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(ABSTRACT)
The majority of research studying the ecological impacts of the coal mining
industry on freshwater systems has focused on abandoned-mined land, and the associated
acid drainage and metals toxicity. Treated discharges from active mining and preparation
facilities, however, can also impair lotic ecosystems through total dissolved solids (TDS)
toxicity, caused primarily by the reagents used for pH modifications and the oxidation of
reduced sulfur. Such impairment was best detected through application of (1) benthic
macroinvertebrate surveys using metrics of biotic impairment such as relative
Ephemeroptera abundance and Ephemeroptera-Plecoptera-Trichoptera (EPT) minus the
tolerant caddisfly family Hydropsychidae (2) in situ growth of Corbicula fluminea during
96-d exposure and (3) laboratory testing using Ceriodaphnia dubia. Traditional metrics
such as total taxa richness, EPT, diversity and biotic indices were not sensitive to
elevated TDS levels.
Further study using strength of evidence, regression analysis and manipulation of
laboratory formulated media, indicated that the mine effluent was the primary causal
agent of the observed biotic impairment, and its toxicity could be attributed to Na+/SO42dominated TDS, which is significantly ameliorated by water hardness. Finally, although
testing with lentic cladocerans, such as Ceriodaphnia, is consistent, cost-effective and
sensitive to TDS related toxicity, the ecological relevance and protective capability of
such testing is questionable when assessing contaminant effects on sensitive
macroinvertebrates indigenous to lotic systems. A more ecologically relevant laboratory

bioassay using the mayfly, Isonychia bicolor, in simulated lotic microcosms provided
more sensitive endpoints than Ceriodaphnia and Pimephales promelas. Although the
heartiness of Isonychia in laboratory conditions is poorly understood relative to
standardized test organisms, these results, along with potential toxic impacts from
numerous Na+/SO42- dominated wastewaters discharging into freshwater systems, may
have important implications to future national pollution discharge and elimination system
(NPDES) permit testing. Currently, however, strong recommendations can only be made
using Ceriodaphnia endpoints. Potential acute toxicity to aquatic organisms in high
hardness solution (≥790 mg/L as CaCO3) is possible where Na+/SO42- dominated TDS
levels exceed ~7000 µS/cm (5167 mg/L), with potential chronic toxicity occurring at
~3200 µS/cm (2342 mg/L). These endpoints were significantly reduced in solutions of
lower hardness (88 mg/L as CaCO3), with acute and chronic toxicity occurring at 5100
µS/cm (3754 mg/L) and ~2100 µS/cm (1523 mg/L), respectively. Point source
discharges causing instream TDS concentrations to exceed these levels risk impairment
to aquatic life.
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INTRODUCTION & BACKGROUND
The coal industry potentially impacts aquatic biota in a variety of ways, including
acidification, metal loading and fly ash disposal (e.g., Roback and Richardson, 1969;
Kelly, 1988; Cherry et al., 1979; Specht et al., 1984). The metals (e.g., Al, Cu, Fe, Zn)
associated with these heavily studied stressors have water quality criteria (WQC) to
protect aquatic life. WQC are acute and chronic safe levels for toxicants based on the
thresholds of selected test organisms that are recommended by the U.S. Environmental
Protection Agency (U.S. EPA), based on carefully reviewed studies. To date, WQC do
not exist for total dissolved solids (TDS) in the U.S. EPA National Recommended Water
Quality Criteria--Correction document (U.S. EPA, 1999). TDS levels can be elevated by
sodium (Na+) and sulfate (SO42-) concentrations in treated wastewater discharges from
active coal mines, which can create adverse conditions for some sensitive
macroinvertebrates.
Coal formation is a natural process beginning with compaction of organic matter
into peat (Mitchell, 1950). Peat is further compacted to lignite, the lowest ranking of
coal. As pressure and heat persist, sub-bituminous coal, bituminous coal and anthracite
form in succession. The composition of coal is primarily dependent on the geological
configuration of the land; therefore, the sulfur content of coal cannot be predicted by
rank. The majority of mined coal is bitumous coal, as is the case at Meigs County Mine
#31, located in southeastern Ohio. This 15,000 by 1,100 ft long-wall mine (Crowell,
1997) discharges its waste into Parker Run (PR), a tributary of the Leading Creek
Mainstem (LCM), following transport through a settling pond. The coal seams of
Appalachia are characterized by relatively high sulfur content (0.2-10%; Train, 1976).
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Dissolved solids concentrations become especially high in treated discharges from
underground mines, such as Mine #31 (3.4% sulfur), relative to western seams (e.g.,
0.4% sulfur) (E.I.A.). The state of Ohio ranks 15th in the nation in coal production
(E.I.A.), and Meigs ranks 9th among all Ohio counties (Crowell, 1997).
Meigs County Mine #31 delivers its prepared coal via a conveyor belt to the
General James M. Gavin Plant at Cheshire, OH. Title IV of the Clean Air Act
Amendments (1990) required coal-fired power plants to install scrubbers, a postcombustion cleaning technology, to decrease global SO2 emissions. However, precombustion technologies such as coal-washing can reduce pyritic sulfur by 30 – 50% and
coal ash by ~60%, ultimately reducing up to 50% of SO2 emissions (Crowell, 1997).
Coal preparation is a three-step process for acquisition of uniform coal size, moisture
removal, decreased ash content, increased caloric value and decreased sulfur content
(Mitchell, 1950). The first step is crushing and sizing which elicits maximum caloric
recovery. Step two is the hydraulic separation and cleaning stage with the objective of
removing metals, a process that often requires pH control with sodium hydroxide
(NaOH) or quick lime (CaO). As a guideline to remove toxic acid-soluble metals,
manganese (Mn) concentrations are reduced below 2.0 mg/L (pH ~ 9.50), due to the
tenacity of Mn in aqueous solution relative to other metals (Zipper, 2000). This practice
is intended to assure that more toxic metals with WQC are not discharged at high
dissolved, and thus bioavailable, concentrations. Therefore, the source of the high TDS
levels in the Mine #31 discharge is likely from SO42-, the oxidized form of sulfur, and
Na+, from the NaOH used to increase the pH. These first two preparation stages produce
the greatest amount of suspended and dissolved solids and require use of a settling pond
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prior to waste discharge to the receiving system. The third step is the dense medium
separation stage, which results in further reduction in ash and sulfur (Train, 1976).
This thesis was delineated into four chapters to clearly compartmentalize its
objectives. All chapters are closely related, but each can be read as a separate entity.
Chapter One, “Field and Laboratory Assessment of a Coal-processing Effluent in the
Leading Creek Watershed, Meigs Co., Ohio,” established that the effluent was toxic to
aquatic organisms. Chapter One is published in the Archives of Environmental
Contamination and Toxicology. With the adverse effects on aquatic assemblages
established, the second chapter, “Evaluation of Ecologically Relevant Bioassays for a
Lotic System impacted by a Coal-mining effluent, using Isonychia bicolor [Walker],”
aimed to evaluate whether the sole use of standardized test organisms, such as C. dubia,
was adequately protective of the most sensitive benthic assemblages, using a mayfly in
specially designed simulated lotic microcosms for the laboratory. Chapter Two was
submitted to Environmental Monitoring and Assessment. Chapter 3, “Stressor
Identification and Evaluation of Relative Ionic Contribution of a Coal-mining Effluent to
Biotic Impairment,” was geared toward eliminating all other potential stressors in the
LCW from confounding the linkage between mining related TDS and the biotic
impairment observed in the previous two chapters. Chapter Three is to be submitted to
Environmental Toxicology and Chemistry. Finally, Chapter Four “The Effects of Total
Dissolved Solids on Aquatic Life” summarized the most important findings of the
previous three chapters, including the integration of an extensive literature review.
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Field and Laboratory Assessment of a Coal Processing Effluent in the Leading
Creek Watershed, Meigs Co., Ohio
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Abstract. The US Environmental Protection Agency has not recommended water
quality criteria (WQC) to protect aquatic life from elevated sodium and sulfate
concentrations, such as those associated with the coal-processing effluent of Meigs
County Mine #31. This discharge, received by a tributary of the Leading Creek
Watershed (SE Ohio), had a mean specific conductivity (SC) of 8,109 (7,750-8,750)
µS/cm and total metal concentrations below acute WQC. The mean 48-h LC50 for
Ceriodaphnia dubia in the effluent was 6,713 ± 99 µS/cm, and mean 48-h survival was
44% for study sites downstream of the effluent. The best indicators of impairment used
in this study were Ceriodaphnia fecundity, in situ Corbicula fluminea growth, EPT minus
Hydropsychidae (richness and relative abundance) and relative Ephemeroptera
abundance. Mayflies, reduced by more than 99% below the effluent, were absent from
all but the furthest downstream study site. SC was strongly correlated with Corbicula
growth (r = -0.9755, p = 0.0009) and EPT minus Hydropsychidae richness (r = -0.8756, p
< 0.0001), suggesting the effluent was primarily responsible for biotic impairment. Our
results indicated that SC levels, a measure of dissolved solids, in the Leading Creek
Watershed that exceeded ~3,700 µS/cm impaired sensitive aquatic fauna.
1.1

Introduction
The coal mining industry potentially impacts aquatic biota in a variety of ways,

including acidification, metal loading and fly ash disposal. The abundance of studies
assessing the ecological impacts of abandoned mined land (e.g., Roback and Richardson
1969, Armitage 1980, Kelly 1988) and fly ash (e.g., Cherry et al. 1979, Specht et al.
1984) are indicative of the contaminants with water quality criteria (WQC) protecting
aquatic life, established by the US Environmental Protection Agency (EPA). Fewer
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researchers (e.g., Radford and Graveland 1978, Latimer 1999) have assessed the impacts
of coal-processing effluents and no WQC (US EPA 1999) exist for the elevated Na and
SO4 concentrations associated with these discharges.
Coal seams in Meigs County, Ohio are high in total sulfur (2.51%) relative to
seams the western United States (Mitchell 1950). Title IV of the Clean Air sets
regulatory limits on the aerial emissions of coal-fired power plants in terms of total
atmospheric loading of SO2 (CAA90). Consequently coal is washed to reduce sulfur
content, decrease ash and increase caloric value (Train 1976), ultimately resulting in a
waste discharge that can compromise freshwater stream quality (this study).
The Leading Creek Watershed (LCW), located in Meigs County, is impacted by
erosion, sedimentation, agricultural practices, flooding, poor drainage, acid mine drainage
(AMD) and coal mining activity (Currie 1999). Recently, high specific conductivity (SC)
levels associated with the coal-processing effluent from Meigs County Mine #31, an
underground longwall mine and preparation facility, warranted further research on the
adverse impacts to community structure (Cherry et al. 1999). Following neutralization in
a settling pond (e.g., NaOH, CaO), the effluent discharges into Parker Run (PR), a
tributary of the Leading Creek Mainstem (LCM). Although the effluent rarely surpassed
6000 μS/cm during sampling from 1995 to 1999 (Currie 1999, Latimer 1999),
contemporary data revealed SC levels in PR routinely exceeded 8000 μS/cm.
The purpose of this study was to conduct a preliminary bioassessment of this
poorly understood stressor, allowing for more comprehensive research in the future.
More specifically, our objectives were to quantify macroinvertebrate impairment in PR
and LCM below the coal-processing discharge and to determine the role of total
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dissolved solids (TDS) concentrations, measured as SC, on biotic impairment.
Examination of a system at only one organization level (Clements 2000) and with only
one test organism (Pontasch et al. 1989) restricts the strength of association between
stressors and impacts. Thus, three levels of biological organization were utilized to
gauge the influence of the effluent on aquatic biota. Individual responses were measured
in vitro for Ceriodaphnia dubia and Pimephales promelas and in situ for Corbicula
fluminea, and aquatic macroinvertebrate assemblages were sampled to determine
population (e.g., relative mayfly abundance) and community (e.g., richness) responses.
Subsequently, we established which taxa were most sensitive to derive appropriate
metrics for assessing coal-processing effluent toxicity in the LCW, with the possibility of
extrapolation to similar systems.
1.2

Materials and Methods

1.2.1

Study Sites
Fourteen study sites were selected to assess the potential ecological impact of the

coal-processing effluent (Fig. 1.1). The tributaries, Ogden Run (OR) and Parker Run
(PR), received mining effluents and were the primary sources of highly conductive
waters entering LCM. Of the 14 sites selected, five were considered reference stations
(LCRS1, LCRS2, LCRS3, PR1, LPR1) and eight served to assess impact (OR1, LCS4,
PR2, PR4, PR5, LCS6, LCS7, LCS9) caused by the effluent raceway (PR3), immediately
received by PR. Sites were not selected below LCS9 due to backflow from the Ohio
River.
PR is an 8.33 km, third order stream with a 4,715-acre drainage basin (Cherry et
al. 1999). PR1 was the reference, while PR2, located just upstream of the effluent, was
periodically exposed to run-off from settling ponds and backflow of the effluent (O EPA
9

1994). Little Parker Run 1 (LPR1), added for the 2001 sampling season, flowed into the
south bank of PR between PR4 and PR5. Study sites were grouped into 1000 µS/cm
intervals and July 2001 data were categorically analyzed to suggest tolerance thresholds
for in situ Corbicula growth and relative instream Ephemeroptera abundance. Sampling
excursions followed a semi-monthly regime (8-26-00, 9-15-00, 10-14-00, 11-24-00, 315-01, 5-31-01, 7-5-01, 8-7-01, 9-6-01, 10-12-01).
1.2.2 Water Chemistry Analysis
A Yellow Springs (RDP, Dayton, OH, USA) model 54A meter was used to
measure dissolved oxygen (DO2). SC was determined in the field with an Orion® model
122 meter. The pH was determined in the laboratory within 24-h of collection with an
Accumet® (Fisher Scientific, Pittsburgh, PA, USA) meter equipped with an Accumet®
gel-filled combination electrode (accuracy ± 0.05 pH @ 25ºC). Alkalinity and hardness
(mg/L as CaCO3) were determined by titration (APHA 1995).
1.2.3

Dissolved Ion and Solids Analysis
Samples were filtered (Whatman 934-AH) and submitted to the Virginia Tech

Department of Environmental Engineering to determine anion concentrations. Cations
were analyzed by inductively coupled plasma (ICP) spectrometry at the Virginia Tech
Soil Testing Laboratory (APHA 1995). Ions analyzed were Al, Cl, Cu, Fe, Mg, Mn, Na,
SO4 and Zn based on Latimer (1999). Additional analyses for Ca, Cr, NO3, P and K were
conducted. TDS and total suspended solids were determined as described in APHA
(1995), with slight modifications. Samples were heated in a Fisher Isotemp oven® (100
series model 1266) at 80°C, to prevent boiling over, prior to the increase to 180°C.
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1.2.4 Benthic Macroinvertebrate Sampling
Four replicate qualitative samples were collected with 800 μm D-frame nets
(Wildco 425-D10) during two field excursions from 12-LCW sites on October 14, 2000
and from 14-LCW sites on July 7, 2001. Collection of each replicate involved thorough
five-minute sampling of all available habitat types (Barber et al. 1999). Samples were
preserved in ~70% ethanol, processed in the lab and identified to the lowest practical
taxonomic level using standard keys (Merritt and Cummins 1996, Pennak 1989).
The surveys were analyzed separately to avoid comparisons between different
seasons and systems. Indices used were abundance, richness, EPT (Ephemeroptera,
Plecoptera, Trichoptera) metrics, relative Ephemeroptera abundance (%E), the ShannonWeiner diversity index, the Hilsenhoff biotic index (HBI) and percent collectors-filterers
(%CF), described in Barber et al. (1999). EPT minus Hydropsychidae (EPT-H) richness
and %EPT-H were also applied because they provided an improved depiction of the
impact. Percent reductions in abundance were calculated by subtracting the quotient of
the mean of all impacted sites by the mean of all reference sites from 100%.
1.2.5

In Situ Toxicity Testing
Two in situ toxicity tests were conducted using Corbicula. Organisms were

collected with clam rakes from the New River near Ripplemead, VA, and kept in a
Living Stream (Frigid Units, Toledo, Ohio). Individuals between 9.0 and 12.0 mm were
selected for testing. For each LCW site, 5 replicates, each consisting of 5 uniquely
marked clams in mesh bags with ~5 mm2 openings, were secured with rebar and cobble
in riffle areas. Clams were retrieved simultaneously from sites and returned to the
Ecosystem Simulation Laboratory (ESL) for survival and growth analysis after 29 days
(September 2000) and 98-days (May 31 to September 6, 2001), and checked monthly (7-
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6-02, 8-8-01, 9-6-01) for survival, growth and debris accumulation. Organisms were
considered dead if valves were gaping or could be easily teased apart. Data obtained for
PR1 were excluded due to low DO2 conditions (3.78 mg/L) and clams at LCS9 were not
recovered. Although virtually stagnant by month 3, LPR1 was added as a reference site
to mitigate the loss of PR1. Categorized clam data were taken from the first 36-days of
the 98-d test to relate more closely to the 2001 benthic survey in terms of temporal scale
and ambient conditions.
1.2.6

Water Column Toxicity Testing
Acute toxicity of site water using <1-d old C. dubia, cultured at according to US

EPA (1993), was determined by 48-h tests, conducted as described in US EPA (1993) at
25±1ºC using 50 mL beakers as test chambers. Moderately hard, reconstituted (EPA100)
water was used as the diluent and control (US EPA 1993). The accuracy of the 0.5
dilution series used in Fall 2000 was inadequate to assess the acute toxicity of the mining
effluent. Thus, 0.25 and 0.15 serial dilutions were used for testing effluent samples
collected in 2001 to increase precision.
Static, daily renewal, chronic water column toxicity tests, conducted according to
US EPA (1994) at 25±1°C using 50 mL beakers as test chambers, involved a 0.25 serial
dilution with EPA100 water used as the diluent and control. Ceriodaphnia (<1-d old)
were fed daily with 0.36 mL of 1:1 Selenastrum capricornutum and YCT (yeast,
cerophyll and trout chow) per 30 mL of test solution. Pimephales (<1-d old) obtained
from Aquatox, Inc. (Hot Springs, Arkansas) were fed 3-4 drops of Artemia twice daily.
1.2.7

