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ABSTRACT

The under-sampled middle and western branches of Shade River Watershed (SRW) in SE Ohio were investigated as
part of the Ohio University—US Environmental Protection Agency (EPA) STAR grant. This project was for monitoring
the quality of watersheds in Ohio and classifying them according to their physical, chemical, and biological conditions.
Water samples, as well as field parameters, were taken at twenty-two sites for chemical analyses. The ions analyzed
included Ca, Mg, Na, Fe, Mn, Al, NO;, SO4, HCO3, and total PO,, while the field parameters measured included pH,
dissolved oxygen (DO), total dissolved solids (TDS), electrical conductivity (EC), and alkalinity. To assess the water
quality within the SRW, the analyzed ions and field parameters were compared to the USEPA criteria for the survival of
aquatic life. Analytical results showed that the watershed is dominated by Ca-HCO; waters with DO, Fe, Mn, and PO,
being the main causes of impairment within the streams. The relatively elevated concentrations of manganese and less
extent iron may be associated with the local geology and the acidic nature of the soils. The high alkalinity and calcium
concentrations are due to the limestone geology. The elevated phosphate concentration may be due to anthropogenic
sources, fertilizers, or contributions from phosphorus-rich bedrock that differs geochemically from other areas.
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1. Introduction

Stream water and streambed sediment chemistry are con-
tinuously affected by the activities of man. Most of the
water bodies in Ohio have been affected by natural and
human factor that affects the physical, chemical, and
biological quality of surface and groundwater [1]. Some
of the natural processes include geology, soil, ecology,
climate and physiography [1] and the human factors or
activities include agriculture, urbanization, mining, and
road construction, which have created instability in the
ecosystems [2].

Agricultural activities have resulted in elevated con-
centrations of nutrients, sediment loads, and other non-
point sources in streams [3,4]. During storm water run-
offs, most of the nutrients are transported in soils, and
surface water. These nutrients are bio-accumulated in
wetlands [5], sequester in soils [6-8] and incorporated in
biomass [9] and streams or lakes. Excessive amount of
the nutrients reduces the concentration of dissolved oxy-
gen (DO) in surface water, leading to eutrophication [10-
14], and organic-rich sediments, which can directly or
indirectly affect and alter the ecology of aquatic systems
[15]. Low DO in streams can stress aquatic organisms,
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and this can lead to a high mortality rate or low diversity
[16,17].

The second factor affecting stream water quality in
Ohio is urbanization. Currently, urbanization is second to
agriculture as the main cause of stream impairment [18].
Due to population growth and urbanization, land surface
are paved into impervious surfaces preventing infiltration
of precipitation into the subsurface. This has created high
erosion rates, large sediment loadings, and high flood
frequencies. The transportation of sediments and high
erosion rates have changed the morphology and hydrol-
ogy of most streams [18,19], thereby affecting the activi-
ties of benthic and aquatic organisms. The behaviors of
aquatic invertebrates and macroinvertebrates have been
examined extensively in relation to pollution [20-23].

Coal mining is the third factor that affects water qual-
ity through environmental pollution and land degradation
problems such as mine drainage and mine subsidence
[24-26]. Mine discharge has resulted in high concentra-
tions of acidity, iron, manganese, aluminum, and sulfate
[27-29] in surface water bodies. The concentration of
these elements can have detrimental effect on fish and
macroinvertebrate communities [30]. Studies on fish and
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2 Chemical and Geological Control on Surface Water within the Shade River Watershed in Southeastern Ohio

macroinvertebrate environments have revealed that acid
mine drainage has affected fish and macroinvertebrate
communities [31], isolating populations in healthy por-
tions of the streams.

This manuscript focuses on a study conducted to ex-
amine the surface water chemistry of the Shade River
Watershed (SRW). The watershed is associated with high
sedimentation rate, erosion and flooding [32,33]. The ob-
jectives of this study are to: 1) determine the causes of
impairment in the streams; 2) study the geological factors
controlling stream water chemistry; and 3) understand
the spatial distributions of the stream water chemistry,
and mineral stability of the dominant ions within the
SRW.

