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The impact of Coal Combustion Residuals on the quality of water 

resources in North Carolina 
Abstract 

 

The combustion of coal to generate electricity produces about 136 million tons of Coal 

Combustion Residuals (CCRs) each year in the United States. Current U.S. regulations 

mandate the installation of advanced capture technologies to reduce atmospheric 

pollution, but do not address the transfer and storage, or the potential impacts of CCR 

disposal to water resources. Thus improved air quality is coincidently traded for 

significant enrichments of contaminants in the solid waste and effluent discharged from 

power plants. While a subset of CCR is recycled for beneficial purposes, the majority of 

the waste is stored in more than 350 landfills and storage ponds across the United States. 

CCRs are not classified as hazardous waste, and as a result, CCR landfills and storage 

ponds are typically unlined and susceptible to leaks and failures. Moreover, discharge of 

effluents from storage ponds may pose an ecological hazard if they contain toxic 

elements leached from CCRs. Despite the risks, the hazards stemming from ongoing 

CCRs waste disposal practices have not been fully evaluated. The potential 

environmental impacts of CCRs on the environment were previously examined by 

laboratory-controlled leaching experiments and in a few specific case studies, such as 

CCR spills. The objectives of this project were (1) determine the magnitude of CCRs 

contamination of associated water resources in NC; (2) evaluate the fate (e.g., 

retardation) of key contaminants (arsenic, selenium, boron, strontium) in water resources 

and the environmental factors that control these variations; (3) establish reliable 

monitoring tools for evaluating the impact of CCRs on NC water resources that can be 

used for state regulations; and (4) provide the scientific base for possible future state 

regulation on CCRs storage in NC. As part of this project we systematically documented 

the quality of effluents discharged from CCR settling ponds at nine sites and the impact 

of associated waterways (lakes, rivers) in North Carolina, as compared to a reference 

lake. We measured the concentrations of major and trace elements in over 300 samples 

from CCR effluents, surface water from lakes and rivers at different downstream and 

upstream (background) points, and pore water extracted from lake sediments. The study 

was based on a one-year detailed investigation of two lakes (Hyco and Mayo) and a 

single sampling event for nine other sites, including a reference site. The data show that 

CCR effluents contain high levels of contaminants that in several cases exceed the US 

Environmental Protection Agency guidelines for both drinking water and ecological 

effects. This investigation demonstrates the quality of receiving waters in North Carolina 

depends on (1) the relationship between levels of contaminants in the CCR effluent and 

the ratio between effluent flux and freshwater resource volumes (i.e., the dilution effect); 

and (2) recycling of trace elements through adsorption on suspended particles and release 

to deep surface water or pore water in bottom sediments during periods of thermal water 

stratification and induced anoxic conditions. The impact of CCRs is therefore 

accumulative, which influences contaminant accumulation and the health of aquatic life 

in water associated with coal-fired power plants in North Carolina.  
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1. Introduction 
 

Numerous studies have shown that effluents generated from leaching of Coal 

Combustion Residuals (CCRs) typically have high concentrations of toxic elements 

(Adriano, et al., 1980; Environmental Protection Agency, 2009). Yet, the overall impact 

of disposed CCR wastes on the quality of water resources in the U.S. is largely 

unexplored, except in a few specific case-studies, such as CCR spills (Ruhl, et al., 2010; 

Ruhl, et al., 2009). In the US, approximately six hundred power plants (Energy 

Information Administration) generate 136 million tons of CCRs annually, of which 56% 

is stored in surface impoundments and landfills, while the remaining are reused for 

concrete, cement, and construction industries (American Coal Ash Association, 2009). 

CCRs, encompassing fly ash, bottom ash, and flue gas desulfurization (FGD) material, 

represent one the largest industrial waste streams in the U.S., and are not classified as 

hazardous waste (Environmental Protection Agency, 2012b). Despite the large volume of 

CCR effluents generated annually and their disposal into hundreds of surface water 

bodies, the environmental risks associated with these disposal practices are not well 

known. Moreover, due to the lack of CCR waste data (Hanlon, 2010), the effluents that 

are discharged from coal fired power plants and permitted by the national and state 

regulatory bodies lack consistent monitoring and limit requirements that are relevant to 

CCR effluents.  

