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Abstract 
Coal fired power plants are widespread in the United States and most developed countries 

around the world, providing affordable electricity to consumers. In the US, approximately 600 

power plants generate 136 million tons of Coal Combustion Residuals (CCRs) annually, 

encompassing fly ash, bottom ash, and flue gas desulfurization materials. The range and blends of 

CCRs vary substantially across coal-fired plants and depend on a unique set of circumstances for 

each plant and coal source. 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 to water resources. Thus, improved air quality is traded for significant 

enrichments of contaminants in the solid waste and effluent discharged from power plants.  

This work examines the geochemical and isotopic characteristics of CCRs, as well as 

potential environmental impacts from CCRs. This investigation looks at several different aspects 

of CCR and environmental interactions from 1) the immediate impacts of the 2008 TVA coal ash 

spill in Kingston, TN, 2) the long-term (18-month) exposure of the spilled ash in the Emory and 

Clinch rivers, 3) impacts on waterways in North Carolina that receive CCR effluent from coal 

fired power plants, and 4) examination of boron and strontium isotopes of CCRs from leaching 

experiments and their application as tracers in the environment of the TVA spill and NC 

waterways. These investigations have lead to the conclusion that 1) contact of surface water with 

CCRs brings about leaching of high concentrations of certain CCR contaminants, such as As, Se, 

B, Sr, Mo, and V in the surface waters; 2) the dilution effect is critical in determining the 

concentration of contaminants from the CCRs in surface water (both at the spill and in waterways 

receiving CCR effluent); 3) recycling of trace elements (such as As) through 

adsorption/desorption can impact water quality; and 4) elevated boron and strontium 

concentrations, in addition to their distinctive isotopic ratios, can trace CCR effluent in the 
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environment. Combining the geochemical behavior and isotopic characteristics provides a novel 

tool for the identification of CCR effluents in the environment.  
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1. Introduction  

1.1 Background 

Coal is a major source of energy, providing over 42% of the world’s electricity [1] . Coal 

fired power plants are ubiquitous in the United States and most developed countries around the 

world, providing affordable electricity to consumers. A recent survey of the amount of coal ash 

generation in the USA revealed that 600 power plants nationwide generate approximately 136 

million tons of Coal Combustion Residues (CCRs) each year, 43% of which is recycled into other 

materials. The remaining 70 million tons is stored in 194 landfills and 161 ponds in 47 states [2] . 

CCRs encompass fly ash, bottom ash and boiler slag, and flue gas desulfurization (FGD) by-

products and are generally characterized as being enriched in trace elements such as As, B, Se, 

Hg, and Sr. The prevention and isolation of CCR leachates from getting into the environment and 

water sources are of utmost importance to our health and natural resources. Developing integrated 

geochemical and isotopic fingerprints of the CCRs and their source coals, provides a novel 

approach that supplies the necessary diagnostic tools to combat one of the increasing sources of 

anthropogenic pollution in the United States and the rest of the world. The results of the 

laboratory experiments combined with field sampling are paramount in providing new insights 

into the true environmental fate of CCRs. 

On December 22, 2008, the retaining wall on a waste retention pond at the Kingston 

Fossil Plant, Tennessee, ruptured and an estimated 4.1 million m3 of coal ash slurry was spilled 

onto the surrounding land surface and into the adjacent Emory and Clinch Rivers [3] .  This was 

the largest coal ash spill in US history and brought CCRs storage to the nation’s attention [4] . 

One of the major potential hazards of coal ash storage in ponds is the continuous leaching of 

contaminants and their transport to the hydrological system. An EPA study [5]  identified 63 coal 

ash landfills and ponds in 23 states where the coal combustion waste is associated with 
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contaminating groundwater and the local ecosystem. As such, the TVA coal ash spill and NC 

water bodies receiving CCR effluent have provided an “opportunity” to investigate these 

processes in a larger scale and to define geochemical tools for investigating the impact of CCRs 

on the environment.  

The range and blends of CCRs varies substantially across coal-fired plants and depends 

on a unique set of circumstances for each plant and coal source [6] . Most coal-fired power plants 

burn a blend of coals. These chemical variations induce several implications with respect to the 

compositions of leachates that could be generated from CCRs in coal fired power plants and 

alternative migration paths in the environment. For example, the literature shows that the acidity 

of CCRs has important control on the quality and the trace metal abundances of CCR leachates 

[7-10]  and, moreover, the long-term evolution of contaminants in leachates [11] , which has 

important implications for the impact on the environment.  

This dissertation establishes geochemical and isotopic tracers of CCR contaminants, 

providing the tools to identify and predict the fate of CCR contaminants in the environment. This 

dissertation is based on research of the TVA spill and CCR effluent in North Carolina, where the 

migration of metals from CCRs and the water quality impacts were monitored. The data 

generated in this project provides an in-depth evaluation how different coal sources control the 

levels and compositions of CCR contaminants, the environmental conditions in which 

contaminants are mobilized from CCRs, and their possible fate in aquatic systems. In addition, 

this novel approach for geochemical and isotope fingerprinting CCR contaminants provides a 

new monitoring tool that can be used to identify CCRs contaminants in aquatic systems and to 

distinguish them from other pollution sources that may also contaminate the environment. 