Statistical Analysis
Tests were analyzed with TOXSTAT® (Gulley 1996), applying appropriate

parametric (Dunnett’s Test, T-test with Bonferroni Adjustment) or nonparametric
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(Steel’s-Many One Rank Test, Wilcoxon Rank Sum with Bonferroni Adjustment)
analyses according to US EPA (1994), to determine no observable adverse effects
concentrations (NOAEC), lowest observable adverse effects concentrations (LOAEC),
lethal concentration (LC) and inhibition concentration (IC) values (US EPA 1994).
Macroinvertebrate indices and clam endpoints were analyzed using the Statistical
Analysis System (Statistical Analysis Institute, Inc. 1996). Data were tested for
normality with the Shapiro-Wilks Test (α=0.05), non-normal data were transformed to
satisfy the assumptions of normality and Tukey’s HSD test determined differences
between sites. Correlation analyses and comparisons of normalized data using TukeyKramer HSD were conducted using JMP IN® (Sall and Lehman 1996). Mean SC used in
correlations was based on 2001 data and taken over 3 months (n = 3) during
macroinvertebrate surveys and 4 months (n = 4) during the Corbicula test. All significant
relationships were determined at the α = 0.05 level.
1.3

Results

1.3.1 Physicochemical Parameters
The mean SC of PR3 was 8,109 (7,750-8,750) µS/cm (Table 1.1), elevated
primarily by SO4 and Na ions (Table 1.2). During low flow conditions when the effluent
contributed >90% of the flow at PR4, SC, TDS and six ions (SO4, Na, Cl, Ca, Mg, K) at
impacted sites closely reflected levels measured at PR3, but were gradually diluted
downstream (Fig. 1.2). The concentrations of the remaining five ions detected in LCW
sites (Al, Zn, NO3, Fe, Cu) originated from other sources. All ion concentrations in the
effluent with WQC were below chronic standards, except Cl and total Al species, which
were below acute standards (Table 1.2). Al increased while Cl decreased in
concentration downstream of the effluent on November 24th, 2000 (Table 1.1) and
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concentrations were substantially lower in the effluent in 2001 (Table 1.2). All DO2
measurements were above 6.0 mg/L during field tests and surveys, except at PR1 (3.78
mg/L) on July 6, 2001 and LPR1 (3.27 mg/L) on August 7, 2001.
1.3.2 Benthic Macroinvertebrates
The more sensitive indices (%E, %EPT, %EPT-H and EPT-H richness) to the
mining outfall were emphasized and are provided in Table 1.3. The most dramatic
decline in any insect taxon was observed for Ephemeroptera. A 99.6 and 99.8%
reduction in mean mayfly abundance was found at sites downstream of the effluent in
Fall 2000 and Spring 2001, respectively. Mayflies were absent from all PR3, PR4, PR5,
LCS6 and LCS7 samples and %E was significantly reduced at impacted sites relative to
most reference sites. The highest SC levels in which mayflies were collected were
recorded at OR1 on October 14, 2000 (5,140 µS/cm) and July 7, 2001 (4,180 µS/cm),
although %E was significantly reduced. Analysis of Spring 2001 categorized data
indicated a significant reduction in %E at a mean SC of 3,978 ± 2092 µS/cm (Table
1.4a). Although impairment occurred at mining influenced sites in %EPT and EPT
richness relative to reference sites in 2001, relative abundances were significantly lower
at PR3, PR4 and PR5 and substantial impairment occurred at LCS6, LCS7 and LCS9
using %EPT-H and EPT-H richness. This trend was supported by the 2000 data at PR3,
PR4 and PR5 but was not significant in LCM. Abundance, taxa richness, the ShannonWeiner diversity index and HBI did not indicate impairment to the coal-processing
effluent in either survey, and data were therefore excluded. In general, there was no
discernible decline in %CF below PR3 compared to sites upstream of PR3 (Fig. 1.3b).
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1.3.3

In Situ Toxicity Testing
Corbicula survival during both tests was relatively high (≥76%) and no significant

differences were found among sites. Significant impairment below the effluent outfall,
however, was observed for Corbicula growth (Fig. 1.3a), most clearly indicated by the
98-day test; Corbicula at the reference sites, LCRS1 (4.90±0.37 mm), LCRS2 (5.05±0.36
mm), LCRS3 (3.43±0.83 mm), grew significantly more than clams at PR4 (0.31±0.09
mm), PR5 (0.45±0.08 mm) and LCS6 (1.46±0.04 mm), while recovery was observed at
LCS7 (2.74±0.90 mm). Corbicula growth was stunted in Fall 2000 due to relatively
lower temperatures, but significantly impaired at sites below the effluent. Analysis of
categorized data indicated significant reduction in 36-d Corbicula growth at 7648 ± 233
µS/cm, compromised by a large gap between groupings (Table 1.4a).
1.3.4

Correlation analysis

Mean SC was strongly positively correlated with TDS (n = 28, r = 0.9991, p
<0.0001), negatively correlated with EPT-H richness (r = -0.8756, p < 0.0001) and
Corbicula growth (r = -0.8229, p = 0.0010) but not well related with the Shannon-Weiner
index (r = -0.2004, p = 0.4922) or HBI (r = 0.3131, p = 0.2773). The correlation between
Corbicula growth and mean SC was strengthened (r = -0.9755, p = 0.0009) when lower
SC sites (<3000 µS/cm), where no significant relationship occurred (r = 0.3989, p =
0.7875), and the high nutrient site (PR2: 1.37mg/L NO3) were excluded. Clam growth (r
= -0.3338, p = 0.4191) and EPT richness (r = -0.5302, p = 0.1765) were not significantly
correlated with aluminum concentrations in the water column.
1.3.5 Water Column Toxicity Testing
For Ceriodaphnia acute tests, mean survival was ≥95% in reference site water
but substantially lower for impacted sites, ranging from 6 to 78% (Fig. 1.2). The mean
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48-h LC50 values (n=3) for PR3, PR4 and PR5 were 6,713±99, 6,807±108 and 6,912±990
µS/cm, respectively. Total Ceriodaphnia mortality was observed in the 100% effluent
exposure in the chronic test, while all survived in the control through 3,710 µS/cm
exposures (Table 1.4b). The NOAEC and LOAEC endpoints for Ceriodaphnia survival
were 4,730 and 6,040 µS/cm, respectively. Ceriodaphnia mean reproduction was a more
sensitive endpoint in that the NOAEC and LOAEC were 2,910±40 and 3,710±46 µS/cm,
respectively. The IC10 and IC25 values for reproduction were 2458 (926 – 3091) and
3154 (2203 – 3446) µS/cm, respectively. The NOAEC and LOAEC endpoints for the P.
promelas 7-d test were 4,843±36 and 6,180±63 µS/cm for survival, and 3,800±24 and
4,843±36 µS/cm for mean growth, respectively (Table 1.4c). The IC10 and IC25 values
for growth were 3769 (2803 – 3964) and 4068 (3789 - 4245)µS/cm, respectively.
1.4

Discussion
The composition of the Meigs County Mine #31 discharge provided a unique

opportunity for this preliminary investigation and bioassessment of the influence of TDS
toxicity, measured as SC (r = 0.9991, p <0.0001), on aquatic life because it was
essentially neutral and composed primarily of dissolved ions (e.g., SO4 and Na) without
WQC (US EPA 1999) and Cl (below acute WQC), which effectively created semi-saline
conditions with remarkably high mean water hardness (792 ± 43 mg/L as CaCO3). Hard
water promotes chemical complexation of metals and can diminish the associated toxicity
(Black et al. 1980). This phenomenon was observed for an open pit mine effluent in
Wisconsin, in which the toxicity of relatively low metal concentrations was ameliorated
by water hardness ≥155 mg/L as CaCO3 (Masnado et al. 1995).
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Total Al and Cl concentrations, measured in the Mine #31 effluent, were above
chronic WQC. Mount et al. (1997) found the mean 48-h LC50 values for C. dubia in
NaCl and Na2SO4 solutions to be 1,960 mg/L (~1,189 mg/L Cl) and 3,070 mg/L (~2,076
mg/L SO42- and ~994 mg/L Na+), respectively. These Cl levels were higher than in the
coal-processing effluent, while Na and SO4 concentrations were considerably lower,
suggesting Na and SO4 contributed to the bulk of the acute toxicity observed in the LCW.
Thus, due to the magnitude of the Na and SO4 acute toxicity in PR, ions above chronic
WQC in the coal-processing effluent were of lesser concern. Total Al concentrations in
the LCW, however, increased from effluent levels at downstream sites (Latimer 1999,
this study) and thereby potentially confounded linkage between the effluent and
macroinvertebrate impairment. Recovery of in situ Corbicula growth (Fig. 1.3a) and
EPT richness (Table 1.3) at sites with increasing Al concentrations and the lack of
significant relationships between Al concentration and those indices, implied Al was not
a major contributor to the observed toxicity. Latimer (1999), based on correlation
analysis and laboratory formulated salt solutions, also concluded it was unlikely that Al
or Cl contributed significantly to macroinvertebrate impairment or toxicity to C. dubia in
the LCW. In addition, because ion concentrations presented in this study included all
metal species, bioavailable (i.e., dissolved) metals were likely overestimated.
Our macroinvertebrate surveys provided strong indications of impairment below
the coal-processing effluent and identified indices that were indicative of impairment due
to TDS toxicity. The generally sensitive EPT indices, however, did not indicate
statistically significant impairment, due to the relatively high tolerance of hydropsychids,
which compartmentalize contaminants (Cain et al. 2001). Percent EPT-H and EPT-H
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richness provided much improved statistical resolution and indicated significant
impairment at effluent impacted sites. Relative Ephemeroptera abundance was likely a
more sensitive indicator of TDS toxicity but the metric was compromised by lowered
abundance of mayflies at some LCM reference sites due to the previously addressed
stressors in the watershed. The sensitivity of mayflies relative to other macroinvertebrate
taxa found in this study was consistent with the literature (Specht et al. 1984, Pontasch et
al. 1989, Diamond et al. 1992). Abundance and richness were not good indicators of the
effluent toxicity due to the diversity of tolerant Coleoptera and Diptera, and the ShannonWeiner index (p = 0.4922) and HBI (p = 0.2773) were not significantly related to SC.
The Shannon-Weiner index likely indicated changes in community structure unrelated to
pollutants (Huges 1978), while application of biotic indices (e.g., HBI) was inappropriate
for assessing TDS associated impacts because taxa tolerance assignments were based on
sensitivities to organic pollutants (Garcia-Criado et al. 1999).
Although in situ Corbicula survival may be an important indicator of toxicity in
AMD impacted systems (Soucek et al. 2001), it was not predictive of the toxicity
associated with the coal-processing effluent. Corbicula growth, however, was
significantly reduced below the mining effluent site (PR3) in the 98-day in situ test and
corresponded closely with SC (p = 0.0009). Clams at impacted sites grew less during
months 2 and 3 (Fig. 1.3a), likely a result of increased sensitivity due to increased
temperature and exposure duration. While clam growth was strongly negatively
correlated with SC, other factors such as nutrient levels, temperature, substrate and DO2
(Mattice and Wright 1986, McMahon and Williams 1986) likely influenced growth more
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substantially at sites with mean SC levels <3000 µS/cm. This trend was evident at PR2
where nutrients (NO3: 1.37 mg/L) and growth (7.00±0.73 mm) were high.
The >90% dilution of PR by the effluent during low flow conditions (Cherry et al.
1999) posed the possibility that food resources limited Corbicula growth. Soucek et al.
(2001) found in situ Corbicula growth to be significantly positively correlated with %CF
in a nutrient limited system (r = 0.745, p = 0.0035); therefore, the instream distribution of
other filter-feeding taxa was deemed prudent to determine if food availability was
limiting to clam growth. Percent CF (e.g., tolerant hydropsychids and simuliids) was
high at PR and LCM sites impacted sites, relative to reference sites, most likely due to the
effluent induced increase in flow. Based on these data, clams at impacted sites had
adequate food resources, making the TDS toxicity of the effluent the more plausible
cause of impaired clam growth.
Close associations between biotic impairment and SC were also found in acute
and chronic water column toxicity testing. Although impairment was observed in both
Pimephales survival and growth, our results suggested fish were less sensitive to
dissolved solids toxicity than Ceriodaphnia reproduction, based on NOAECs and IC
values. Ceriodaphnia LOAECs indicated harmful effects at ≥3,710 µS/cm. Masnado et
al. (1995) and Mount et al. (1997) found similar relative sensitivities between these
organisms to salt water solutions formulated in the laboratory.
1.5

Conclusions
The data presented in this study indicate that the coal-processing effluent

discharged from Meigs County Mine #31 impaired aquatic fauna in the lower reaches of
PR and LCM. The extent of this impairment was best assessed with (1) field surveys
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using in situ Corbicula growth, EPT-H indices and %E, and (2) laboratory acute and
chronic water column toxicity testing with Ceriodaphnia. Analyses of categorized data
from our field surveys suggested that mayflies may be more sensitive to SC than
Corbicula growth (36-d exposure), Ceriodaphnia and Pimephales endpoints. More
specifically, correlation analysis of longer term clam growth (98-d exposure), C. dubia
reproduction and instream distribution of mayflies at study sites suggested SC levels that
exceeded ~3700 µS/cm impaired sensitive aquatic fauna in the LCW. The toxic effects
of TDS in other systems, however, cannot be concretely quantified without knowledge of
the ionic composition of the solution (Mount et al. 1997).
Based on correlation analysis, toxicity due to dissolved solids in the mining
effluent was the most plausible cause of benthic macroinvertebrate impairment, but other
possible contributors included (1) chronic aluminum toxicity, (2) chronic chlorides
toxicity, and (3) degradation of resource quality. Research is underway to establish a
causal link between the SC of the mining effluent and the observed macroinvertebrate
impairment and to determine which ion(s) were primarily responsible for the impairment.
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Table 1.1: Mean physicochemical parameters for study sites, with ranges and standard
deviations indicated.
Site

Conductivity
(µS/cm)

TDS
(mg/L)

Hardness
(mg/L)

TSS
(mg/L) c

pHa

Al
(mg/L)b

Cl
(mg/L)b

LCRS1

485
(340-720)

267
(225-350)

218±69

125±35

7.79±0.22

0.110

12.97

OR1

3528
(470-5140)

1950
(425-3075)

397±204

188±124

7.84±0.24

ND

ND

LCS4

801
(330-1620)

275
(200-400)

128±14

275±35

7.60±0.08

ND

ND

LCRS2

577
(310-1010)

283
(225-325)

170±43

225±71

7.48±0.20

0.264

46.08

LCRS3

549
(260-960)

258
(225-275)

169±46

338±265

7.51±0.18

0.079

54.33

LPR1

399
(340-490)

283
(250-325)

169±49

125 d

7.88±0.06

ND

ND

PR1

613
(320-1080)

375
(225-575)

213±109

100 d

7.62±0.04

ND

ND

PR2

2977
(760-6220)

1017
(550-1475)

574±91

113±18

8.33±0.25

0.165

323.93

PR3

8109
(7750-8750)

5792
(5725-5875)

792±43

213±53

8.10±0.12

0.209

792.07

PR4

7932
(7430-8700)

5183
(4500-5575)

760±52

200±0

8.07±0.11

0.228

771.95

PR5

7912
(7150-8640)

5463
(5250-6000)

742±60

238±18

8.03±0.10

0.261

789.47

LCS6

6387
(2570-8080)

3008
(1775-5225)

627±196

363±159

7.86±0.17

0.373

720.46

LCS7

5376
(1260-7960)

2667
(1400-4925)

569±264

188±88

7.72±0.11

0.337

622.97

LCS9

4886
(1720-7120)

2858
(1075-4325)

484±221

175±71

7.79±0.09

0.360

475.84

a

pH reported as median values
n=1, highest recorded concentration
c
n=2
d
n=1
b
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Table 1.2: Dissolved ion concentrations in the mining effluent in samples taken
November 24, 2000 and October 12, 2001. US EPA acute and chronic water quality
criteria (WQC) were included, where available.

DISSOLVED
ION
Conductivity
SO4
Na
Cl
Ca
Mg
K
Fe
Mn
Al
Cu
Zn

CONCENTRATION
(mg/L)
2000
2001
8750 µS/cm
8010 µS/cm
3671.76
n/a
1952
1468
792.07
n/a
237.7
191.7
53.7
42.62
25.08
15.06
0.4394
0.3252
0.4074
0.1183
0.2085
0.1270
0.0033
<0.0028
0.0045
0.0049

ACUTE
WQC
(mg/L)
n/a
n/a
n/a
860
n/a
n/a
n/a
n/a
n/a
0.750
0.013
0.120

CHRONIC
WQC
(mg/L)
n/a
n/a
n/a
230
n/a
n/a
n/a
1
n/a
0.087
0.009
0.120
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Parker Run

LCM

Table 1.3: Benthic macroinvertebrate indices from Fall 2000 (a) and Spring 2001 (b).
One standard deviation from each mean is indicated and sites with the same letter
designation were not statistically significant from one another. The dashed lines
indicate where the coal-processing effluent enters each system.
(a)
SITE
%EPT
%EPT-H
EPT-H Richness
%E
LCRS1
44.1±2.5 AB
36.3±5.3 A
8.0±0.8 A
17.3±18.4 A
OR1
21.5±16.2 B
2.7±2.3 BC
1.3±1.0 D
0.7±1.4 B
LCS4
60.8±11.0 A
15.5±7.2 AB
5.0±1.4 ABCD
4.4±8.6 AB
LCRS2
24.6±15.3 B
12.1±6.1 ABC
5.3±1.7 ABC
2.7±2.7 AB
LCRS3
23.8±5.9 B
13.4±5.1 ABC
6.5±2.7 AB
7.0±3.7 A
LCS6
24.0±13.8 B
3.0±4.2 BC
2.0±1.8 CD
0.0±0.0 B
LCS7
40.7±27.2 AB
11.2±8.9 ABC
3.0±2.6 BCD
0.0±0.0 B
LCS9
12.7±2.8 B
2.0±1.9 C
1.5±1.3 CD
0.3±0.5 B
PR2
15.4±9.4 a
4.3±2.1 a
2.0±1.2 a
0.2±0.2 a
PR3

2.5±3.1 a

0.0±0.0 b

0.0±0.0 b

0.0±0.0 a

PR4

19.6±5.2 a

0.1±0.2 b

0.1±0.2 b

0.0±0.0 a

PR5

17.5±17.5 a

1.0±2.0 b

1.0±2.0 b

0.0±0.0 a

EPT-H Richness
4.8±0.5 A
2.8±1.0 ABC
3.0±0.8 AB
2.3±0.5 ABCD
2.5±1.9 ABCD
0.3±0.6 D
1.5±1.3 BCD
0.8±0.5 CD
4.5±1.3 a
3.3±1.3 ab
2.3±0.5 b
0.0±0.0 c
0.0±0.0 c
0.0±0.0 c

