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Project Abstract 
 
Project Title: Legacy impacts of coal combustion residues in freshwater ecosystems in North 
Carolina 
 
Coal combustion residuals (CCRs) released by permitted effluent streams partition to sediments 
and sediment pore waters where they accumulate to enriched levels in organisms at the base of 
the food chain. The objectives of this study were (1) to measure CCR uptake, trophic transfer, 
and toxicity in freshwater biota; (2) to identify CCR-specific signatures in receiving aquatic 
ecosystems; and (3) to measure Se in selected tissues of resident centrarchid fishes and determine 
differences in fish collected from CCR-impacted and reference sites as well as whether 
differences can be measured across sites belonging to different trophic statuses. Surface waters, 
sediment pore waters, three species of fish, and plankton were collected from six lakes in North 
Carolina; three lakes are CCR-impacted lakes due to their current or historical status as receiving 
waters for coal-fired power plant effluent streams and three lakes serve as reference lakes 
matched to each of the impacted-lakes on the basis of geographic proximity and trophic status. 
The research methods employed during this study include field collection of surface water, 
sediment pore water, and adult fish, contaminant analysis by ICP-MS and LA-ICP-MS, 
developmental toxicity assays, and fish feeding and breeding assays. While this study is ongoing, 
research results to date show that CCR contaminant signals are detectable in receiving freshwater 
reservoirs that both continue to and no longer receive effluent streams from associated coal-fired 
power plants. Contaminants including Se, As, Mn, Zn, Cu, and Sr are expected to persist in these 
systems for several years due to their continually elevated levels in surface waters, sediment pore 
waters, or fish tissues as measured in this study. Lake characteristics including surface area, 
depth, trophic status, and hydrological connectivity are important considerations because of their 
influence on contaminant retention. The results of this study suggest that ongoing monitoring of 
CCR receiving waters after effluent stream termination will be necessary to determine the 
duration of ecosystem impacts. Regular fish tissue monitoring of selenium will be especially 
useful for understanding persistence of selenium as a CCR contaminant in different aquatic 
ecosystems.  
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1. Introduction: 
In 2013, the most recent year for which complete data are currently available, the United States 
consumed 855,546 thousand tons of coal for electrical power production at electric utilities and 
independent power producer facilities (Electric Power Annual, 2013). In the same year, the 
operation of 300 coal-fired electric utilities collectively produced approximately 114.7 million tons 
of coal combustion residuals (CCRs) (Electric Power Annual, 2013 and 2013 Coal Combustion 
Product, 2013). In many cases, CCRs are released to aquatic environments via permitted waste 
streams to freshwaters where they pose a considerable ecological risk because they contain elevated 
concentrations of toxicologically relevant contaminants, including selenium, that have been shown 
to negatively impact the organisms found in these systems. In select case studies dating to the 1980s 
and 1990s, catastrophic consequences of CCR contamination in freshwater reservoirs were 
eventually traced to elevated selenium in aquatic food webs (Young et al., 2010 and Skorupa, 
1998). 
 
In recent years, proposed changes for CCR waste handling have been subject to legislative debate at 
the state and federal level. In December 2014, a new final rule was established by the Environmental 
Protection Agency regarding CCR disposal but stopped short of requiring solid waste management 
strategies in place of surface impoundments (US EPA Final Rule, 2015). Therefore, while some 
states or facilities may decide on an individual basis to convert their ash management systems, 
others will likely continue to discharge wastes to rivers and lakes. 
 
Three separate cases of CCR contamination in the 1970s and 80s called attention to the ecological 
risks associated with aquatic discharges of coal-fired power plant (CFPP) wastes and spurred 
substantial research effort on the subject. In 1977, widespread reproductive failure of the fishery at 
Belews Lake in North Carolina occurred, resulting in the loss of all but three of the lake’s 29 
resident fish species. Sixty-five miles to the northeast, reductions of 38-75% of the adult fish 
population and up to 95% of the juvenile population were observed in Hyco Lake between the late 
1970s and early 80s. And in 1978, Martin Reservoir in Texas witnessed an approximate 90% decline 
in planktivorous fish biomass after receiving 8 months of unauthorized coal ash pond discharges 
from two ponds at the nearby CFPP (Young et al., 2010 and Skorupa, 1998). 
 