 

Water in coal-fired power plants is used in steam production and cooling, as well as the 

transport of CCRs from the plant to holding ponds. In spite of some losses (Department 

of Energy, 2007), the residual effluent water is discharged to the environment and is 

permitted through the National Pollution Discharge Elimination System (NPDES) 

Program. The NPDES Program as established by the Clean Water Act requires the 

control and permitting of point source discharges of wastewater (Environmental 

Protection Agency, 2012a). Although the NPDES regulations for CCR effluents disposal 

vary between states, in most cases they consist of only limited factors. For example, NC 

regulations follow the federal guiding permit limits for effluent discharge that include 

only total suspended solids and oil and grease (Codes of Federal Regulations, 1982), but 

do not include other constituent limits that could be relevant to CCR effluents, unless 

written in specifically by the permitting body.  

 

In recent years, air regulations have become more stringent (e.g., Interstate Clean Air 

Rule and Clean Air Act), requiring the capture of potential atmospheric pollutants, like 

sulfur oxides (SOx). The FGD process effectively removes many of the volatile elements 

associated with the SOx. Most coal-fired power plants (up to 88% in 2010) use a wet 

FGD disposal system (Environmental Protection Agency, 2009), in which the volatile 

constituents are captured by injecting lime or CaCO3 and are then entrained into the 

wastewater either as dissolved constituents or in particulate form (Environmental 

Protection Agency, 2009). This process results in cleaner air emissions, but the trade-off 

is significant enrichments of contaminants in solid wastes and wastewater discharged 

from power plants. Data from FGD wastewater reveal extremely high levels of certain 
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constituents, such as boron (up to 250,000 g/L), selenium (21,700 g/L), and arsenic 

(5,070 g/L) (Environmental Protection Agency, 2009). Several studies have shown that 

groundwater near these CCR disposal facilities was contaminated by CCR leachates 

(Environmental Protection Agency, 2007). Yet, the long-term impact of CCR effluents is 

poorly studied in surface water surrounding coal-fired power plants.  

 

This study aims to investigate the impact of CCR disposal on surface water surrounding 

coal fired power plants in North Carolina. We systematically document the quality of 

discharged effluents from ten CCR effluent and cooling water discharge sites and the 

impact on associated waterways (lakes, rivers), in addition to a reference (control) lake 

(Figure 1; Table 1). We measured the concentrations of major and trace elements in 76 

CCR effluent samples, 129 surface water samples from lakes and rivers from different 

downstream and upstream (background) sites, and 98 pore water samples extracted from 

the lake sediments. The study is based on an investigation of monthly sampling over one 

year at two lakes (Hyco and Mayo) and a single sampling for nine other waterways 

(Table 1, Figure 1). The data show that CCR effluents contain high levels of 

contaminants that in several cases exceed the US Environmental Protection Agency 

(EPA) guidelines for both drinking water and ecological effects. We also demonstrate 

that the impact of CCRs is accumulative, which increases the risks to the health of 

aquatic life in waterways associated with coal fired power plants in NC and similar sites 

across the U.S. 
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Table 1: Background information on the investigated coal-fired electrical power plants, 

CCR effluent discharge through NPDES outfalls, and associated waterways in North 

Carolina. The size (in megawatts) of the plants as well as the amount of water discharged 

(in Million Gallons per Day) in each plant are reported. Also listed is the reference site, 

Jordan Lake. 