This study is part of the U.S. Environmental Protection
Agency (EPA) Science to Achieve Results (STAR) pro-
ject that focuses on land use, biology, and water quality
within the Western Allegheny Plateau in Ohio. The pur-
pose of the project is to classify streams according to
their chemical, hydrological, geomorphologic, and biolo-
gical gradient conditions. These conditions are very im-
portant for the sustainability of the aquatic environment.

Any variation in these conditions can have adverse ef-
fects on the water quality, physicochemical and biologi-
cal components of the streams. Therefore, it is important
to monitor the chemical properties of both the streambed
sediments and the stream water, and compare them to the
biological indicators [2].

2. Material and Methods
2.1. Study Area

This study was conducted within the SRW, a sub-water-
shed of the Ohio River within the Western Allegheny
Plateau (WAP) in southeastern Ohio. SRW falls on the
boundary between the southern part of Athens County
and the northeastern part of the Meigs County (Figure 1).
The Shade River drains an area of 570 square Kilometers
and it flows into the Ohio River in the southeast. SRW is
drained by the eastern, middle, and western branches of
the Shade River [32,33], but this study is restricted to the
western and middle branches of the river. These two
branches have not been extensively sampled prior to this
study.
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Figure 1. Map of the study area showing the sampled sites within Athens and Meigs Counties.
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According to Childress and Jones [33], part of the
western branch of the Shade River was surface mined for
coal during the mid-1940s to the early-1960s. This re-
sulted in elevation of sediment loadings, and severe sur-
face water and soil quality deterioration. Several attempts
were made at that time to reclaim some of the mined and
abandoned mined areas, but the efforts yielded no results.
However, in 1978, new reclamation techniques were used
to improve the sedimentation and water quality problems
due to the passage of the Federal Surface Mining Control
and Reclamation Act of 1977. Currently lime and other
types of alkaline are used as buffers in curbing the water
quality issues.

SRW is made up of rocks of the Conemaugh (western
part of Meigs County), Dunkard, and Monongahela For-
mations (central part of Meigs County) of the Pennsylva-
nian [34]. These formations consist of sandstone, silt-
stone, limestone, shale and coal with some minor amount
of conglomerate. The area is characterized by soils of the
Gilpin-Upshur-Lowell-Guernsey association [35]. This
soil association is moderately to well-drained soils that

formed in colluvium and/or residuum from shale, silt-
stone, limestone, and some sandstone.

2.2. Sample Collection

Field sampling for this project was done in 2006 for grab
stream water, as well as measured field parameters. Twen-
ty-two referenced sites were selected and sampled based
on a Geographic Information System (GIS) data gener-
ated according to USEPA criteria (Figure 1) [36].

The field parameters, which included temperature, dis-
solved oxygen (DO), electrical conductivity (EC), total
dissolved solids (TDS), pH, acidity, and alkalinity, were
measured at the time of water sample collection (Table
1). Temperature and pH were measured using the YSI
Model 60 Handheld pH/temperature meter; EC and TDS
were measured using CO150 model HACH conductivity
meter; DO was measured using the YSI Model 55D
Handheld DO meter; and alkalinity and acidity were mea-
sured using bromcresol green-methyl red and phenol-
phthalein indicators, and sodium hydroxide and sulfuric
acid for acidity and alkalinity titrations, respectively.

Table 1. Physical and field parameters measured in the Shade River Watershed.