%E
9.6±8.1 A
2.5±1.8 AB
5.8±2.2 A
4.7±1.9 A
3.3±3.9 AB
0.0±0.0 B
0.0±0.0 B
0.1±0.2 B
23.7±8.8 a
11.9±5.2 b
16.6±7.5 ab
0.0±0.0 c
0.0±0.0 c
0.0±0.0 c

Parker Run

LCM

(b)
SITE
LCRS1
OR1
LCS4
LCRS2
LCRS3
LCS6
LCS7
LCS9
LPR1
PR1
PR2
PR3
PR4
PR5

%EPT
26.5±11.0 A
20.8±8.9 AB
26.8±12.7 AB
13.1±5.6 B
41.6±20.7 A
17.9±8.7 AB
42.7±3.2 A
17.6±10.3 AB
24.2±8.8 a
12.0±5.3 ab
19.9±7.8 ab
2.4±3.6 b
11.3±13.7 ab
25.5±12.2 a

%EPT-H
11.4±7.8 A
9.8±8.2 A
7.5±4.2 ABC
6.6±2.3 AB
13.5±3.0 A
1.7±2.9 BC
1.5±1.2 BC
0.5±0.6 C
24.2±8.8 a
12.0±5.3 b
16.6±7.5 ab
0.0±0.0 c
0.0±0.0 c
0.0±0.0 c
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Table 1.4: Relative abundance of indigenous Ephemeroptera and 36-d in situ Corbicula
growth during July 2001 for selected conductivity categories (a). Laboratory
conducted chronic toxicity tests for Ceriodaphnia (b) and Pimephales (c) in fieldcollected Meigs County Mine #31 effluent. Asterisks denote a significant difference
from the reference or control.
(a)
Conductivity
Category
(µS/cm)

Mean
Conductivity
(µS/cm)

Included
Study Sites

0 – 1000

397 ± 110

LCRS1, LCRS2,
LCRS3, LCS4

20

1.21 ± 0.59

16

5.8 ± 4.9

2001 – 3000

2607 ± 1918

OR1

5

0.99 ± 0.37

4

2.5 ± 1.8

3001 – 4000

3978 ± 2092

LCS6, LCS7,
LCS9

14

1.09 ± 0.66

11

0.0 ± 0.0*

7001 – 8000

7648 ± 233

PR3, PR4, PR5

15

0.28 ± 0.12*

12

0.0 ± 0.0*

n

Corbicula
Growth
(mm)

Ephemeroptera
Mean Percent
n
Abundance

(b)
Mean Conductivity
(µS/cm)
290 ± 11 (control)
1780 ± 40
2300 ± 38
2910 ± 40
3710 ± 46
4730 ± 45
6040 ± 62
7750 ± 44

Percent
Survival
100 ± 0
100 ± 0
100 ± 0
100 ± 0
100 ± 0
80 ± 52
30 ± 48*
0 ± 0*
(c)

Mean
Reproduction
26.7 ± 9.6
24.4 ± 13.0
24.8 ± 2.9
22.4 ± 7.8
14.6 ± 4.8*
4.5 ± 4.9*
0.3 ± 0.7*
0.0 ± 0.0*

Mean Conductivity
(µS/cm)
313 ± 10 (control)
2357 ± 30
2992 ± 28
3800 ± 24
4843 ± 36
6180 ± 63
7900 ± 63

Percent
Survival
100 ± 0
95 ± 10
88 ± 10
90 ± 8
95 ± 10
38 ± 15*
10 ± 12*

Mean Growth
(mg)
0.356 ± 0.134
0.514 ± 0.145
0.496 ± 0.136
0.407 ± 0.080
0.131 ± 0.043*
0.167 ± 0.048*
0.106 ± 0.126*
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OHIO RIVER
LEADING CREEK MAINSTEM (LCM)
LEADING CREEK TRIBUTARY
ACTIVE COALMINE EFFLUENT
REFERENCE SITE
EFFLUENT SITE
IMPACTED SITE
SETTLING POND

N

LCRS1
Meigs Mine #2
SURFACE MINE

conductivity
OR1

LCS4

OGDEN RUN

Meigs Mine #31
UNDERGROUND MINE &
PREPARATION PLANT

PR4
PR2

LPR1

LCRS3
LCS6

LCS7
RI
VE
R

PARKER RUN

HI
O

LCS9

O

PR1

conductivity
PR5
PR3

OW
FL

LCRS2

Fig. 1.1. Leading Creek Watershed study sites (not to scale).
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Conductivity (uS/cm)
TDS (mg/L)

100

8000

90

7000

80
70

6000

Specific Conductivity (SC)

60

5000

Total Dissolved Solids (TDS)

4000

Mean Ceriodaphnia survival

50
40

3000

30

2000

20

1000

10
LCS9

LCS7

LCS6

PR5

PR4

PR3

PR2

PR1

LPR1

LCRS3

LCRS2

LCS4

OR1

0
LCRS1

0

Mean Survivorship (%)

9000

Site

Fig. 1.2. Mean specific conductivity (n ≥ 4), total dissolved solids (n = 3) and mean 48-h
Ceriodaphnia survivorship (n = 2 – 7) for all Leading Creek Watershed sites. Spikes at
OR1 and PR3 correspond to the mining activity. The ranges for SC and TDS data points,
excluded for clarity, are provided in Table 1.1.
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Fig. 1.3. Corbicula fluminea growth at study sites for the 98-day survey (a) and mean
percentage of total collectors-filterers (b). Sites sharing the same letter designation were
not significantly different from one another and bars represent one standard deviation
from the mean.
(a)

Month 3: 8-8-01 to 9-6-01

7.00
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E
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2

Evaluation of Ecologically Relevant Bioassays for a Lotic System impacted by a
Coal-mining effluent, using Isonychia bicolor [Walker]
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Abstract. Many studies investigating the ecotoxicological impacts of industrial effluents
on freshwater biota utilize standardized test organisms such as Ceriodaphnia dubia,
Daphnia magna and Pimephales promelas. These organisms may not be the most
predictive or ecologically relevant gauges of the responses of instream benthic
macroinvertebrates to certain stressors. An indigenous species approach should be
adopted, using a sensitive benthic collector-filterer following development of practical
laboratory bioassays. In the Leading Creek Watershed (southeast Ohio), an aggregated
~99% reduction in mean mayfly abundance for all impacted sites was observed below a
coal-mining effluent with mean specific conductivity (SC) of 8,109 (7,750-8,750) µS/cm.
The mayfly, Isonychia bicolor, was exposed for 7-days to a simulation of this effluent, in
lotic microcosms. Based on lowest observable adverse effect concentrations, I. bicolor
survival was a more sensitive endpoint to SC (1,562 µS/cm) than were 7-day C. dubia
survival and fecundity (3,730 µS/cm). Isonychia molting, a potentially more sensitive
endpoint, was also examined. Using traditional test organisms to assess discharges to
surface water alone may not adequately protect benthic macroinvertebrate assemblages in
systems impaired by discharges high in SC.
2.1

Introduction
Field studies assessing the severity of unknown chemical stressors on aquatic

biota often are complicated by numerous biotic and abiotic factors that may confound
bioassessment. To mitigate this problem, researchers utilize a whole effluent toxicity
testing (WETT) approach to observe the individual responses of organisms in controlled
laboratory experiments. Compounding the inherent loss of ecological relevance in such
experiments (Clements, 2000), standardized test organisms such as lentic cladocerans
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(e.g., Ceriodaphnia dubia, Daphnia magna) and relatively tolerant fish species (e.g.,
Cyprinus carpio, Lepomis macrochirus, Pimephales promelas) may further limit the
applicability of extrapolating laboratory responses to instream benthic macroinvertebrate
assemblages (Rosenberg and Resh, 1996). Moreover, the most commonly used test
organisms may not adequately protect sensitive aquatic benthos from certain pollutants.
For instance, C. dubia and P. promelas ranked only 6th and 14th most sensitive to copper
of the 17 organisms used in acute toxicity testing for the development of site-specific
criteria in the Clinch River, Virginia (Cherry et al., 2002).
The elevated specific conductivity (SC) levels associated with a continuously
discharged coal-mining effluent in Meigs County, Ohio have been reported in Cherry et.
al. (1999). The mean SC of this effluent, 8,109 (7,750-8,750) µS/cm, was only slightly
diluted by the receiving system (Kennedy et al., in press). Although SC levels were
strongly negatively correlated with in situ growth of Corbicula fluminea (r = -0.8229, p =
0.0010) and EPT (Ephemeroptera, Plecoptera, Trichoptera) minus Hydropsychidae (EPTH) richness (r = -0.8756, p < 0.0001), Ephemeroptera, reduced in abundance by >99%
below the effluent, was the most severely influenced indigenous taxon (Kennedy et al., in
press).
The sensitivity of insects in the order Ephemeroptera to both natural and
anthropogenic perturbations is well documented (e.g., Pontasch and Cairns, 1988; Short
et al., 1991; Williams and Williams, 1998). Although toxicity tests with mayflies have
been conducted in the laboratory (e.g., Peters et al., 1985; Sherberger et al., 1979;
Diamond et al., 1992; Dobbs et al., 1994), few have addressed sensitivities to SC, total
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dissolved solids (TDS) or salinity (Goetsch and Palmer, 1997; Williams and Williams,
1998; Chadwick and Feminella, 2001).
The objective of this study was to formulate a solution simulating the coal-mining
discharge, validated by Ceriodaphnia tests, to serve as the medium for in vitro chronic
toxicity tests using an ecologically relevant test organism. The mayfly, Isonychia bicolor
(Walker), was selected for this study because of its high sensitivity (4th overall) to copper
(e.g., Cherry et al., 2002), availability, and use in previous studies (Sherberger et al.,
1977; Peters et al., 1985; Sibley, 1991; Diamond et al., 1990; Dobbs et al., 1993;
Kobuszewski and Perry, 1994). We compared I. bicolor endpoints in terms of SC, used
to represent TDS concentrations, to (1) C. dubia responses, to determine if this
standardized test organism was protective of sensitive, instream, benthic
macroinvertebrates and (2) indigenous mayfly population responses to dissolved solids in
the field, to determine the validity of laboratory and field comparisons. It was not the
intention of this study to suggest C. dubia should be replaced by I. bicolor as a WETT
organism, but rather supplement its use in a system with a high dissolved solids
perturbation.
2.2
2.2.1

Methods
Study sites
Fourteen study sites, described in Kennedy et al. (in press), were selected in the

Leading Creek Watershed (LCW) to assess the downstream ramifications of the coalmining effluent. The tributaries, Ogden Run (OR) and Parker Run (PR), were the
receiving systems for mining effluents and the primary sources of highly conductive
waters entering Leading Creek Mainstem (LCM). Of the 14 sites selected, five were
considered reference stations (LCRS1, LCRS2, LCRS3, PR1, LPR1) due to their location
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above the discharge, and eight (OR1, LCS4, PR2, PR4, PR5, LCS6, LCS7, LCS9) served
to assess impact caused by the effluent outfall site (PR3), immediately received by PR.
2.2.2 Water chemistry analyses
All water chemistry analyses were performed in the field or in the laboratory
within 24 h of collection. Conductivity and dissolved oxygen (DO2) were measured in
the field using an Orion® model 122 meter and a Yellow Springs (RDP, Dayton, OH,
USA) model 54A meter, respectively. The pH was determined with an Accumet®
(Fisher Scientific, Pittsburgh, PA, USA) meter equipped with an Accumet® gel-filled
combination electrode (accuracy < ± 0.05 pH @ 25ºC). Alkalinity and hardness (mg/L as
CaCO3) were determined by simple titration of 50 mL samples (APHA, 1995).
2.2.3

Dissolved ion analysis
Samples were filtered and submitted to the Virginia Tech Department of

Environmental Engineering to determine dissolved anion concentrations via ion
chromatography. Cations were analyzed by inductively coupled plasma (ICP)
spectrometry at the Virginia Tech Soil Testing Laboratory (APHA 1995). Ions analyzed
were Al, Ca, Cl, Cr, Cu, Fe, K, Mg, Mn, Na, NO3, P, SO4 and Zn. Total dissolved solids
(TDS) were determined as described in APHA (1995), with slight modifications.
Samples were heated in a Fisher Isotemp oven® (100 series model 1266) at 80°C, to
prevent boiling over, prior to a 1 h increase to 180°C.
Due to the strong linear correlation between TDS and SC (r = 0.9989, p < 0.0001)
in our Ceriodaphnia tests, this study used SC levels, and conversions were performed
with the following equation derived from this correlation:
SC = 1.3072(TDS) + 169.15
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2.2.4 Simulated coal-mining effluent
The simulated effluent represented the total ion concentrations in the Mine #31
effluent sample taken November 24th, 2000 (Table 2.1), and was used to (1) isolate
known inorganic ions from any unknown constituents and (2) provide an easily replicable
medium for testing. It was formulated using reagent grade Al2(SO4)3, CaCl2, Fe2(SO4)3,
MgSO4, MnSO4, KBr, KCl, NaCl and Na2SO4 dissolved in filtered water for C. dubia
tests and unfiltered water for I. bicolor tests, based on conditions to which organisms
were acclimated. Water was collected from an unpolluted reference stream, Sinking
Creek, accessed at Newport, VA. Copper and Zn were not added because concentrations
were higher in Sinking Creek water (SCW) than in the mining discharge, although still
well below chronic WQC. Ion concentrations in SCW were accounted for in all
calculations.
2.2.5

Test organisms
Ceriodaphnia dubia, test organism recommended by the US Environmental

Protection Agency (EPA), has been commonly used in aquatic ecotoxicological studies
and is relatively more sensitive to laboratory formulated salt solutions than D. magna and
P. promelas (Masnado et al., 1995; Dickerson et al., 1996; Mount et al., 1997).
Isonychia bicolor is a mayfly in the family Isonychiidae (Merritt and Cummins, 1996),
but was previously classified in the families Heptageniidae, Baetidae, Siphlonuridae and
Oligoneuriidae (Kondratieff and Voshell, 1984). Isonychia is bivoltine, consisting of a
larger, over-wintering cohort with spring emergence and a smaller summer/fall cohort
that matures and emerges rapidly (Kondratieff and Voshell, 1984). Although strong
swimmers, these mayflies seek cover, clinging to leaf packs, cobble and other available
substrata (Kondratieff and Voshell, 1984). Isonychia, especially the over-wintering
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cohort, was desirable for testing because it was easy to collect, larger in size and directly
exposed to the water column with a relatively large gill surface area, potentially
sensitizing it to osmoregulatory stress (Peters et al., 1985). Organisms from the
spring/fall cohort were too small for experimental apparatuses and were observed to
emerge at a higher frequency during our preliminary studies.
2.2.6 Ceriodaphnia toxicity tests
Ceriodaphnia were obtained from SCW reserve cultures and cultured
individually, according to US EPA (1994), for at least 2 weeks prior to testing. For direct
comparisons of the relative sensitivities between test organisms, static, 7-d C. dubia tests,
conducted according to US EPA (1994), utilized the simulated effluent at similar
exposures to the 7 d Ceriodaphnia tests in field-collected, coal-mining effluent and the 7
d I. bicolor tests. Filtered SCW was used as the diluent (0.25 serial dilution) and control.
All tests were 7 d so that Ceriodaphnia was exposed to the simulated effluent for the
same duration as Isonychia. Tests were conducted at 25.0 ± 1.0°C to adhere to the
protocol of most National Pollution Discharge Elimination System (NPDES) permits and
to avoid delayed brood patterns at cooler temperatures.
2.2.7

Isonychia toxicity tests
Isonychia were collected from a riffle area in Sinking Creek, as in Peters et al.,

1985, using D-frame dip-nets (Wildco, 425-A40) with flat, 800 x 900 µm mesh backs to
minimize injury, and immediately transported to the laboratory (~15 min) in a cooler
containing site-collected water. Mayflies were acclimated to laboratory conditions for 69 d in 5-L aquariums containing SCW, agitated/aerated by two stir bars and airlines, and
the temperature was increased by ≤2.0ºC/day to the desired test temperature. Organisms
were fed daily with ~6 mL of yeast, cerophyll, trout chow and ground Tetra-min®
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(YCTT) passed through cheesecloth to remove larger particles, because I. bicolor
consumes primarily 0.1 – 0.7 μm detrital particles (Wallace and O’Hop, 1979), and water
was renewed (~60%) every 48-h.
The experimental apparatuses (Figure 2.1), or simulated lotic microcosms
(SLMs), were modifications from previous studies (Lechleitner et al., 1985; Farris et al.,
1991), adopted based on similar LC50 values obtained for I. bicolor in the flow-through
and bioassay methodologies used by Peters et al. (1985). To satisfy the flow requirement
of I. bicolor for filter-feeding in longer term bioassays (Pontasch and Cairns, 1988), a stir
bar in a screen (~1 mm2 openings) covered, glass petri dish, all within a 1-L beaker,
provided flow and aeration, although SLMs were also aerated to assure adequate DO2
levels (6.5 – 9.0 mg/L). Quick Count® plastic canvas (Uniek, Inc., Waunakee, WI, USA)
sheets were manipulated into cylinders, fastened with plastic cable ties and placed into
each SLM to provide flow heterogeneity and suitable substrate for the clinging habit of I.
bicolor. Each replicate SLM contained 10 test organisms and was placed on a stir plate
in an incubator (12:12 h light:dark photoperiod).
Tests, conducted in the simulated effluent for 7 d, were static with induced
current, renewed daily (60%), and used unfiltered SCW as the diluent (0.5 serial dilution)
and control. To utilize the more desirable over-wintering cohort, four tests were
performed from Fall 2001 and Winter 2002 (Table 2.2). Test I (t=6; n=3) was conducted
at the temperature of SCW at mayfly collection (12.0 ± 2.0°C). Tests II (t=6, n=3), III
(t=4, n=4) and IV (t=5, n=4) were run at 20.0 ± 2.0°C to more closely represent summer
conditions at Parker Run sites, thus increasing sensitivities to stressors and stimulating
growth (i.e., molting). Test organisms in each SLM were fed ~2 mL of YCTT daily.