Each of these reservoirs was constructed or impounded in order to supply cooling water for its 
associated CFPP. The observed effects on fish populations came shortly after CFPP wastes were 
first introduced or substantially increased and a majority of species was affected at each site (Young 
et al., 2010 and Skorupa, 1998).  Although CCRs are characterized by elevated concentrations of 
several contaminants (e.g. Mn, Cr, As, V, Li, Mo) (Ruhl et al., 2012) , only that of selenium were 
notably elevated in both water columns and fish tissues. Subsequent to CFPP technological 
modifications or installations of dry fly ash handling systems, measurable effects on fish populations 
and community structures persisted at each site for as many as 10 years. That Se levels in sediment 
and fish tissues remained elevated relative to reference systems while water column concentrations 
declined highlighted that these lentic reservoirs were retaining Se for prolonged periods of time. 
Data from the Belews Lake case study were used for revising the U.S. EPA’s aquatic life chronic 
dissolved Se criterion from 35 to 5 µg/L in 1987, but relatively severe biotic responses at or below 
this level supported the argument that it was insufficiently low (Young et al., 2010, Skorupa, 1998, 
Lemly, 1997, and Young et al., 2010). 
 
In the years since, considerable research on selenium contamination, biogeochemistry, and toxicity 
in the context of these cases as well as those involving CCR discharge to lotic systems, open-pit and 
mountain-top coal mining, oil refining, agricultural irrigation and drainage, phosphate and sulfide 
ore mining, uranium milling, and mercury remediation has progressed our understanding of the 
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associated ecological risks (Young et al., 2010, Skorupa, 1998, and Janz et al., 2014).  However, 
important gaps in understanding remain and continue to be relevant as natural resource extraction 
activities expand and new causes for concern (e.g. nanotechnology and livestock diet 
supplementation) emerge (Young et al., 2010, Janz et al., 2014, and Janz, 2011). 
 
The overarching aim of the this project was to address legacy-specific consequences of CCR 
contaminants in lentic waters that receive, or have historically received, coal-fired energy facility 
effluents. The work was approached via three main objectives each of which served to specifically 
further the understanding of CCR-related contamination issues in aquatic system: 
 

1. To examine the extent to which CCR-specific chemical signatures are apparent in 
receiving aquatic ecosystems; and  

2. To measure concentrations of CCRs in selected tissues of resident centrarchid fishes 
and determine differences in fish collected from CCR-impacted and reference sites 
as well as whether differences can be measured across sites belonging to different 
trophic statuses; and  

3. To measure CCR uptake and trophic transfer in freshwater biota (e.g. periphyton, 
fish species) and toxicity in fish species in laboratory-based studies. 
 

The work emphasizes selenium among the many major and trace elements under analysis because 
of the great potential to lend further understanding to an active and critically important sub-field of 
environmental research. 
 
2. Methods: 
2.1 Field site selection: As of July 2012, Duke Energy owns and operates all coal-fired energy 
facilities in the state of North Carolina (Duke Energy/Progress Energy, 2012). The associated 
wastes generated by these facilities are stored in coal ash ponds that eventually discharge to public 
receiving waters via permitted waste streams regulated by the U.S. Environmental Protection 
Agency (U.S. EPA) under the National Pollutant Discharge Elimination System (NPDES). North 
Carolina’s Department of Environment and Natural Resources (N.C. DENR), and specifically the 
Division of Water Resources (DWR), administers the permitting and compliance program for NC-
specific NPDES permits (NCDENR, NPDES Wastewater). Of the fourteen NPDES-associated 
receiving waters in N.C., four are lakes (i.e. lentic systems) – Hyco Lake, Mayo Lake, Mountain 
Island Lake, and Lake Sutton. The original design of the field study included each of these lakes as 
impacted study sites. Lakes were paired with reference lakes on the basis of three primary criteria: 
(1) regional proximity to respective study site, (2) similar lake productivity classification as 
determined by the North Carolina Trophic State Index (NCTSI) (personal communication with 
Debra Owen, NC Lakes Monitoring Program Coordinator, Division of Water Resources, N.C. 
DENR), and (3) the condition that the lake had not been historically impacted by coal-fired energy 
facility waste streams (NCDENR, Ambient Lakes Monitoring). NCTSI scores are calculated from 
chemical and physical parameters with the following equation: 
 

NCTSI = TONScore + TPScore + SDScore +CHLScore 
 
where TON = total organic nitrogen (mg/L), TP = total phosphorus (mg/L), SD = secchi depth 
(inches), and CHL = chlorophyll a (µg/L). Trophic status is determined according to the following 
scale: oligotrophic, <-2.0; mesotrophic, -2.0 – 0.0; eutrophic, 0.0 – 5.0 (Dwyer and Vengosh, 
2008). 
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Lake Tillery, Lookout Shoals Lake, Lake Adger, and Lake Waccamaw were included as 
respective reference sites for the impacted study sites listed above. Due to alterations in the N.C. 
Wildlife Resources Commission’s (N.C. WRC) annual sampling plan, Hyco Lake was not 
included in the 2015 sampling schedule and Lake Tillery replaced Lookout Shoals Lake as the 
reference site for Mayo Lake. Incorporation of these changes to the study design maintained the 
inclusion of sites representing the three primary trophic classifications. Sampling details and dates 
are summarized in Table 1. 
 