Stream Name Site Lat. Long. T pH TDS EC DO
Sh. Rr. 1 39.08737 —81.92498 25.2 7.4 158 335 5
Middle Branch Sh. Rr. 2 39.10389 —81.92284 22.7 7.9 255 509 5
Middle Branch Sh. Rr. 3 39.16705 —81.94020 24.4 8.2 238 495 13
Middle Branch Sh. Rr. 4 39.20634 —81.96862 21.5 7.7 250 482 5
Pratts Fork 5 39.20031 —82.00905 22.7 7.9 225 448 4
Pratts Fork 6 39.20800 —82.05269 23.0 7.8 227 460 10
Middle Branch Sh. Rr. 7 39.25207 —82.02538 22.8 7.5 220 441 4
Middle Branch Sh. Rr. 8 39.25295 —82.05099 23.4 7.4 207 418 4
Middle Branch Sh. Rr. 9 39.26630 —82.06830 21.2 7.7 230 441 4
Long Run 10 39.27881 —82.04310 239 8.0 245 500 3
Walker Run 11 39.09914 —81.94148 223 7.5 180 359 5
Peach Fork 12 39.09749 —82.01529 23.2 7.6 163 326 3
Kingsbury Creek 13 39.11315 —82.01635 22.8 6.9 164 336 5
Kingsbury Creek 14 39.12622 —82.05617 233 7.6 170 345 5
White Oak Trib to Kg. Cr. 15 39.13135 —82.07428 22.5 7.6 158 311 5
Kingsbury Creek 16 39.13124 —82.07647 24.0 7.3 212 437 4
Trib. To West Br Sh. Rr. 17 39.12980 —81.98368 19.5 7.3 183 338 6
Trib. To West Br Sh. Rr. 18 39.14703 —82.01043 222 7.9 276 543 9
West Branch Sh. Rr. 19 39.15989 —82.02017 24.5 7.3 190 430 4
West Branch Sh. Rr. 20 39.17111 —82.08354 21.7 7.0 207 405 6
West Branch Sh. Rr. 21 39.17699 —82.12611 21.6 7.4 267 516 4
Trib. To West Br Sh. Rr. 22 39.19614 —82.09972 22.5 7.7 171 339 12

TDS and DO were measured in mg/L; pH (unitless); EC (uS/cm); and Temperature (T) in °C. Kg. Cr. represents Kingsburg Creek; and Sh. Rr. represents Shade

River.
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Filtered and unfiltered grab water samples were col-
lected midstream for cations and anions analyses. The
filtered samples were passed through a 0.45 pm millipore
filter membrane using the vacuum filtration method and
placed in a sterilized 250 milliliter (mL) high density
polypropylene sample bottles for chemical analyses. The
samples for cation analyses were preserved with diluted
2% nitric acid, while those for anion analyses were un-
preserved. Samples for total phosphate analysis were
preserved with 20% by volume sulfuric acid (H,SO,) and
kept in 125 mL high density polypropylene sample bot-
tles. The preservation of the samples was done to prevent
the formation of metal complexes in the case of the ca-
tions and phosphate complexes in the case of phosphate.
The samples were stored in a cooler filled with ice prior
to standard analytical procedure. The cations were ana-
lyzed using Varian 720-ES Inductively Coupled Plas- ma
Optical Emission Spectroscopy (ICPOES); expect Na,
which was analyzed using the Shimadzu AA-6800 Atomic
Absorption Spectrophotometer (AAS). The other cations
analyzed included Na, Ca, Mg, Fe, Mn, and AL

2.3. Sample Analysis
The anions were analyzed using HACH DR/2010 Port-

able Spectrophotometer [37]. The anions analyzed in-
clude Nitrate-N (NO;-N), sulfate (SO,4), bicarbonate
(HCOs), and total phosphate (PO,, Table 2). Nitrate-N
concentration was determined using USEPA approved
method 8192 called the Cadmium Reduction Method.
Sulfate concentration was determined using USEPA ap-
proved method 8051 called the Turbidimetric or Sul-
faVer4d method. Total phosphate concentration was de-
termined using USEPA approved method 8180 called
Hydrolyzable Digestion and the PhosVer3 or Ascorbic
Acid Method. Bicarbonate concentrations were calcu-
lated from the measured alkalinity values obtained.

2.4. Statistical Analysis

Correlations between the chemical species are shown in
Table 3. At the 95% confidence level (p = 0.05) consid-
ering 22 number of samples, the calculated t-critical and
r-critical value for the test of significance of the correla-
tion coefficients are 2.08 and 0.42 respectively. It can be
observed in Table 3 that there is a positive and signifi-
cant correlation between Mg and Ca (r = 0.74). Na cor-
relates significantly with Ca (r = 0.60), Mg (r = 0.58),
and Fe (r = —0.46). These correlations indicate a common
rock source or similar chemical processes for the forma-

Table 2. Concentration of some chemical species measured in the filtered water samples.