 
 

 

2. Methods 
 

During August 2010 to February 2012, a total of thirty-six field trips were made to the 

research sites in North Carolina (Figure 1) with over 300 surface and pore water samples 

were collected. Samples monthly were collected from Hyco and Mayo Lakes from 

August 2010 through August 2011. The other investigated water resources were Lake 

Norman, Mountain Island Lake, Lake Wylie, High Rock Lake, Belews Lake, Dan River, 

French Broad River, Lake Julian, and Jordan Lake as a reference lake (Figure 1) that 

were sampled during the summer of 2011, with the exception of Mountain Island Lake, 

which was sampled both during the summers of 2010 and 2011. Water sampling strictly 

followed USGS protocols (US Geological Survey, 2008).  Water samples were taken at a 

variety of depths with a Wildco Niskin Bottle (Type A for trace metals) in order to 

capture the epilimnion and hypolimnion during stratification.  Cations and trace metals 

were measured in both dissolved and total samples. After filtration of samples in the field 
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(0.45µm syringe filters), trace elements were measured by inductively coupled plasma 

mass spectrometry (ICP-MS), major elements by direct current plasma optical emission 

spectrometry (DCP-OES), and anions by ion chromatography (IC) at Duke University. 

Pore water was extracted from lake bottom sediments obtained using a Wildco box core 

(up to 25 cm depth), then vacuum filtration or centrifugation to extract the pore water. 

The long core was extracted using a peat corer (up to 1m depth). Inorganic arsenic 

species were measured using the Bednar method (Bednar, et al., 2002) in which the 

uncharged arsenic species As
III

 was separated from pore water and preserved in the field. 

The method was verified by laboratory experiments of known mixed combinations of As 

species that were processed through an anion exchange resin cartridge.  

 

 

3. Results and Discussion 
 

This study documented elevated contaminant concentrations in CCR effluents discharged 

from coal-fired power plants into receiving waters in NC (Figures 2 and 3; Table S1). For 

example, during the Summer 2011 sampling, the Asheville and Riverbend Plant outfalls 

contained arsenic concentrations above the EPA drinking water standard of 10 g/L with 

concentrations reaching 44.5 g/L and 92 g/L, respectively. Mayo NPDES discharge 

yearlong average selenium concentration (5.6±5.4 g/L) exceeded the 5 g/L EPA 

Chronic Criterion Concentration (CCC) for aquatic life. Several of the individual monthly 

sampling events at the Mayo NPDES outfall showed Se concentrations almost 4 times the 

CCC limit, as high as 19 g/L (Figure 3). The summer sampling event at the Asheville 

Plant revealed selenium concentrations over 17 times the CCC (87.2 g/L). The NPDES 

outfall for the Asheville plant also exceeded other human and aquatic life benchmarks, 

including antimony above the EPA’s MCL (6 g/L) at 10.9 g/L, cadmium exceeded the 

fresh water aquatic life (EPA CCC) standard (0.25g/L) at 0.8 g/L, and thallium 

concentrations were greater than the 2 g/L EPA MCL at 2.9 g/L. The outfalls were 

sampled directly from the pipe or at some sites from water near the outfall, where direct 

sampling was not accessible (Table 1). Thus, the data at some of the outfall sites 

(Roxboro, Mayo, Marshall, and Allen) underestimate the full extent of the CCR waste 

stream contaminant level of the discharge. In spite of efforts to reduce the levels of 

contaminants discharged through the NPDES outfall by using settling ponds, clarifier, 

bioreactor, or wetland at some sites (Environmental Protection Agency, 2009; Progress 

Energy Carolinas, 2010a; Progress Energy Carolinas, 2010b) our data clearly show high 

contaminant levels that suggest the need for enhanced removal/wastewater treatment. 
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Many of the outfalls sampled consisted of wastewater from the FGD process that was 

subsequently diluted with the ash pond water (and/or other process water), and at some 

locations also mixed with the cooling water (e.g., Roxboro plant at Hyco Lake; Table S2) 

prior to discharge at the outfall. Therefore for plants with an FGD system, the effluent 

concentrations represent some dilution of the original FGD wastewaters (Progress Energy 

Carolinas, 2009-2011; Progress Energy Carolinas, 2010a; Progress Energy Carolinas, 

2010b). The data show that outfalls sampled from coal fired power plants with an FGD 

system (n=69) have significantly higher concentrations of major ions (Ca, Mg, and Cl; 

p<0.01) and minor constituents such as B (p<0.01), Br (p<0.01), and Cr (p<0.05) relative 

to outfalls with only ash pond water or cooling water disposal (n=5 and n=7 respectively; 

Figure 3). The plants with no FGD system, but with wet ash disposal systems and 

subsequent discharges (n=5), had higher concentrations of several constituents including 

As, V, Sb, Li, Tl and Mo (p<0.01) relative to effluents from FGD systems (Table S1). 

