intermediate C1:Br ratios in August and October 2015)
is observed in samples from Indian Fork at Dellroy, Ohio, in
the Atwood Lake drainage basin (fig. 10B).

Concentrations or Levels of Selected
Constituents and Properties

The following are key concepts to understanding the
data presented in this section of the report: (1) types of water-
quality and streamflow information conveyed in boxplots;

(2) relation of concentration to streamflow and what that
implies about the source of a constituent; (3) water-quality
criteria; and (4) the different environments represented

by samples from tributaries, lakes, and sites downstream
from dams.

Types of water-quality and streamflow information con-
veyed in boxplots.—Medians and ranges of water-quality mea-
surements at each sampling site were visually evaluated by use
of boxplots (figs. 2—1 through 2—40) to compare constituent
concentrations and levels of physical properties among lake
drainage basins. Within each lake drainage basin, the boxplots
facilitate (1) comparison of measurements at reference sites
(those with no upstream shale-gas development) to those at
other sites in the subbasin and (2) assessment of water-quality
variation with streamflow and from upstream to downstream
from the lakes. Most of the VOC results could not be evalu-
ated by use of boxplots, because concentrations were less than
laboratory reporting levels.

The sampling sites for an individual lake drainage
basin are arranged left-to-right in the boxplots in the order of
increasing drainage basin area, which in most cases results in
boxplots being ordered from upstream to downstream. A diag-
onal-lined background notes the reference site for each lake.
Single samples are represented by a solid circle. The symbols



39

Baseline Water Quality

08 0061 1'9p 9L 0 0 0 8¢ 68 016921€0 oryQ “douedaddry, reau spog Aysnig o7
6'SS L'6L €18 $€ 0 0 0 S1 81 S6£9T1€0 OIyQ ‘e SUIUGPUS[D) SAOQE IO Aysnig 6]
995 191 00 v'Te 0 0 0 0 L 009STT180LS910% oIy ‘] SUIUGPUS[D) SAOQE UMY UBWA[O) 8]
e mc_cmucm_u
SLI 8161 0T 80T z 0 0 8 0zl 00$821€0 o ‘uedde], je weq uedde], Mo[oq 301D IIEM[[IS OPINT L]
SLI 8161 T0T 80T z 0 0 8 0TI 001S0T1809T610% OIQ ‘Yorag SIWWIMS UIRA Je e ueddel  9f
6C 769 T9C 9'0¢ I 0 0 9¢ 9T 086LT1€0 oryQ ‘ae] uedde aa0qe 3104 1BA[D ST
TSy L'6€ 609 TS 0 0 0 1 0€ 986LT1€0 oryQ ‘e uedde] aa0qe 10,4 duosIuIpUBIS P
00 00T 00 00 0 0 0 01 S 686LT1€0 oy ‘oye] uedde] dA0qe uny wepLoABdY €]
00 1°01 00 00 I 0 0 0 z 00ZTIT118001610% oryQ ‘oxe] uedde], 03 ArenqLy yoyp pawreuu) |
aye uedde]
0°00T P8yl 09 €1C v 0 0 08 8T 00S0T1€0 OIYQ “O[[IASIY] JedU YAAI) SINDIN ]
07001 079 €61 $6 0 0 0 (43 9 I7€611€0 I ‘] O[[IASIT QA0 YOI SIMDIN 0]
0°001 vy 7€ 0°LL 0 0 0 6T € 1L6611€0 O[O ‘UO)[JOLIE) JEIU YOI AIMOIN HI0J YHUON 6
oo
0°001 901 00 TL 0 0 0 0 € 001€90180TS0E0F  ‘UMOI[OLIBD) JESU Y1) SIMODIA 0} AXEINqLy paweuu() g
0001 '8 00 89 0 0 0 S v 6L6611€0 O ‘UOJ[[OLIED) TESU UMY J[OH 1edq L
8ye7 a||Ins8a
oo
TLy SHreT Tl STl z z I L1 T8¢ 00STTIEO  ‘PUBHDQUIND MON JeoU WE(] POOMIY MO[Oq IO UBIPU] 9
TLY SHveT Tl STl z z I L1 T8¢ 00SSSTI8061ZE0Y OO ‘Yordq SIOWIWING UIRJA J& OB POOMIY ¢
LT 0651 €1 Sl z 0 0 S1 (44 0280T1€0 oryQ “Koafjo( e 3IoJ uerpuy 4
L'S1 0'LE 00 00 0 0 0 I 99 698021€0 oy “AoI[[o( JBAU UMY MO[[IM €
L'66 €91 00 'S¢ 0 I 0 0 T 00€STTI80IFHE0Y oy ‘Koxfa reau uny 101 ¢
0°001 6'€C 9'8 Tl 0 I I 0 3 196021€0 oryQ ‘AoIf[o(J Jedu Arenqgry paweuuy |
8ye7 poomyy
o] A%) A%) HionBaLo)
1043u09-)snp souiw souiw [€02 syueyd \S[Iam IEL ajeys jue \Sl|Iam
10} sauuiq ¢Sa|lw |02 a0} punosbiop juaw uon uon -sea|d o4 sefig o al
peaids o) peos _4ns M un M -jealn -9aluy -93luy /eonn Buid  jeuonuan 1aquinu uoness §9Sn aweu ajg ans
spunad |elop 191em ajsem ajsem -dejasejey)  -uoa bui
YyHMm spuej PoIe1o0sse  pajelaosse -a)sep\y  pabbnld  aanoy  spamsefxy  -anpoid
diysumoy Spue SpUe] 110 Buronpoid

[1uaa1ad ‘o pue 29 <A3AIng [€2130[02D) 'S ‘SHS( ‘Uon
-BOLIIUPI ‘(] "OUOISIWIT JUBSLI[J UIOJ Y} 1O 9[eYS BOIIN AU} Ul pajo[dwiod [[om © 03 1001 ‘O[eYS JUBSEI[J JUI0J/8O1)) "BdIe dFeuIeIp }S93Ie] 0 JSO[[RWS ‘}IS AQ PUB [INOS 0 Y}IOU ‘O3] Aq JOPIO Ul PI)ISI| dIe SIS

‘9102 AInF o1y ‘paysislem Jaaly wnbuiysniy ul saus og 4o} uiseq abeurelp weansdn Ag pajidwod sansieloRIRYD USR] 8BRUIRIP PasEG-UBWNY pUB [RIUSWUOIAUT gL 3]qeL



((LT07) “UNWWOd UNLIM ‘SIOINOSIY SBL) 29 [0 JO UOISIAL( ‘S90IN0SaY [eIneN JO Juduntedo oy ‘umorg Auuoy,
“(107) ‘uonenodsuer], yo yusunredd oryQ;
(L107) ‘YuowdSeuRA S20IN0SAY [BISUIA JO UOISIAIJ ‘S20IN0Say [eImeN jo juduwredaq ojo,

(q ‘8L 107) ‘S90INOSAY SeD) 2 [10 JO UOISIAI(] ‘SOIIN0SaY [eInjeN Jo juauntedda omyQ,

oo
§'sT I'vre % 1’0 [4 0 0 86 959 00SI¥1€0 ‘O[[IABOQUIS TedU WR(] I[[TABIIUOS MO[Iq IO BOIUDS (¢
§'sT |8 443 % 1o 4 0 0 86 959 00T0STI80EEYSHE 0T ‘9[[TABOIUDS TeaU [o0g SUTMIIMS JE O] BAUOS 67
T0s L'€6 60 00 1 0 0 L 661 £58071¢€0 O ‘e 9[IABOOUSS 9A0QE JI0,] BOIUAS 8
¥'9¢ 8001 0 00 0 0 0 (44 LET 0020611809£056€ 01O ‘O¥e7T 9[IABOAUDS dA0QE 66 YL 18 S0 YInos /¢
00 L 981 00 0 0 0 C YL 0S60¥71€0 oI ‘OYeT 9[IABOAUDS AAOQE JAAID) I19ARdY 9T
00 yee 00 1o 0 0 0 0 53 000%0C1800S156€ oIy ‘O] [[IABIDUIG dAOQE UMY APR[D ST
ayeT a||Inedauss
oo
01 (2554 1'v9 143 € 0 I 53 123 007STIT1806E110Y ‘Juowpal{ Jeau We(] UOWPSL M0[aq I INeM[[NS T
01 [a3%4 I't9 43 € 0 I e 143 00LSOT1180SC600¥% OIJQ JUOWPalJ IedU d¥eT JUOWPSld €
00 9°0¢1 0°L8 0¢C I 0 I 61 ¥4 8EESTIE0 OIYQ ‘93BT JUOWPALJ SA0QER 1D INeM[[IS 7T
00 §'eT oSy 00 0 0 0 0 0 00LS8018090900% 0T “0¥ET JUOWPALJ IAOQE UNY UOSUIQOY [T
aye7uowpald
%) (%) (%) ,uonew.oy
|o13u09-)snp mME.”E mu__ﬂEc_mao swed  (sjamsjjam ajeys jue KIEL
10} saulq KT : : juaw uon uop} -sea|duiod sebg |0
|eod @oe}  punoibiap al
peaids o} peos ans UM un M -Jeany -9alul -9aluy /eann buid  euonuan Jaquinu uonels §9SN aweu ajg o
spuuad |elol oum_h_“.m e cum_“”.mmm la)lem  a)sem  ajsem  -dejasejeyy  -uoo bui S
YyHMm spuej P m_..__m._ P w__.__m._ -a)sep\y  pabbnld  aanoy  spamsefxy  -anpoid
diysumoy 110 Buianpoig

Baseline Water Quality of an Area Undergoing Shale-Gas Development in the Muskingum River Watershed, Ohio, 2015-16
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are blue if the sample was collected when the streamflow at
the time of sample collection was higher than the median
instantaneous streamflow for that site, and the symbols are
black when the streamflow was less than the median instanta-
neous streamflow. White circles represent a lack of streamflow
data; for example, lake sites or missing streamflow measure-
ments. Sites represented on the right-hand edge of each plot
are sites below the dam. Site names in red text are sites classi-
fied as being coal-mine-impacted sites.

Relation of measured water-quality values to streamflow
and what that implies about the source of a constituent.—
Evaluation of the boxplots (figs. 2—1 through 2—40) indicates
that higher-than-median concentrations or levels of several
constituents and properties generally occurred in samples
collected during less-than-median streamflows (denoted
by black dots on boxplots) at most of the sites, as listed in
table 13. Because base flow contributes a higher proportion of
streamflow at low flow than at high flow, this pattern sug-
gests that measured values of these constituents and properties
are generally higher in groundwater than in runoff (although
the same pattern—higher constituent values at lower flows
at multiple sites—could be seen if steadily discharging point
sources in multiple drainage basins were diluted by runoff dur-
ing rainfall). Constituents and properties that were generally
observed at higher values in samples collected during higher-
than-median streamflows (denoted by blue dots on boxplots)
include those typically associated with runoff—turbidity,
aluminum, zinc, nitrate plus nitrite, and suspended sediment
(table 13).

Water-quality criteria.—The OEPA developed water-
quality numerical/narrative criteria to protect the use and
value of water resources in Ohio. Every water body in Ohio
is assigned a beneficial use designation for the protection of
aquatic life, based on a set of biological criteria. The benefi-
cial use designation assigned to a stream dictates the specific
chemical criteria applied to that stream (hereafter referred
to as “aquatic life use criteria”). Measured pH and constitu-
ent concentrations at the 30 sampling sites were compared to
aquatic life use criteria to assess the potential for adversely
affecting stream biota (table 14). Standards do not exist for all
constituents targeted for analysis.

The sampling sites for this investigation all have the
same beneficial use designation—warmwater habitat—except
for two sites: Stillwater Creek above Piedmont Lake, Ohio,
and Stillwater Creek below Piedmont Dam near Piedmont,
Ohio (Ohio Administrative code 3745—1-24 [LAWriter Ohio
Laws and Rules, 2017a]). The Stillwater Creek headwaters to
Brushy Fork segment currently (2015-16) is listed as a limited
warmwater habitat because of mine drainage. Based on 2012
field assessments, however, the OEPA is recommending that
all Stillwater Creek drainage basin streams be redesignated as
warmwater habitat (OEPA, 2017a).