Site NO; SO, T.PO, Alk. Na Ca Mg Fe Mn Al
1 0.11 9 0.43 165 94 103 23 0.13 0.35 0.31
2 0.10 11 0.22 173 93 121 29 0.09 0.14 0.36
3 0.06 14 0.32 162 18 90 21 0.03 0.14 0.19
4 0.12 10 0.18 186 19 88 20 6.30 0.13 0.19
5 0.12 13 0.27 141 97 112 28 0.13 0.15 0.49
6 0.07 9 0.33 163 19 84 18 0.08 0.15 0.20
7 0.13 4 0.21 160 99 118 30 0.14 0.24 0.26
8 0.31 4 0.44 167 111 110 28 0.23 0.35 0.25
9 0.11 14 0.22 186 83 102 22 0.09 0.16 0.18
10 0.08 23 0.24 143 74 109 29 0.07 0.12 0.19
11 0.23 11 0.29 201 115 98 26 0.23 0.23 0.20
12 0.10 7 0.21 159 96 103 24 0.19 0.22 0.21
13 0.10 19 0.19 93 87 104 22 0.10 0.19 0.35
14 0.28 11 0.19 160 86 107 23 0.15 0.26 0.17
15 0.14 29 0.43 117 61 88 17 0.12 0.20 0.19
16 0.06 14 0.55 85 70 126 23 0.11 0.33 0.23
17 0.05 11 0.31 153 84 108 27 0.08 0.11 0.16
18 0.10 11 0.25 145 69 116 32 0.10 0.11 0.18
19 0.15 27 0.20 44 94 100 25 0.10 0.43 0.15
20 0.07 21 0.31 143 100 131 27 0.05 0.47 0.18
21 0.03 16 0.17 180 105 127 29 0.13 0.19 0.23
22 0.04 4 0.30 149 85 100 20 0.37 0.14 0.27

T.PO,4 and Alk represent Total Phosphate and Alkalinity, respectively. All the elements are in mg/L except Alkalinity (Alk.), which is measured in mg Ca-

COs/L.
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Table 3. Correlation matrices for waters and field parameters within the Shade River Watershed. The highlighted values are
statistically significant at 95% confidence level (Jr| > 0.42; n =22 and p = 0.05), as given by the test of significance of the cor-
relation [38].

Na Ca Mg Fe Mn Al pH TDS EC DO NO; SO, T.PO, Alk.
Na -1
Ca 0.60 1
Mg 0.58 0.74 1
Fe -046 032 -0.26 1
Mn 0.42 0.32 0.05 —-0.19 1
Al 0.28 0.22 0.17 -0.11  -0.13 1
pH -0.48 -0.34 -0.01 0.09 —0.64 0.04 1
TDS —-0.29 0.30 0.46 0.22 —-0.37 —0.002 0.50 1
EC —-0.31 0.27 0.45 0.17 —-0.27 0.005 0.51 0.98 1
DO -0.55 -036 —-034 —0.05 —032 —0.13 0.39 0.11 0.11 1
NO; 0.33 —0.14 0.08 0.03 0.33 —-0.05 —-0.09 —0.28 -025 -0.33 1
SO, -0.07 -0.03 -0.13 —0.13 0.21 -0.22 —0.18 —-0.05 0.01 -022 -0.15 1
T.POs;  —0.08 0.00 -0.26 —0.23 0.33 0.02 —0.12 -0.27 —0.24 0.12 0.04 —0.02 1
Alk. -0.02 —0.08 0.11 0.24 —0.40 —0.004 0.38 0.28 0.15 0.11 0.13 —0.58 —-0.19 1

tion of the aforementioned cations. The formation of the
cations could be related to the weathering of carbonates
or silicates. TDS correlates with EC (r = 0.98), as well as
Mg (r = 0.45). This indicates that Mg is influential in the
TDS concentration. pH correlates significantly with TDS
(r = 0.50), and EC (r = 0.51) but correlates negatively
with Na (r = —0.48), and Mn (r = —0.64) as shown in Ta-
ble 3. The inverse correlation between pH and Mn indi-
cates that as pH increases, the concentration of Mn re-
duces or vice-versa. Increase in pH in an oxidizing con-
dition results in the precipitation of Mn [39] and manga-
nese hydroxide [40] at alkaline pH. Sorption reduces the
concentration of Mn in solution.