Table 1: Field sites, justification, and sampling dates 

Lake Justification Trophic classification Sampling dates 
Sutton Lake Sutton Plant cooling reservoir eutrophic 3/17 & 3/31/2015 
Lake Waccamaw L. Sutton reference site eutrophic 4/14/2015 
Mayo Lake Mayo Plant receiving water mesotrophic 4/22/2015 
Lake Tillery Mayo L. reference site mesotrophic 5/6/2015 
Mountain Island Lake Riverbend Steam Station 

cooling reservoir 
oligotrophic 5/13/2015 

Lake Adger Mountain Island Lake 
reference site 

oligotrophic 4/28/2015 
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Figure 1: Map of North Carolina showing location of lakes included in this study within their respective counties. Green counties contain the paired eutrophic lakes 
(Lake Sutton and Lake Waccamaw), blue counties contain the paired mesotrophic lakes (Mayo Lake and Lake Tillery), and orange counties contain the paired 
oligotrophic lakes (Mountain Island Lake and Lake Adger). Individual lakes are blown up to show approximate location of sites within the lake where water and 
sediment samples were collected (red squares).
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2.2 Surface water, sediment, and pore water sampling: Surface water samples were collected from 
three selected locations within each study and reference site by surface grab sampling. Sub- 
samples were processed according to associated analytical protocol, transported to Duke University 
on ice, and stored at 4°C. Water samples collected for trace elements and cation analysis were 
filtered in the field (syringe filters, 0.45 µm). Sediment samples were collected from the same three 
locations per lake as the surface water samples with a Wildco box corer (≤ depth of 25 cm). 
Sediment samples were stored in 2 gallon acid-washed plastic buckets for transportation to Duke 
University where they were stored at 4° C. Within 48 hours of collection, sediment samples were 
homogenized, then aliquoted and centrifuged in 50 mL metal-free sterile polypropylene centrifuge 
tubes at 3000 x g for 25 minutes. Supernatant pore waters were subsequently filtered by vacuum 
filtration (0.45 µm, polyethersulfone (PES) membrane) and stored at 4°C prior to ICP-MS analysis 
or frozen for use in developmental toxicity assays. 
 
2.3 Fish collection and dissection: Fish collections were conducted in accordance with Duke 
University IACUC protocol #A184-13-07 and NC Collection Permit #15-SFC00163. Fish were 
collected from the six lakes included in this study by electroshocking in collaboration with N.C. 
WRC district biologists over the course of the spring 2015 sampling period. Targeted species of the 
Centrarchidae family included largemouth bass (Micropterus salmoides), bluegill (Lepomis 
macrochirus), redear sunfish (Lepomis microlophus), and redbreast sunfish (Lepomis auritus). Fish 
were retrieved by net, maintained in an oxygenated live well during sorting, euthanized tagged, and 
transported on ice to Duke University where they were stored at 4° C overnight. Within 24 hours of 
collection, fish were dissected for otoliths, vertebral column, liver, skinless fillet (i.e. muscle), and 
gonadal tissues. Otoliths were stored in 1.5 mL eppendorf tubes while all other tissue types were 
weighed, bagged, and frozen for future processing prior to analysis. Table 2 provides the number of 
fish collected from each lake, organized by species and sex.
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Table 2: Collected fish by species and sex: 
Lake Species Total # #Female #Male 
 
 
Sutton Lake 

Largemouth Bass 32 13 19 
Bluegill 7 2 5 
Redear Sunfish 19 12 7 

 
 
Lake Waccamaw 

Largemouth Bass 20 7 13 
Bluegill 16 11 5 
Redear Sunfish 21 17 4 

 
 
Mayo Lake 

Largemouth Bass 19 6 13 
Bluegill 16 1 15 
Redear sunfish 21 10 11 

 
 
Lake Tillery 

Largemouth Bass 22 6 16 
Bluegill 20 3 17 
Redear sunfish 20 9 11 

 
 
Lake Adger 

Largemouth Bass 22 10 12 
Bluegill 24 9 15 
Redbreast sunfish 7 2 5 

 
 

Mountain Island Lake 

Largemouth Bass 22 14 8 
Bluegill 8 2 6 
Redear sunfish 12 2 10 
Redbreast sunfish 11 3 8 

Totals  339 139 200 
 

2.4 Chemical analysis of surface and pore waters: Dissolved trace elements were measured 
by inductively coupled plasma mass spectrometry (ICP-MS, VG PlasmaQuad-3 – Thermo 
Fisher Scientific Inc.), major elements by direct current plasma optical emission spectrometry 
(DCP- OES, ARL Fisons SpectraSpan 7 – Thermo Fisher Scientific Inc.), and anions by ion 
chromatography (IC) in the Vengosh Laboratory at Duke University. Nitrate, orthophosphate, 
and TOC-TN analyses of surface and pore water samples were conducted at Duke 
University’s River Center (Lachat QuikChem 8500 autoanalyzer, Shimadzu TOC-VCPH 
Analyzer with TNM-1 module and ASI-V autosampler). 
 