Water samples for this investigation were not collected
near known wastewater discharge mixing zones and are, there-
fore, considered to be subject to the OEPA “outside mixing
zone maximum” (OMZM) and “outside mixing zone average”

Baseline Water Quality qm

Table 13. Constituents and properties indicating a relation
between measured value and streamflow at most sites in the
study area, Muskingum River watershed, Ohio, 2015-16.

Percent of sample concentrations greater

Constituont than median' that occurred at low flow

Greater concentrations generally occurred at
less-than-median flows (low flow)

Specific conductance 91
Alkalinity 86
Calcium 83
Magnesium 86
Sodium 75
Chloride 73
Bicarbonate 84
Carbonate 79
Fluoride 88
Arsenic 88
Barium 85
Bromide 93
Iron 60
Manganese 64
Strontium 87
Total dissolved solids 85
Ammonia 71
Orthophosphate 79
Organic carbon 80
Styrene 100

Greater concentrations generally occurred at
greater-than-median flows (high flows)

Dissolved oxygen 274
Turbidity 62
Aluminum 88
Zinc 71
Nitrate plus nitrite 72
Suspended sediment 65

'For these calculations, median concentration and median flow at each
individual site were determined. The number of samples having greater-
than-median concentrations of a constituent under the specified flow
conditions (either greater-than- or less-than-median) at an individual site
were summed for all sites and divided by the total number of samples in the
entire dataset that were collected at (A) less-than-median flow (low flow) or
(B) greater-than-median flow (high flow). Sample concentrations that tied
with the median concentration for the site were not included in this calcula-
tion. Ties with the median included a few detected concentrations, but most
occurred when the median concentration was below the reporting level.

It is difficult to separate the effects of streamflow from those of tem-
perature on dissolved oxygen concentrations. Cold water can hold more
dissolved oxygen than warm water (U.S. Geological Survey, 2017c¢). In the
study area, dissolved oxygen concentrations are negatively correlated to
water temperature at stream, lake, and gage (below-dam) sites at statisti-
cally significant levels (Spearman’s rank correlation coefficients of -0.63,
-0.70, and -0.92, respectively). The coldest water temperatures were gener-
ally measured in March, which coincided with higher streamflows; warmest
temperatures were generally measured in June and August, when stream-
flows were relatively low.
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Table 14. Ohio Environmental Protection Agency aquatic life use criteria and exceedances for baseline water-quality study in
Muskingum River watershed, Ohio, 2015-16.

[Exceedance, criteria was not met; OMZM, outside mixing zone minimum; OMZA, outside mixing zone average; %, percent; <, less than; WWH, warmwater
habitat site designation; LWR, limited warmwater habitat site designation; N/A, not applicable; °C, degrees Celsius; mg/L, milligrams per liter; pg/L, micro-
grams per liter; e, the base e exponential function; In H, the natural logarithm of the water hardness; N, nitrogen; pCi/L, picocurie per liter]

Aquatic life use criteria Samolin Exceed-
Property or constituent Units o OMZA! Site name P '2 g ance
OMZM (or similar) . date It
(or similar) resu
Dissolved oxygen % of satu- <4 for WWH (<2.0 for LWR) Q) Brushy Fork near 8/12/2015 2.6
ration Tippecanoe, Ohio
pH N/A N/A <6.5 Not exceeded N/A N/A
Total dissolved solids mg/L N/A 1,500 Standingstone Fork above N/A 1,527.50
Tappan Lake, Ohio
Total dissolved solids mg/L N/A 1,500 Brushy Fork above N/A 1,738
Clendening Lake, Ohio

Arsenic pg/L 340 150 Not exceeded N/A N/A
Barium ng/L 2,000 220 Not exceeded N/A N/A
Boron ng/L 33,000 3,900 Not exceeded N/A N/A
Strontium pg/L 40,000 21,000 Not exceeded N/A N/A
Zinc ng/L Varies* by hardness using N/A Not exceeded N/A N/A

equation: ¢(0.8473 [In H]

plus 0.884)
Ammonia mg/Las N Varies® by water temperature @) Not exceeded N/A N/A

and pH
1,2-Dichloroethane ng/L 9,600 2,000 Not exceeded N/A N/A
1,2,4-Trimethylbenzene  pg/L 140 15 Not exceeded N/A N/A
1,3,5-Trimethylbenzene  pg/L 230 26 Not exceeded N/A N/A
4-Isopropyltoluene pg/L 150 16 Not exceeded N/A N/A
Benzene ng/L 700 160 Not exceeded N/A N/A
Ethylbenzene pg/L 550 61 Not exceeded N/A N/A
Isopropylbenzene ng/L 43 4.8 Not exceeded N/A N/A
Methyl ethyl ketone pg/L 200,000 22,000 Not exceeded N/A N/A
methyl tert-butyl ether ng/L 6,500 730 Not exceeded N/A N/A
m-Xylene plus p-Xylene pg/L 240 027 Not exceeded N/A N/A
Naphthalene ng/L 170 21 Not exceeded N/A N/A
o-Xylene ng/L 240 027 Not exceeded N/A N/A
Styrene ng/L 290 32 Not exceeded N/A N/A
Toluene pg/L 560 62 Not exceeded N/A N/A
Radium-226 pCi/L 5 N/A Not exceeded N/A N/A
Radium-228 pCi/L 5 N/A Not exceeded N/A N/A

'For dissolved oxygen, OMZA means outside the mixing zone minimum 24-hour average.

2Sampling dates are noted for samples that did not meet the outside mixing zone minimum. However, this field is not applicable for sites that did not meet
the outside mixing zone average (which is a computation that uses results from several sampling dates).

3Could not compute.

“The criteria at a water hardness of 400 mg/L calcium carbonate are used for water hardnesses above 400 mg/L.

*Found in table 35-2 of Ohio Administrative Code (OAC) 3745-1-35 (2017).
®m-Xylene plus o-Xylene plus p-xylene.
"Ohio Environmental Protection Agency Drinking water standard (Ra-226 plus Ra-228).



(OMZA) criteria protective of aquatic life for short- and long-
term exposure, respectively. Chemical-specific criteria and
exceedances for pH and constituents that were measured in
this investigation are listed in table 14 and contained in Ohio
Administrative Code 3745-1-35 (LAWriter Ohio Laws and
Rules, 2017b). If a constituent or property is not included in
table 14, the OEPA has not established an aquatic life use cri-
terion for that constituent or property at the time of the writing
of this report.

The different environments represented by samples from
tributaries, lakes, and sites downstream from dams.—Tribu-
taries contain running water and constituent concentrations
generally vary with streamflow, with high flows representing
a higher component of runoff and low flows representing a
larger component of base flow. The lake samples represent
the upper surface of the lake (less than or equal to 3.5 ft) at
a localized swimming/recreational area. These sites were
chosen for the primary purpose of characterizing water quality
in areas where humans are most likely to have water con-
tact. Because water exchange at beach sites may be reduced
compared to the main channel or inundated streambed, these
samples may not reflect overall lake-water quality. Therefore,
the samples do not fully characterize in-lake processes but
rather provide preliminary insights into processes that may
cause differences in physical properties or constituent concen-
trations among tributaries, lakes, and sites downstream from
dams. For instance, because flow in lakes is slower than that
in tributaries, more aquatic biotas grow in the lakes than in
the tributaries or below-dam sites. Plants in lakes can uptake
nutrients, and photosynthesis by plants can alter constituent
concentrations. Profiles provided by the USACE (2018a) of
dissolved oxygen concentrations near the dam at each lake
indicate that the surface of each of the six study-area lakes
is oxygen rich (higher than about 6 mg/L of dissolved oxy-
gen) throughout the year. Each of the sites downstream from
the dams at Atwood, Leesville, Clendening, Piedmont, and
Senecaville Lakes represent water removed from a fixed point
near the bottom of the lake. Water released from Tappan Lake
is a mix of water from near the bottom of the lake mixed with
water from a fixed point near the top of the lake (6 ft below
surface of summer pool or 1 ft below surface of winter pool)
(Jean Diedel, USACE, written commun., 2017). Because flows
are regulated at these sites, higher flows are not necessarily the
result of runoff, because water can be released from the dam at
any time. Thus, constituent concentrations may not be related
to streamflow at sampling sites downstream from dams.

Profiles provided by the USACE (2018a) at each lake
indicate that dissolved oxygen is depleted (less than 3 mg/L)
at the bottom of each lake in the lacustrine zone near the dam
from about May to about mid-September or mid-October.
Oxygen depletion is a function of lake temperature and decay
processes. In summer when the lake surface warms, warmer
surface water does not mix with the cooler water at the bottom
of the lake near the dam (USACE, 2018a). Decay of algae and
other aquatic biota that have settled to the bottom of the lake
consumes oxygen and causes the oxygen-depleted zone. In the
fall, as the lake surface cools, waters mix again and dissolved
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oxygen at the bottom of the lake is replenished (USGS, vari-
ously dated, p. 4-13).

Several constituents, particularly nitrogen, manganese,
iron, and sulfur, behave differently depending on whether oxy-
gen is present or absent because of oxidation-reduction (redox)
reactions. Reduction reactions are taking place at depth within
the lakes, where dissolved oxygen is not replenished during
the summer. During these reactions, microbes can transfer
electrons from dissolved organic carbon sequentially to the
following “electron acceptors” (listed in order or preference):
dissolved oxygen, nitrate, manganese(IV), iron(IIl), sulfate,
and carbon dioxide. After one electron acceptor is consumed,
microbes then use the next most favorable electron accep-
tor and the water becomes more “reducing.” Redox condi-
tions were calculated for samples from each below-dam site,
using concentrations of dissolved oxygen, nitrate plus nitrite,
manganese, iron, sulfate, and sulfide (table 15). Classification
criteria and redox reaction formulas are described by Jurgens
and others (2009). In reducing conditions, dissolved oxygen
concentrations are less than 0.5 mg/L and the following trans-
formations occur:

* nitrate-reducing conditions—nitrate is converted to
ammonia and nitrogen gas;

* manganese-reducing conditions—manganese(IV), a
solid, is converted to manganese(IIl) and dissolves into
water;

* iron-reducing conditions—iron(III), a solid, is con-
verted to iron(Il) and dissolves into water;

* sulfate reducing conditions—sulfate is converted to
sulfide, which can be in the form of hydrogen sulfide
gas; and

* carbon dioxide reducing conditions—carbon diox-
ide gas and hydrogen ions in water are converted to
methane.

Although the samples downstream from dams are indicators
of lake bottom redox environment, the samples are aerated
somewhat upon release from the dam and, thus, may underes-
timate the strength of reducing processes occurring at depth in
the lakes during late spring and summer.

In the following paragraphs, spatial variations in concen-
trations or levels of constituents and properties, if observed,
are discussed by type because spatial variation caused by
identifiable influences (such as aquatic biota, redox reactions,
and geology) can be confounding factors when interpreting
statistical relations among water quality and human activi-
ties, as discussed later in the report. Aquatic life use criteria,
where pertinent, also are discussed to provide context for
observed concentrations or levels of constituents and proper-
ties. Median values were determined to differ at a statistically
significant level (p-value <0.05) between mine-impacted and
non-mine-impacted sites (figs. 114-11U), and samples with a
component of brine and samples containing no brine are noted
(figs. 124-12G).
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Table 15. Redox environment classification for sites downstream from dams, Muskingum River watershed, 2015-16.