3. Results and Discussion
3.1. Water Chemistry

The analyzed ions were used to determine the process
controlling the water chemistry in the SRW based on the
Gibbs [41] diagram. This diagram is based on three do-
minant processes: evaporation or crystallization, rock do-
minance or weathering, and precipitation. The graph of

+

TDS versus for the 22 data points indi-

Na* +Ca**
cates that the surface water within the watershed is lo-
cated within the rock weathering portion of the boomer-
ang-shaped graph (Figure 2).

3.2. Field Parameter and Water Chemistry
Analysis

Stream water concentration within the SRW fell within
the USEPA criteria for the protection of aquatic life ex-

Copyright © 2013 SciRes.

cept some few ions and field parameters that had higher
values.

pH, TDS, EC, and alkalinity fell within the USEPA
criteria except DO (Table 4). All of the sites had DO
concentrations equal or greater than 4.0 mg/L, except
Sites 12 and 14 that had values below the USEPA crite-
rion of 4.0 mg/L [42] (Figure 3, Table 4). Iron concen-
tration was within the USEPA criteria except site 4,
which had a concentration of 6.30 mg/L (Table 4). The
main causes of impairment within the SRW were total
phosphate and manganese. The concentrations of these
elements were beyond the USEPA criteria for the protec-
tion of aquatic life. The concentration of the total phos-
phate ranged from 0.2 to 0.5 mg/L (Figure 4, Table 4),
which exceeded the USEPA criterion of 0.05 mg/L.
Manganese on the other hand is associated with mining.

Manganese concentration ranged from 0.11 to 0.47
mg/L, which exceeded the USEPA criterion of 0.10
mg/L. Manganese concentration within sampled sites in
the western branch was higher than those of the middle
branch. The measured average concentration of manga-
nese was 0.22 mg/L, which exceeded the USEPA crite-
rion. Aluminum concentration ranged from 0.15 to 0.49
mg/L, with a mean value of 0.23 mg/L. Most of the areas
associated with mining have high concentration of alu-
minum beyond the USEPA criteria of 0.2 mg/L. The high
concentration of the aluminum could be due to acid mine
drainage sources.

SRW had high concentration of the major cations (Ca,
Mg, and Na), which could be associated with the weath-
ering of carbonate or silicate minerals. The high concen-
trations of these elements depict the local geology of the
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Table 4. Descriptive statistics for the measured ions (filtered samples) and the field parameters with their respective criterion

for aquatic life.

Parameter Minimum Maximum Mean Standard Deviation USEPA Criteria”
NO;-N 0.03 0.31 0.10 0.12 10
S04 4 29 13 7.0 250
Total POy 0.17 0.55 0.28 0.10 0.10
Na 18 115 80 28 -
Ca 84 131 107 13 -
Mg 17 32 25 4 -
Al 0.15 0.49 0.23 0.08 -
Fe 0.03 6.30 0.41 1.31 1.0
Mn 0.11 0.47 0.22 0.11 0.05
pH 6.9 8.2 7.6 0.3 6.5-9.0
TDS 158 276 208.9 373 250
EC 311 543 418.8 72.2 -
DO 3 13 6 3 >4
Alkalinity 44 201 149 36 >20

All the elements are in mg/L except pH (unitless), EC (uS/cm), and Alkalinity (Alk.), which is measured in mg CaCO3/L. "Most of the USEPA criteria values

were obtained from [42].
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Figure 2. Dominant process controlling water chemistry
within SRW [After 16].

area. The concentrations of the major cations were higher
in the western branches as compared to the middle bran-
ches. The high concentrations of these cations could be
attributed to the high rate of weathering, acidic nature of
the soil, erosion of host rocks to the area, and/or from the
remnant of the mining activities.