Selenium concentrations were also higher at FGD outfalls with several plants exceeding 

the EPA’s CCC of 5 g/L (Mayo at 19 g/L and Asheville at 82 g/L compared to 

Riverbend at <3.5 g/L and Dan River at <1 g/L selenium). Overall, the CCR outfalls 

were enriched in many constituents compared to the upstream waters that feed them 

(Figure 3), and the FGD effluents had larger enrichments in many ions compared to the 

ash discharge only outfalls (Figure 2).  

 

Annual fluxes of dissolved trace elements through CCR-effluent discharge into NC 

waterways show large variations (Table 2). The magnitude of the arsenic flux from CCR 

effluents exceeded the natural flux of the associated water system in some cases 
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(Roxboro, Ashville, Mayo) and was lower in others (Dan River, Allen, Riverbend). The 

anthropogenic fluxes exceed the natural fluxes even in sites where the CCR discharge 

flow rate consisted of less than a percent of the natural water flow. The flux 

measurements reported in this study were also compared to the Toxic Release Inventory 

(TRI) (Environmental Protection Agency, 2011), and show both consistent and 

inconsistent results (Table 2). The overall CCR fluxes of contaminants into NC 

waterways, such as B, As, and Se, were 278, 0.7, and 0.8 (metric) tons per year, 

respectively. The magnitude of As, Se, and Sb fluxes were significantly lower than flux 

values reported previously for CCR discharge to the Chattahoochee River, Georgia 

(Lesley and Froelich, 2003).  
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Table 2: Flow rate (million cubic meter per year) and fluxes (kg per year) of dissolved 

trace constituents of naturally and CCR effluent discharge  (NPDES outfalls) of the 

investigated sites in NC. Fluxes were calculated by multiple trace elements 

concentrations (Table S1) with the CCR discharges flow rates (Table 1) and rivers flow 

rates reported by USGS gauges (USGS 03451500 French Broad River at Asheville, NC; 

USGS 02069000 Dan River at Pine Hall, NC; USGS 02146000 Catawba River near Rock 

Hill, SC) or by the Power Plant discharge data (Progress Energy Carolinas, 2009-2011; 

Progress Energy Carolinas, 2010a; Progress Energy Carolinas, 2010b) when no USGS 

gauges were available. The Roxboro Plant outfall flux was calculated using the internal 

outfall concentrations along with the flow reported in the Monthly Data Monitoring 

Reports submitted to the NC DENR (Table S2) (Progress Energy Carolinas, 2009-2011).  

N/A – data not available due to lack of discharge rates and/or concentrations below 

detection limit. 

 
 

In contrast to the CCR outfalls, separated cooling water effluents that were sampled in 

this study had much lower contaminant concentrations, which did not exceed any of the 

human or aquatic life benchmarks (Table S1), and were not enriched in any constituents 

compared to their respective upstream waters and reference lake (Jordan Lake) (Table 

S1). Consequently, in outfall sites where CCR effluents and cooling water were blended 

the contaminant level was significantly reduced. For example, in Hyco lake, where the 

cooling water constitutes >98% of the effluent volume (Table S2) the contaminant levels 

of the NPDES outfall would be significantly higher if the cooling component was 

reduced or restricted (e.g. recirculating cooling water at Mayo Lake). The direct effluents 
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from the FGD process and ash ponds at Roxboro were reported to have concentrations of 

As ranging between 1.6-394 g/L and Se ranging 4.3-238 g/L during the yearlong 

sampling (Table S2) (Progress Energy Carolinas, 2010a; Progress Energy Carolinas, 

2010b). Therefore, cooling water has an important mitigating effect on the quality of 

NPDES outfalls in NC. 