[USGS, U.S. Geological Survey; O,, oxic; O,-Mn(IV), mixed oxic and manganese-reducing; O,-Fe(III), mixed oxic and iron-reducing]

Lake Below-dam site USGS station number Sample date  Redox process

Atwood Indian Fork below Atwood Dam near New Cumberland, Ohio 03121500 4/13/2015 0,

Indian Fork below Atwood Dam near New Cumberland, Ohio 03121500 6/1/2015 O,-Mn(IV)

Indian Fork below Atwood Dam near New Cumberland, Ohio 03121500 8/17/2015 O,-Fe(II)

Indian Fork below Atwood Dam near New Cumberland, Ohio 03121500 10/19/2015 0,

Indian Fork below Atwood Dam near New Cumberland, Ohio 03121500 3/15/2016 O,

Indian Fork below Atwood Dam near New Cumberland, Ohio 03121500 5/24/2016 0,-Mn(1V)
Leesville McGuire Creek near Leesville, Ohio 03120500 4/13/2015 0,

McGuire Creek near Leesville, Ohio 03120500 5/27/2015 0,-Mn(1V)

McGuire Creek near Leesville, Ohio 03120500 8/11/2015 O,-Fe(III)

McGuire Creek near Leesville, Ohio 03120500 10/20/2015 0,

McGuire Creek near Leesville, Ohio 03120500 3/15/2016 o,

McGuire Creek near Leesville, Ohio 03120500 5/10/2016 0,-Mn(1V)
Tappan Little Stillwater Creek below Tappan Dam at Tappan, Ohio 03128500 4/14/2015 0,

Little Stillwater Creek below Tappan Dam at Tappan, Ohio 03128500 5/27/2015 O,-Mn(IV)

Little Stillwater Creek below Tappan Dam at Tappan, Ohio 03128500 8/11/2015 0,-Mn(1V)

Little Stillwater Creek below Tappan Dam at Tappan, Ohio 03128500 10/20/2015 O,

Little Stillwater Creek below Tappan Dam at Tappan, Ohio 03128500 3/15/2016 O,-Mn(IV)

Little Stillwater Creek below Tappan Dam at Tappan, Ohio 03128500 5/10/2016 0,-Mn(1V)
Clendening  Brushy Fork near Tippecanoe, Ohio 03126910 4/15/2015 o,

Brushy Fork near Tippecanoe, Ohio 03126910 5/27/2015 O,-Mn(1V)

Brushy Fork near Tippecanoe, Ohio 03126910 8/12/2015 0,-Mn(1V)

Brushy Fork near Tippecanoe, Ohio 03126910 10/22/2015 0,

Brushy Fork near Tippecanoe, Ohio 03126910 3/23/2016 o,

Brushy Fork near Tippecanoe, Ohio 03126910 5/17/2016 O,-Mn(1V)
Piedmont Stillwater Creek below Piedmont Dam near Piedmont, Ohio 401139081125400 4/20/2015 O,

Stillwater Creek below Piedmont Dam near Piedmont, Ohio 401139081125400 6/4/2015 O,-Mn(IV)

Stillwater Creek below Piedmont Dam near Piedmont, Ohio 401139081125400 8/20/2015 0,-Mn(1V)

Stillwater Creek below Piedmont Dam near Piedmont, Ohio 401139081125400 10/26/2015 O,

Stillwater Creek below Piedmont Dam near Piedmont, Ohio 401139081125400 3/29/2016 O,

Stillwater Creek below Piedmont Dam near Piedmont, Ohio 401139081125400 5/19/2016 0,-Mn(1V)
Senecaville  Seneca Fork below Senecaville Dam near Senecaville, Ohio 03141500 4/21/2015 0,

Seneca Fork below Senecaville Dam near Senecaville, Ohio 03141500 5/28/2015 0,-Mn(1V)

Seneca Fork below Senecaville Dam near Senecaville, Ohio 03141500 8/18/2015 O,-Mn(1V)

Seneca Fork below Senecaville Dam near Senecaville, Ohio 03141500 10/26/2015 O,-Mn(IV)

Seneca Fork below Senecaville Dam near Senecaville, Ohio 03141500 3/23/2016 (0)

2

Seneca Fork below Senecaville Dam near Senecaville, Ohio 03141500 5/17/2016 O,-Mn(1V)
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* Differences in median concentrations of iron (H) and organic carbon (M)

between mine-impacted and non-mine-impacted sites are less than the
maximum differences in concentration between quality-control replicate
pair samples (Covert and others, 2018), suggesting that the iron and organic
carbon concentration differences noted in the boxplot, although statistically
significant, may be caused by laboratory variability rather than by chemical
differences between mine-impacted and non-mine-impacted sites.

Figure 11. Concentrations or levels of constituents and properties that differed at a statistically significant
level (p-value <0.05) between mine-impacted and non-mine-impacted sites (stream sites only), Muskingum
watershed, Ohio, April 2015 through May 2016. A, pH; B, bicarbonate; C, boron; D, calcium; E, carbonate;

F, total dissolved solids; G, fluoride; H, iron; /, magnesium; J, manganese; K, lithium; L, nitrate plus nitrite;

M, dissolved organic carbon; N, potassium; 0, silica; P, sodium; @, specific conductance; R, strontium; S,
sulfate; T, suspended sediment; and U, total dissolved nitrogen.
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* Differences in median concentrations of iron (H) and organic carbon (M)
between mine-impacted and non-mine-impacted sites are less than the
— 71— Maximum value maximum differences in concentration between quality-control replicate
pair samples (Covert and others, 2018), suggesting that the iron and organic
carbon concentration differences noted in the boxplot, although statistically
75th percentile significant, may be caused by laboratory variability rather than by chemical
differences between mine-impacted and non-mine-impacted sites.
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Figure 11. Concentrations or levels of constituents and properties that differed at a statistically significant
level (p-value <0.05) between mine-impacted and non-mine-impacted sites (stream sites only), Muskingum
watershed, Ohio, April 2015 through May 2016. A, pH; B, bicarbonate; C, boron; D, calcium; E, carbonate;

F, total dissolved solids; G, fluoride; H, iron; /, magnesium; J, manganese; K, lithium; L, nitrate plus nitrite;

M, dissolved organic carbon; N, potassium; 0, silica; P, sodium; @, specific conductance; R, strontium; S,
sulfate; T, suspended sediment; and U, total dissolved nitrogen.—Continued
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Concentrations or levels of constituents and properties that differed at a statistically significant

level (p-value <0.05) between mine-impacted and non-mine-impacted sites (stream sites only), Muskingum
watershed, Ohio, April 2015 through May 2016. A, pH; B, bicarbonate; C, boron; D, calcium; E, carbonate; F,

total dissolved solids; G, fluoride; H, iron; /, magnesium; J, manganese; K, lithium; L, nitrate plus nitrite; M,
dissolved organic carbon; N, potassium; 0, silica; P, sodium; @, specific conductance; R, strontium; S, sulfate; T,
suspended sediment; and U, total dissolved nitrogen.—Continued
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* Differences in median concentrations of iron (H) and organic carbon (M)
between mine-impacted and non-mine-impacted sites are less than the
—71— Maximum value maximum differences in concentration between quality-control replicate
pair samples (Covert and others, 2018), suggesting that the iron and organic
carbon concentration differences noted in the boxplot, although statistically
75th percentile significant, may be caused by laboratory variability rather than by chemical
differences between mine-impacted and non-mine-impacted sites.
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Figure 11. Concentrations or levels of constituents and properties that differed at a statistically significant
level (p-value <0.05) between mine-impacted and non-mine-impacted sites (stream sites only), Muskingum
watershed, Ohio, April 2015 through May 2016. A, pH; B, bicarbonate; C, boron; D, calcium; E, carbonate; F,
total dissolved solids; G, fluoride; H, iron; /, magnesium; J, manganese; K, lithium; L, nitrate plus nitrite; M,
dissolved organic carbon; N, potassium; 0, silica; P, sodium; @, specific conductance; R, strontium; S, sulfate;
T, suspended sediment; and U, total dissolved nitrogen.—Continued
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* Differences in median concentrations of iron (D) and lithium (E) between samples
with and without a component of brine are less than the maximum differences in
concentration between quality-control replicate pair samples (Covert and others, 2018),
suggesting that the iron and lithium concentration differences noted in the boxplot,
although statistically significant, may be caused by laboratory variability rather than by
chemical differences between samples with and without a brine component.

Figure 12. Concentrations of constituents that differed at a statistically significant level (p-value <0.05) for samples
(stream sites only) with and without a component of brine, Muskingum River watershed, Ohio, April 2015 through May
2016. A, barium; B, bromide; C, chloride; D, iron; E, lithium; F, manganese; and G, sodium.
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* Differences in median concentrations of iron (D) and lithium (E)
between samples with and without a component of brine are less
than the maximum differences in concentration between quality-control
replicate pair samples (Covert and others, 2018), suggesting that the
iron and lithium concentration differences noted in the boxplot, although
statistically significant, may be caused by laboratory variability rather than by
chemical differences between samples with and without a brine component.

Figure 12. Concentrations of constituents that differed at a
statistically significant level (p-value <0.05) for samples (stream
sites only) with and without a component of brine, Muskingum
River watershed, Ohio, April 2015 through May 2016. A, barium,
B, bromide; C, chloride; D, iron; E, lithium; F, manganese; and G,
sodium.—Continued

pH

In the samples collected for this study, pH ranged from 7
(neutral) to 8.9 (alkaline) (table 8 and fig. 2-5). As a result, pH
met the aquatic life use criteria at all sites (table 14). Contrary
to typical conditions reflected in ODNR-DMRM chemical
water-quality criteria for mine drainage impacts (table 10),
the median pH of mine-impacted sites was higher than that of
non-mine-impacted sites (fig. 114). The apparent absence of
acidic waters in the coal-mined drainage basins in the study
area might be because the mined lands were reclaimed, acidic
mine drainage is treated prior to discharge, or the abundant
limestone layers in the local bedrock, particularly in the
Monongahela Group, are buffering the water.

For all drainage basins with in-lake samples (Atwood,
Tappan, Piedmont, and Senecaville), median pH (8.4) in near-
surface lake samples was higher than in samples collected
in either upstream sites (median of 8.0) or samples collected
from below the dam (median of 7.8) (table 8 and fig. 2-5).
This result is likely due to higher photosynthetic activity near
the water surface in the lakes than in either tributary or below-
dam sites. Photosynthesis by aquatic plants and phytoplankton
consumes carbon dioxide during the daytime, when samples
were collected, which causes pH to increase (USGS, variously
dated). The pH of water controls the solubility of many chemi-
cal constituents (Hem, 1985).

Alkalinity

Alkalinity is a measure of the ability of water to neutral-
ize acid (Hem, 1985, p. 105). Alkalinity values in the study
area seemed to vary depending on the underlying geology.
Median alkalinities from samples collected in Atwood and
Leesville drainage basins, at the north end of the study area,
were generally less than alkalinity values from samples col-
lected in the Piedmont and Senecaville drainage basins at
the south end of the study area (fig. 2-9). Median alkalinity
values for these drainage basins were as follows: Atwood
(56.1 mg/L), Leesville (65.9 mg/L), Piedmont (141 mg/L),
and Senecaville (186 mg/L) (data not in report). No Monon-
gahela Group bedrock lies within the Atwood and Leesville
drainage basins, whereas the Monongahela Group underlies
a large part of the Piedmont and Senecaville drainage basins
(fig. 5). The Monongahela Group contains proportionally more
limestone—a carbonate-rich rock known for its acid-buffering
capacity—than the other bedrock units in the area (Sedam and
Francy, 1993). Tributaries to Tappan and Clendening Lakes
with the highest alkalinity values (minimum concentrations
exceeding 100 mg/L)—Standingstone Fork above Tappan
Lake, Ohio; Clear Fork above Tappan Lake, Ohio; and Brushy
Fork above Clendening, Ohio) (fig. 2-9)—were collected
from tributaries that drain from the eastern end of the drainage
basins, where Monongahela Group bedrock is located.

Alkalinity values also seemed to be affected by in-lake
processes. Median alkalinity values for lake sites (97.65 mg/L)
and sites downstream from dams (96.5 mg/L) were less than
the median alkalinity value at the upstream sites (120 mg/L)
(table 8), suggesting that in-lake processes might be decreas-
ing alkalinity. A decrease in alkalinity values is particularly
evident in the Senecaville Lake drainage basin (fig. 2-9),
where upstream tributaries have a median alkalinity of
197 mg/L compared with median alkalinities of 119 and
125 mg/L at the lake site and downstream from the dam,
respectively. Greater photosynthesis and resulting higher
consumption of carbon dioxide in lakes compared to streams,
could potentially reduce bicarbonate concentrations (Hem,
1985) and, thus, reduce alkalinity concentrations in lakes rela-
tive to streams.