39

Endpoints used were percent survival and mean exuvia/replicate (ex/rep), as in Diamond
et al. (1992). An additional endpoint, mean exuvia/organism/day (ex/org/d) was
examined because it was computationally independent of survivorship. Additionally,
ex/rep and ex/org/d were also examined excluding day 1 data, because between 2 and 8
times more exuvia were observed for day 1 than any other test day during the 20°C
bioassays. Dead organisms and exuvia were removed daily.
2.2.8 Instream Ephemeroptera Distribution
Four replicate qualitative samples were collected with 800 μm D-frame nets
(Wildco 425-D10) during two separate field excursions from 12-LCW sites on October
14, 2000 (10.1 – 17.2°C) and from 14-LCW sites on July 6, 2001 (19.9 – 25.7°C).
Collection of each replicate involved thorough five-minute sampling of all available
habitat types. Samples were preserved in ~70% ethanol and returned to the laboratory for
processing and identification to the lowest practical taxonomic level using standard keys
(Merritt and Cummins, 1996; Pennak, 1989). The Fall 2000 and Spring 2001 data were
combined, ranked and categorized into 500-1000 µS/cm intervals to gauge the influence
of SC on relative Ephemeroptera abundance (%E).
2.2.9

Statistical analysis
Toxicity tests and categorized field data were analyzed using TOXSTAT®

(Gulley, 1996), with application of appropriate parametric (Dunnett’s Test, T-test with
Bonferroni Adjustment) or nonparametric (Steel’s-Many One Rank Test, Wilcoxon Rank
Sum with Bonferroni Adjustment) analyses (α=0.05), to determine no observable adverse
effect concentration (NOAEC) and lowest observable adverse effect concentration
(LOAEC) endpoints. Test selection was performed according to the flow charts provided
in EPA (1994). Fishers Exact Test was used to determine significant differences
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Ceriodaphnia survivorship. Emergence was not a concern in I. bicolor tests I or II, but
was accounted for in statistical analysis of data from tests III and IV, in which some early
emergence was observed (at most 1 to 2 emergences/replicate), likely due to the increase
in degree-days during the acclimation to 20°C (Sweeney, 1978; Chadwick et al., 2001).
Correlation analyses were conducted using JMP IN® (Sall and Lehman, 1996).
2.2.10 Quality assurance – quality control (QA-QC)
The accuracy of the calculations for the simulated effluent was checked by
balanced meq/L and the measured ionic composition of simulated effluent was compared
to the field-collected effluent. During all chronic toxicity testing, treatments were
monitored daily for DO2, pH and SC. A 7-d cumulative composite sample of treatments
was taken at the end of test III and cumulative samples were taken from each exposure at
the end of test IV. Samples were analyzed at the Virginia Tech Water Quality Laboratory
for total ammonia ([NH3] + [NH4+]) concentrations and water quality criteria were
determined as described in US EPA (1999). Unionized ammonia concentrations were
calculated according to EPA (1999).
2.3
2.3.1

Results
Ceriodaphnia toxicity tests
Survival for Ceriodaphnia in the controls was ≥ 90% for all tests (Table 2.3).

Survivorship NOAEC and LOAEC endpoints in the coal-mining and simulated effluents
were slightly inconsistent in both testing media, although no statistical differences from
the control were found at ≤ 3700 µS/cm. The NOAEC and LOAEC endpoints for
reproduction were 3,014 ± 27 (~2,176 mg/L) and 3,730 ± 26 µS/cm (~2,727 mg/L) in the
simulated effluent, which compared well with the endpoints of 2,910 ± 40 (~2,097 mg/L)
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and 3,254 ± 26 µS/cm (~2,360 mg/L) derived for the mining effluent. For all tests, the
DO2 ranged from 7.0 - 8.1 mg/L and pH ranged from 8.17 - 8.49.
2.3.2

Isonychia toxicity tests
Feeding behavior, excretory activity, molting and mortality, including dead

organisms still partially within exuvia, were observed throughout testing. All four 7-d
tests indicated a dose-dependent response and strong negative correlations between the
SC of the simulated effluent and mean survival (Figure 2.2). The NOAEC and LOAEC
endpoints at 12.0 ± 2.0°C were 2,734 ± 30 (~1,962 mg/L) and 4,973 ± 42 µS/cm (~3,675
mg/L), respectively, with 95.0 ± 7.1% survival in the control.
There were no significant differences in survivorship between the controls of the
3 tests conducted at 20.0 ± 2.0°C (≥95% survival), making comparisons between tests
possible. The NOAECs at 20 ± 2.0°C were 619 ± 4 (~344 mg/L) and 550 ± 6 µS/cm
(~291 mg/L) for tests III and IV, respectively, while no NOAEC was determined for test
II (Table 2.4). The LOAECs at 20 ± 2.0°C were 1,562 ± 42 (~1066 mg/L; lowest SC
exposure in test II), 966 ± 8 (~610 mg/L) and 987 ± 11 µS/cm (~626 mg/L) for tests II,
III and IV, respectively. In the 18,040 µS/cm (~13,671 mg/L) exposure, 100% mortality
was observed after 4 d, and a statistically significant reduction was observed by day 1.
Controls were continued beyond termination of all tests, and survival remained ≥80%
after 12-15 d. Exuvia/rep and ex/org/d also indicated a dose-dependant relationship with
SC, although somewhat inconsistent, showing both less sensitivity (Table 2.4a) and more
sensitivity (Table 2.4c) than survivorship. The exclusion of day 1 data made slight
differences in NOAEC and LOAEC endpoints in tests II and III, but did not influence
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endpoints derived for test IV. Other water chemistry parameters were similar between all
treatments and replicates, and ranges are provided in Tables 2.1 and 2.2.
2.3.3 Instream Ephemeroptera distribution
Combined Fall 2000 and Spring 2001 data showed that elevated SC levels had a
distinct adverse influence on %E (Figure 2.3). The category of 2001-3000 µS/cm was
substantially reduced compared to the reference category (0-500 µS/cm), although a
statistical significance was not obtained until the next category (Table 2.5). Overall,
categorized SC and %E were significantly inversely correlated (r = -0.8443, p = 0.0168).
2.3.4 Quality assurance – quality control (QA-QC)
Ion concentrations in the simulated effluent were within 20% of the coal-mining
effluent, except for Ca, Al and Fe (Table 2.1). Starting with the control, the 7-d
aggregate unionized ammonia (NH3) concentrations were 0.068, 0.071, 0.097, 0.087,
0.076 and 0.088 mg/L for test IV and were not significantly correlated with percent
survival (r = -0.1484, p = 0.8118).
2.4

Discussion
The purpose of our laboratory conducted Isonychia tests was to (1) use a

representative benthic organism to isolate TDS, measured as SC (r = 0.9989, p < 0.0001),
as a stressor from potential field-encountered confounding factors (e.g., habitat quality,
sediment toxicity) and (2) account for the severe reduction in mayflies below the coalmining effluent discharged from Meigs County Mine #31 at sites with SC levels at the
Ceriodaphnia NOAEC endpoint of 2,910 ± 40 µS/cm (Kennedy et al., in press). We
found that both Ceriodaphnia and Isonychia were sensitive to elevated levels of dissolved
solids, in the absence of WQC metals. Survival of Isonychia was significantly reduced at
substantially lower levels than observed for C. dubia endpoints. Cherry et al. (2002),
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also found Isonychia to be more sensitive than Ceriodaphnia to acute copper exposure. It
was not our intention to replace C. dubia, but rather supplement standardized testing of
mining effluents.
Water chemistry parameters during testing were adequate for the survival of
aquatic life. Although the hydrated salts used resulted in lower than expected Ca, Al and
Fe concentrations, 7 d Ceriodaphnia testing indicated that the simulated effluent was
representative of the toxicity of the coal-mining discharge (Table 2.3) and that the
associated toxicity was predominately due to known ions rather than unknown
constituents. These results also suggested that Al toxicity was not as important a
contributor to the coal-mining effluent toxicity as the three most abundant ions in the
effluent (SO4, Na, Cl) because it was below detection limits (<0.0026 mg/L) in the
simulated effluent. Other inorganic constituents were below or did not have chronic
WQC.
Isonychia endpoints were considerably more sensitive to dissolved solids than
Ceriodaphnia endpoints and mayflies were more sensitive at 20.0 ± 2.0°C than at 12.0 ±
2.0°C. The NOAEC endpoints at 20.0 ± 2.0°C for Isonychia survival (619 ± 4 µS/cm)
and ex/rep (619 ± 4 µS/cm) in the simulated effluent were substantially lower (i.e., more
sensitive) than the most sensitive Ceriodaphnia endpoint, mean reproduction (Kennedy et
al., in press), in both the coal-mining effluent (2910 ± 40 µS/cm) and simulated effluent
(3014 ± 7 µS/cm). Goetsch and Palmer (1997), using a South African Tricorythus
species in a Na2SO4 solution, found a similar 96-h LOAEC endpoint of 100 mS/m (1,000
µS/cm) to our 7-d LOAEC endpoints of 966 ± 8 and 987 ± 11 µS/cm. Their similar
endpoints obtained over a shorter duration can probably be explained by the use of a
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different species and solution of lower water hardness, and thus greater toxicity (Black,
1980; Masnado et al., 1995; Mount et al., 1997).
According to previous researchers (Sherberger et al., 1977; Diamond et al., 1990),
the frequency of molting in Isonychia may be a more sensitive endpoint than their
survival. Our results supported this claim using mean ex/rep (Table 2.4), but the
relationship was slightly degraded using mean ex/org/d, suggesting ex/rep was strongly
survivorship dependent (i.e., fewer molts at higher exposures due to fewer live
organisms). Although considerably more Isonychia exuvia were observed after day 1 in
this study and a previous one (Diamond et al., 1990) suggesting a handling response to
loading organisms into test chambers, exclusion of these data made little difference in
NOAEC and LOAEC endpoints (Table 4c). Derivatives of Isonychia molting do appear
to indicate a dose-dependent response to SC levels, but further modifications in test
duration and replication are required to establish an endpoint as statistically resolute as
Isonychia survivorship. Therefore, our suggested safe SC levels were based primarily on
survivorship.
Specific conductivity (0.9009 ≤ r ≤ 0.9883) accounted for I. bicolor mortality in
the four 7 d tests better than potential confounders. Toxicity due to NH3 in the I. bicolor
bioassays was unlikely (r = -0.1484, p = 0.8118) because macroinvertebrates are less
sensitive to NH3 toxicity than the fish species on which standards are based (Grammeter
and Frutiger, 1990) and NH3 toxicity tends to decrease with increasing ionic strength
(Williams et al., 1986). Thermal shock during the acclimation process was not a concern
in tests I and II, but the collection temperatures for tests III and IV required more
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acclimation to 20°C. However, I. bicolor is tolerant to thermal shock (Sherberger et al.,
1979) and there were no differences in control survival between all tests.
Instream mayfly distributions in the LCW suggested that Isonychia endpoints may
be only slightly overprotective. Our analysis of the field distribution of other mayfly taxa
in the LCW (e.g., baetids, caenids, heptageniids, leptophlebiids) addressed the concern of
field-collected organisms tested in the laboratory. Although there was considerable
variability in our %E data, mayflies generally were not collected at sites with SC levels
>2607 µS/cm (Figure 2.3). All mayflies found at sites with SC levels > 3433 µS/cm were
collected during October 2000 when temperatures were lower (10.1 – 17.2°C), making
organisms more metabolically tolerant to TDS toxicity (this study). Categorized instream
mayfly distribution in the LCW, suggested the range of 2001-3000 µS/cm substantially
reduced relative mayfly abundance, although confounding factors inherent to analyses of
field data compromised the detection of statistical significance. Chapman et al. (2000)
suggested that most aquatic organisms should tolerate TDS concentrations up to 1,000
mg/L (~1,476 μS/cm) at 23.0 ± 1.0°C, although the Chironomus tentans used to obtain
this endpoint are considered more tolerant than mayflies. In summation, the LOAEC
endpoint from test II (1562 ± 42 µS/cm; 1066 mg/L) may be more appropriate for cooler
conditions in the LCW.
Our in vitro toxicity tests with Isonychia resulted in endpoints that were more
ecologically relevant and protective of the most sensitive benthic assemblages in regard
to TDS perturbations (Pontasch et al., 1989). During the teneral stage, organisms may be
more susceptible to osmoregulatory stress because they lack a sclerotized exoskeleton
that serves as a barrier to diffusive gradients. Morris et al. (1987), however, suggested

46

that alterations in gill phospholipid composition within 1-3 days after molting may
counteract increased cuticle permeability in the amphipod, Gammarus duebeni.
Mayflies, however, are especially sensitive to osmoregulatory stress because they are
more permeable, a direct function of the number of exposed cells not under the epithelial
layer, than predicted based on their body weight (Buchwalter, Jenkins and Curtis, 2002).
Overall, the mechanism of mortality due to high TDS was probably dehydration
of gill and internal tissue, salt accumulation (Ingersoll et al., 1992) and compromised
osmoregulatory function of coniform chloride cells through cytoplasmic degradation and
vacuole formation in hypertonic solution (Wichard et al., 1973; Peters et al., 1985).
Alterations in the number of chloride cells in the tracheal gills of a Callibaetis sp. in
water with gradually altered TDS levels indicate mayflies have some adaptive ability to
regulate salt balance (Wichard et al., 1973). Given salinity acclimated organisms are
generally more tolerant (Hart et al., 1991; Koel and Peterka, 1995), degradation of
chloride cells in water with rapidly altered TDS concentrations suggests rate of change in
TDS may be more toxic than TDS alone (Wichard et al., 1973). This was not a concern
for our laboratory to field comparisons because of the consistency of SC levels at LCW
study sites would force colonizing mayfly larvae to tolerate an extreme change in TDS.
If TDS shock related mortality did occur in our I. bicolor bioassays, it was not evident at
treatments ≤9049 µS/cm during the first 3-4 days of testing (Figure 2.2).
Testing with I. bicolor elicits high control survivorship (≥ 95%), significant
results, enhanced ecological relevance and more protective endpoints in terms of SC than
the laboratory tests with C. dubia, P. promelas and in situ tests with C. fluminea used in
Kennedy et al. (in press). However, C. dubia tests were remarkably consistent, replicable
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and efficient. Specific conductivity levels up to ~900 µS/cm (559 mg/L) appear to be
safe for sensitive benthic assemblages. However, conspicuous reductions will likely
occur between ~1,500 to 2,500 µS/cm (~1018 – 1783 mg/L), based on Isonychia
survivorship, instream mayfly distributions in the LCW and endpoints obtained from
previous research. Deviations in this range will occur with site-specific ionic
composition, water hardness (Mount et al., 1997; Goodfellow et al., 2000) and
temperature (this study). Overall, our results suggest NPDES permits for surface water
discharges relying solely on standardized test organisms may not protect sensitive biota,
such as mayflies, in the receiving system. Future research should focus on sodium,
sulfate and chlorides dominated solutions to establish protective limits on TDS levels for
coal-mining discharges, integrating the influence of hardness. We are currently pursuing
such research by testing the relative toxicity of a series of laboratory formulated salt
solutions.
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Table 2.1. Comparison of mean water physicochemical parameters and total ions in the
coal-mining effluent (sampled November 24, 2000), the simulated effluent and the
diluent.

Parameter
Conductivity
Hardness
Alkalinity
pH
SO42Na+
ClCa
Mg
K
Br
Fe
Mn
Al
Zn
Cu
†

Coal mining
effluent
8750
770
162
7.91
3671.76
1952
792.07
237.7
53.7
25.08
1.63
0.4390
0.4070
0.209
0.005
0.003

Simulated
effluent
8890
659
142
8.38
3714
2118
685.1
187.5
51.4
28.48
n/a
0.1927
0.3551
ND
0.0076†
0.011†

Percent
Difference
1.6
14.4
12.3
5.9
1.2
8.5
13.5
21.1
4.3
13.6
n/a
56.1
12.8
n/a
52
266.7

Filtered
Diluent
240
143
141
8.12
2.84
2.862
3.52
35.6
11.00
2.269
0.53
0.0111
0.0011
ND
ND
ND

Ambient concentration in unfiltered SCW
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Table 2.2. Collection, acclimation and laboratory testing conditions (given as ranges) for Isonychia bicolor tests.

Collection Parameters
Test
Number
I
II
III
IV

Date

Temperature
(°C)

Conductivity
(µS/cm)

Initiation
Date

Test
Temperature
(°C)

10-19-01
12-5-01
1-3-02
1-29-02

12.5
12.0
1.9
7.0

260
260
260
240

10-25-01
12-11-01
1-12-02
2-6-02

12.0 ± 2.0
20.0 ± 2.0
20.0 ± 2.0
20.0 ± 2.0

Test Parameters
Mean Simulated
Effluent
Conductivity
(µS/cm)
9020 ± 44
9049 ± 71
1637 ± 14
3039 ± 11

pH

DO2

7.93-8.24
7.91-8.35
7.89-8.23
7.88-8.38

6.2-9.0
6.1-9.0
7.1-8.2
7.2-8.5
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Table 2.3. Comparison of NOAEC and LOAEC endpoints for 7-d mean Ceriodaphnia dubia
survival and reproduction in the coal-mining effluent and the simulated effluent. Tests were
analyzed individually and asterisks denote a significant difference from the control.