 

We further analyzed the impact of CCR effluents on the quality of receiving waters by 

systematically comparing the chemical composition in waters downstream of the disposal 

sites relative to upstream waters from the same river/lake and a reference lake that has no 

connection to coal plant discharge (B. Everett Jordan Lake; Figure 1). The data show 

elevated concentrations, particularly for Ca, Mg, Sr, Li, B, V, Cr, Se, Mo, F, Cl, Br, SO4
2-

 

(p<0.01) as well as for As and Tl (p<0.05), in downstream water relative to upstream 

water. Likewise, the concentrations of Ca, Sr, Li, B (p<0.01), as well as V, Se, and Mo 

(p<0.05) were elevated in sites downstream of the outfalls relative to concentrations in 

the reference lake (Table S1).  

 

In spite of the large dilution of effluent discharge, which plays a key role in diluting the 

dissolved constituents released to surface waters, we observed significant variations and 

differential impacts of various constituents after release into the receiving waters. We 

grouped the major and minor elements according to their chemical behavior as monitored 

in Hyco and Mayo Lakes (Table 3). In Group 1, the concentrations of boron (R
2
=0.88; 

Figure 4), calcium (R
2
=0.96), strontium (R

2
=0.95), bromide (R

2
=0.91), and sulfate 

(R
2
=0.86) in filtered water (0.45 um) show linear correlations with chloride during the 

yearlong sampling (Figures 4 and S1, Table 3), reflecting their conservative (i.e., non-

reactive) behavior in the lake system. Thus dilution seems to be the key factor 

determining their concentrations in the affected rivers/lakes. The concentration of other 

elements (Se, Mg, Cr, V, and Ba in Group 2) in filtered water show a non-linear 

correlation with Cl (0.3 < R
2
 > 0.6) that suggests some attenuation in the lakes (e.g. 

sorption to particles). In contrast, As, Fe, and Mn of Group 3 show low or no correlation 

with chloride (R
2
= 0.01, 0.07, and 0.001, respectively; Table 3), indicating strong 

association with suspended particles in the water column. Higher dissolved 

concentrations of these constituents were observed at the bottom of the lake during 

periods of thermal stratification in the summer and low dissolved oxygen content (Figure 

S2). Seasonal stratification leads to the depletion of oxygen in bottom water during 

summer months and an overturning of the water column during the fall (Balistrieri, et al., 

1992). We hypothesize that under oxygenated water conditions, As oxyanions would be 

adsorbed onto Fe oxyhydroxides particles in the water column and sediment (Belzile and 

Tessier 1990; Root, et al., 2007). During the stratification periods, when the bottom 

waters become anoxic, reductive dissolution of Fe (and Mn) oxyhydroxides results in 

release of dissolved As, Fe, and Mn to the bottom water. The reducing conditions would 

also convert arsenate (As(V)) into arsenite (As(III)), a neutrally-charged form of arsenic 

at pH 7 (i.e., H3AsO3
0
) that is less reactive towards sorption on oxyhydroxides (Raven, et 

al., 1997 ; Wolthers, et al., 2005) and also more toxic to wildlife (Duker, et al., 2005). 

The co-variance of As with other redox sensitive elements like Fe and Mn during thermal 

stratification in Hyco Lake (Figure S2) supports this model.  
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Table 3: The relationship of dissolved constituents with chloride in surface lake water 

from  Hyco and Mayo lakes. The constituents were grouped according to the correlation 

level with chloride; Group 1 (R
2
 >0.86); Group 2 (R

2
 0.65-0.2); and Group 3 (R

2
 <0.07). 
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In contrast, selenium does not increase with decreasing dissolved oxygen (and depth) in 

Hyco and Mayo Lakes, but rather shows a linear relationship with chloride, although with 

a relatively weak correlation (R
2
= 0.65; Figure 4, Table 2), reflecting both dilution and 

retention effects. This is consistent with the selenium species geochemistry: under oxic 

conditions the oxidized species selenate (Se(VI)) would be less reactive toward sorption 

with oxyhydroxides and thus behave conservatively in the water column. In contrast, 

under anoxic conditions the partially-reduced Se species selenite (Se(IV)) would have a 

strong sorption affinity for both oxyhydroxides (Plant, et al., 2003) and clay minerals 

(Bar Yossef and Meek, 1987; Dzombak  and Morel, 1990 ). The most reduced forms of 

selenium (e.g. elemental Se
0
 and FeSe) tend to persist as sparingly soluble minerals. 