2.5 Fish tissues: Fish liver, muscle, and ovary + egg samples were microwave digested (CEM 
Discover SP-D closed vessel microwave digester) in omnitrace nitric acid (HNO3, EMD 
Millipore, CAS 7697-37-2) at a ratio of 1g tissue:10 mL acid (EMD Millipore, CAS 7697-37-
2). 300 mL of each digested samples were diluted with 9.7 mL of a 2% HNO3/0.5 % HCL 
mixture in 15 mL metal free centrifuge tubes. Trace element concentrations were measured 
using ICP- MS (Agilent 770X ICP-MS equipped with an Octopole Reaction System, Hsu-Kim 
Lab). Method blanks and standard reference material (SRM) (NRC DORM-4, fish protein for 
trace metals) were processed and analyzed alongside tissue samples (n=33). 
 
2.6 Isotope analyses: Strontium isotopes in surface and sediment pore waters were analyzed as 
previously described in Ruhl et al. (2014) in the Vengosh Lab at Duke University. Strontium 
isotopes in surface and sediment pore waters were be pre-concentrated by evaporation and re-
digested in 3.5N HNO3 prior to strontium separation with an Eichrom Sr-specific ion-exchange 
resin. Samples were loaded to the Triton TIMS at Duke University on rhenium filaments with 
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tatalum oxide activator solution and heated to obtain an 88Sr beam intensity of ~3 V. NIST 
SRMs 987 was run alongside field collected samples (Ruhl et al., 2014).  
 
2.7 Otolith analyses: Whole fish otoliths were dissected, rinsed in deionized water, and stored in 
1.5 mL eppendorf tubes. Samples were shipped to Stantec Consulting, Ltd. in Winnipeg, MB, 
Canada. Prior to analysis, otoliths were embedded in epoxy resin and cut along the dorso- 
ventral cross section from the otolith nucleus in order to expose annuli. Samples were mounted, 
ground, polished, and washed in an ultra-sonic cleaner and analyzed by a Thermo Finnigan 
Element 2 ICP-MS coupled to a Merchantek LUV 213 Nd:YAG laser according to a method 
previously described (Friedrich et al., 2011, Friedrich et al., 2008, and Friedrich et al., 2010). 
Samples will also be analyzed for determination of fish age. 
 
2.8 Developmental toxicity assays: Within one hour of fertilization, zebrafish embryos were 
plated in 25 mL glass petri dishes at a density of 10 embryos / 10mL of exposure material. Each 
experiment evaluated developmental progress at 24 hours and 120 hours in a method adapted 
from Truong et al. (2011). At 24 hours post fertilization (hpf), embryos were evaluated for 
viability, developmental progression (i.e. organogenesis), and spontaneous movements. At 120 
hpf, larvae are evaluated for the full suite of larval morphology endpoints as well as motility 
and tactile responses. Each study replicate compares embryo development in pore waters from 
study and respective reference lakes (100% concentrated) as well as in 30% concentrated 
Danieau solution as a negative control (Nasevicius and Ekker, 2000).  Four petri dishes per 
treatment group comprise a single replicate. Statistically, observed effects are averaged within 
the treatment group providing an n=1 per replicate. 
 
2.9 Plankton collection and trophic/maternal transfer study: The biofilm collection and feeding 
study originally proposed as part of this project has been replaced with a plankton collection 
and feeding study (see description below). Insufficient biofilm accumulation, sedimentation of 
biofilm collection rig, and missing rig at Mayo Lake in the summer 2015 field plan were the 
primary factors contributing to this decision. 
 
Plankton for use in a trophic and maternal transfer study will be collected from Lakes Sutton 
and Waccamaw in Summer 2016. Collected samples will be freeze-dried and prepared into a 
dry food.  Sample subsets will be digested and analyzed by ICP-MS for selenium concentration 
in the Vengosh Laboratory at Duke University. After adequate acclimation, 10 female adult 
fathead minnows will be placed in 10 gallon tanks, where they will remain for the duration of 
the feeding study. Fish will be fed twice daily with the prepared flake food at ~5% bw/day 
ration for at least 30 days to allow for Se concentrations in tissues to reach steady state (Janz et 
al., 2014 and Phibbs et al., 2011).  At the conclusion of the exposure period, female fish will be 
combined with male fish for breeding. Resulting embryos will be collected for bulk selenium 
analysis. A subset of embryos will also be collected for developmental effects analysis. Adult 
fish will be humanely euthanized with an overdose of tricaine mesylate (MS-222, Sigma-
Aldrich CAS 886-86-2) and dissected for selected tissues. Tissues will be frozen until time of 
analysis. Concentrations in fish tissues (liver, muscle, and gonad) will be assessed by ICP-MS 
according to the same method described above (methods section, research aim 1) and compared 
to those measured in field collected plankton. This method serves to study the transfer of CCR 
contaminants from a field-collected exposure source to a lab-reared model fish species that is 
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also native to NC lakes, thereby representing environmentally relevant exposures under 
controlled laboratory conditions where confounding variables (e.g. pH, temperature) can be 
controlled (Young et al., 2010). 
 