Dissolved Oxygen

Concentrations of dissolved oxygen in all samples
ranged from 2.6 to 14 mg/L (table 8). With one exception, the
minimum dissolved oxygen concentrations at all sites occurred
at less-than-median streamflows; maximum dissolved oxy-
gen concentrations generally occurred at higher-than-median
streamflows (table 13 and fig. 2—4). However, separating the
effects of streamflow on dissolved oxygen concentrations from
the effects of temperature on dissolved oxygen concentrations
is difficult. Cold water can hold more dissolved oxygen than
warm water (USGS, 2017¢). In the study area, dissolved oxy-
gen concentrations are negatively correlated to water tempera-
ture at stream, lake, and gage (below-dam) sites at statistically
significant levels (Spearman’s rank correlation coefficient of
-0.63, -0.70, and -0.92, respectively). The coldest water tem-
peratures were generally measured in March, which coincided
with higher streamflows; warmest temperatures were generally
measured in June and August, when streamflows were low.

The lowest dissolved oxygen concentration (2.6 mg/L)
was measured below the dam at Clendening (Brushy Fork near
Tippecanoe, Ohio) in August 2015 (fig. 2—4) and was less than
the minimum OMZM required for aquatic life (<4.0 mg/L)
(table 14). The sampling frequency for this investigation was
not adequate to calculate the OMZA criterion for dissolved
oxygen, which is a 24-hour average. Dissolved oxygen con-
centrations in all other samples were higher than or equal to
5.1 mg/L, meeting aquatic life use criteria. Because dissolved
oxygen is, in part, a product of photosynthesis by aquatic
biota (a light-dependent process), dissolved oxygen concentra-
tions typically begin to increase at sunrise, gradually climb
throughout the day, and then start to decline near sunset (Shi
and others, 2003). The low dissolved oxygen concentration
(2.6 mg/L) at Brushy Fork near Tippecanoe, Ohio, prob-
ably cannot be attributed to diurnal fluctuations because the
sample was collected at 3 p.m. Rather, water released from
near the bottom of Clendening Lake in August 2015 was
most likely depleted in oxygen because of elevated tempera-
ture (19.8 degrees Celsius—the highest water temperature
measured at this site) and oxygen-depleted conditions at
depth in the lake as confirmed by typical dissolved oxygen
profiles available from the USACE (2018a). Classification of
redox processes based on dissolved oxygen and other chemi-
cal constituent concentrations indicates that conditions in
Brushy Fork near Tippecanoe, Ohio, on August 12, 2015, were
manganese-reducing conditions (table 15).

Specific Conductance

Specific conductance concentrations in the study area
ranged from 117 to 2,680 uS/cm (table 8). Significantly higher
specific conductance concentrations occurred at sites identi-
fied as mine impacted (median of 1,420 uS/cm) compared
to non-mine-impacted sites (median of 272 uS/cm) (fig. 110
and fig. 2-3). Because specific conductance is continuously
monitored at water-quality gages at 14 sites in the study area
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(fig. 1), major anions influencing specific conductance were
assessed using a linear model (figs. 134—-13C). At mine-
impacted sites, a strong linear relation existed between specific
conductance and sulfate concentrations (R? of about 0.98)

(fig. 134). Even mine-impacted sites with a brine component
best fit this model because (1) sulfate concentrations (median
of 647 mg/L) were much higher than chloride concentrations
at mine-impacted sites (maximum of 26.1 mg/L), and (2) sul-
fate, because of its higher charge, has a higher ionic strength
than an equivalent concentration of either chloride or bicar-
bonate (Hem, 1985, plate 1). The strong influence of sulfate
on specific conductance at mine-impacted sites would make
any specific-conductance increase caused by a small addition
of chloride to these streams difficult to notice. However, a
brine spill (if one were to occur on a mine-impacted stream)
would likely result in a chloride concentration higher than
10,000 mg/L (Blondes and others, 2017), which would cause
a noticeable increase in specific conductance. A strong linear
relation existed between specific conductance and bicarbonate
concentrations (R? of 0.87) observed in the other (non-mine-
impacted, non-brine-component) stream, lake, and below-dam
samples (fig. 13B).

Total Dissolved Solids

Concentrations of total dissolved solids ranged from
77 to 2,400 mg/L (table 8), with the highest concentrations
occurring at Standingstone Fork above Tappan Lake, Ohio,
and Brushy Fork above Clendening Lake, Ohio. The average
total dissolved solids values (1,527.5 and 1,738 mg/L,
respectively) for these two sites exceeded the aquatic life use
OMZA criterion (1,500 mg/L) (table 14). Brushy Fork above
Clendening Lake, Ohio, is designated as limited warmwater
habitat and is exempted for total dissolved solids because
of historical mining (OEPA, 2017a). Both sites are mine-
impacted sites (table 11). Total dissolved solids concentrations
were much higher for mine-impacted sites throughout the
study area—median concentrations more than seven times
higher—than for non-mine-impacted sites (fig. 11F and
fig. 2-8).

Maijor lons

The bicarbonate- and sulfate-type waters discussed
earlier in the report were identified based on the percentages
of major ions in samples (fig. 8). Major ions, for the most part,
are derived from weathering of rock and sediment. Concentra-
tions of major ions are shown in the boxplots in figures 2—10
through 2-21. No State aquatic life use criteria are established
for major ions.

Bicarbonate concentrations ranged from 29.5 to
317 mg/L (table 8) and were generally higher during low flow
than during high flow conditions (table 13). Bicarbonate, a
major contributor to alkalinity, displayed the same pattern
of spatial variations in concentration (fig. 2—11) as alkalinity
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(fig. 2-9). The pattern is as follows: (1) lower concentrations
in Atwood Lake and Leesville Lake drainage basins, where the
Monongahela Group bedrock is absent and higher concentra-
tions in Piedmont and Senecaville Lakes, where the Monon-
gahela Group bedrock is present; and (2) lower concentrations
in lakes (median of 115.5 mg/L) and downstream of dams
(median 116.5 mg/L) relative to upstream sites (median of
146 mg/L) (table 8), indicating that in-lake processes such as
photosynthesis may reduce bicarbonate concentrations. Bicar-
bonate concentrations also were higher at mine-impacted sites
than at non-mine-impacted sites (fig. 11B).

Sulfate concentrations ranged from 6.2 to 1,370 mg/L
(table 8), with the highest concentration occurring at Brushy
Fork above Clendening Lake, Ohio. Sulfate concentrations
were elevated at mine-impacted sites relative to non-mine-
impacted sites (fig. 115 and fig. 2—-19). Sulfate is released from
coal and overburden rocks during mining when iron sulfide
minerals (usually pyrite) are brought to land surface and
exposed to oxygen (or are exposed to air in an underground
mine) and sulfide is oxidized to sulfate. In the Tappan Lake
drainage basin, sulfide concentrations were elevated at mine-
impacted sites relative to other sites (fig. 2—18).

Because chloride is the dominant anion in oil-field brines
(fig. 8) and does not readily sorb to or react with sediments,
chloride concentrations would become elevated if brine were
released to a stream. Chloride concentrations in the study
area ranged from 2.12 to 76.1 mg/L (table 8). Although no
State aquatic life use criteria are established for chloride
(table 14), concentrations in the study area were less than the
national recommended water-quality criteria for aquatic life of
230 mg/L (U.S. Environmental Protection Agency, 2017)—the
concentration at which chloride is likely to harm freshwater
plant and animal life with chronic (long-term) exposure.

The highest concentration of chloride (76.1 mg/L)
occurred at Indian Fork at Dellroy, Ohio, in the Atwood
Lake drainage basin. This sample plotted not as a brine on
figure 108 but between the mixing curves, in the intermedi-
ate zone that typically represents samples affected by septic
or animal waste, wastewater treatment plant effluent (of
which two are in the drainage basin), or water from field
tiles. At higher flows, samples at this site plotted in an area
closer to the road salt mixing curve. Chloride concentrations
in the Atwood Lake drainage basin (median of 21.4 mg/L)
were higher than chloride concentrations in other lake drain-
age basins in the study area (median 9.89 mg/L) (fig. 2—17).
Multiple samples from three sites in the Atwood Lake drain-
age basin—Unnamed tributary near Dellroy, Ohio; Elliot Run
near Dellroy, Ohio; and Willow Run near Dellroy, Ohio—were
identified as having a component of brine based on chloride
concentrations and Cl:Br ratios (see “Sources of Salinity”
section). Overall, median chloride concentrations at mine-
impacted sites were not statistically different from non-mine-
impacted sites, but median chloride concentrations with a
component of brine were higher and statistically different from
those at non-brine sites (fig. 12C).
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Concentrations of the cations calcium, magnesium, and
sodium were generally higher during low flow than during
high flow (table 13). Spatial trends from north to south in the
study area were possibly related to geology—Ilower calcium
and magnesium in Atwood Lake and Leesville Lake drainage
basins (where the Monongahela Group bedrock is absent) than
in the Piedmont Lake and Senecaville Lake drainage basins
(which are partially underlain by the Monongahela Group)
(fig. 5). The Monongahela Group contains proportionally more
limestone—a rock composed chiefly of calcium carbonate
and sometimes magnesium carbonate—than the other bedrock
units in the area (Sedam and Francy, 1993).

Concentrations of all four major cations (calcium, magne-
sium, potassium, and sodium) were higher in mine-impacted
sites than in non-mine-impacted sites (figs. 11D, 11/, 11N,
11P, and figs. 2—12 through 2-15). Elevated sodium concen-
trations were detected at sites with a component of brine rela-
tive to non-brine sites (fig. 12G), but no other major cations
differed between the two groups.

Nutrients

Concentrations of ammonia met the aquatic life use
criteria OMZM at all sites (table 14). No State aquatic life use
criteria are established for other nutrients in Ohio streams, but
development is in progress (OEPA, 2017b).

Nutrients are naturally present in soils but also can come
from fertilizer, manure applied to fields, and sewage. Oil-
field brines can contain elevated concentrations of ammonia
(Blondes and others, 2017). Temporal and spatial trends in
nutrient concentrations in the study area indicate that mul-
tiple processes, including source of water to streams (base
flow versus runoff), in-lake uptake by aquatic vegetation, and
reduction reactions occurring in lakes, could affect nutrient
concentrations. At an individual site, higher-than-median
concentrations of ammonia (fig. 2-31) and orthophosphate
(fig. 2-33) tended to be associated with below-median flows,
indicating a nonrunoff source. Greater-than-median concen-
trations of nitrate plus nitrite (fig. 2-32) tended to be associ-
ated with above-median flows, indicating a runoff source
(table 13). Differences in nutrient concentrations among
tributary streams and lake and below-dam sites indicated
that some nutrient concentrations in and immediately down-
stream from lakes are affected by in-lake processes. Median
concentrations of total dissolved nitrogen (fig. 2-36) and
phosphorus (fig. 2-35) were similar at sites upstream from
the lakes and gage sites below the dams (table 8), but median
nitrate plus nitrite concentrations were higher in tributaries
(0.166 mg/L) than in lakes (<0.040 mg/L) or downstream
from dams (0.064 mg/L) (table 8 and fig. 2-32), possibly
indicating uptake by aquatic vegetation or organisms in the
lakes. Median in-lake and tributary concentrations of nitrate
plus nitrite were higher at Atwood and Tappan Lakes than at
Piedmont and Senecaville Lakes (fig. 2—-32). Like nitrate plus
nitrite, median concentrations of orthophosphate were less in
lakes (<0.004 mg/L) than in tributary streams (0.007 mg/L),
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possibly because of uptake by aquatic vegetation or organisms
in the lakes (table 8).

Median concentrations of ammonia were higher at the
gage sites downstream from the lakes (median of 0.08 mg/L)
than in the lakes (near-surface samples, median of <0.01)
or upstream sites (median of 0.01) (table 8). The opposing
nitrate and ammonia spatial trends likely were due to the
conversion of nitrate to ammonia by redox reactions at depth
within the lakes. Generally, manganese-reducing conditions
occurred at below-dam sites in May and August 2015 and in
May 2016 (dates varied slightly at Tappan and Senecaville
sites) (table 15). According to the sequential order in which
electron acceptors are used by microbes, manganese-reducing
conditions indicate that nitrate has already been reduced
to ammonia.

Particulate nitrogen includes living and dead algae,
bacteria, and organism fragments (Illinois State Water Survey,
2017). Conforming with lakes having more biotic activity
than the rapidly flowing streams, median concentrations of
particulate nitrogen were higher in lakes (0.21 mg/L) and sites
immediately downstream from the dams (0.1765 mg/L) than
in tributary streams (0.057 mg/L) (table 8§ and fig. 2-34).