Overall, a transition to anoxic conditions in the lake hypoliminion would result in lower 

dissolved Se concentrations (Bowie, 1996; Peters, G.M. , et al., 1999a; Peters, G.M., et 

al., 1999b).  

 

In addition to differential distribution of contaminants in the surface waters, this study 

revealed elevated levels of CCR contaminants (Table S3; Fe, Mn, Sr, As, Mo, Sb, Ni, V 

and Br (p<0.01), as well as Mg and F (p<0.05)) in shallow pore water extracted from the 

lake bottom sediments that were significantly higher than those of the overlying bottom 

water. For example, As concentrations in pore water from Hyco, Mayo, and Mtn. Island 

lakes were as high as 83, 297, and 240 g/L, respectively, exceeding the EPA’s MCL (10 

g/L) and CCC (150 g/L) standards (Figure 5). For comparison, the concentrations of 

trace elements (B and As, p<0.1) in pore water from the reference lake were significantly 

lower than the outfall and downstream pore water in the CCR impacted lakes (Figure 5). 

We hypothesize that retention of CCR contaminants from the lake water via adsorption 

onto suspended matter in the water column results in accumulation of these contaminants 

in the sediments that are deposited on the lake bottom. Recent reports of higher 

concentrations of As and Se in lake bottom sediments at the outfall at Hyco and Mayo 

(As: 23 ug/g and 97 ug/g and Se: 8 ug/g and 10 ug/g dry weight, respectively) relative to 

the upstream branch of the lake (As: 6 ug/g and 12 ug/g and Se: 2 ug/g and 1.6 ug/g dry 

weight, respectively) (Progress Energy Carolinas, 2009; Progress Energy Carolinas, 

2010a; Progress Energy Carolinas, 2010b) confirm that both As and Se are recycled 

through adsorption and desorption due to changes in the lake water chemistry, apparently 

induced from thermal stratification during the summer. Changes in the ambient 

conditions (pH, redox state) in the lake sediments would release these metalloids to the 

pore water (Ruhl, et al., 2010). We documented high levels of As in pore water and other 

redox-sensitive elements (Mn, Fe; Figure 5) that confirm this model. Additionally, over 

82% of arsenic in the pore water collected at Hyco and Mayo Lakes were composed of 

the reduced and more mobile species arsenite, as detected by direct arsenic speciation 

(Table S4). In contrast, the Se concentrations were significantly higher in the CCR 

effluents and lake water relative to the pore water (p<0.01) (Figures 3 and 5). This 

indicates that Se from CCR effluent can become associated with the sediment, but that Se 

species become immobilized by forming elemental selenium and metal-selenium 

complexes in the sediment, and therefore are not incorporated into the pore water. 
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The accumulative nature of arsenic, selenium, and other CCR contaminants in lake 

systems could have ecological implications, particularly for benthic organisms and 

therefore the rest of the food chain. Indeed, elevated As and Se levels were reported in 

fish tissues from Hyco and Mayo Lakes especially near the NPDES outfall (Progress 

Energy Carolinas, 2009; Progress Energy Carolinas, 2009-2011; Progress Energy 

Carolinas, 2010a; Progress Energy Carolinas, 2010b). Furthermore, the 2010 Mayo Lake 

Environmental Report (Progress Energy Carolinas, 2010b) showed deformities in some 

fish, including an extended lower jaw and spinal curvature, both of which are indicators 

of ingestion of high levels of Se (Lemly, 2002). If the base of the food chain is exposed to 

high levels of contaminants through the sediment and/or pore water, other organisms 

could be at risk if they feed on those organisms that live in the contaminated sediments 

and pore water (Peters, et al., 1999b; Rowe, et al., 2002).  