2.10 Analysis of fish tissue moisture content: Species-specific moisture content was determined 
for each of the tissues and fish included in this study (Figure 2). This allowed for the 
determination of accurate conversion factors (Table 3) of contaminant concentrations in tissues 
from wet weight to dry weight following ICP-MS analysis. 
  

 
Figure 2: Percent moisture content by tissue type for the three target fish species collected for this study. From left 
to right, largemouth bass (Micropterus salmoides), bluefill sunfish (Lepomis macrochirus), and redear sunfish 
(Lepomis microlophus). 

Table 3: Wet weight to dry weight conversion factors applied to fish tissue trace element 
concentrations following ICP-MS analysis 
 Liver Muscle Ovary Testes 
Largemouth Bass 0.27 0.22 0.30 0.19 
Bluegill Sunfish 0.24 0.20 0.30 0.18 
Redear Sunfish 0.23 0.22 0.37 0.18 
 
3. Results:  
3.1 Ongoing work: Due to the scope of this project, the following sample analyses are currently 
ongoing with data expected to be available in the coming months. 
 

A. Bluegill sunfish (Lepomis macrochirus) and redear sunfish (Lepomis microlophus) tissues 
(liver, muscle, and gonad) are currently being analyzed by ICP-MS in the Vengosh Lab at 
Duke University with data expected in early April. These data will be added to the dataset 
of largemouth bass fish tissues (included in this report). With several species worth of 
data, species to species comparisons within and between lakes will be possible. It will 
also be possible to compare how fish of each species distribute contaminants among their 
tissues and whether differences in fish from different lakes are associated with species or 
lake trophic status. 
 

B. A subset of 142 fish otoliths representing each fish species and each lake included in the 
study are currently undergoing laser ablation ICP-MS (LA-ICP-MS) at Stantec 
Consulting in Winnipeg, Canada. Otoliths are being analyzed for Se, As, Mn, Cd, Zn, and 
the isotope ratio 87Sr/86Sr as well as age analysis. Data are expected in early May and will 
provide information about exposure to those contaminants over the time course 
corresponding to otolith layers. 87Sr/86Sr isotope ratios in fish otoliths will be compared to 
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those measured in the lakes from which the fish were collected to determine whether Sr 
isotope signals correspond between abiotic and biotic field samples as tracers of CCR 
input.  

 
C. Fish toxicity analyses will be conducted in summer 2016 following plankton collection at 

Sutton Lake and Lake Waccamaw. A single pair of study and reference lakes was 
selected to study uptake of Se from plankton as a food source, maternal transfer of Se 
from adult to F1 generation fathead minnows, and developmental toxicity effects in F1 
generation fish. Analysis of trace element concentrations in plankton will complement 
those of surface waters, pore waters, and fish tissues to provide a more complete 
understanding of element distribution among abiotic and biotic compartments in the lakes 
included in this study. 

  
3.2 Water Chemistry 
3.2.1 General water parameters: Table 4 provides averaged values of general water parameters 
for each of the studied lakes at both the water surface and just above the sediment surface. 
 
Table 4: Mean water quality measurements 

Lake pH Conductivity 
(∝ s/cm) 

DO (mg/L & %) Temp. (°C) 

Sutton Surface 7.45 210.97 11.91 90.63 21.5 
 Bottom  7.45 208.26 8.14 91.13 20.97 

Waccamaw Surface 7.04 51.76 8.02 90.23 21.1 
 Bottom  7.03 51.76 7.95 89.3 21.03 

Mayo Surface 7.51 0.287 8.97 98.5 19.8 
 Bottom  7.39 0.264 9.17 96.4 17.9 

Tillery Surface 7.76 0.093 10.6 120.3 21.76 
 Bottom  7.51 0.094 9.96 112.5 21.33 

Mountain Island Surface 7.19 0.068 8.58 102.6 24.28 
 Bottom  7.12 0.068 8.58 102.3 24.37 