Metals and Trace Constituents

Manganese concentrations in the four lake sites sampled
(median of 2.325 pg/L) were substantially less than at stream
sites (median of 71.4 ng/L) or gage sites below the dams
(median of 73.7 pg/L) (table 8), possibly because naturally
occurring oxidation of manganese in the shallow sampling
zones of the lakes (where plants are producing oxygen via
photosynthesis) may cause manganese to precipitate out of
water. Concentrations of manganese at the below-dam gage
sites were highly variable with time (fig. 2-28), likely a
result of lake-water releases. Sometimes the deep lake waters
released from the dams were oxic and, at other times dur-
ing the year, the deep lake waters were manganese reducing
(table 15). Under manganese-reducing conditions, manganese
that precipitated out of the shallow, oxic zone of the lake could
redissolve upon reaching the deep zone of the lake and cause
dissolved manganese concentrations below the dam to be
elevated relative to the lake samples.

Considering tributary stream samples only (samples not
affected by in-lake processes), the median manganese concen-
tration at sites with a brine component (140 pg/L) was higher
than at non-brine sites (67.1 pg/L) at a statistically signifi-
cant level (fig. 12F). The median manganese concentration
(87.6 pg/L) at mine-impacted sites was less than that of sites
with a brine component but higher than that of other streams
(fig. 11J). No aquatic life use criteria exist for manganese
(table 14).

Iron concentrations were higher in the Atwood Lake and
Leesville Lake drainage basins than in the Piedmont Lake
and Senecaville Lake drainage basins (fig. 2-26), possibly
resulting from geology in the contributing drainage basins
(less Allegheny Group bedrock, more Monongahela Group

bedrock from north to south in the study area). Iron concentra-
tions were significantly less at mine-impacted sites (median
of 5.7 pg/L) than at non-mine-impacted sites (median of
52.2 pg/L) (fig. 11H) and were higher at sites with a brine
component (median of 54.8 pg/L) than at non-brine sites
(median of 31.7 pg/L) (fig. 12D). However, based on the
high variability of iron concentrations noted in QC replicate
pairs, these apparent differences between groups—mine- and
non-mine-impacted sites, brine component and non-brine
sites—might be a result of laboratory variability rather than
actual chemical differences between groups. No aquatic life
use criteria exist for iron (table 14).

Median concentrations of iron were less at lake
(<4.0 mg/L) and below-dam sites (5.55 mg/L) relative to
stream sites (36 mg/L) (table 8). This pattern possibly results
from oxidation of iron (causing iron to precipitate out of
water) in the shallow zone of the lake, where sampling
occurred and where photosynthesis by aquatic vegetation pro-
duces oxygen. [ron-reducing conditions were observed in only
2 out of 36 below-dam samples (table 15), possibly indicating
that once iron precipitated out of shallow lake waters it tended
to stay in solid form, only redissolving into water in deep
zones of the lakes under rare conditions (thus, iron concentra-
tions remained relatively low at below-dam sites).

Even though the redox classification of 36 samples
(table 15) downstream from dams indicated that iron-reducing
conditions occurred only rarely and that no samples were
consistent with sulfate-reducing conditions (in which sulfate
is converted to sulfide, which can form hydrogen sulfide gas),
the USACE periodically posted alerts regarding hydrogen
sulfide gas below Atwood, Leesville, Tappan, Clendening, and
Piedmont Lakes (USACE, 2016, 2017). Thus, sulfate-reducing
conditions occur periodically. Although the samples down-
stream from dams are an indicator of lake bottom chemistry,
the samples are aerated somewhat upon release from the
dam and, thus, may underestimate the strength of reducing
processes occurring at depth in the lakes during late spring
and summer.

Aluminum was included in the analytical suite as a poten-
tial indicator of mine drainage. To eliminate systematic posi-
tive bias in environmental samples identified by QC samples,
results for aluminum were censored at 20.8 pg/L for the
purposes of this report—a concentration that is three times the
average detectable blank concentration (see “Quality-Control
Results” section). No statistically significant difference was
noted between aluminum concentrations at mine-impacted
and non-mine-impacted sites, suggesting that aluminum is a
poor indicator of mine drainage in the study area. Aluminum
concentrations were higher in samples collected in the Atwood
Lake and Leesville Lake drainage basins than in samples col-
lected in the Piedmont Lake and Senecaville Lake drainage
basins, possibly because of geology. In all drainage basins,
concentrations were higher in samples collected at above-
median flows, suggesting a runoff source, rather than during
below-median flows, possibly because of aluminum-rich clay
particles washed into steams by rainfall.



The trace elements arsenic, barium, boron, lithium, and
strontium, in addition to bromide, were targeted for analysis
because trace elements and bromide are present in oil-field
brine. Barium is also a component of drilling mud. In the data
collected for this study, the median concentrations of barium,
bromide, and lithium were statistically higher in samples
with a brine component than in non-brine samples (figs. 124,
12B, and 12F, respectively). Mine drainage in the study area
complicated the use of boron, lithium, and strontium as indica-
tors of oil and gas influence on water quality, because median
concentrations of these constituents were higher at a statisti-
cally significant level in samples collected at mine-impacted
sites than in samples collected at non-mine-impacted sites
(figs. 11C, 11K, and 11R, respectively). Concentrations of
arsenic, barium, boron, strontium, and zinc met the aquatic life
use criteria at all sites (table 14).

Volatile Organic Compounds

The tables of VOC results (table 3—1) summarize detec-
tions of constituents for each sample at each site. If the result
was less than the NWQL reporting level but higher than the
NWQL detection limit, the result was designated with a less-
than symbol. An “E” denotes concentrations that were esti-
mated by NWQL. For the purposes of this report, the reporting
level for styrene was raised to 0.31 pg/L (see “Quality-Control
Results” section). This higher reporting level was used in
table 3—1.

In general, few VOC detections were higher than the
NWQL reporting level. The only VOC detected in any of the
17 samples that contained a component of brine (designated
by red text in table 3—1) was acetone, which was detected in
3 (18 percent) of these samples and in 11 percent of non-brine
samples. The BTEX detections made up 24 of the 45 detec-
tions (53 percent) in the study area and are compounds that
occur naturally in crude oil. The BTEX detections were not
associated with sites containing a brine component. Consider-
ing that these VOC compounds are gasoline hydrocarbons and
that most of the detections occurred during warmer months
in and around the lakes (figs. 2-39 and 2—40), the detections
were likely associated with increases in outdoor activities such
as automobile and boating traffic.

Maximum VOC concentrations are listed in table 8.
Aquatic life use criteria exist for several of these VOCs
(table 14), but no VOC concentrations exceeded these criteria.

Radium-226 and Radium-228

Because of the ubiquitous nature of radium-226 and
radium-228 in the environment, these radionuclides were
detected in several field blanks, equipment blanks, and source-
solution blanks. For the purposes of this report, the report-
ing levels for radium-226 and radium-228 were increased to
0.51 and 1.2 pCi/L, respectively, to better identify sample
concentrations that exceed background levels.
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Radium-226 concentrations exceeded the reporting
level in only two environmental samples—Brushy Fork near
Tippecanoe, Ohio, on March 23, 2016 (0.51+0.11 pCi/L),
which is in the Clendening Lake drainage basin, and Tap-
pan Lake at Main Swimmers Beach, Ohio, on October 21,
2015 (0.75%0.14 pCi/L). Similarly, the radium-228 count of
only one environmental sample exceeded the reporting level
(Brushy Fork above Clendening Lake, Ohio, on October 27,
2015 [1.2+0.2 pCi/L]). Radionuclide counts did not exceed
the aquatic life use criterion for combined radium-226 and
radium-228 (5 pCi/L) (table 14).

Relation Between Water Chemistry and
Drainage Basin Characteristics

Flowback water or brines, or both, associated with oil
and gas development contain elevated specific conductance
and concentrations of total dissolved solids, calcium, mag-
nesium, potassium, sodium, bicarbonate, chloride, sulfate,
sulfide, iron, manganese, arsenic, barium, boron, bromide,
lithium, strontium, total carbon, dissolved organic carbon, and
selected VOCs as compared to streams (Gregory and others,
2011; Barbot and others, 2013; Engle and others, 2014). In
addition, oil and gas development could be associated with
sediment runoff into streams (from construction of access
roads and well pads)—measured as turbidity and concentra-
tions of suspended sediment—and concentrations of nutrients
associated with those sediments (Entrekin and others, 2011). If
streams were to be contaminated by flowback water or brines,
or both, then concentrations of one or more of those same
constituents might be increased in the stream water. Some of
the constituents that are measured in higher concentrations in
flowback water and brines also could be higher in the follow-
ing examples:

* releases of brines and flowback water that could occur
as spills on roads;

+ oil-field brines spread on township roads for dust con-
trol that could wash into streams;

* salt spread on roads for deicing that could cause
increases of specific conductance, total dissolved sol-
ids, sodium, and chloride in streams;

» wastewater treatment plant discharges to streams that
could cause increases of specific conductance, total
dissolved solids, sodium, chloride, total carbon, dis-
solved organic carbon, and nutrients;

* coal-mine drainage that could result in elevated con-
centrations of specific conductance, total dissolved
solids, sulfate, iron, manganese, arsenic, total carbon,
and dissolved organic carbon; and

* application of fertilizer to agricultural lands that could
result in runoff to streams that is elevated in nutrients,
potassium, chloride, and dissolved organic carbon.
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Correlations

Spearman’s rank correlation coefficients were used to
identify correlations between water chemistry and drainage
basin characteristics that could affect water quality. Some of
the constituents that were detected at increased concentra-
tions in flowback water and brines also might be detected in
increased concentrations in surface-mine runoff. To simplify
interpretation of water-chemistry results, 11 sites with sulfate-
type water that were likely impacted by lands associated
with coal mining (mine-impacted sites) were identified and
separated out for subsequent statistical analysis (table 11).
All concentrations less than the common reporting level for
a constituent were assigned the same value that was less than
all reported concentrations, so that ranks of values less than
the highest reporting level were tied, yet less than the rank
for the lowest measured concentration. The Spearman’s rank
correlation coefficients require samples to be independent
from one another. Spearman’s rank correlation coefficients,
then, were calculated for non-mine-impacted (table 16) and
mine-impacted (table 17), non-nested stream sites sepa-
rately using median water-chemistry values for each site and
drainage basin characteristics that included (1) the density
of producing conventional oil and gas wells, (2) the density
of producing horizontal gas wells that were tapped into the
Utica/Point Pleasant formation, (3) the density of wastewater
treatment plants, (4) the percentage of lands associated with
underground coal mines, (5) the percentage of lands associated
with surface coal mines, (6) the density of road miles, (7) the
percentage of township lands with permits to spread brine for
dust control, (8) the percentage of land cover for agriculture,
developed, and forest.

In the following discussion, only significant positive
correlations (alpha 0.05 and higher) are mentioned. A positive
correlation (highlighted green in tables 16—18) means that as
the drainage basin characteristic increases (either in density or
percentage), so does the median concentration or level of the
constituent or property. The closer the value of Spearman’s
rank correlation coefficient to 1 (or negative 1), the stron-
ger the correlation. Caution must be used when interpreting
the correlations, because substantial correlations frequently
were among the drainage basin characteristics themselves
(table 18)—correlation does not equate to causation.

The following is a list of correlations between water
chemistry and drainage basin characteristics for non-mine-
impacted sites (table 16):

1. turbidity and suspended sediment results indicated
strong positive correlations with the density of conven-
tional oil and gas wells;

2. results indicated no significant correlations with the
density of gas wells drilled into the Utica/Point Pleasant
formation;

3. boron, orthophosphate, and phosphorus results indicated
a strong positive correlation with the density of waste-
water treatment plants;

4. pH, total dissolved solids, potassium, sulfate, fluoride,
ammonia, and particulate nitrogen results indicated mod-
erate to strong positive correlations with the percentage
of lands associated with surface coal mining;

5. silica and total dissolved nitrogen results indicated
moderate to strong positive correlations with the density
of road miles;

6. results indicated no significant correlations with the per-
centage of township lands with permits to spread brines;
and

7. nitrate plus nitrite and total dissolved nitrogen results
indicated moderate positive correlations with the per-
centage of agriculture land cover (as might be expected
because of fertilizer application).