Copyright © 2013 SciRes.

3.3. Composition of the Streamwater Samples

The composition of the surface water within the water-
shed was determined using ternary diagrams (Figures
5(a) and (b)). The diagrams indicate that the predominant
cation in the waters is calcium (Ca”") while the predomi-
nant anion is bicarbonate (HCOs).

3.4. Mineral Stability Phase

The SRW rocks contain carbonates consisting of calcite
and dolomite. The weathering of carbonates, which de-
pends on carbon dioxide and water, results in the forma-
tion of more calcium and bicarbonates ions. The equation
for the weathering of carbonate is represented by:

CaCO,, +H,0,) +COy,,y — Ca™ +2HCO; ™,y (1)

2(g)

The equilibrium constant for calcite in Equation (1) is
represented by:

aCa2+ ’ akzlco’
— 3
calcite — P (2)

C0,

K

where a_. and ai] _ denote the activities of cal-
cium and bicarbonate ions respectively (normally ex-
pressed in moles per liter of H,O), while F., is the
partial pressure of carbon dioxide (1077 atm at 25°C). A
plot of the logarithms of a.o and cho; shows that

the surface water within the SRW is supersaturated with
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Figure 3. Spatial distribution of dissolved oxygen concentration in SRW.

respect to calcite (Figure 6).
Dolomite is formed when calcite dissolves in the
presence of magnesium ions (Equation (3)).

2CaCO,, + Mg** ) — CaMg(CO,), +Ca* . (3)

2(s)

To determine the stability field of the calcite within the
area, the equilibrium reaction for the formation of dolo-
mite was multiplied by the ratio of the square of the ac-
tivities of the hydrogen ions to square of the activities of
the hydrogen ions.

aCaer aii +
K Dolomite — ) (4)
2+ a +
Mg H

where .o and a, . are the activities of calcium
and magnesium ions respectively, while Kpgjomite is the
equilibrium constant for the formation of dolomite (10°*
at 25°C). The stability fields for both dolomite and cal-
cite for the waters in SRW was demonstrated by a line

Copyright © 2013 SciRes.

a.C 24 aMg2+
plot of log—— versus log—;

H* H*
7. The figure showed that the surface water in SRW fell
within the stability field of calcite.

, as shown in Figure

3.5. Mining Effect on Water Chemistry

The concentration of surface water collected near mined
and reclaimed sites (Figure 8) show significant increase
in the concentration of Al, Mn, and SO,. These elements
are associated with the problems of AMD. Iron, apart one
site shows considerable reduction in the concentration
due to the effect of lime used as a buffer in reducing the
effect of AMD. The buffer effect of the lime and carbon-
ates used can facilitate the precipitation of manganese
hydroxide at alkaline pH under oxidizing condition [40].

4. Conclusions

Investigating the chemistry of surface water obtained
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Figure 4. Spatial distribution of total phosphate concentration in SRW.
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Figure 5. Ternary diagrams for the concentrations (milliequivalence in %) of the dominant ions in the SRW waters.

from the Shade River Watershed has giving an insight to the most impairing ions in the surface water. The water
the impact of mining and other land use effect on water within the watershed is supersaturated with calcite and it
quality. Analyses of the various ions compared to the is within the calcite’s stability field.

USEPA criteria for the protection of aquatic life has in- The high concentrations of some of the major ions de-
dicated that total phosphorus, manganese, and iron are pict the local geology and the anthropogenic influence on

Copyright © 2013 SciRes. JEP
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the watershed. Eutrophication is evident at some of the
sites due to the high concentration of the total phospho-
rus from nasogical Sciences’ Alumni Grant. The authors
would like to acknowledge Mr. Kwarteng Amaning (for-
merly of Ohio University) for finishing Phase 1 of the
project, and all the reviewers of this paper.
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