C. dubia in coal mining effluent
Test

Mean
Conductivity
(µS/cm)

Mean
Survivorship
(%)

Mean
Reproduction

I
II

290 ± 11
294 ± 8

100 ± 0
90 ± 32

I

1780 ± 40

I
II

C. dubia in simulated effluent
Test

Mean
Conductivity
(µS/cm)

Mean
Survivorship
(%)

Mean
Reproduction

34.1 ± 9.6
40.4 ± 9.3

II
I

227 ± 5
247 ± 8

100 ± 0
100 ± 0

37.2 ± 4.5
39.7 ± 3.9

100 ± 0

40.5 ± 13.0

I
II

2300 ± 38
2553 ± 21

100 ± 0
100 ± 0

35.3 ± 2.9
33.6 ± 11.0

1550 ± 76
1551 ± 9

100 ± 0
100 ± 0

39.3 ± 4.7
36.1 ± 3.6

I

2910 ± 40

100 ± 0

31.0 ± 7.8

I
II

100 ± 0
90 ± 32

29.6 ± 7.5*
22.3 ± 4.8*

90 ± 32
100 ± 0

33.1 ± 10.7
35.1 ± 3.4

II
I

3254 ± 26
3710 ± 46

3014 ± 27
3027 ± 23

II

3730 ± 26

100 ± 0

30.5 ± 2.8*

II
I

4146 ± 35
4730 ± 45

100 ± 0
60 ± 52*

24.2 ± 5.4*
5.5 ± 4.9*

I
II

4530 ± 41
4530 ± 29

30 ± 48*
100 ± 0

9.8 ± 9.6*
23.0 ± 4.6*

II
I
II
I

5304 ± 44
6040 ± 62
6767 ± 32
7750 ± 44

100 ± 0
30 ± 48*
50 ± 53
0 ± 0*

9.2 ± 4.2*
0.3 ± .7*
0.0 ± 0.0*
0.0 ± 0.0*

I
II

6006 ± 46
6017 ± 20

60 ± 52*
80 ± 42

1.1 ± 2.2*
1.1 ± 1.8*

I

8863 ± 46

0 ± 0*

0.0 ± 0.0*
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Table 2.4. Mean Isonychia bicolor survival and four molting endpoint variations for test II (a),
test III (b) and test IV (c), conducted at 20.0 ± 2.0°C.
(a)
Mean Specific
Conductivity
(µS/cm)
263 ± 5
1562 ± 42
2757 ± 70
4917 ± 49
9049 ± 71
18040 ± 84

Mean
Survival
(%)
96.7 ± 5.8
73.3 ± 5.8*
50.0 ± 20.0*
43.3 ± 15.3*
13.3 ± 5.8*
0.0 ± 0.0*

Exuvia/replicate

Exuvia/organism/day

days 1-7

days 2-7

days 1-7

days 2-7

10.7 ± 0.6
8.0 ± 1.0
3.0 ± 0.0*
9.3 ± 2.1
6.3 ± 3.2*
0.7 ± 1.2*

4.0 ± 1.0
5.7 ± 0.6
1.7 ± 1.5
4.3 ± 1.0
4.3 ± 2.5
0.0 ± 0.0*

0.15 ± 0.01
0.13 ± 0.02
0.05 ± 0.00
0.14 ± 0.10
0.10 ± 0.05
0.08 ± 0.14

0.07 ± 0.02
0.11 ± 0.02
0.03 ± 0.03
0.07 ± 0.02
0.08 ± 0.05
0.00 ± 0.00*

(b)

Mean Specific
Conductivity
(µS/cm)

Mean
Survival
(%)

days 1-7

days 2-7

days 1-7

days 2-7

260 ± 0
619 ± 4
966 ± 8
1637 ± 14

95.0 ± 10.0
91.9 ± 10.6
69.2 ± 16.4*
52.8 ± 21.6*

10.5 ± 1.3
8.5 ± 2.6
6.0 ± 2.6*
4.5 ± 1.9*

7.3 ± 1.5
4.8 ± 1.7*
4.3 ± 1.7*
1.5 ± 1.3*

0.15 ± 0.02
0.13 ± 0.01
0.10 ± 0.04*
0.07 ± 0.03*

0.12 ± 0.02
0.09 ± 0.03
0.09 ± 0.02
0.03 ± 0.03*

Exuvia/replicate

Exuvia/organism/day

(c)

Mean Specific
Conductivity
(µS/cm)

Mean
Survival
(%)

days 1-7

days 2-7

days 1-7

days 2-7

244 ± 5
550 ± 6
987 ± 11
1693 ± 10
3039 ± 11

95.0 ± 5.8
84.6 ± 14.2
62.2 ± 18.4*
45.9 ± 16.9*
15.0 ± 11.5*

11.0 ± 2.2
7.8 ± 1.3*
6.3 ± 1.0*
4.5 ± 1.0*
4.3 ± 0.5*

8.0 ± 1.8
5.0 ± 1.8*
4.8 ± 0.5*
3.8 ± 0.5*
1.8 ± 1.0*

0.16 ± 0.03
0.11 ± 0.02*
0.12 ± 0.03
0.08 ± 0.02*
0.08 ± 0.04*

0.14 ± 0.03
0.08 ± 0.03*
0.11 ± 0.02
0.08 ± 0.02*
0.05 ± 0.03*

Exuvia/replicate

Exuvia/organism/day
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Table 2.5. Mean Relative Ephemeroptera abundance (%E) for categorized Leading Creek
Watershed sites during Fall 2000 and Spring 2001. Asterisks denote a significant difference
from the reference group.

Specific Conductivity
Category
(µS/cm)
0-500
(reference)

Number
of Sites

Mean Specific
Conductivity
(µS/cm)

Mean %E

6

402 ± 60

9.8 ± 8.7

501-1000

3

710 ± 136

9.0 ± 11.8

1001-2000

2

1310 ± 156

10.5 ± 9.9

2001-3000

1

2607 ± 0

2.5 ± 1.8

3001-4000

3

3707 ± 267

0.1 ± 0.2*

4001-5000

3

4517 ± 252

0.3 ± 0.9*

5001-9000

8

7606 ± 998

0.0 ± 0.0*
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Fig. 2.1. Simulated Lotic Microcosm (SLM) used for toxicity testing with Isonychia bicolor.
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Fig. 2.2. Seven-day survivorship for Isonychia bicolor at 12°C for test I (a), and at 20°C for test II (b), test III (c) and test IV (d).
Dashed lines indicate a significant difference from the control and inverse correlations between survival and SC are indicated in black.
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Stressor Identification and Evaluation of the Relative Ionic Contribution of a
Coal-mine effluent to Biotic Impairment
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Abstract – The U.S. Environmental Protection Agency has defined national instream
water quality criteria (WQC) for 157 pollutants (US EPA, 1999). However, WQC for
total dissolved solids (TDS) concentrations do not currently exist. Some water treatment
processes, including pH modifications at active coal-mining and preparation facilities,
discharge wastewaters of potentially adverse TDS levels. The strong correlations
between specific conductivity (SC), a surrogate for TDS, and metrics of biotic
impairment (r = -0.6867 to –0.8321), in addition to the application of causal
considerations for strength of evidence analysis, indicated that the coal-mine effluent was
the primary stressor in the mid-reaches of Leading Creek Watershed, Meigs County,
Ohio. Acute and chronic testing with Ceriodaphnia dubia in laboratory manipulated
media indicated that the majority of the effluent toxicity could be attributed to the most
abundant ions in the discharge, sodium (1952 mg/L) and/or sulfate (3671.76 mg/L),
although the high water hardness (792 ± 43 mg/L as CaCO3) of the effluent had an
ameliorative effect. Based on this laboratory testing at these concentrations, Na+/SO42dominated dissolved solids were acutely toxic at ~7000 µS/cm (5167 mg/L), with chronic
toxicity occurring at ~3200 µS/cm (2342 mg/L). At a lower hardness of 88 mg/L as
CaCO3, acute and chronic toxicity endpoints were substantially reduced, occurred at 5100
µS/cm (3754 mg/L) and ~2100 µS/cm (1523 mg/L), respectively. Point source
discharges causing instream TDS concentrations to exceed these levels risk impairment
to aquatic life.
3.1

INTRODUCTION
Water quality criteria (WQC) for the protection of aquatic life have not been

defined for sodium (Na+), sulfate (SO42-) or total dissolved solids (TDS) concentrations
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(US EPA 1999). WQC are safe acute and chronic standards developed by the U.S.
Environmental Protection Agency (EPA), based on carefully reviewed studies. Dissolved
solids, however, can reach concentrations in discharges from coal preparation and
treatment facilities that are toxic to sensitive aquatic fauna, especially in regions where
large amounts of pyritic minerals are associated with the coal seams (Kennedy et al. in
press). Traditional bioassessment of a watershed alone, however, does not provide a
sound causal relationship between any one potential stressor and biotic impairment,
especially when the stressor is poorly studied and consequently lacks WQC.
Anthropogenic environmental impacts in the Leading Creek Watershed (LCW),
Meigs County, Ohio, have been studied by a number of researchers (Cherry et al., 1999,
Currie, 1999; Latimer, 1999; Kennedy et al., in press). During the 2000 and 2001 field
seasons, the discharge from Meigs Mine #31, an underground long-wall coal mine and
preparation facility, had a mean specific conductivity (SC) of 8109 (7750-8750) µS/cm.
This effluent was characterized by high SO42- (3672 mg/L), Na+ (1952 mg/L), chlorides
(792 mg/L), calcium (238 mg/L) and water hardness (792 ± 43 mg/L as CaCO3)
concentrations, circum-neutral pH (8.10 ± 0.12) and low metals concentrations (Kennedy
et al., in press). The elevated SC, traceable throughout the lower reaches of the LCW,
was the result of wastewater treatment with basic reagents (e.g., NaOH, CaO) intended to
neutralize acidity created by the oxidation of the reduced sulfur (S2-) present in the coal
and adjacent rock strata. In addition to neutralizing the pH of acidic discharges, coal
mining and processing facilities are also required to reduce concentrations of Fe and Mn
to 3.5 and 2.0 mg/L, respectively (Zipper, 2000). The Mn-regulatory requirement was
instituted due to the difficulty associated with removing Mn from solution, using the
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logic that these efforts would ensure removal of other more toxic acid soluble metals,
such as Al, Cu, Zn and Fe (Kleinmann, 1988). The resulting effluent is commonly high
in TDS, dominated by the cations added as alkaline reagents (Na+ and/or Ca2+) and the
anions, originally sourced in the coal and mineral strata, produced by the reactions
resulting from the oxidation of reduced S2- and subsequent treatment (SO42-, Cl-).
Kennedy et al. (in press) found significant biotic impairment to the in situ growth of
Corbicula fluminea, EPT-Hydropsychidae richness, and relative Ephemeroptera
abundance below the effluent raceway discharging into Parker Run, a tributary of
Leading Creek. Additionally, they found TDS related acute toxicity (LC50 = 6,713 ± 99
µS/cm) and chronic reproductive impairment (LOAEC = 3710 ± 46 µS/cm) in tests using
Ceriodaphnia dubia.
Inferential uncertainty caused by other stressors in the LCW, such as untreated
acid mine drainage (AMD) from abandoned mined land (AML), poor agricultural
practices and potential sediment toxicity from two emergency dewatering events of Mine
#31 in 1993 and 1997 (Cherry et al., 1999), confounded direct linkage between fieldobserved biotic impairment and the treated mine effluent. Therefore, a weight of
evidence approach to better establish stressor/impairment relationships (US EPA 2000)
and testing in laboratory manipulated media, were applied to investigate the potential
relationships between TDS and biotic impairment. The objectives of this study were to
determine (1) cause for the relationship between the coal-mine effluent and biotic
impairment observed in previous study, (2) the contributions of the dominant dissolved
constituents to the toxicity of the mine effluent, and (3) the influence of hardness on TDS

66

toxicity, in response to the discretion of wastewater-treatment managers to use Na+ or
Ca2+ basic reagents (Skousen et al., 2000).
3.2
3.2.1

MATERIALS AND METHODS
Study sites
Fourteen study sites (Fig. 3.1), were selected in the Leading Creek Watershed

(LCW) to assess the impact of the Meigs Mine #31 effluent. The tributaries, Ogden Run
(OR) and Parker Run (PR), were the receiving systems for mine effluents and the primary
sources of highly conductive waters entering the Leading Creek Mainstem (LCM). Five
sites were considered reference stations (LCRS1, LCRS2, LCRS3, PR1, LPR1) and eight
served to assess impact below the surface mine effluent received by OR (OR1, LCS4),
and the underground mine effluent raceway (PR3) immediately received by PR (PR2,
PR4, PR5, LCS6, LCS7, LCS9).
3.2.2 Physicochemical parameters
All water chemistry analyses were performed in the field or the laboratory within
24 hours of collection. Conductivity and dissolved oxygen (DO2) were measured in the
field using an Orion® model 122 meter and a Yellow Springs (RDP, Dayton, OH, USA)
model 54A meter, respectively. The pH was determined with an Accumet® (Fisher
Scientific, Pittsburgh, PA, USA) meter equipped with an Accumet® gel-filled
combination electrode (accuracy < ± 0.05 pH @ 25ºC). Alkalinity and hardness (mg/L as
CaCO3) were determined titrametrically (APHA, 1995). Flow measurements (m/s) were
taken with a Flo-mate model 2000 portable flowmeter (Marsh-McBirney Inc.,
Frederick, MD) and discharge was calculated in millions of gallons per day (MGD).
Mean quantitative sediment depth was determined by dropping a five pound weight three
times from a set distance onto a ~1 cm diameter bar, with three replicates per site. The
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SC, DO2, and pH of out-water, with the addition of alkalinity and hardness for in-water,
were measured at test initiation and termination for acute toxicity tests and daily for
chronic tests.
3.2.3

Dissolved ion analysis
Samples were filtered and submitted to the Virginia Tech Department of

Environmental Engineering to determine dissolved anion concentrations via ion
chromatography. Cations were analyzed by inductively coupled plasma (ICP)
spectrometry at the Virginia Tech Soil Testing Laboratory (APHA 1995). Ions analyzed
were Al, Ca, Cl, Cr, Cu, Fe, K, Mg, Mn, Na, NO3, P, SO4 and Zn. Total dissolved solids
(TDS) were determined as described in APHA (1995), with slight modifications.
Samples were heated in a Fisher Isotemp oven® (100 series model 1266) at 80°C, to
prevent boiling over, prior to a 1 h increase to 180°C.
3.2.4 Habitat assessment
Habitat assessments were conducted on July 5th, 2001, using U.S. EPA Rapid
Bioassessment Protocols (RBP) for use in Streams and Wadeable Rivers (EPA 841-B-99002) and on July 1st, 2002, using the Qualitative Habitat Evaluation Index (QHEI)
recommended by the Ohio EPA (OH EPA 1989). These two protocols were used to
minimize subjectivity and to apply approaches with both a national and local scope to
determine if habitat quality contributed significantly to biotic impairment.
3.2.5

Sediment toxicity tests
Sediment was collected from LCW sites from approximately the top 5 cm of

bottom substrate, passed through a sieve (US #10, 2mm) to remove large debris, and
stored in plastic zipper bags at 4°C. Sediment toxicity testing used Daphnia magna,
cultured according ASTM (E 1706-95b), in bioassay chambers (50 mL beakers)
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containing sediment (20% of total volume) and water collected from Sinking Creek, an
unpolluted reference stream near Newport, VA. After sediment was loaded into bioassay
chambers, it was allowed to settle for 24 h so suspended particulates would not clog the
filtering apparatus of test organisms. Testing involved eight replicates per site, each
containing one test organism, with 10 days of exposure to the sediments at 25.0 ± 1.0°C,
using the endpoints survivorship and mean reproduction (ASTM, E 1706-95b). Daily
water renewal (~80%) was performed carefully to minimize stirring the sediment.
Feeding with 0.36 mL/30mL of a 1:1 mixture of Selenastrum capricornutum and YCT
(yeast, cerophyll and trout chow) was performed daily following renewal.
3.2.6

Establishing causal relationships
Stressors that potentially confounded establishing a causal relationship between

the coal-mine effluent and biotic impairment were defined (Fig. 3.2) and investigated. In
addition, guidelines for establishing causality through strength of evidence analysis were
followed according to the U.S. EPA Stressor Identification Guidance Document (2000),
which is summarized by Suter et al. (2002), with direct application to the LCW (Table
3.1).
3.2.7 Laboratory formulated effluents
A simulated effluent (SE) was formulated representing the total ion
concentrations in the Meigs Mine #31 effluent (ME#31) sample taken on November 24th,
2000. This testing solution served to (1) isolate known inorganic components from
unknown constituents/confounders and (2) provide a consistent and easily replicable
medium for testing. To assure that our analysis of the ME#31 was inclusive of the
majority of ions in solution, the meq/L of cations and anions were compared, as in Tietge
et al (1997). The SE was formulated using reagent grade Al2(SO4)3, CaCl2, Fe2(SO4)3,
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MgSO4, MnSO4, KBr, KCl, NaCl and Na2SO4. Mock solutions of the SE served to
isolate the components that were most important to determining the toxicity of the
ME#31 by comparing toxic acute and chronic endpoints. Based on the relevant ionic
concentrations of the ME#31, Mock Solution I (MS-I) was formulated with three salts
(Na2SO4, CaSO4, MgSO4) and Mock Solution II (MS-II) consisted only of Na2SO4 to
determine which ions were most predictive of the ME#31 toxicity and to eliminate those
that were less crucial. For all testing media, salts were dissolved in moderately hard,
reconstituted (EPA100) water (EPA, 1994), with consideration to ion concentrations
already in the solvent and the adjustments for hydrated salts. The nominal concentrations
(meq/L) of the SE and mock solutions were calculated and determined to be equal for
cations and anions.
3.2.8 Water hardness study
To determine the role of water hardness on Na2SO4 toxicity, a series of 10
solutions of increasing hardness, ranging from 83 to 834 mg/L as CaCO3, were
formulated (Table 3.2a). The proportions of CaSO4 and MgSO4 used to adjust the
hardness of each solution were based on the set ratio of Ca2+ and Mg2+ ([Ca2+] / [Mg2+] =
4.4) derived from their relative concentrations in the coal-mine effluent. The hardness
series was used in two different matrices of 48-h toxicity tests, to focus on the acutely
toxic nature of the effluent. Matrix I consisted of the 10 solutions of the hardness series,
each adjusted to a SC level of ~8900 µS/cm with Na2SO4. For Matrix II, however, a set
amount of Na2SO4 (6 g/L) was dissolved in each of the 10 solutions of the hardness
series, resulting in slightly variable SC levels (8120 – 8770 µS/cm).
Utilizing the LC50 values acquired from 48-h tests with C. dubia, the 20 data
points acquired using these two matrices were applied to illustrate that the relationship
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between hardness and TDS toxicity was not a function of methodology and to develop a
model predicting Na2SO4 dominated toxicity. This model was applied to all acute
toxicity testing conducted in this study and was considered adequately predictive if the
model LC50 was within the 95% confidence intervals of the observed LC50, as in Tietge et
al. (1997). In addition, conservative, safe, acute, standards were derived by plotting the
treatment levels in which ≥85% survivorship was observed in all tests from both matrices
against hardness.
3.2.9

Water column toxicity testing
All tests used <24-h old Ceriodaphnia dubia, cultured at Virginia Tech according

to EPA (1994), and were conducted in 50 mL beakers at 25.0 ± 1.0°C utilizing EPA100
water for controls and 0.25 serial dilutions. The acute toxicity of the ME#31, SE, MS-I
and MS-II were determined by 48-h tests, conducted as described in US EPA (1993).
Chronic toxicity tests were static, renewed daily, and conducted for 7-days according to
US EPA (1994), and test organisms were fed daily with 0.36 mL/30 mL of a 1:1 mixture
of S. capricornutum and YCT. Ceriodaphnia was selected for testing because it was
more sensitive, and thus more protective of aquatic life, than other U.S. EPA
recommended test organisms (i.e., Daphnia magna, Pimephales promelas) to salt
solutions in other studies (Cowgill and Milazzo, 1991; Masnado et al., 1995; Dickerson
et al., 1996; Mount et al., 1997; Kennedy et al., in press).
3.2.10 Statistical analysis
Toxicity tests were analyzed using TOXSTAT® (Gulley 1996), with application
of the appropriate parametric (Dunnett’s Test, T-test with Bonferroni Adjustment) or
nonparametric (Steel’s-Many One Rank Test, Wilcoxon Rank Sum with Bonferroni
Adjustment) analyses (α=0.05) to determine the no observable adverse effect
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concentration (NOAEC), lowest observable adverse effect concentration (LOAEC), lethal
concentration at which 50% mortality was observed (LC50) and the inhibition
concentration at which reproduction was inhibited by 25% (IC25). Test selection was
performed according to the flow charts provided in EPA (1994). Pearson and Spearman
Rank correlation analyses were conducted using JMP IN® (Sall and Lehman, 1996) and
analyses using chronic Ceriodaphnia reproduction data excluded controls and treatment
levels above 7000 µS/cm, where complete mortality of test organisms skewed the linear
relationship.
3.3