The following is a list of correlations between water
chemistry and drainage basin characteristics for mine-
impacted sites (table 17):

1. results indicated no significant positive correlations with
the density of conventional oil and gas wells;

2. sulfide, silica, nitrate plus nitrite, and particulate nitrogen
results indicated very strong positive correlations with
the densities of gas wells drilled into the Utica/Point
Pleasant formation;

3. turbidity, phosphorus, and total carbon results indicated
very strong positive correlations with the density of
wastewater treatment plants;

4. sodium, potassium, and strontium results indicated very
strong positive correlations with the percentage of lands
associated with surface coal mining;

5. results indicated no significant positive correlations with
the density of road miles;

6. boron and orthophosphate results indicated strong posi-
tive correlations with the percentage of township lands
with permits to spread brines; and

7. alkalinity, carbonate, and bicarbonate results indicated
very strong positive correlations with the percentage of
land cover for agriculture.
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Injection Wells

During this study, only two active and two plugged
waste injection wells were within the study area—three in
the Atwood Lake drainage basin and one in the Piedmont
Lake drainage basin (fig. 3). Some of the drainage basin areas
that contained injection wells were upstream from and, thus,
subbasins of other drainage basins. The nesting of drainages
resulted in seven sites having at least one injection well in
each of their drainage basins. For this analysis, seven median
values were not enough to calculate meaningful Spear-
man’s rank correlation coefficients. Instead, boxplots and the
Wilcoxon rank-sum test were used to test differences among
median constituent concentrations for sites with and without
injection wells in their drainage areas. All concentrations
less than the common reporting level for a constituent were
assigned the same value that was less than all reported concen-
trations, so that ranks of values less than the highest reporting
level were tied, yet less than the rank for the lowest measured
concentration. The Wilcoxon rank-sum test requires samples
to be independent from one another. To achieve this require-
ment, only non-nested stream sites were used. The number
of samples with and without injection wells in their drainage
areas was 16 and 101, respectively. In the following discus-
sion, only significant differences (alpha 0.05) are mentioned.

Wilcoxon rank-sum test results indicated statistically
significant differences between sites with and without injec-
tion wells in their drainage areas for the median concentrations
of bromide, chloride, lithium, manganese, sodium, and total
dissolved nitrogen concentrations (table 19). The boxplots
for these constituents showed higher median concentrations
at sites with injection wells in their drainage areas compared
to sites without injection wells (figs. 144—14F). Although
bromide, chloride, lithium, and sodium are common oil- and

Table 19. Wilcoxon rank sum test Z-values and p-values
between median concentrations of selected constituents at
sites with and without injection wells in their drainage areas,
Muskingum River watershed, Ohio, 2015-16.

[Categories were compared using the Wilcoxon rank sum test. Constituents
that were different at a p-value of <0.05 are shown. Z-value, standard score
or number of standard deviations an element is from the mean; p-value,
statistical significance of a test result based on Z-value; <, less than]

Constituent Z-value p-value
Bromide 5.80836 <0.0001
Chloride 3.85547 .0001
Lithium 2.52679 0115
Manganese 2.15777 .0309
Sodium 2.53855 0111
Total dissolved nitrogen 2.26129 .0237

gas-related contaminants (Chambers and others, 2015; Cozza-
relli and others, 2017), correlation does not equate to causa-
tion and data are lacking to ascertain whether the increased
concentrations are related to oil and gas development or to the
presence/absence of injection wells.

Comparison of Current (2015-16) to Historical
Chloride Concentrations

Salinity is the total concentration of dissolved salts in
water. Chloride, a major anion, is a major contributor to salin-
ity in freshwater streams. Chloride concentrations in streams
are influenced by the surrounding geology but also can be
influenced by human activities such as oil and gas drilling,
road deicing, and water treatment. As part of a baseline water-
quality study, a temporal comparison of historical and current
(2015-16) chloride concentrations can help in understanding
potential impacts from human activities.

Chloride concentrations, like many chemical parameters
of streams, typically vary as a function of flow. Chloride
concentrations generally increase in streams during lower
flow (when base flow is dominant) and decrease during higher
flow (when runoff is dominant). In evaluating changes in
chloride concentrations with time, only historical chloride
concentrations with an associated streamflow measurement
were used. Available historical chloride concentrations at
Atwood (1965-75), Leesville (1965-89), Tappan (1965-91),
Piedmont (1965-91), and Senecaville (1965-89) Lakes and
streamflow data were placed into time-period categories
(1960s, 1970s, 1980s), and the values were compared to
current (2015-16) values measured at or near the sampling
sites downstream from each lake dam. A comparison at
Clendening Lake could not be made due to a lack of historical
chloride and streamflow data pairs. Based on availability,
either dissolved or total chloride concentrations and
instantaneous or daily mean streamflow values were obtained
online from the USACE (2018b) data dissemination tool and
the USGS NWIS database (USGS, 2017a).

An analysis of covariance was done to test the effects of
streamflow, time (decade), and the combined effects (cross
product) of streamflow and time on chloride concentrations
measured at the sampling sites downstream from Atwood,
Leesville, Piedmont, Senecaville, and Tappan Lakes. Analyses
indicated that streamflow was not significant in explaining the
variation in chloride concentration. The tendency for chlo-
ride concentrations to vary little as a function of streamflow
during a given decade is shown in figure 15 in a scatterplot
of streamflow versus chloride concentrations from samples
collected at or near McGuire Creek near Leesville, Ohio,
downstream from the dam at Leesville Lake with regression
lines fit to data collected during the 1960s, 1970s, 1980s, and
2015-16. In fact, the vertical positions of the regression lines
suggest the likelihood of decadal shifts in concentration at this
sampling site.
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Figure 14. Constituent concentrations that differed at a statistically significant level (p-value <0.05) between sites
with and without injection wells in their drainage areas (stream sites only), Muskingum River watershed, Ohio,
2015-16. A, bromide; B, chloride; C, lithium; D, manganese; E, sodium; and F, total dissolved nitrogen.
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Figure 15. Streamflow versus chloride concentrations with

regression lines fit to data for each period (1960s, 1970s, 1980s,
and 2015-16) at or near McGuire Creek near Leesville, Ohio,
downstream from the dam at Leesville Lake.

The fact that chloride concentrations varied little with
streamflow at the sites downstream from the dams was not
unusual considering that streamflow in those locations is
controlled by dam operations and, therefore, association
between runoff-generating events and streamflow is less direct
than in unregulated streams. In addition, runoff entering the
lakes mixes with lake water before being discharged through
the dam, which likely reduces the strong association between
runoff and chloride concentration that is typical in streams not
regulated by dams with permanent pools. Because chloride
concentrations at the below-lake locations were not consider-
ably influenced by streamflow, boxplots (fig. 16) could be
used to examine the effects of time on chloride concentrations.
Because of a gap in the data (1990-2015), a full assessment of
trends in chloride concentrations could not be made.

For Atwood Lake, chloride concentrations seemed to
increase from the 1960s to the 1970s (fig. 16). Data dur-
ing the 1980s were not available. Chloride concentrations in
samples collected for the study period (2015-16) were similar
to chloride concentrations in samples collected in the 1970s.
The absence of change in chloride concentrations since the
1970s for Atwood Lake was surprising, considering the brine

component identified in 13 samples from the drainage basin
(samples from Unnamed tributary near Dellroy, Ohio; Elliot
Run near Dellroy, Ohio; and Willow Run near Dellroy, Ohio).
However, further investigation indicated that most (58 per-
cent) of the 299 conventional oil and gas and shale-gas wells
in the drainage basin (fig. 3) were drilled in the 1970s. Only
27 oil and gas wells (9 percent of total wells) were added
during 1980-2016 (Ohio Department of Natural Resources,
Division of Oil & Gas Resources, 2017a). Furthermore, use of
the two plugged injection wells in the Atwood Lake drainage
basin ceased in the early 1980s (Ohio Department of Natural
Resources, Division of Oil & Gas Resources, 2017¢, well
American Petroleum Institute numbers 34019204550000 and
34019202870000), although use of the active injection well in
the drainage basin of Unnamed tributary near Dellroy, Ohio
began in 2002 (Ohio Department of Natural Resources, Divi-
sion of Oil & Gas Resources, 2017¢; well American Petroleum
Institute number 34019203250000).

40_(10) (23) (6)  (9)(27)(10)6) (9)(27) (50)(5) ~ (10K28)(26)6) ~ (10)(27)(28)(5)
35r E
5 30f ’ 1
]
o
e 25 g
o
=2 . .
E 20t .
£ .
@
=
5 151 g
=
&) 5 . .
ai agals)
o
5 ° 4
Atwood Leesville Piedmont Senecaville Tappan
Lake
EXPLANATION
32 Number of values 31 1960s
Maximum value £ 1970s
. 1 1980s
75th |
5th percentile 9 2015-16

50th percentile
(median)

25th percentile
Minimum value

. Outlier

Figure 16. Chloride concentrations at Atwood, Leesville,
Piedmont, Senecaville, and Tappan Lakes for each period (1960s,
1970s, 1980s, and 2015-16).



For Leesville, Piedmont, and Senecaville Lakes, median
chloride concentrations for the study period (2015-16) were
higher than during the previous period (1980s) (fig. 16). Chlo-
ride concentrations for Piedmont Lake decreased in the 1980s
but, since then, increased in the samples collected in 2015-16.
The CI:Br ratios indicated that the sources of chloride to
recent samples (2015—-16) from the Piedmont Lake drain-
age basin (depicted as purple circles in fig. 104) were likely
agricultural runoff or septic leachate (for samples plotting
in the intermediate zone between road salt and brine mixing
curves). For Leesville Lake, boxplots showed a progressive
increase in chloride concentrations from the 1960s to 2015-16
(fig. 16). The Cl:Br ratios indicated that the sources of chloride
to samples from the Leesville Lake drainage basin (2015-16)
were likely road salt (for samples plotting along the road salt
mixing line in fig. 10C), agricultural runoff, or septic leachate
(for samples plotting in the intermediate zone between road
salt and brine mixing curves). Similarly, at Senecaville Lake,
the boxplots showed a progressive increase in chloride con-
centrations from the 1960s to 2015-16 (fig. 16). The source
of chloride to recent samples (2015—16) from the Senecaville
Lake drainage basin seems to be mixed, based on ratios of
CI:Br (fig. 10D)—two samples may contain a component of
brine from the Berea Sandstone (plot below the Berea brine
mixing line), two samples contain road salt (plot on the road
salt mixing line), and several samples may have an agricultural
runoff or septic leachate source (plot in the intermediate zone
between road salt and brine mixing curves). Chloride con-
centrations for Tappan Lake increased in the 1980s but, since
then, decreased for the samples collected in 2015—16. The
source of chloride to recent samples (2015—16) from the Tap-
pan Lake drainage (denoted by a gray triangle in fig. 104) are
mixed, based on ratios of Cl:Br—one sample might contain a
component of brine from the Berea Sandstone (plots below the
Berea brine mixing line), one sample seems to contain road
salt (plots on the road salt mixing line), but most samples are
dilute water or have an agricultural runoff or septic leachate
source (plot in the intermediate zone between road salt and
brine mixing curves).

Summary and Conclusions

The U.S. Geological Survey (USGS), in cooperation with
the Muskingum Watershed Conservancy District, led a study
to assess baseline (2015-16) surface-water quality in six lake
drainage basins within the Muskingum River watershed that
are in the early years of shale-gas development. After steady
production volumes for several years, crude oil production
in Ohio increased more than 500 percent from 2012 to 2015,
and natural gas production increased 11-fold—most of this
increase can be attributed to an increase in shale-gas pro-
duction. In 2015, 9 of the 10 most active counties in Ohio
for oil and gas development were wholly or partially within
the Muskingum River watershed. In addition to shale-gas
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development, the area has a history of conventional oil and gas
development and coal mining.

At each of the 30 sampling sites (20 in tributaries flowing
to the lakes, 4 in lakes themselves, and 6 downstream of the
lakes), 6 samples were collected to characterize surface-water
chemistry throughout a range of hydrologic conditions. The
range of conditions that occurred at a site compared to the
amount of variation captured by the sampling events was
assessed at 14 USGS water-quality gages that were installed in
the study area in 2015. Water-quality sampling captured from
13.2 to 51.0 percent of the total variation in stream stage that
occurred at the gage sites from April 1, 2015, through June 30,
2016, and 18.6 to 71.3 percent of total variation in specific
conductance at the sites. The sampling events generally
occurred during low flows (periods of higher groundwater
contribution) rather than during runoff events (periods of
high stream stage, decreased specific conductance), although
a runoff event in March 2016 was captured at some sites.