Adger Surface 7.03 0.034 9.90 101.0 16.2 
 Bottom  6.84 0.034 9.38 92.77 14.9 

  
3.2.2 Surface and pore water trace element concentrations: A subset of the major elements, 
anions, and trace elements analyzed by DCP-OES, IC, and ICP-MS for this study are shown in 
Figure 3. Of those analyzed, Mg, Ca, Cl, SO4, Rb, V, B, Se, Mn, Ni, Sb, Tl, Li, As, Sr, and Mo 
are elevated in study lake surface and pore waters relative to reference lakes. The concentrations 
of several elements (e.g. Li, Ni, SO4, Rb, Tl, Sb) are higher in the surface and pore waters of 
lakes that used to (but no longer) receive CCR inputs from the associated coal facility than in the 
surface and pore waters of Mayo Lake, a lake that continues to receive CCR inputs from the 
Mayo Steam Station effluent stream. These results indicate that there is a legacy effect of many 
CCR contaminants in which lake characteristics (e.g. surface area, depth, and hydrological 
connectivity to a lotic water system) influence the retention of these contaminants and their 
recycling to the water column. 
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Figure 3: Trace element concentrations in surface and sediment pore waters from each study and reference lake as 
measured by ICP-MS. Samples taken from different locations in each lake are individually represented by the circles 
shown in each graph with mean and standard deviation bars overlaid. Grey circles represent samples taken from 
reference lakes. Study lakes are divided into two categories; samples taken from lakes with legacy, but not active 
CCR inputs from the associated coal facility, are represented by orange circles and samples taken from lakes with 
active CCR input are represented by red circles. 

3.2.3 Strontium isotope ratios in lake surface and pore waters: Strontium isotope ratios and 
concentrations are shown in Figure 4. Samples of the same shape and color are taken from the 
same lake and same position in the water column (i.e. Sutton Lake surface water). The surface 
water Sr isotope ratios in CCR impacted lakes have a narrow range of 0.7093 to 0.7102. Pore 
water Sr isotope ratios in CCR impacted lakes have a wider range from 0.7093 to 0.7136 that 
overlaps with Sr isotope ratios in pore waters from reference lakes (0.7100 to 0.7121). 
These data are consistent with data from a previous study (Ruhl et al., 2014) and will be 
compared with strontium isotopes in fish otoliths.  
 

 
Figure 4: Strontium isotope ratios 
(87Sr/86Sr) are shown as a function of 
strontium concentration. Each symbol 
represents an individual sample 
measurement. Circles denote surface 
water samples and squares denote 
pore water samples. Solid symbols 
represent samples taken from 
impacted study sites and outlined 
symbols represent samples taken from 
reference lakes. This data set remains 
incomplete. 

 
 

 
3.3 Trace element concentrations in fish tissues: Figure 5 shows tissue specific profiles of select 
CCR contaminants analyzed in largemouth bass tissues by ICP-MS. Selenium levels are 
consistently and significantly elevated in the tissues of fish from impacted lakes relative to those 
from paired reference lakes. Selenium levels in the muscle and ovary tissues of fish collected 
from Mayo Lake and Sutton Lake exceed the US EPA’s proposed chronic aquatic life criteria of 
11.3 and 15.8 µg Se/ g d.w., respectively. Concentrations of Mn, Zn, Cu, and Sr are also elevated 
in study lake fish tissues relative to reference lake fish tissues but the patterns are less consistent 
between lake pairs and tissue types. Bluegill and redear fish tissues are currently undergoing 
analysis. With that data in hand, clearer data patterns may emerge and it will be possible to make 
species-specific comparisons of contaminant accumulation and tissue distribution. 
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Figure 5: Concentrations of select CCR contaminants in largemouth bass by tissue type. Each graph compares fish collected from an impacted study lake (orange values) with 
those from its paired reference lake (blue values). Grey bars in the selenium graphs represent the proposed chronic aquatic life criteria for selenium in muscle (11.3 µg Se/g d.w. ) 
and ovary tissues (15.8 µg Se/g d.w.). Red stars denote significant differences between corresponding tissue samples in fish from impacted study lakes and matched reference lakes 
(p-value < 0.05).
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4. Discussion: 
4.1 CCR chemical signatures in receiving aquatic systems: This study reports elevated 
concentrations of known CCR constituents in the surface and pore waters of lakes that serve as 
receiving waters for coal-fired power plant effluents under the conditions of NPDES permits in 
the state of North Carolina. At the time of sampling (March-May 2015), two of the impacted 
study lakes (Sutton Lake and Mountain Island Lake) could be classified as legacy CCR lakes 
because the effluent source of CCRs to the lakes had been terminated. Mayo Lake, in contrast, 
continues to receive effluent discharges from the Mayo Steam Station and is classified as an 
active lake. Selenium levels in these surface and pore waters are of particular interest to this 
study due to selenium’s status as an essential nutrient in most living organisms with a narrow 
margin between essentiality and toxicity in oviparous vertebrates such as fish, reptiles, and birds 
(Janz, 2011). For this reason, the U.S. EPA is currently revising the Criterion Continuous 
Concentration (CCC) for selenium in freshwaters from 5 µg/L to 1.2 µg/L (USEPA, 2015, Draft 
Aquatic Life). In surface waters, selenium levels were only found to exceed the proposed 
threshold in all sampled locations of Sutton Lake (mean [Se] = 2.0 µg/L). Samples taken in 
Mayo Lake near the effluent outfall approached this value ([Se] = 1.1 µg/L) but were much 
higher in the corresponding sediment pore water ([Se] = 2.3 µg/L).  The pore water samples 
taken from Sutton Lake, however, followed the opposite pattern and were lower than their 
corresponding surface water samples (mean [Se] = 0.96 µg/L). In Mountain Island Lake, 
selenium concentrations in surface and pore waters were much lower than those measured in 
Sutton and Mayo (mean [Se] = 0.3 µg/L and 0.37 µg/L, respectively). While effluent status of 
the associated coal-fired power plant does not readily explain selenium concentrations in surface 
and pore water of impacted lakes, several other factors such as lake surface area, average depth, 
bathymetry, and hydrological connectivity are important considerations. Sutton Lake, for 
example, has the smallest surface area of the lakes included in this study. It is also the shallowest 
and the least hydrologically connected to its source water system. In contrast, Mayo Lake has a 
greater average depth and drains into Mayo Creek. Mountain Island Lake has the largest surface 
area and is the most hydrologically connected to its source water system (The Catawba River).  
 