RESULTS

3.3.1 Physicochemical parameters
A detailed water chemistry analysis for LCW sites during the entire study period
was provided in Kennedy et al. (in press). Conductivity was the only parameter that
substantially varied among LCW study sites, while DO2, pH and temperature remained
relatively consistent (Table 3.3). The mine effluent contributed a substantial portion of
total discharge (MGD) in both PR and LCM (Table 3.3). The effluent contributed 6370% of the water at PR4 and 10-52% of the water at LCS6, although this dilution
underestimated SC levels. Quantitative sediment depth measurements indicated that
LPR1, PR5 and LCS9 were subject to substantial deposition. The pH (7.74 - 8.17), and
DO2 (7.0 – 8.1 mg/L) for laboratory toxicity tests with Ceriodaphnia did not vary
significantly between treatment levels and were adequate for the persistence of aquatic
life.
SC values were used in this study as a surrogate for TDS due to their close linear
correlations at LCW sites (n = 28, r = 0.9991, p <0.0001), the second chronic water
column toxicity test in the coal-mine effluent (n = 6, r = 0.9993, p < 0.0001) and the first
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chronic water column toxicity test in the SE (n = 7, r = 0.9990, p < 0.0001). Reported
TDS levels were extrapolated from SC values using the linear equation derived from the
aggregation of data from these correlation analyses (n = 41, r = 0.9987, p < 0.0001):
TDS (mg/L) = 0.7435 * (SC – 50.2855)

(1)

3.3.2 Biotic response
Data for metrics of biotic impairment from Kennedy et al. (in press) are
summarized in Fig. 3.3. Percent EPT did not respond to the mine effluent induced
increase in SC, while %EPT-Hydropsychidae (%EPT-H) and %Ephemeroptera (%E)
were significantly impaired at impacted sites; EPT-H taxa were completely eliminated
from PR impacted sites, with slight recovery at LC impacted sites, while Ephemeroptera
were eliminated from all impacted LCW sites. Three-month Corbicula growth showed
similar impairment in PR impacted sites, but recovered more rapidly in the LCM. The
potential stressors in Fig. 3.2 (i.e., SC, sediment toxicity, habitat quality, DO2,
temperature, current velocity) were correlated (r) with metrics of biotic impairment
(Table 3.3). Conductivity was the only appropriate parameter to consistently show
significant relationships with the metrics of biotic impairment in both 2000 and 2001. An
inverse relationship between biotic impairment with both current velocity and
temperature was observed in 2001, although these factors were also linked to the effluent
induced increase in discharge and settling pond induced increase in temperature. In
2000, SC was the only parameter significantly related to metrics of biotic impairment.
3.3.3 Habitat assessment
The RBP and QHEI habitat scores were significantly correlated (r = 0.5722, p =
0.0325) for LCW sites and data are provided in Table 3.3. These scores were not
consistently significantly correlated (α = 0.05) with the 3 metrics of biotic impairment in
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Table 3.3. All impacted sites, except for LCS9, had scores at least as high as the
reference site, LCRS2. Habitat scores for both assessments were noticeably depressed
for the impacted sites, PR5 and LCS9.
3.3.4

Sediment toxicity tests
Mean Daphnia survivorship and reproduction were not statistically significantly

different among LCW sites, with the exception of OR1, LCS4 and PR5. Mean
survivorship at OR1 and LCS4 and mean reproduction for PR5 were substantially
reduced compared to other study sites (Table 3.3). Overall, sediment toxicity was not
observed for most impacted sites associated below Mine #31 (i.e., PR2, PR3, PR4, LCS6,
LCS7, LCS9) and was not related to metrics of biotic impairment (Table 3.3).
3.3.5 Causality considerations
Each of the 12 causal considerations given in US EPA (2000) strengthened the
argument for the mine effluent being the primary cause of the biotic impairment observed
in LCW (Table 3.1), although complete field data sets were not available for temporality,
consistency of association, analogy, consistency of evidence and coherence of evidence
due to the lack of related studies. Overall, the potential stressors illustrated in Fig. 3.2
were much less likely candidates in terms of causing biotic impairment than the mine
effluent.
3.3.6 Laboratory formulated solutions
The charge balance of the ion concentrations measured in the ME#31 resulted in
101.92 meq/L for cations and 98.79 meq/L for anions, translating to 3.07% more cations.
The nominal concentrations of testing media were measured, and are provided in Table
3.4a. Based on percentage differences, the ion concentrations in the SE were
representative of those in the ME#31, with SC (1.8%), hardness (6.5%), SO42- (9.0%),
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Na+ (2.6%), Cl- (9.6%), Ca2+ (14.9%), Mg2+ (16.8%) and K+ (16.1%) all within 20% of
the ME#31 concentrations. The measured concentrations for Al, Cu and Zn were higher
while Fe and Mn were lower than in the ME#31. Except for Al, all reported metal
concentrations were low enough to avoid concern in regard to both acute and chronic
standards (EPA 1999). Aluminum concentrations in the ME#31 were above chronic
WQC and greatly over-represented in the SE. For MS-I, the SO42- concentration was
higher because Na2SO4 was used to elevate the SC to that of the ME#31 and SE to
compensate for excluded ions. The amount of Na2SO4 used for MS-II elevated the SO42concentration to that of the SE, and the Na+ concentration was calculated from the
measured SO42- concentration.
3.3.7 Water hardness study
Hardness was significantly logarithmically correlated with 48-h Ceriodaphnia
LC50 values using both Matrix I (r = 0.9603, p < 0.0001) and Matrix II (r = 0.9662, p <
0.0001), indicating hardness significantly ameliorated Na2SO4 toxicity (Fig. 3.4). The
correlation of the aggregated data from both matrices was also significant for 48-h LC50
values (r = 0.9574, p < 0.0001) and 48-h NOAEC endpoints (r = 0.7840, p < 0.0001)
plotted against hardness, and the following equations were derived to predict Na2SO4
toxicity:
LC50 (µS/cm) = 1088.8 * Ln (hardness) + 198.3

(2)

Safe acute limit (µS/cm) = 935.84 * Ln (hardness) + 228.06

(3)

Using these equations, the LC50 and conservative safe acute limits can be determined in
terms of SC (µS/cm), using water hardness (mg/L as CaCO3) as the independent variable.
Using Matrix II due to its constant Na2SO4 concentration (6 g/L), the amount of toxicity
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alleviated by hardness was observed to diminish considerably beyond a Ca2+:Na+ ratio of
0.05 (Table 3.2).
3.3.8

Water column toxicity testing
The mean 48-h Ceriodaphnia LC50 values were similar for the ME#31 and SE,

which were predicted reasonably well by the Na2SO4-hardness model (Table 3.2b). The
model, however, under-predicted the actual ME#31 LC50 value by ~10%. Mean 7 d
survivorship was consistently a much less sensitive and more variable endpoint than was
7 d reproduction in all testing-media, and thus was not reported. The 7 d NOAEC
endpoints for mean reproduction obtained for the two tests in the ME#31 were 2910 ± 40
µS/cm and 2553 ± 21 µS/cm and the 7 d LOAEC endpoints were 3710 ± 46 µS/cm and
3254 ± 26 µS/cm (Table 3.4). These endpoints were similar to the NOAEC (2597 ± 31
µS/cm) and LOAEC (3331 ± 19 µS/cm) for the SE. The NOAEC and LOAEC endpoints
for MS-I were 2641 ± 17 and 4269 ± 60, respectively. Additionally, similar IC25 values
were obtained for the tests with the ME#31 (3154 [1987 – 3578]; 3131 [2160 – 3877]
µS/cm), SE (3177 [2194 – 3961] µS/cm) and MS-I (3254 [2988 – 3471] µS/cm).
Overall, the endpoints using MS-I were in accordance with those of the ME#31 and the
SE. The aggregation of 7-d reproduction data from all these tests resulted in a significant
negative correlation with SC (r = -0.9719, p < 0.0001). Separate correlation analysis of
all four media (ME#31, SE, MS-I, MS-II) resulted in statistically similar linear equations
and r-values (Fig. 3.5). The MS-II test (hardness = 88 mg/L as CaCO3) resulted in
substantially lower NOAEC (1084 ± 8 µS/cm), LOAEC (2103 ± 18 µS/cm) and IC25
(1355 µS/cm) endpoints for reproduction than observed in all other testing media (Fig.

76

3.5), with 0.4 ± 0.8 neonates produced at 3384 ± 31 µS/cm, and 0% survivorship at ≥
4354 ± 24 µS/cm.
3.4

DISCUSSION
There are few published studies addressing the ecological impacts of high TDS

discharges from active coal-mining and preparation facilities (Tietge et al. 1997,
Chapman et al., 2000; Goodfellow et al., 2000; Kennedy et al., in press) and no
nationally recognized standards for Na+/SO42- dominated TDS concentrations in
freshwater systems. Although TDS toxicity depends on site-specific ionic composition
(Mount et al., 1997; Goodfellow et al., 2000), the diversity of Na+/SO42--rich waters,
including treated coal-mine effluents (Kennedy et al., in press), saline lakes (Burnham
and Peterka, 1975; Koel and Peterka, 1995), irrigation drainage water (Hart et al., 1991;
Ingersoll et al., 1992; Dickerson et al., 1996) and oil/gas extraction fluids (Goodfellow et
al., 2000), suggest a guidance for Na+/SO42- dominated TDS is warranted.
The proximity of the biotic impairment described in Kennedy et al. (in press),
causal considerations for strength of evidence analysis (Table 3.1), and linear correlation
analyses between potential stressors and metrics (Table 3.3), indicated that the coal-mine
effluent was the primary stressor in the receiving study-reach. Untreated AMD was not a
concern due to the location of AML in the LCW (Cherry et al., 1999), circum-neutral pH,
and low WQC metals concentrations at study sites (Kennedy et al., in press). Habitat
scores and DO2 levels at LCW impacted sites were comparable to reference sites and not
significantly correlated with metrics of biotic impairment (Table 3.3). The combination
of poor habitat scores and severe sediment deposition at PR5 and LCS9, however, likely
contributed to reductions in EPT-H and %E indices. The habitat assessments differed
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somewhat because RBP stressed the amount of water filling the channel and sediment
deposition, while QHEI stressed maximum depth and site-gradient. Sediment toxicity
endpoints and sediment depth measurements also were not related with metrics of biotic
impairment. The increased current velocity and temperature conditions at impacted sites
were induced by the effluent/settling pond, and thus co-varied with TDS and biotic
impairment. These factors were from the same source and therefore did not confound
linkage between impairment and the effluent. It is unlikely that current and temperature
contributed significantly to the impairment; biotic impairment was not observed at
LCRS1 and LPR1, where flow conditions were low, or at PR2, where temperature was
among the highest of LCW sites (24.0 ± 3.5°C). Overall, using SC as a conservative
tracer and the related acutely toxic nature of the effluent, validated by Ceriodaphnia
testing, other stressors that may normally induce ecological degradation were at most
secondary sources of impairment in this study.
The laboratory formulated SE and mock solutions were representative of the
field-collected mine effluent in terms of relevant ionic composition, SC, acute toxicity
(Table 3.2b) and chronic toxicity (Table 3.4). The concentrations of the most abundant
ions were within 20% of the ME#31, with Na+ and SO42- concentrations as the primary
constituents elevating TDS. The measured Al concentrations in the SE over-represented
the Al in the ME#31, although the similar endpoints obtained in Ceriodaphnia testing in
these media suggested that Al was not a primary contributor to the toxicity observed in
the LCW.
Water hardness clearly ameliorated Na+/SO42- dominated TDS toxicity. The
amelioration of metal toxicity by hardness has been established, as described in Black et
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al. (1980) and observed in other studies (Masnado et al., 1995; Jackson et al., 2000).
These findings further diminished the probability that the relatively low concentrations of
WQC metals caused biotic impairment at LCW sites. The effects of hardness on
Na+/SO42- dominated TDS toxicity, however, have not been as clearly documented. Our
results indicated a strong inverse relationship between Na2SO4 toxicity and hardness (r =
0.9574, p < 0.0001), with substantially reduced acute toxicity observed at a hardness of
834 mg/L as CaCO3 (LC50 = 7535 µS/cm) compared to 83 mg/L (LC50 = 4827 µS/cm).
This alleviation of acute toxicity was not substantial beyond a Ca2+:Na+ ratio of ~1:20,
although McWilliams (1983) suggested a ratio as high as 1:2.5. Mount et al. (1997)
stated amelioration was not necessarily due to hardness alone, but the number and
abundance of multiple cations in solution. Hardness also ameliorated chronic toxicity,
illustrated by substantially lower 7-d Ceriodaphnia endpoints for MS-II (Fig. 3.5).
Similarly, the lethal effects of 5 g NaCl to striped bass were ameliorated with 100 mg/L
Ca2+ (Grizzle et al., 1990), and a significant increase in D. magna and C. dubia fecundity
was observed at a hardness of 170 ± 15 mg/L (Leblanc and Surprenant, 1984). Although
this mechanism is poorly understood (Black, 1980; Grizzle et al., 1990), the gills of some
fish species become more permeable to Na+, Cl-, H+ and water in Ca2+-poor solution
(McWilliams and Potts, 1978; Pic and Maetz, 1981); divalent ions, such as Ca2+, likely
decrease membrane permeability (Potts and Fleming, 1970). Mechanisms for
amelioration could be complexation of SO42- in the form of CaSO4 and/or competition
between Ca2+ and Na+ (Jackson et al., 2000).
The majority of the acute toxicity of the mine effluent could be attributed to its
two most abundant ions, Na+ and SO42-. Not only were all metals and Cl- concentrations
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in the Ca2+-rich effluent below acute WQC, but also the Na2SO4-hardness model was
reasonably predictive of acute toxicity observed for the ME#31 and SE (Table 3.2b).
Although the bulk of the ME#31 toxicity could be attributed to these TDS concentrations,
its slightly lower LC50 may indicate some unaccounted for toxicity. This discrepancy
was small, within the 95% confidence intervals of the other testing media and may have
been the result of temporal drift in sensitivity of test organisms (Mount et al., 1997).
Burnham and Peterka (1995) and Goetsch and Palmer (1997) found Na2SO4 to be more
toxic than NaCl to Pimephales and Tricorythus, respectively. These findings suggest
SO42- and Na+ were responsible for much of the toxicity observed in the LCW. The
single salt model developed by Mount et al. (1997) also predicted that the toxicity of Na+
salts could be attributed to the associated anion (e.g. SO42-, Cl-), although Cl- was more
toxic to C. dubia than SO42-. Meyer et al. (1985) found acute toxicity in D. magna
caused by raw shale leachates when SC levels exceeded 7000 µS/cm. Although their
study was conducted with a more tolerant test organism in a different solution, the
similarity with our LC50 values (6713-7831 µS/cm) suggests that waters of high hardness
(≥ 500 mg/L) are generally toxic at ~7000 µS/cm.
The majority of the chronic toxicity of the mine effluent can also be attributed to
Na+ and SO42-. The slight discrepancy observed between testing media in acute testing
was not apparent in chronic Ceriodaphnia testing, with very similar NOAEC (~2500
µS/cm), LOAEC (~3200 µS/cm) and IC25 (~3200 µS/cm) endpoints observed in all highhardness media, suggesting Na+/SO42- dominated TDS toxicity accounted for the longerterm impairment observed in the LCW (Table 3.4). This was supported by the strong
linear correlation between SC and mean reproduction (r = 0.9719, p < 0.0001) and
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strengthened by the integration of 7 d Ceriodaphnia data from Kennedy et al. (in review)
in a different testing solution into this correlation analysis (r = -0.9707, p < 0.0001).
Given MS-I produced similar endpoints to the ME#31, our data strongly indicate that Na+
and SO42- were the primary components of the chronic effluent toxicity in the LCW, at
high hardness (≥790 mg/L). Additionally, 7 d Ceriodaphnia impairment was observed at
the ~3200 µS/cm treatment level in all media, where the already low metal concentrations
were diluted by 40-50%. Thus, WQC metals and Cl- toxicity were not major contributors
to chronic impairment because (1) similar endpoints were found for all high-hardness
testing media, (2) high water hardness ameliorates metals toxicity, and (3) overrepresented Al concentrations in the SE still resulted in similar endpoints.
Overall, this study provided strong evidence that the coal-mine effluent
significantly impaired sensitive aquatic organisms and that Na+/SO42- dominated TDS
was responsible for the majority of that toxicity. Such toxicity is most likely to be
problematic in regions where relatively high levels of reduced sulfur are found. For
discharges of high water hardness (≥790 mg/L as CaCO3), potential acute toxicity to
aquatic organisms is possible where dissolved solids levels in receiving streams exceed
~7000 µS/cm (5167 mg/L), with potential chronic toxicity occurring at ~3200 µS/cm
(2342 mg/L). At a lower water hardness (88 mg/L), acute and chronic toxicity can occur
at considerably lower levels, 5100 µS/cm (3754 mg/L) and ~2100 µS/cm (1523 mg/L),
respectively.
These results were generated through study of a single treated coal-mine effluent
and should not be interpreted to indicate that only coal-related facilities produce saline
wastewaters (Goodfellow et al, 2000) or that all mine effluents are as saline/toxic. Given
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treated coal-mining discharges are widespread, however, these results warrant special
concern by that industry. Mines with discharges causing such conditions should consider
limiting neutralizing reagent additions, prioritizing Ca2+ over Na+ bases, to the minimum
levels necessary to achieve regulatory compliance.
These findings also carry implications for agencies regulating coal-mining
discharges. Although numerous acid-soluble cations are commonly present in untreated
mining wastewaters, only Fe and Mn are regulated, with Mn generally most difficult to
remove (Kleinmann, 1988). Mining firms faced with Mn discharge concerns in some
cases add reagents to elevate pH beyond the 9.0 maximum to meet the 2.0 mg/L
regulatory standard, requiring subsequent addition of acidic reagents to meet the WQC
for pH (6.5 - 9.0), thus further increasing TDS. This regulatory practice occurs despite
recognition that Mn is not generally recognized to be toxic, has no WQC and diminishes
the incentive of mining firms to use constructed wetlands (not an effective treatment for
Mn removal), a method of treatment capable of removing a broad suite of acid-soluble
cations without elevating TDS (Zipper, 2000). In light of evidence for TDS toxicity,
these policies should be reviewed. The critical concentration levels cited in this guidance
are based on study of a single effluent in southeastern Ohio, and should be applied
cautiously until verified by more general studies. Future work should focus on
determining the sensitivities of other organisms in high TDS solutions.
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Table 3.1: Causal considerations for strength of evidence analysis from EPA 822-B-00025 applied to the Leading Creek Watershed.
CAUSALITY
CONSIDERATION
Spatial co-occurrence
Temporality
Biological gradient
Complete exposure
pathway
Consistency of
association

Experiment

Plausibility

Analogy

Specificity

Predictive performance

Consistency of evidence

Coherence of evidence

GENERAL
DESCRIPTION
Adverse impact observed
downstream but not
upstream of stressor?
Did the cause precede the
effects?
Does the effect increase
with increasing
exposure?
Can stressor be traced
from source to receptor?
Does the impact occur in
different places and
times?
How is the impact
influenced by
manipulation of the
medium in the
laboratory?
To what degree is cause
& effect relationship
expected? Is mechanism
& stressor response
plausible?
Is the given case similar
to the cause and effect of
well-established cases?
Is the proposed cause the
only cause of the effect in
question?
Is magnitude of cause
predictive of effect
severity
Is hypothesized
relationship between
cause & effect consistent
with evidence?
Can model explain
inconsistencies along
between cause & effect?