The 14 water-quality gages in the study area recorded a few
sudden spikes in specific conductance that seem to represent
“incidents”—releases of water with very different chemical
characteristics relative to that usually detected in the stream.
These incidents were not captured by the discrete water-
quality sampling.

Trilinear diagrams of major ion chemistry revealed three
main types of water in the study area—sulfate-dominated
waters, bicarbonate-dominated waters, and waters with mixed
bicarbonate and chloride anions. Most sites produced samples
of bicarbonate-dominated water, and 11 sites with sulfate-type
waters were designated as coal-mine-impacted sites based
on sulfate-to-chloride ratios and criteria developed by the
Ohio Department of Natural Resources, Division of Mineral
Resources Management, for assessing mine drainage impacts
in Ohio. Ohio brines coproduced with oil and gas and water
known to be affected by nearby road salt sources are sodium-
chloride-type waters—no stream samples were this water
type, although mixed bicarbonate and chloride waters were
detected in samples from Atwood Lake and Leesville Lake
drainage basins.

The baseline assessment of surface-water quality in
the study area indicated few water-chemistry constituents at
concentrations that would adversely affect aquatic organisms.
Chemical-specific aquatic life use criteria were not met in
only three instances—two for total dissolved solids (at mine-
impacted sites) and one for dissolved oxygen. Specifically,
average total dissolved solids values at Standingstone Fork
above Tappan Lake, Ohio, and Brushy Fork above Clendening
Lake, Ohio (1,527.5 and 1,738 milligrams per liter [mg/L],
respectively) exceeded the outside mixing zone average
criterion (1,500 mg/L). Brushy Fork above Clendening Lake,
Ohio, however, is designated as limited warmwater habitat
and is exempted for total dissolved solids because of historical
mining (OEPA, 2017a). The one-time dissolved oxygen value
of 2.6 mg/L on August 12, 2015, at Brushy Fork near Tippeca-
noe, Ohio, was less than the outside mixing zone minimum of
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4 mg/L. This sample represents water released from near the
bottom of Clendening Lake.

Mine drainage from historical coal mining in the region
likely affected the quality of about one-third of the streams
sampled. Concentrations or levels of bicarbonate, boron, cal-
cium, carbonate, total dissolved solids, fluoride, magnesium,
manganese, lithium, dissolved organic carbon, pH, potas-
sium, sodium, specific conductance, strontium, sulfate, and
suspended sediment were statistically higher (alpha = 0.05)
in mine-impacted sites than in non-mine-impacted sites. The
elevated specific conductance, total dissolved solids, boron,
lithium, and strontium concentrations detected at mine-
impacted sites complicated the use of these constituents as
indicators of oil and gas influence in the study area.

An accidental release of oil- and gas-related brines could
increase salinity (sodium and chloride), the concentration of
total dissolved solids in shallow groundwater and streams, and
specific conductance. For this study, chloride concentrations in
the study area ranged from 2.12 to 76.1 mg/L. No samples had
concentrations exceeding the recommended national criterion
for aquatic life of 230 mg/L established by the U.S. Envi-
ronmental Protection Agency—the concentration at which
chloride is likely to harm freshwater plants and animals with
long-term exposure.

Sources of chloride in water samples were evaluated
using binary mixing curves and ratios of chloride-to-bromide.
These ratios indicated that 13 samples from 3 sites (Unnamed
tributary near Dellroy, Ohio; Elliot Run near Dellroy, Ohio;
and Willow Run near Dellroy, Ohio) in the Atwood Lake
drainage basin likely contained a component of brine, as well
as four samples collected from other lake drainage basins—
one from the Tappan Lake drainage basin, one from the Clen-
dening Lake drainage basin, and two from Senecaville Lake
drainage basin. For the three Atwood Lake drainage basin
sites, a brine component was identified in multiple samples.
These three drainage basins contained higher densities of con-
ventional oil and gas wells (6.9 to 9.2 wells per square mile)
relative to other drainage basins in the study area; and, of these
three drainage basins, only the drainage basin of Willow Run
near Dellroy, Ohio, contained a Utica/Point Pleasant formation
shale-gas well. Binary mixing calculations indicated that the
maximum percentage of brine mixed with dilute stream water
in these samples was 0.03 to 0.1 percent by volume. Concen-
trations of barium, bromide, chloride, iron, lithium, manga-
nese, and sodium were statistically higher (alpha = 0.05) in
samples with a component of brine than in samples without a
component of brine.

The only volatile organic compound detected at any
of the 17 samples that had a brine component was acetone,
detected in 3 (18 percent) of these samples and in 11 percent
of non-brine samples. Benzene, toluene, ethylbenzene, and
xylene (BTEX) made up 24 of the 45 detections (53 percent)
in the study area and are compounds that occur naturally
in crude oil. The BTEX detections were not associated
with sites with a brine component. Considering that these
volatile organic compounds are gasoline hydrocarbons and

that most of the detections occurred during warmer months
in and around the lakes, the detections likely are associated
with increases in outdoor activities such as automobile and
boating traffic.

Because of the ubiquitous nature of radium-226 and
radium-228 in the environment, these radionuclides were
detected in several field blanks, equipment blanks, and
source-solution blanks and, as such, the reporting levels
were increased to identify samples with counts higher than
natural background levels. Radium-226 counts in only two
environmental samples exceeded background levels—
Brushy Fork near Tippecanoe, Ohio, on March 23, 2016
(0.51£0.11 pCi/L), and Tappan Lake at Main Swimmers
Beach, Ohio, on October 21, 2015 (0.75+0.14 pCi/L). Simi-
larly, radium-228 was detected in only one environmental
sample (Brushy Fork above Clendening Lake, Ohio, on Octo-
ber 27,2015 [1.2+0.2 pCi/L]) at a concentration higher than
background levels.

A brine signature, potentially indicative of oil and gas
contamination, was identified at three sites (Unnamed tribu-
tary near Dellroy, Ohio; Elliot Run near Dellroy, Ohio; and
Willow Run near Dellroy, Ohio) in the Atwood Lake drainage
basin. Unnamed tributary near Dellroy, Ohio, and Elliot Run
near Dellroy, Ohio, contained active or plugged waste injec-
tion wells, or both. Results from the study indicated significant
differences in the median concentrations of bromide, chloride,
lithium, manganese, sodium, and total dissolved nitrogen
among sites with and without injection wells in their drain-
age areas. Bromide, chloride, lithium, and sodium, which are
common oil- and gas-related contaminants, indicated higher
median concentrations at sites with injection wells in their
drainage areas compared to sites without injection wells.

Historical streamflow data and chloride concentrations
from the 1960s, 1970s, and 1980s at Atwood (1965-75),
Leesville (1965-89), Tappan (1965-91), Piedmont (1965-91),
and Senecaville (1965-89) Lakes were compared to current
(2015-16) values at or near the sampling sites downstream
from each lake dam. An analysis of covariance was done
to test the effects of streamflow, time (decade), and the
combined effects (cross product) of streamflow and time
on chloride concentrations. Those analyses indicated that
streamflow was not significant in explaining the variation
in chloride concentration, likely because flows at these sites
are controlled by dam operations; therefore, association
between runoff-generating events and streamflow is less
direct than in unregulated streams. Instead, boxplots of
chloride concentration grouped by decade were used to
evaluate changes in chloride concentrations with time. Median
chloride concentrations for Tappan Lake seemed to decrease
from the 1980s to 2015-16. From the 1980s to the study
period (2015-16), chloride concentrations increased in three
lakes— Leesville, Piedmont, and Senecaville Lakes. Chloride-
to-bromide ratios indicated that sources of chloride in these
drainage basins were mixed and likely included road salt,
agricultural runoff, septic leachate, and (in a few instances)
possible brine from oil and gas drilling. For Atwood Lake,



chloride concentrations increased from the 1960s to the 1970s,
but concentrations in the samples collected in the 1970s

and 2015-16 were similar. The lack of change in chloride
concentrations since the 1970s was surprising, considering
the brine component that was identified in 13 samples from
the drainage basin (samples from Unnamed tributary near
Dellroy, Ohio; Elliot Run near Dellroy, Ohio; and Willow Run
near Dellroy, Ohio). However, the lack of change in chloride
is consistent with the history of oil and gas development in
the drainage basin, considering that only 27 oil and gas wells
(9 percent of total conventional and shale-gas wells in the
drainage basin) were added during 19802016 and that use of
the two plugged injection wells in the Atwood Lake drainage
basin ceased in the early 1980s.
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Appendix 1. Six Discrete Values of Stream Stage and Specific Conductance
at Each Site were Compared to Hourly Measurements of Stream Stage and
Specific Conductance at Each of the 14 Water-Quality Gages

" A. 03120961 Unnamed Tributary near Dellroy, Ohio (Atwood Lake drainage basin)
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Figure 1.1. Continuous and discrete measurements of specific conductance as a function of stream
stage at selected tributaries, Muskingum River watershed, April 2015—June 2016. A, 03120961 Unnamed
Tributary near Dellroy, Ohio; and B, 03120869 Willow Run near Dellroy, Ohio.



. C. 03120820 Indian Fork at Dellroy, Ohio (Atwood Lake drainage basin)

T m 1
E]
@ 410
& 600 -
w
[+
@ 19
&
52 500} |
ed 1°
S w
O =
22
SE a0f m X~ R 7
o & X \
—_ @O
S 2 X X
> o 16
&2 3o
2 X
4]
g I {5
‘B [ |
S 200 + J
= 44
1S
R=]
‘IOO 1 1 1 1 1 1 1 1 1 3
4/1/15 5/21/15 7/10/15 8/29/15 10/18/15 12/7/15 1/26/16 3/16/16 5/5/16 6/24/16
Date
D. 03119979 Bear Hole Run near Carrollton Ohio (Leeswlle Lake dramage basin)
0 T T m 4
3
Kz
) 135
S 20|
[+
2
(=2
<
g 13
§8 M| |
S8
T o
s E {25
© =
o o
-m
23 n IR
@ e X
[ i '
E 100 X X
% L
8 X X 115
=
1S
£
50 A A A A A A A A g
41115 5/21/15 7/10/15 8/29/15 10/18/15 12/1/15 1/26/16 3/16/16 5/5/16 6/24/16
Date
EXPLANATION
e Specific conductance, continuous monitor B Specific conductance, discrete stream samples
Stage, continuous monitor X  Stage, discrete samples

Figure 1.2. Continuous and discrete measurements of specific conductance as a function of stream
stage at selected tributaries, Muskingum River watershed, April 2015—-June 2016. C, 03120820 Indian Fork at
Dellroy, Ohio; and D, 03119979 Bear Hole Run near Carrollton, Ohio.

Stage, in feet

Stage, in feet

Appendixes 1-3

15



76 Baseline Water Quality of an Area Undergoing Shale-Gas Development in the Muskingum River Watershed, Ohio, 2015-16

. E. 03119971 North Fork McGuire Creek near Carrollton, Ohio (Leesville Lake drainage basin)
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Figure 1.3. Continuous and discrete measurements of specific conductance as a function of stream stage at
selected tributaries, Muskingum River watershed, April 2015-June 2016. E, 03119971 North Fork McGuire Creek
near Carrollton, Ohio; and F, 03119341 McGuire Creek above Leesville Lake, Ohio.
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Figure 1.4. Continuous and discrete measurements of specific conductance as a function of stream stage at
selected tributaries, Muskingum River watershed, April 2015-June 2016. G, 03127989 Beaverdam Run above
Tappan Lake, Ohio; and H, 03127986 Standingstone Fork above Tappan Lake, Ohio.
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1. 03127980 Clear Fork above Tappan Lake, Ohio
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Figure 1.5. Continuous and discrete measurements of specific conductance as a function of stream stage at
selected tributaries, Muskingum River watershed, April 2015-June 2016. /, 03127980 Clear Fork above Tappan
Lake, Ohio; and J, 03126395 Brushy Fork above Clendening Lake, Ohio.
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K. 03125338 Stillwater Creek above Piedmont Lake, Ohio.
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Figure 1.6. Continuous and discrete measurements of specific conductance as a function of stream stage at
selected tributaries, Muskingum River watershed, April 2015-June 2016. K, 03125338 Stillwater Creek above
Piedmont Lake, Ohio; and L, 03140950 Beaver Creek above Senecaville Lake, Ohio.