Several other trace elements were analyzed alongside selenium for this study. Aluminum levels 
in Sutton Lake pore waters exceed the EPA’s CALC of 87 µg/L but this is not considered a 
CCR-specific contaminant and was also found to be substantially elevated in Lakes Adger and 
Waccamaw, included as reference lakes for Mountain Island Lake and Sutton Lake, respectively. 
Levels of arsenic, lead, and nickel were all measured well below their respective CCC thresholds 
though arsenic and nickel were elevated relative to levels in surface and pore waters of their 
matched reference lakes. Mean arsenic levels in pore waters from Sutton Lake (mean [As] = 18.7 
µg/L) and Mayo Lake (mean [As] = 27.4 µg/L) also exceed the U.S. EPA’s drinking water 
maximum contaminant level (MCL) of 10.0 µg/L, an enforceable standard for the protection of 
public human health (USEPA, 2016). 
 
4.2 CCR concentrations in resident fish species: The primary motivation of this study was to 
determine consequences of CCR inputs to lakes for the health of resident aquatic species, 
specifically fish species due to their established sensitivity to elevated selenium concentrations in 
the water and aquatic food web (Lemly, 1997 and Skorupa, 1998). Despite fairly low levels in 
surface and pore waters, selenium levels in the tissues of largemouth bass collected from Mayo 
Lake and Sutton Lake were significantly elevated relative to those of fish collected from 
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reference lakes of the same trophic status. Due to selenium’s biogeochemical cycling patterns 
and substantial bioaccumulative enrichment in primary producers, impacted and reference lakes 
were matched on the basis of trophic status (Maher et al., 2010, Stewart et al. 2010.) Several fish 
from these lakes had muscle and ovary selenium levels exceeding the proposed regulatory 
thresholds of 11.3 mg Se/ kg d.w. and 15.8 mg Se/kg d.w., respectively, intended to protect fish 
reproductive health and population abundance. Levels in fish collected from Mountain Island 
Lake are much lower and this is expected to be due to the lake’s nutrient poor status as well as 
the size, depth, and hydrological connectivity of the lake to the Catawba River. 
 
Levels of manganese, zinc, copper, and strontium are also elevated in some tissues of fish 
collected from CCR-impacted lakes relative to reference lakes but none of these trends are as 
clear or consistent as those of selenium. Surprisingly, fish from reference Lake Tilllery have 
higher levels of manganese, zinc, and strontium than those in corresponding tissues in fish from 
Mayo Lake. This suggests that Lake Tillery is impacted by underlying geochemical factors or 
receives a unique, non-CCR, source of contamination.   
 
Data from ongoing analyses of fish otoliths and bluegill and redear sunfish fish tissues are 
forthcoming. These data will allow for: (1) consideration of strontium isotopes in fish otoliths as 
biotic environmental CCR tracers; (2) comparisons of interspecies tissue CCR concentrations; 
and (3) analysis of species-specific selenium distribution among tissues and how fish size, age, 
and tissue contaminant concentrations are associated with lake trophic status (i.e resource 
richness).  
 