 

The impact of the effluent discharged from the NPDES outfalls on water quality in the 

downstream waterways is dependent on the flow rate to the river/lake (i.e., dilution 

effect; Table 2), residence time in the water body, as well as the mobilization (e.g., 

adsorption/desorption to sediment) properties of specific contaminants in the water. For 

example, the outfall on the French Broad River from the Asheville power plant had 

effluents with high contaminant concentrations (Table S1), but because of high river 

discharge flow, the downstream water was significantly diluted (although still 

detectable). A mass-balance calculation, using boron as a conservative tracer in surface 

water, show a contribution of 4.5% of CCR effluent into the downstream river with boron 

concentrations of 115 g/L. It is important to note however, that these hydrologic 

systems could be greatly affected by droughts. During the severe drought of 2007-2008 in 

North Carolina, the discharge of the French Broad River decreased drastically to just over 

5 m
3
 s

-1
, approximately 5 times lower than the river flow rate during the time of our 
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sampling (25 m
3
 s

-1
) (Progress Energy, 2011). Using mass-balance calculation for 

conservative constituents, a 5-fold reduction in water flow would increase the CCR 

contribution up to 22% and would significantly increase the concentrations of such 

contaminants in the downstream river (e.g., boron up to 530 g/L). 

 

Our data also show CCR discharge into smaller lakes appears to have a greater impact 

relative to the larger lakes (e.g., Mayo Lake versus Lake Norman). This impact is 

therefore a combination of the volume of released CCR effluents, the lake inflows, plant 

water usage (removing from the lake system), and residence time. All of these factors can 

play a major role in the lake’s water quality. For instance, Hyco and Mayo Lakes have B 

concentrations of 958g/L and 703g/L, respectively compared to upstream creek B 

concentrations of <3g/L and <7g/L, respectively (Table S1). This is a 300- and 100- 

fold enrichment in the B content in the lakes. Conversely, Lake Norman, the largest lake 

in NC, 13-14 times the size of Hyco and Mayo Lakes, had little difference (12 g/L) 

between its upstream the downstream boron concentrations.  We conclude the smaller 

lakes and hydrological systems are more sensitive to CCR effluent contamination, 

particularly during drought periods when the dilution factor in the receiving water would 

be reduced. Moreover, as water regulatory agencies encourage power plants to install 

recycled cooling water systems rather than once-through cooling water as a way to 

conserve water resources, a potential unintended consequence of this policy is the 

discharge of CCR effluents with greater concentrations of contaminants. 

 

4.  Summary 

 
This study systematically documented the quality of effluents discharged from CCR 

settling ponds and cooling water at ten sites and the impact of associated waterways 

(lakes, rivers) in North Carolina, as compared to a reference lake. We measured the 

concentrations of major and trace elements in over 300 samples from CCR effluents, 

surface water from lakes and rivers at different downstream and upstream (background) 

points, and pore water extracted from lake sediments. The study was based on a one-year 

detailed investigation of two lakes (Hyco and Mayo) and a single sampling event for nine 

other sites, including a reference site. The data showed that CCR effluents contain high 

levels of contaminants that in several cases exceed the US Environmental Protection 

Agency guidelines for both drinking water and ecological effects. This investigation 

demonstrated the quality of receiving waters in North Carolina depends on 1) the 

relationship between levels of contaminants in the CCR effluent and the ratio between 

effluent flux and freshwater resource volumes (i.e., the dilution effect); and 2) recycling 

of trace elements through adsorption on suspended particles and release to deep surface 

water or pore water in bottom sediments during periods of thermal water stratification 

and induced anoxic conditions. The impact of CCRs is therefore accumulative, which 

influences contaminant accumulation and the health of aquatic life in water associated 

with coal fired power plants in North Carolina. 
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5. Conclusions 

 
This study shows that coal-fired power plants that discharge their ash pond and FGD 

wastewater had a significant effect on water quality of receiving waters of North 

Carolina. We show that even low concentrations of some contaminants, such as As with 

concentrations below health benchmarks at the NPDES outfall, could become 

problematic as As is retained in suspended sediments and remobilized with 

environmental changes in reduced bottom and pore waters.  