80 Baseline Water Quality of an Area Undergoing Shale-Gas Development in the Muskingum River Watershed, Ohio, 2015-16

0 M. 03140900 South Fork above Senecaville Lake, Ohio
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Figure 1.7. Continuous and discrete measurements of specific conductance as a function of stream stage
at selected tributaries, Muskingum River watershed, April 2015—-June 2016. M, 03140900 South Fork above
Senecaville Lake, Ohio; and /V, 03140853 Seneca Fork above Senecaville Lake, Ohio.
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Appendix 2. Boxplots of Concentrations or Levels of Constituents and

Properties

Constituent

Boxplot number

Alkalinity
Aluminum
Ammonia

Arsenic

Barium

Benzene

Bicarbonate

Boron

Bromide

Calcium

Carbonate

Chloride

Dissolved organic carbon
Dissolved oxygen
Fluoride

Iron

Lithium

Magnesium
Manganese

Nitrate plus nitrite
Orthophosphate
Particulate nitrogen
pH

Phosphorus
Potassium

Silica

Sodium

Specific conductance
Streamflow
Strontium

Sulfate

Suspended sediment
Temperature, water
Toluene

Total particulate carbon
Total dissolved nitrogen
Total dissolved solids
Total sulfide
Turbidity

Zinc

2-9
2-22
2-31
2-23
2-24
2-39
2-11
2-25
2-16
2-12
2-10
2-17
2-38
2-4
2-20
2-26
2-27
2-13
2-28
2-32
2-33
2-34
2-5
2-35
2-15
221
2-14
2-3
2-1
2-29
2-19
2-7
2-2
2-40
2-37
2-36
2-8
2-18
2-6
2-30
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Boxplots of constituent concentrations and measurements

at 30 sites in the Muskingum River watershed, Ohio, 2015—16.

The sampling sites for each lake are arranged left-to-right in

the order of increasing drainage area. Site names followed by
an asterisk (*) and in red font are classified as mine impacted.

A diagonal-lined background indicates a reference site (site

with no upstream shale-gas development). When applicable, a
dashed black line across the boxplots represents the reporting
level and values beneath this line were truncated.
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Figure 2.1. Discharge at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each lake are arranged
left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font are classified as mine-
impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas development). When
applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored values beneath this line
have not been shown.
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Figure 2.2. Temperature (water) at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each

lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.3. Specific conductance measurements at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites
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for each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red

font are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas

development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.4. Dissolved oxygen concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites
for each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in

red font are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream
shale-gas development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and
censored values beneath this line have not been shown.
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Figure 2.5. pH measurements at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each lake are

arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font are classified
as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas development).
When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored values beneath
this line have not been shown.
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Figure 2.6. Turbidity measurements at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored

values beneath this line have not been shown.
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Figure 2.7. Suspended sediment concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites
for each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red
font are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.8. Total dissolved solids concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling
sites for each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and
in red font are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream
shale-gas development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and

censored values beneath this line have not been shown.
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Figure 2.9. Alkalinity concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored

values beneath this line have not been shown.
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Figure 2.10.

Carbonate concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each

lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored

values beneath this line have not been shown.

91



92 Baseline Water Quality of an Area Undergoing Shale-Gas Development in the Muskingum River Watershed, Ohio, 2015-16

350 AtwoodBLake - - - - 350 LeeszIeBLake - - -

300 / . 300 / -
250{— — 250 _
200 — 200 —
150 — 150 —

100— g — 100— % —
50— ﬁ . 50— % ]

0 ' 0 /

&Q;\*‘Q meée i & ’b‘%b N °°b & g « QZI&{. ‘eéq.'o %Ag@
S@ NSO S S S \V\v& «® S & e X »“Q‘\
2 3 O & S o Q
ST AR (S T e S S S & O &
IR SN\ SN S o O R R e O R
N S S <<q;\ N2 of & & S RO S R o8 N
& Dol RN < N N ‘3 NS AN AN
(-3&\\ Q&b &Q QQ; (\Q"b $<><\ %,b\ & \3<\Q\\\°
N & &
Q \3@ &gf &
<
5]
£ Tappan Lake 350 Clendening Lake
=
a3 6 6 6 6 6 5 5
w
s 0T —T& - 300 -
i
2 [
= 20 — 250~ |
E o}
=
= 200 B 20l .
=
&
5 W= — 150— |
=
8 A
= ncall = B |
(&
[
5 S0 | sol .
=
o
=)
© 0 S & 3 S * S 0 = — -
.2 N & £ & S N * SRS K 3
@ i‘°§>‘®° Q’yi\" \3‘?0* ‘.%0060\0 S @Q}Q"\\o &L Ny N &
SN SIS oo & @ AN 2 I S 3 SN
S Seb O W T N &E S
8\&\:8{. Sb&\is& s Q“Q \Q’{b& N N Q}Q R &> $ . & %‘b&
SR & LF O F fo &K S 5 S o
S & > & SERS PP ISR Q S PO
S F® S E S SRS N4 & A
Se NP & N QQ QZ}‘Q\\\
N0 o
S
AR
350 Piedmont Lake 350 Senecaville Lake

4 6 6 6 6 6 6 6
300 — 300 —
250|— E — 250|— , _

22

200— — 200 _
150 % @ — 150 % % —
100— — 100— -
50— — 50— |
0 Q& Q& S 0
N N 2 & & ® & * & N S &
S S x Q' N NN N X Q . . N
T O & S £ £ e S8 & SN
S & N &8 SF Feot S S SN
& * S & N ) NN ) 7 S W&
NN N & SN N S8 SR 3 N
& & N3 & & o° D ) 2B N @ & SIS
S RGO S® & Y &N e KT O
& BN < W g® o SN & (A NN
< N N & 5 & & R
< & B < ISR N 28
& & e F P&
NI 2 RN
Nt ¢ FS

Sites ordered, left to right, from smallest to largest drainage area
Figure 2.11. Bicarbonate concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for
each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Sites ordered, left to right, from smallest to largest drainage area
Figure 2.12. Calcium concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.13. Magnesium concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for
each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.14. Sodium concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored

values beneath this line have not been shown.
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Figure 2.15. Potassium concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.16. Bromide concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.17. Chloride concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.



0.100

Atwood Lake

E 6 6 6 6 6 6 3
0.010— % —
0.001
Q & o & o >
L. &, & WS &
,&\VQ Q‘Q\Q & Q‘(\\Q Q&Ql\;\'\\ > 6«\‘0 \{3}‘5& é\‘Q V’é Q\'\\Q
A\ N & A 2 &
& Q& O S . QS N oR O N
ST T (O T T S
N F& &
& & N
& RO
S
AR
=
2 Tappan Lak
E\ 0.100 appan Lake
=Y E 6 6 6 6 6 6 3
w - -
& C : ]
=2 - 8
= L i
=
= 0.010 =
S E % E
= E m
S - - .
=] L ]
c
S L _
o
c - .
o
o
=l 0.001 < S —
= s@q.\ S o PSRN z\'ss\o*
1773 & Q\\@ \»Q’b Q\\\o &rb * &‘b Q q,&‘\Q AU
R Q' Ca " 0
Sy St L O Fe® &
NI NGNS & N S xR
& &L SO T FE (EF
0‘\,\\%'\,&‘2 Q;Q’{ba\'bQQ {bb\Q Q'bQ i « & \ SIS
® R S g\&% N
<
0.100 Piedmont Lake
10 / 4 6 6 3
L ® O— _
0.010 -
0.001 = =
N S x & &
«\%QQ‘\\Q \~I§>\'\‘° \3’0‘ N q,bé\ ¥
o0 & O NN NN
QQQ \19‘\ ‘\Q’ ‘S& SN \G$ N
NN &% & S ® &
I N S TR O &
AN NS @ & D
Q¥ & (NN
Q &
GRS
S

0.100

0.010

0.001

0.100

0.010

0.001

0.100

0.010

0.001

Leesville Lake

Appendixes 1-3

= 6 6 6 6 é E
- -g % - ]
S <@
D & N Q 2
Q' N 2! N BN
N . N L. AN
N O L B &
X9 SIS NEN & o M
X N S @& O NG L&
R &L & O N N X
7R O ‘\()'b ‘(Q& o 'b<\ Q& ég\\ 0&, ‘\QQ}Q
& B FSIRN N3 RS
é\‘bé\ Q\,{}\ ¥ & &o\ N
N (}Q’ NS
Clendening Lake
= 6 5

§

Q@ * Q&
{7 -0 N QO
RN S &
& @ X o &
S SN S
Q NN N
FAFN) BN SR\
N & S N
@ ERFCN S
Qb & 0‘\L &
N & S
© Se®
&

Senecaville Lake

P,

NI & ¥ & Q& Q&
® &S N § S NS N
£ S e S & S
* S 3 &
\\@1@*‘ s /&\@-‘Q‘Q‘Q <<°&\;S§' &cﬁ‘ N %%QQ‘ N
E . %3 A
S 'bs\ & W ol “&3\% ‘@'b & '5&\
O N NN N D @ D I
Q % S D R N N
S & <& P B N
< B S 39 & & & &
< S %e}\ P S &q)fb &
P & &
RN

Sites ordered, left to right, from smallest to largest drainage area

Figure 2.18. Sulfide concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font

are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored

values beneath this line have not been shown.
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Figure 2.19. Sulfate concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas

development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored

values beneath this line have not been shown.
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Figure 2.20. Fluoride concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.21. Silica concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.22. Aluminum concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each

lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas

development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored

values beneath this line have not heen shown.
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Figure 2.23. Arsenic concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Sites ordered, left to right, from smallest to largest drainage area

Figure 2.24. Barium concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Sites ordered, left to right, from smallest to largest drainage area

Figure 2.25. Boron concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Sites ordered, left to right, from smallest to largest drainage area

Figure 2.26. Iron concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each lake are
arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font are classified as
mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas development). When
applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored values beneath this line
have not been shown.
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Figure 2.27.

Lithium concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each

lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font

are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.28. Manganese concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for
each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.29. Strontium concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each lake
are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font are classified
as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas development).
When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored values beneath this
line have not been shown.
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Figure 2.30. Zinc concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each lake are

arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font are classified as

mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas development). When
applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored values beneath this line

have not been shown.
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Figure 2.31. Ammonia concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font

are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.32.

Nitrate plus nitrite concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites
for each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red

font are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas

development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored

values beneath this line have not been shown.
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Figure 2.33. Orthophosphate concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for
each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.34. Total particulate nitrogen concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling
sites for each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and
in red font are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream
shale-gas development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and
censored values beneath this line have not been shown.
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Figure 2.35. Phosphorus concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for
each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.36. Total dissolved nitrogen concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling

Sites ordered, left to right, from smallest to largest drainage area

sites for each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and
in red font are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream

shale-gas development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and

censored values beneath this line have not been shown.
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Sites ordered, left to right, from smallest to largest drainage area

Figure 2.37. Total particulate carbon concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling
sites for each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and
in red font are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream
shale-gas development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and
censored values beneath this line have not been shown.
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Sites ordered, left to right, from smallest to largest drainage area

Figure 2.38. Organic carbon concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for
each lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored

values beneath this line have not been shown.
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Sites ordered, left to right, from smallest to largest drainage area

Figure 2.39. Benzene concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (*) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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Figure 2.40. Toluene concentrations at 30 sites in the Muskingum River watershed, Ohio, 2015-16. The sampling sites for each
lake are arranged left-to-right in the order of increasing drainage area. Site names followed by an asterisk (¥) and in red font
are classified as mine-impacted sites. A diagonal-lined background indicates a reference site (site with no upstream shale-gas
development). When applicable, the reporting level has been displayed as a dashed black line across the boxplots and censored
values beneath this line have not been shown.
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