5. Summary/ Conclusions: 
This study shows that coal-fired power plant effluent streams significantly affect receiving 
reservoir water quality and ecosystems. Surface water, sediment pore water, and fish tissue 
samples were sampled from three CCR-impacted lakes in the state of North Carolina and 
compared with those collected from non-CCR-impacted reference lakes matched on the basis of 
geographic proximity and NCTSI trophic status. Trace element analysis of these samples 
revealed elevated levels of CCR-associated contaminants in samples collected from lakes that 
either currently or historically received CCRs via permitted effluent streams from coal-fired 
power plants. These signals are not only measureable in water and fish sampled from these 
systems while effluent streams are actively discharged to receiving waters (e.g. Mayo Lake water 
quality and fish tissue data) but also following effluent stream termination (e.g. Sutton Lake and 
Mountain Island Lake water quality and fish tissue data). Therefore, effluent stream termination 
is not expected to be reflected by decreases in CCR concentrations in abiotic or biotic 
environmental compartments in the near term, especially in lentic water systems due to greater 
contaminant retention times. Factors including lake surface area, depth, trophic status, and 
hydrological connectivity to a lotic water system are expected to influence CCR persistence and 
impact on receiving ecosystems. The results of this study suggest that tissue selenium 
measurements may provide the most consistent indication of CCR persistence in lentic 
freshwater ecosystems.   
 
6. Recommendations: 
The authors of this report recommend that state regulatory agencies continue to monitor these 
lakes among other receiving waters of CCR effluents even after CCR releases via effluent 
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streams are terminated. Regular interval fish tissue monitoring of selenium especially will 
provide data necessary for determining the persistence of selenium as a CCR contaminant in 
lentic freshwater ecosystems.  
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Appendix 1: Abbreviations and symbols 
 
Al   Aluminum 
As   Arsenic 
B   Boron 
Ca   Calcium 
CCC   Criterion Continuous Concentration 
CCR   Coal combustion residual 
Cd   Cadmium 
Cl   Chloride 
Cr   Chromium 
Cu   Copper 
DCP-OES  Direct current plasma optical emission spectrometry 
Hpf   Hours post fertilization 
IC   Ion chromatography 
ICP-MS  Inductively coupled plasma mass spectrometry 
LA-ICP-MS  Laser ablation ICP-MS 
Li   Lithium 
Mg   Magnesium 
Mn   Manganese 
Mo   Molybdenum 
NC   North Carolina 
NCTSI   North Carolina Trophic State Index 
Ni   Nickel 
NPDES  National Pollutant Discharge Elimination System 
Pb   Lead 
Rb   Rubidium 
Sb   Antimony 
Se   Selenium 
SO4   Sulfate 
Sr   Strontium 
Tl   Thallium 
U.S. EPA  United States Environmental Protection Agency 
V   Vanadium 
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Appendix 2: Presentations and publications  
 
Presentations: 
1. October 2015: Legacy impacts of coal combustion residuals in freshwater ecosystems in North 
Carolina. Canadian Ecotoxicity Workshop, Saskatchewan, Canada. Invited Platform 
Presentation. 
 
Expected publications: 
1. Brandt, JE et al. Legacy impacts of coal combustion residuals in receiving freshwater 
ecosystems in North Carolina. In preparation. Expected 2016. 
2. Brandt, JE et al. Assessment of selenium persistence and toxicity in freshwater lakes: A North 
Carolina Example. In preparation. Expected 2016. 
 
Expected dissertations: 
1. JE Brandt, PhD Dissertation (expected 2017). Persistence of coal combustion residuals in 
freshwater ecosystems in North Carolina and mechanisms of selenium toxicity in freshwater fish. 
Duke University, Nicholas School of the Environment 
 
Efforts at technology transfer or communication of results:  

1. At least two scientific research publications are expected to result from this work. The 
data included in this report will be published in peer-reviewed journals where they will be 
available to the greater scientific community. 

2. Following publication of expected manuscripts, data from this project will be distributed 
to state regulatory and environmental agencies including the Department of 
Environmental Quality and the Wildlife Resource Commission to inform (1) ongoing 
regulatory decisions concerning CCR disposal and effluent streams to receiving waters, 
and (2) monitoring and research efforts for the protection of ecosystem health and fish 
population abundance. 

3. Jessica Brandt presented preliminary research results from this project during a platform 
presentation at the annual Canadian Ecotoxicity Workshop on October 5, 2015 in 
Saskatchewan, Canada. 

4. Final results are expected to be presented in Fall 2016 at the Society of Toxicology and 
Chemistry (SETAC) annual meeting in Orlando, Florida. 

5. The authors have been working with Duke University’s Center for Research 
Communication and Superfund Research Center’s Research Translation Core (RTC) in 
concert with University of Carolina at Chapel Hill’s RTC to organize community 
information sessions on the coal ash topic. 

6. Jessica Brandt, Richard Di Giulio, and Avner Vengosh are members of Duke 
University’s Environmental Health Scholars Program. This program aims to coordinate 
communication among medical, environmental, and legal researchers about research 
needs and data transfer for informing policy decisions. The Program organizes annual 
symposia in which environmental lawyers and scientists convene to discuss pressing 
research and policy needs. The first of these symposia was held in November 2015 with 
another expected in fall 2016.  
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