 

 

6. Recommendations 
 

The results of this study have significant implications for hundreds of similar sites across 

the U.S. given that CCR storage facilities continuously generate contaminants via 

leaching and transport to nearby hydrological systems. While this study focused on 

surface waters near CCR facilities, groundwater may have similar effects. Many CCR 

disposal ponds and landfills are not lined and, in many instances are not adequately 

monitored, nor regulated with respect to their effects on groundwater and surface waters. 

This study highlights the need for rigorous monitoring and clear regulations for limiting 

the CCR contaminants that are being discharged into NC waterways. 
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Appendix 1: Abbreviations 
 

BL= Belews Lake 

CCR= Coal Combustion Residual 

DR= Dan River 

EPA= Environmental Protection Agency 

FGD= Flue Gas Desulfurization 

FBR= French Broad River 

HRL= High Rock Lake 

HL= Hyco Lake 

JL= Jordan Lake 

LJ= Lake Julian 

LN= Lake Norman 

LW= Lake Wylie 

ML=Mayo Lake 

mg/L= milligrams per liter 

MIL= Mountain Island Lake 

NPDES= National Pollution Discharge Elimination System 

SOx= Sulfur Oxides 

TRI= Toxics Release Inventory (EPA) 

ug/L= micrograms per liter 
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Appendix 2: Presentations, Papers, etc 
 

 

 

 2012 Annual NC Water Resources Research Conference & NCWRA Symposium 

on March 27-28, 2012;Oral Presentation: Coal fired power plants and their impact 

on North Carolina water quality; Laura S. Ruhl and Avner Vengosh. 

 

 NCDENR internal presentation; April 16
th

, 2012; 10:30 to Noon; “The impact of 

coal combustion products on the quality of water resources in North Carolina”.  

Avner Vengosh, Laura Ruhl, Heileen Hsu-Kim, Grace Schwartz. 

 

 Ruhl, L. (2012) Geochemical and Isotopic Characterization of Coal Combustion 

Residuals:  Implications for Potential Environmental Impacts. PhD Thesis, 

Nicholas School of Environment, Duke University. 

 

 Ruhl et al; (2012) The Impact of Coal Combustion Residual Effluent on Water 

Resources: A North Carolina Example; (Submitted to Environmental Science and 

Technology) 
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Appendix 3: Supplementary Figures and Tables 
 

Supplemental figures: 
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Supplemental tables: 

Table S1: Concentrations of major (mg/L) and trace elements (ug/L) in CCR 

effluents and surface waters from the investigated the lakes and rivers. Values 

marked by bold numbers indicate levels exceeding of the advisory levels for 

drinking water (*EPA –MCL) and ecological hazard (**EPA-CCC), USGS Health 

Based Screening Level (^), and EPA Health Advisory Level (“).  
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Table S2: Concentrations of the individual internal Roxboro Plant outfalls that are 

discharged to the final outfall (003) that was investigated in this study at Hyco Lake. 

Outfall 010 is the FGD blowdown effluent, which fed into the Bioreactor, and outfall 

002 was a combination of ash pond water and reverse osmosis process water. This 

data was collected by the Roxboro Plant staff and reported in the monthly Data 

Monitoring Reports, submitted to the NC Department of Natural Resources and 

Environment (August 2010-August 2011) (Progress Energy Carolinas, 2009-2011).  
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Table S3:  Average concentrations and standard deviation of dissolved major and 

trace elements in porewater extracted from lake bottom sediments in the 

investigated lakes in NC.  
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Table S4: Concentrations and distribution of arsenic speciation (% of arsenic as As 

(III) in pore water extracted from bottom sediments in Hyco and Mayo Lakes, NC.  

 
 