LEADING CREEK
PROJECT APPLICATION
Mayflies observed upstream of
mine effluent but absent
downstream (Fig. 3.5)
History of the Leading Creek
Watershed (Cherry et al., 1999)
Fig. 3.3 & 3.5; Table 3.3
(regression analysis)
Benthic macroinvertebrate
surveys, Corbicula tests
Similar salt toxicity results
found: Mount et al. (1997),
Goodfellow et al. (2000)
Toxicity testing using C. dubia
in altered testing media (Tables
3.2, 3.4 & 3.5)
Stressor-response provided by
laboratory toxicity testing;
mechanism of toxicity is
desiccation
Radford & Graveland (1978),
Mount et al. (1997)
See flow chart (Fig. 3.2)
Correlation between
conductivity levels & biotic
impairment (Table 3.3)
Kennedy et al. (in press)
Linear regression models
(this study)
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Matrix II

Matrix I

Table 3.2: Matrices and associated hardness series and specific conductivity (SC) levels used in the hardness study to generate the
Na2SO4-hardness model (a), and mean 48-h LC50 values for the mine effluent, simulated effluent and mock solutions, with 95%
confidence intervals provided in parentheses, and the predicted LC50 generated by the Na2SO4-hardness model.
(a)

Hardness
(mg/L)
SC
(µS/cm)
LC50
(µS/cm)
Hardness
(mg/L)
SC
(µS/cm)
LC50
(µS/cm)
Nominal
Ca2+:Na+
Ratio

Hardness Series
E
F

A

B

C

D

83

110

140

206

318

8813

8890

8900

8880

8920

G

H

I

J

506

600

688

752

834

8860

8950

8980

8930

8880

4776

5760

6047

6190

6159

6829

7256

7527

7339

7535

(4668-4887)

(5463-6073)

(5844-6258)

(No limits)

(6011-6310)

(6416-7269)

(6610-7964)

(7083-7998)

(6983-7715)

(7208-7876)

88

116

148

210

330

516

630

702

748

824

8120

8170

8130

8240

8380

8550

8620

8730

8690

8770

4569

5636

5606

5828

6265

6728

7311

7095

7831

7504

(4351-4797)

(No Limits)

(5410-5810)

(5457-6224)

(5857-6701)

(6319-7163)

(6989-7649)

(6644-7576)

(7603-8066)

(7026-8015)

0.010

0.014

0.016

0.020

0.026

0.035

0.040

0.044

0.046

0.050

(b)
Medium

n

Mean Hardness
(mg/L)

Mine effluent

3

776 ± 23

3

835 ± 13

3

185 ± 1

Simulated Effluent

Mean LC50 (µS/cm)
Actual
Na2SO4 Model
6713
7443
(6441 - 6933)
7109
7523
(6721 - 7805)
5784
5882
(5350 - 6096)
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Table 3.3: Physiochemical parameters for Leading Creek Watershed sites and the Spearman correlation (r) between these parameters
and metrics of biotic impairment from Kennedy et al. (in press). Bold r-values represent relationships significant at the α ≤ 0.05
level.
Mean
Conductivity
(µS/cm)
2000
2001
553 ± 150
417 ± 99
4745 ± 559 2676 ± 1572
1200 ± 594
600 ± 246
800 ± 250
406 ± 85
777 ± 244
381 ± 113
n/a
399 ± 72
n/a
457 ± 172
3433 ± 260 1890 ± 1080
8547 ± 235
7803 ± 115
8373 ± 283
7668 ± 186
8243 ± 369
7665 ± 361
7373 ± 657 4913 ± 2415
5367 ± 3557 4263 ± 2405
4560 ± 2446 4118 ± 1721

Site
LCRS1
OR1
LCS4
LCRS2
LCRS3
LPR1
PR1
PR2
PR3
PR4
PR5
LCS6
LCS7
LCS9
Metric
Percent
Mayflies‡
EPT-H
Richness‡
Corbicula
Growth‡
‡

r
p
r
p
r
p

-0.9303
<0.0001
-0.9129
<0.0001
-0.4813
0.1339

-0.8315
0.0002
-0.8321
0.0002
-0.6867
0.0136

DO2
(mg/L)

Temp
(°C)

6.9 ± 1.0
9.0 ± 1.0
7.0 ± 1.1
6.5 ± 0.8
6.0 ± 1.5
7.1 ± 3.1
6.3 ± 3.5
11.9 ± 1.1
7.7 ± 0.9
8.0 ± 0.7
7.7 ± 0.9
7.2 ± 0.8
7.7 ± 0.5
9.0 ± 1.1

20.8 ± 4.9
21.6 ± 4.9
21.8 ± 4.4
20.5 ± 3.9
20.9 ± 3.3
20.9 ± 4.4
21.1 ± 3.7
24.0 ± 3.5
25.2 ± 3.8
24.2 ± 3.6
23.1 ± 3.3
22.7 ± 4.0
22.6 ± 3.8
22.6 ± 3.8

-0.2646
0.3607
-0.4493
0.1070
-0.1629
0.6130

-0.6217
0.0176
-0.7916
0.0007
-0.5217
0.0819

Habitat
RBP

QHEI

Depth
(m)

108
72
0.10 ± 0.03
78
54
0.07 ± 0.01
54
81
0.12 ± 0.06
71
50
0.07 ± 0.02
87
64
0.07 ± 0.01
123
81
0.20 ± 0.06
103
74
n/a
110
71
0.06 ± 0.01
113
60
0.06 ± 0.02
103
69
0.08 ± 0.01
71
55
0.14 ± 0.13
90
64
0.07 ± 0.02
102
78
0.07 ± 0.05
34
45
0.32 ± 0.03
Linear Regressions
-0.2134 0.3794
0.1734
0.4639 0.1810
0.5710
0.1546 0.5043
0.1888
0.5977 0.0659
0.5368
-0.2482 0.2129
-0.1082
0.4367 0.5064
0.7378

Sediment
Daphnia

Flow

Survival

Fecundity

100 ± 0
50 ± 58
63 ± 52
88 ± 35
88 ± 35
100 ± 0
88 ± 35
88 ± 35
100 ± 0
100 ± 0
88 ± 35
88 ± 35
86 ± 38
86 ± 38

20.3 ± 11.4
18.3 ± 11.4
21.9 ± 5.9
22.3 ± 6.8
18.9 ± 11.6
19.4 ± 3.5
17.9 ± 4.7
20.6 ± 6.7
20.3 ± 4.3
22.0 ± 3.7
13.0 ± 4.1
36.0 ± 6.9
36.1 ± 10.1
25.1 ± 17.3

Current
Velocity
(m/s)
0.11
0.33
0.05
0.42
0.33
0.00
0.09
0.06
0.58
0.55
0.62
0.35
0.28
0.24

-0.0077
0.9790
-0.0714
0.8085
-0.4612
0.1312

-0.3088
0.2827
-0.2712
0.3483
-0.1063
0.7424

-0.8139
0.0004
-0.8102
0.0004
-0.6468
0.0230

Discharge
(MGD)
0.600
1.257
5.273
11.359
11.032
0.022
0.124
0.329
8.496
13.477
n/a
16.410
18.302
24.178
-0.7869
0.0014
-0.6866
0.0095
-0.3449
0.2989

Data are from Kennedy et al. (in press)
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Table 3.4: Ion concentrations (a) and mean reproduction for 7-d Ceriodaphnia tests (b) for testing media. Each test was analyzed
separately and boldface treatments with asterisks indicate a significant difference (α < 0.05) from the control.
(a)

mg/L

Parameter
Conductivity
TDS
Hardness
SO4
Na
Cl
Ca
Mg
K
Fe
Mn
Al
Cu
Zn

Mine effluent
8750
~6468
770
3672
1952
792
237.1
53.70
25.08
0.4394
0.4074
0.2085
0.0033
0.0045

Simulated Effluent
8910
~6587
820
3343
1901
868
272.4
44.67
29.11
0.2162
0.3626
0.728
0.0110
0.0363

Mock Solution I
8920
~6595
810
4596
2038
n/a
261.4
43.13
n/a
n/a
n/a
n/a
n/a
n/a

Mock Solution II
7150
~5279
88
3268
~1564
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

(b)
Mine effluent Test 1
Conductivity
Mean
Neonates
(µS/cm)
290 ± 11
34.1 ± 9.6
1780 ± 40
40.5 ± 13.0
2300 ± 38
35.3 ± 2.9
2910 ± 40
31.0 ± 7.8
3710 ± 46

22.3 ± 4.8*

4730 ± 45

5.5 ± 4.9*

6040 ± 62

0.3 ± 0.7*

7750 ± 44

0.0 ± 0.0*

Mine effluent Test 2
Conductivity
Mean
Neonates
(µS/cm)
294 ± 8
40.4 ± 9.3

Simulated Effluent
Conductivity
Mean
Neonates
(µS/cm)
301 ± 11
33.2 ± 12.8

Mock Solution I
Conductivity
Mean
Neonates
(µS/cm)
291 ± 7
35.9 ± 4.8
1699 ± 50
37.4 ± 4.6
2641 ± 17
32.2 ± 3.5

2553 ± 21

33.6 ± 11.0

2597 ± 31

28.3 ± 4.9

3254 ± 26

29.6 ± 7.5*

3331 ± 19

24.0 ± 2.2*

3356 ± 25

26.7 ± 3.4*

4146 ± 35

24.2 ± 5.4*

4261 ± 25

17.5 ± 5.1*

4269 ± 60

17.8 ± 8.2*

5304 ± 44

9.2 ± 4.2*

5441 ± 20

7.8 ± 3.8*

5450 ± 29

3.2 ± 2.0*

6767 ± 32

0.0 ± 0.0*

6974 ± 24
8950 ± 25

0.2 ± 0.4*
0.0 ± 0.0*

6970 ± 14
8880 ± 0

0.0 ± 0.0*
0.0 ±0.0*
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Fig. 3.1. Leading Creek Watershed study sites (not to scale).
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Fig. 3.2. Summary of potential stressors in the Leading Creek Watershed that confound establishment of a causal relationship between
the observed biotic impairment and total dissolved solids (TDS) toxicity. Small arrows denote connections between potential causes
of impairment (within the boxes), dashed arrows pointing to macroinvertebrate impairment indicate null hypotheses deemed as
unlikely causal agents and the large solid arrow indicates the most plausible cause of impairment.
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Fig. 3.3. Comparison between metrics of biotic impairment (columns) from Leading
Creek Watershed sites and specific conductivity (line) for benthic macroinvertebrate
surveys (a) and in situ Corbicula fluminea growth (b). Data are from Kennedy et al. (in
press) and bars represent one standard deviation from the mean.
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Na2SO4 (Matrix I) while open squares represent data points derived using solutions of the
same set hardness series but each with 6 g/L Na2SO4 (Matrix II).
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Fig. 3.5. 7-d Ceriodaphnia dubia mean reproduction in the mine effluent, simulated
effluent mock solution I and mock solution II. Equations for each linear regression are
provided in the legend.
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4

The Influence of Total Dissolved Solids on Aquatic Life
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Abstract. In recognition of the deficiency in relevant toxicity endpoint databases, this
paper addresses potential toxicity to aquatic life caused by high total dissolved solids
(TDS) in freshwater systems receiving treated industrial effluents. Using the toxicity of a
treated discharge from an active coal-mining facility in southeastern Ohio and a literature
review of other research addressing TDS toxicity from other sources, several conclusions
were made in terms of TDS toxicity and factors that influence it. Permit guidelines for
high TDS industrial discharges should take into consideration that site-specific ionic
composition, water hardness and temperature are important determining factors for how
toxic a particular discharge will be to aquatic fauna in the receiving system. In addition,
some research has reported that testing with indigenous benthic macroinvertebrates not
only provides enhanced ecological relevance, but also more protective endpoints than
standardized testing. Although these implications are intriguing, further study should be
conducted to gauge the applicability of such testing to industrial permit testing.
4.1

INDRODUCTION
Ecotoxicological research has focused primarily on biotic impairment to aquatic

fauna due to minutely toxic contaminants. However, concentrations of ordinarily benign
ions, such sodium (Na+) and sulfate (SO42-), can reach levels in wastewater discharges
that severely impair sensitive instream macroinvertebrates and laboratory test organisms
(Kennedy et al., in press; Kennedy et al, in review; Kennedy et al., in prep). Nationally
recommended water quality criteria (WQC) for the protection of aquatic life do not exist
for Na+/SO42- dominated total dissolved solids (TDS). The following discussion was
intended to elaborate on the review of major ion toxicity in effluents by Goodfellow et al.
(2000), which provided an extensive summary of ion imbalance research for marine and
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freshwater systems, with both hypertonic and hypotonic industrial discharge
considerations. While Goodfellow et al. (2000) discussed a multitude of sources that can
cause TDS toxicity (e.g., textile operations, desalination facilities, groundwater
remediation systems, pharmaceutical wastes) and methodologies that can be applied to
assess such toxicity (e.g., TIEs, synthetic effluents), this paper focuses specifically on the
effects of a high TDS discharges into freshwater systems, with integration of protective
endpoints using similar testing media obtained in previous study.
The majority of research on the ecological impacts of the coal-mining industry in
the United States has focused on abandoned mined land (AML) and the associated acid
mine drainage (AMD), low pH and metals concentrations; little attention has been
allocated to the high TDS of treated mining discharges. Most studies that have discussed
TDS toxicity were related to irrigation drainage water (Hart et al., 1991; Ingersoll et al.,
1992; Dickerson et al., 1996), inundation of seawater into freshwater systems (Williams
and Williams, 1998; Chadwick et al., 2000) or laboratory formulated salt solutions
(Mount et al., 1997). A large portion of this work was conducted in Australia, where
salinity stress to aquatic fauna has been recognized and studied for a number of years
(Hart et al., 1991). Few studies have addressed the toxicity of active coal-mine effluents
in terms of the resulting TDS toxicity (Tiegle et al., 1997; Kennedy et al., in press).
With the exception of Chapman et al. (2000), no studies have clearly provided general
safe standards for TDS concentrations and none have used a multiple species approach.
The objective of this paper was to compare endpoints obtained for TDS toxicity,
with considerable focus allocated to a treated coal-mine effluent. The implications
brought forth by the studies reviewed in this paper define the urgency to set a maximum
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universal standard for TDS. Although researchers concur that site-specific ionic
composition alters the toxicity of aqueous solutions such that regulatory standards cannot
be based solely on SC or TDS endpoints (Mount et al, 1997, Goestch and Palmer, 1997;
Goodfellow et al., 2000), Na+ and SO42- are among the most benign ions from a toxicity
standpoint (Mount et al., 1997), providing an opportunity to suggest an approximate
maximum biotic threshold.
4.2

BACKGROUND

4.2.1 Source of TDS levels
Anthropogenic environmental impacts in the Leading Creek Watershed (LCW),
Meigs County Ohio, have been studied by a number of researchers (Cherry et al. 1999,
Currie 1999, Latimer 1999, Kennedy et al. in press). The coal seams in Meigs County
are characterized by relatively high sulfur content (3.4%). Meigs County Mine #31, an
underground coal-mine and preparation facility, discharges into Parker Run, a tributary of
Leading Creek Mainstem (LCM), following treatment in a settling pond. Groundwater
seeping into Mine #31 becomes acidified due the oxidation of reduced sulfur in the coal
seam and associated rock strata. The resulting low pH mobilizes acid soluble metals
(e.g., Al, Cu, Fe, Zn). These concentrations must be removed from the mine water prior
to discharge to comply with the Clean Water Act effluent limitations. Consequently, the
wastewater is treated with alkaline reagents (e.g., NaOH, CaO) to increase the pH, in
some cases to ~9.5, until the Mn concentration of the wastewater is reduced below 2
mg/L (Zipper, 2000). Finally, the pH is decreased within acceptable WQC (6.5 – 9.0).
The result of this treatment is a circumneutral effluent discharge that is low in WQC
metals but very high in TDS. These high TDS concentrations are elevated by cations
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from the strong bases (Na+, Ca2+) and anions from the byproducts of AMD reactions
(SO42-, Cl-).
4.2.2

Mechanism of TDS toxicity
Detriments to aquatic life due to ionic stress/imbalance may occur in response to

either deficiency or excess. Although hypotonic solutions are cause for concern in regard
to deficits in required minerals and ion exchange channels, we focus solely on the toxic
influences of ions in excess to freshwater life. The cause of mortality due to high TDS
(i.e., hypertonic solution) is probably dehydration of gill and internal tissue, salt
accumulation (Ingersoll et al., 1992) and compromised osmoregulatory function of
chloride cells (Wichard et al., 1973; Peters et al., 1985). A more detailed description was
provided by other researchers (Wichard et al.; 1973; Ingersoll et al, 1992; Peters et al.,
1995; Buchwalter et al., 2002). Several factors, however, can dictate the extent of this
toxicity. Obviously, the site-specific ionic composition of a discharge has a substantial
influence on the resulting toxicity (Mount et al., 1997; Goetsch and Palmer, 1997;
Goodfellow et al., 2000). Related to this consideration is the relative abundance of Ca2+
and Mg2+ ions, namely water hardness. Hardness, especially that elevated by Ca2+
(Leblanc and Surprenant, 1984; Jackson et al., 2000; Welch et al., 2000), has been shown
to significantly alleviate toxicity due to metals (Black et al., 1980; Masnado et al., 1985;
Jackson et al., 2000) and Na+ (McWilliams, 1983; Pic and Maetz, 1981; Kennedy et al.,
in prep). Increases in temperature significantly raise the metabolic rates of ectotherms,
thus making them more susceptible to TDS stress. This was addressed in a number of
field and laboratory studies (Hart et al., 1991; Williams and Williams, 1998; Chadwick et
al., 2000; Kennedy et al., in review).
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4.3

METHODS

4.3.1 Biotic response
Studies in this research series (Kennedy et al., in press; Kennedy et al., in review;
Kennedy et al. in prep) have assessed impairment to sensitive aquatic fauna across
multiple levels of biological response. Individual responses were measured using in situ
Corbicula fluminea growth tests and in vitro toxicity testing with Ceriodaphnia dubia,
Daphnia magna, Pimephales promelas and Isonychia bicolor. The population and
community responses were measured by observing alterations to instream relative
Ephemeroptera abundance (%E) and Ephemeroptera-Plecoptera-Trichoptera minus
Hydropsychidae (EPT-H) metrics, respectively. These responses are listed in increasing
order of ecological relevance but decreasing order of mechanistic elucidation, allowing
discussion of not only severity and mechanism, but also causality. The primary stressor
in LCW causing the observed biotic impairment was the mine effluent and the majority
of its toxicity was attributed to its most abundant ions, Na+ and SO42- (Kennedy et al., in
prep). Throughout these studies, specific conductivity (SC) was used as a surrogate of
TDS levels due to strong positive correlations between the two (Kennedy et al., in press)
and the ease and cost efficiency of obtaining SC readings.
4.3.2

Toxicity endpoints
Data were taken from previous research and aggregated into Tables 4.1 and 4.2.

Table 4.1 lists acute toxicity endpoints, while Table 4.2 provides chronic endpoints. For
studies that provided no observable adverse effected concentration (NOAEC) and lowest
observable adverse effected concentration (LOAEC) endpoints, the maximum allowable
toxicant concentration (MATC) was calculated from the geometric mean of these
endpoints; MATC = (NOAEC*LOAEC)1/2. In cases in which the MATC could not be
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calculated, the inhibition concentration at which laboratory/field metrics were reduced by
25% (IC25) compared to the control/reference was determined (EPA 1994) and used as a
vector of comparison between measures of impairment. This was performed because
NOAEC and LOAEC endpoints were (1) difficult to determine and scientifically invalid
for field metrics due to the inherent variability associated with uncontrolled studies and
(2) too reliant on potentially arbitrary selection of treatment levels.
4.4

RESULTS & DISCUSSION

4.4.1 Field response
The most sensitive metrics of biotic impairment used during instream surveys in
terms of the Na+/SO42- dominated mine effluent were %E, EPT-H richness and 96 d in
situ Corbicula fluminea growth (Kennedy et al., in press). Short et al. (1991) also
reported the tolerance of hydropsychids (Cheumatopsyche, Hydropsyche) to salinity
stress in relation to other EPT taxa. The general consensus of previous researchers was
that mayflies were the most adversely affected by salinity stress in field studies while
Dipterans, Odonates (particularly Ischnura spp.), Coleopterans and shredding stoneflies
are the most tolerant (Short et al., 1991; Kennedy et al., in press; Williams and Williams,
1998). Almost complete decimation of mayflies was observed above SC levels of ~3000
µS/cm (Kennedy et al., in press; Kennedy et al., in review). Hart et al. (1991) reported
that mayflies and stoneflies (presumably predatory) were rarely found in waters
exceeding 1000 mg/L.
4.4.2 Laboratory bioassay response
The impairment observed in the field metrics was strongly supported by testing in
the laboratory. The standardized test organisms, Pimephales promelas and Ceriodaphnia
dubia, were severely impaired by the field-collected mine effluent samples, with 10% and
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0% survivorship observed in undiluted effluent, respectively (Kennedy et al., in press).
The sub-lethal endpoints for both organisms were much more sensitive than their
survivorship. Chronic 7 d Pimephales tests resulted in NOAEC and LOAEC growth
endpoints of 3800 ± 24 and 4843 ± 36 µS/cm. Chronic 7 d tests with Ceriodaphnia,
however, were much more sensitive, with NOAEC and LOAEC reproduction endpoints
of 2910 ± 40 and 3710 ± 46 µS/cm, respectively.
The sensitivity of test organisms to TDS toxicity varies considerably (Tables 4.1
& 4.2). It was been established in numerous studies that C. dubia is consistently more
sensitive to salinity stress than is D. magna, which is in turn much more sensitive than P.
promelas (Masnado et al., 1995; Dickerson et al., 1996; Mount et al., 1997; Kennedy et
al., in press; Goodfellow et al., 2000). Based on field distributions (Short et al., 1991)
and laboratory testing (Mount et al., 1997; Kennedy et al., in press), fish taxa should not
be applied to protect the most sensitive macroinvertebrate assemblages from salinity
stress due to their tolerance and instream avoidance behavior, although eggs and larvae
are more sensitive than adults (Koel and Peterka, 1995). Most published studies have
focused almost exclusively on acute TDS toxicity (Goetsch and Palmer, 1997; Mount et
al., 1997; Tietge et al., 1997, Latimer, 1999; Chadwick et al., 2000). Latimer (1999)
concluded that SC values of 6250 µS/cm and TDS concentrations of 6400 mg/L are
acutely toxic to C. dubia regardless of ionic composition.
A technical report by the American Petroleum Institute (1998) suggested that SC
levels exceeding 2000 µS/cm impair freshwater aquatic life (Goodfellow et al., 2000).
Other researchers have implied that tests using some indigenous benthic
macroinvertebrate taxa result in more sensitive endpoints than these standardized test
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organisms to copper (Cherry et al., 2002) and TDS (Chapman et al., 2000; Kennedy et
al., in review). TDS guidelines of ~1000 mg/L were suggested in studies using the
mayfly, Isonychia (Kennedy et al., in review), and the midge, Chironomus (Chapman et
al., 2000). The states of Pennsylvania (1000 mg/L) and Alaska (1500 mg/L), among
others, have suggested similar guidelines for TDS (personal communication with D.S.
Cherry; Chapman et al., 2000).
4.4.3 Field-lab comparisons
Suggesting safe limits for any toxicant should not be based on a single test
organism or metric of biotic impairment (Cairns, 1986). Thus, a fairly comprehensive
aggregation of endpoints obtained from previous studies was performed (Tables 4.1 and
4.2). Ranked acute (Table 4.1) and chronic (Table 4.2) toxicity endpoints are provided,
based on testing of a variety of organisms in comparable Na2SO4 and/or NaCl dominated
solutions. All endpoints were converted to SC. Compounding the wide range in
organism sensitivities, hardness and temperature had an important influence on the
testing endpoints obtained. For instance, Ceriodaphnia had a much lower LC50 value at a
hardness of 86 mg/L as CaCO3 (5023 µS/cm) than at 776 mg/L as CaCO3 (6713 µS/cm)
and at 835 mg/L as CaCO3 (7109 µS/cm). Temperature influenced the 96-h LC50 values
for the burrowing mayfly, Hexagenia limbata, at 18°C (6.3 ppt) and 28°C (2.4 ppt) in an
aquarium salt solution (Chadwick et al., 2000) and the 7-d LOAEC endpoints for the
mayfly, Isonychia bicolor, at 12°C (4973 µS/cm) and 20°C (987 µS/cm) in a Na+/SO42dominated solution (Kennedy et al., in review).
It may be of interest that three benthic macroinvertebrates, Tricorythus,
Paragnetina and Isonychia, had lower endpoints than even the most sensitive
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standardized test organism, Ceriodaphnia. However, because our knowledge of the
heartiness of these organisms during in vitro testing is rudimentary compared to
standardized test organisms, strong recommendations for Na+/SO42- dominated TDS
cannot be extrapolated from tests using field-collected benthic macroinvertebrates. This
was not an issue for testing with Ceriodaphnia, and recommendations can be made based
on testing at 25°C. The effects of hardness on TDS toxicity was addressed by Kennedy
et al. (in prep) and the following equations were derived by the logarithmic regression of
20 data points obtained from testing with Ceriodaphnia:
LC50 (µS/cm) = 1088.8 * Ln (hardness) + 198.3
Safe acute limit (µS/cm) = 935.84 * Ln (hardness) + 228.06
Using these equations, predictions of acute Na+/SO42- dominated TDS can be calculated
using hardness as an independent variable. For example, at hardness levels of 80, 100,
500 and 800 mg/L as CaCO3, acute toxicity would occur at 4969, 5212, 6965, and 7477
µS/cm, respectively; conservative safe levels occur at 4329, 4538, 6044, and 6483
µS/cm, respectively. Large ranges of hardness were provided because waters high in
TDS are typically associated by high Ca2+ concentrations. A similar effect was observed
in chronic testing with Ceriodaphnia, but the database was not complete enough to
generate a model for chronic toxicity. Safe chronic levels, based on MATCs calculated
from endpoints provided in Kennedy et al. (in prep) at hardness levels of 88 and 810
mg/L as CaCO3 were 1510 and 2977 µS/cm, respectively (Table 4.2).
Elevated TDS levels have more far-reaching implications than only the
persistence of aquatic fauna; researchers have suggested no use restrictions for
conductivity (≤700 µS/cm), TDS (450 mg/L) and sodium (69 mg/L) for irrigation waters
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drawn from streams in the Western U.S. (Hicks, 2000). These restrictions are lower than
most TDS endpoints derived from ecotoxicological assessments because they are
required to be protective of soils over a longer-term duration with consideration to
absorption and accumulation of salts in the soil.
4.4.4

Implications to NPDES permit testing
When establishing permit guidelines for industrial discharges that are high in

TDS, consideration should be allocated to the (1) site-specific ionic composition of the
effluent (2) hardness of the effluent and receiving system, (3) ambient temperature of the
effluent and receiving system, (4) indigenous aquatic fauna and (5) the ecological
relevance and sensitivities/tolerances of standardized test organisms and testing protocol
(Kennedy et al., in press). In addition, testing with indigenous benthic
macroinvertebrates can provide endpoints considerably more sensitive than C. dubia
(Chapman et al., 2000; Kennedy et al., in review). Although such testing is intriguing in
terms of its application to permit testing and its ecological relevance to receiving streams,
it requires further study before it can be recommended. In determining the most
appropriate metrics and test organisms to assess a discharge that is high in TDS from a
regulatory standpoint, at least some consideration should be allocated to the potential of
increased impairment due to TDS shock of non-acclimated test organisms (Wichard et
al., 1973; Hart et al., 1991; Koel and Peterka, 1995). Future research should focus on
compiling a large database of different testing organisms at relevant testing temperatures
and hardness so that nationally recognized WQC for Na+/SO42- dominated TDS may be
derived. This research should involve the development of tests with indigenous benthic
macroinvertebrates, including indexes to determine heartiness, as have been done for
Ceriodaphnia (US EPA, 1994).
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Table 4.1: Acute testing endpoints in high salinity solution. Table includes test organism, testing temperature (Temp), water
hardness testing duration, testing endpoints in the original units reported by the researchers and endpoints converted into
conductivity. All endpoints were based on survivorship of the test organism.
Temp
(°°C)
10.0 –
16.0

Hardness
(mg/L)

Duration
(hours)

n/a

96

NaCl

20.0

n/a

72

Na2SO4

25.0

n/a

Na2SO4

25.0

Aquarium
Salt
NaCl

Organism

Testing
Solution

Tricorythus sp.

Na2SO4

Paragnetina
media
Ceriodaphnia
dubia
Ceriodaphnia
dubia
Hexagenia
limbata
Daphnia magna
Ceriodaphnia
dubia
Ceriodaphnia
dubia

Coal
Mine
effluent
Simulated
Mine
effluent

Original
Units
50 mS/m‡
100 mS/m§
0.95 ppt‡
1.1 ppt§

Conductivity
(µ
µS/cm)†
500‡
1000§
2400‡
2600§

48

3080 mg/L#

4195#

86

48

5023 µS/cm#

4698#

28.0

n/a

96

2.4 ppt#

4800#

20.0

563

48

6500 mg/L#

5790#

25.0

776

48

6713 µS/cm#

6713#

Kennedy et al.
(in press)

25.0

835

48

7109 µS/cm#

7109#

Kennedy et al.
(in prep)
Meyer et al.
(1985)
Mount et al.
(1997)
Chadwick et al.
(2000)

Daphnia magna

Na2SO4

20.0

563

48

8600 mg/L#

11411#

Daphnia magna

Na2SO4

20.0

n/a

48

4580 mg/L#

6156#

Hexagenia
limbata

Aquarium
Salt

18.0

n/a

96

6.3 ppt#

9500#

Study
Goetsch & Palmer
(1997)
Kapoor
(1979)
Mount et al.
(1997)
Kennedy et al.
(in prep)
Chadwick et al.
(2000)
Meyer et al.
(1985)
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Pimephales
promelas
Pimephales
promelas
Pimephales
promelas

NaCl

17.0

563

96

11400 mg/L#

15071#

Na2SO4

17.0

563

96

15200 mg/L#

20039#

Na2SO4

25.0

n/a

96

7960 mg/L#

10574#

Meyer et al.
(1985)
Meyer et al.
(1985)
Mount et al.
(1997)

†

Converted, if necessary, according to Standard Methods (1995) for salinity and Kennedy et al. (in review) for TDS
No observable adverse effected concentration (NOAEC)
§
Lowest observable adverse effected concentration (LOAEC)
#
Lethal concentration at which a 50% mortality is observed
‡
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Table 4.2: Chronic testing endpoints in high salinity solution. Table includes test organism, testing temperature (Temp), water
hardness testing duration, testing endpoints in the original units reported by the researchers and endpoints converted into
conductivity. The following abbreviations were used: Survival (S), Reproduction (R), Growth (G) and Survival to Hatching (SH).
Organism
Isonychia bicolor
Isonychia bicolor
Relative
Ephemeroptera
Abundance
Ceriodaphnia
dubia
Chironomus
tentans
Chironomus
tentans
Stizostedion
vitreum
Esox lucius
Corbicula fluminea
Ceriodaphnia
dubia
Ceriodaphnia
dubia

Temp
(°°C)

Hardness
(mg/L)

Duration
(days)

20.0

659

7

S

20.0

659

7

S

Coal-mine
effluent

24.6

774

n/a

S

Na2SO4

25.0

88

7

R

23.0

~1144

10

S

23.0

~1413

10

G

11.5

n/a

Various

SH

19.9

n/a

Various

SH

25.2

774

96

G

25.0

834

7

R

25.0

810

7

R

Testing
Solution
Synthetic
Effluent
Synthetic
Effluent

Synthetic
Effluent
Synthetic
Effluent
Na2SO4
rich lake
Na2SO4
rich lake
Coal-mine
effluent
Coal-mine
effluent
Synthetic
Effluent

SC
(µ
µS/cm)†
550‡
987§
619‡
966§

MATC
(µ
µS/cm)†

1492 µS/cm#

1492#

n/a

1084 µS/cm‡
2103 µS/cm§
1220 mg/L‡
1750 mg/L§
1134 mg/L‡
2089 mg/L§
1150 mg/L‡
2400 mg/L§
1150 mg/L‡
2400 mg/L§

1084‡
2103§
1763‡
2457§
1652‡
2900§
1812‡
3301§
1812‡
3301§

2521 µS/cm#

2521#

2553 µS/cm‡
3254 µS/cm§
2597 µS/cm‡
3331 µS/cm§

2553‡
3254§
2597‡
3331§

Original
Units
550 µS/cm‡
987 µS/cm§
619 µS/cm‡
966 µS/cm§

737
773

1510
2081
2189
2446
2446
n/a
2882
2941

Study
Kennedy et al.
(in review)
Kennedy et al.
(in review)
Kennedy et al.
(in press)
Kennedy et al.
(in prep)
Chapman et al.
(2000)
Chapman et al.
(2000)
Koel & Peterka
1995
Koel & Peterka
1995
Kennedy et al.
(in press)
Kennedy et al.
(in prep)
Kennedy et al.
(in prep)
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Ceriodaphnia
dubia
Stenonema
modestrum
Ceriodaphnia
dubia
Isonychia bicolor
Stenonema
modestrum
Pimephales
promelas
Pimephales
promelas

Na2SO4
CaSO4
MgSO4

25.0

820

7

R

NaCl

12.0

n/a

14

G

25.0

730

7

R

12.0

659

7

S

12.0

n/a

14

S

25.0

818

7

G

25.0

818

7

S

Coal-mine
effluent
Synthetic
Effluent
NaCl
Coal-mine
effluent
Coal-mine
effluent

2641 µS/cm‡
3356 µS/cm§

2641‡
3356§

2.0 ppt‡
2.7 ppt§
2910 µS/cm‡
3710 µS/cm§
2734 µS/cm‡
4973 µS/cm§
2.7 ppt‡
3.5 ppt§
3800 µS/cm‡
4843 µS/cm§
4843 µS/cm‡
6180 µS/cm§

2850‡
3700§
2910‡
3710§
2734‡
4973§
3700‡
4800§
3800‡
4843§
4843‡
6180§

2977
3247
3286
3687
4214
4290
5471

Kennedy et al.
(in prep)
Diamond et al.
(1992)
Kennedy et al.
(in prep)
Kennedy et al.
(in review)
Diamond et al.
(1992)
Kennedy et al.
(in press)
Kennedy et al.
(in press)

†

Converted, if necessary, according to Standard Methods (1995) for salinity and Kennedy et al. (in review) for TDS
No observable adverse effected concentration (NOAEC)
§
Lowest observable adverse effected concentration (LOAEC)
#
Inhibition concentration at which a 25% reduction is observed
‡
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Environmental Chemistry

Environmental Physiology
Environmental Toxicology
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Graduate Research Assistant (June 2000 – present), Virginia Tech, Department of Biology,
Blacksburg, VA. Performed toxicity tests for industries with National Pollutant Discharge &
Elimination System (NPDES) permits.
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•
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promelas
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