Understanding the leaching systematics of CCRs is also important for developing adequate CCR 

management and beneficial use of recycling products of CCRs.  
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1.2 Geochemistry and Isotopic Signature 

Coal is a sedimentary rock that consists of complex mixture of organic and inorganic 

constituents of detrital and authigenic origins [12, 13] . Once coal is burned in coal-fired power 

plants, the composition can change in a variety of ways. Some portions undergo no transition 

throughout the combustion stage, while some minerals are formed during combustion or during 

the transport and storage of CCRs [14] . Much of the organic material in coal is burned and 

released as CO2 during coal combustion, releasing some of the elements associated with the 

organic fraction (B, Ge, V, Be, Cr, Ni, etc) [15-17] . Most modern fluidized-bed combustion units 

maintain temperatures at or above 800-900ºC (with furnace temps up to 1500 ºC), which causes 

the decomposition of carbonates and sulfides, and releases some elements through sublimation 

[15] . The elements likely to be in the flue gas are C, O, H, S, N, P, Na, K, As, Zn, Cd, Pb, Hg, 

and Se [15] . As the flue gas is vented away from the furnace, it begins to cool and the volatilized 

elements condense and adsorb to the surface of the fly ash particles [18-22] . The resulting coal 

ash is enriched in toxic elements like As, B, Be, Cd, Cr, Mn, Ni, Pb, Zn [23-28] . Elements that 

are adsorbed to the fly ash particle surface are more easily leached into solution during fly-ash 

water interaction [29] . Major minerals found in fly ash are quartz, mullite, magnetite, and 

hematite, which tend to be unreactive in the weathering environment [30] . The glass silicates 

associated with fly ash are prone to weathering at rates somewhere between the mineral phases 

and the adsorbed phases [30] .  Previous leaching experiments have shown that there are several 

factors that control the mobilization of the coal ash contaminants such as pH, solid-liquid ratio, 

leaching time, combustion characteristics, and phase mineralogy [28, 31-34] .  

 While there is extensive literature on the chemistry of coal, CCRs, and their 

leachates [35-37] , only a few studies have addressed the isotopic compositions of CCRs. For 

example, boron has two stable isotopes (11B/10B ratio ~4), which has a large variation (total δ11B 



 

 4 

range ~ 90 ‰; Venogsh 1998) in nature due to the large fractionation of relatively light isotopes. 

The boron isotope ratios have been used to trace groundwater contaminants such as agricultural 

runoff, wastewater, and petroleum waste [38-41] . Williams and Hervig [42]  measured B isotopic 

values of different coals in the USA. They determined that 10B was highly enriched in coal 

compared to most terrestrial rocks, and concluded that coal is characterized by negative δ11B 

values (as low as -70 ‰) relative to the international standard (δ11B is defined as [(11B/10B)sample/ 

(11B/10B)NIST-SRM951 -1]x 1000 and the data is reported in permil). Williams and Hervig [43]  

suggested that this negative value could provide a tool for elucidating organic contaminants 

compared to relatively positive δ11B values found for most uncontaminated water (Figure 1). The 

limited data available on boron isotope ratios in CCRs suggest that coal ash has a similar δ11B 

value to the coal, measured at -4 to -19‰ [38, 44] , although the direct relationship between the 

composition of co-existing coal and CCRs has not yet been established. High temperatures 

associated with coal combustion volatilize most of the elements associated with the organic 

phases (including B) and volatile elements associated with minerals [15] . Spivak-Birndorf’s [44]  

analysis of CCRs indicate that there is no isotopic fractionation due to coal combustion, and that 

is retains its 10B enrichment. Boron is associated with the easily leachable fraction of elements 

[29]  that adsorbed onto the fly ash particles during cooling of the exhaust gas. Since there is no 

species specific (11B-enriched boric acid species relative to the 11B-depleted tetrahedral boron 

species) preferential leaching in water, there should be no isotopic fractionation when leached 

from CCRs. In this paper, the CCR boron isotopic composition is shown to be “universal” and is 

applied to different ash sources (based on coal origin) and plant configuration.  
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Figure 1: Variations of δ11B in the B isotopic system. Coal and coal ash have a much 
more depleted δ11B value than meteoric water [42] . 

 An additional isotope tracer proposed in this study is strontium (87Sr/86Sr) that is 

unique due to the lack of fractionation in the hydrological system [45] . Coal beds in Wyoming 

were analyzed for 87Sr/86Sr isotopes as a tracer for hydrologic basin movement, which revealed 

heterogeneity in Sr ratios ranging from 0.712 to 0.714 [46] . Hurst et al [47]  analyzed coal, fly 

ash, and bottom ash for 87Sr/86Sr and found a range of 0.70883 to 0.70972. Each of these analyses 

was performed on specific coal and coal ashes, therefore, Sr isotopes could be different for 

different basins, which could be used as a tool to detect the link between CCRs and the original 

coal source. Given that the Sr isotopic composition of coal and CCRs are expected to reflect the 

local rocks and hydrology of the original depositional environment in which coal was generated 

(Figure 2), isotopic variations among CCRs could be linked to their original coal source. In fly 

ash, a minor portion of strontium is potentially leachable due to surface associations, but the 

remainder is associated with silicate phases, therefore, the leaching is quite slower [30] . There 
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could be some different Sr isotopic ratios due to different compositions of different phases in the 

ash. Another factor to consider with Sr isotopes would be the addition of lime (CaO) or CaCO3 

with a different Sr isotopic ratio in a SO2 scrubbers and its impact on the Sr isotope fingerprints 

of leachates originated from such CCRs (e.g., CaCO3 contains 500-1500 ppm Sr).  

               

Figure 2: Strontium (87Sr/86Sr) isotopic ratio of a variety of geologic materials.   

1.3 Dissertation Research and Objectives 

This in-depth research investigation was driven by the following hypotheses: 

1) CCRs are highly enriched in contaminants that are highly mobilized from CCRs that 

could affect associated water. 

2) Specific environmental conditions (pH, redox state) control the species distribution of 

oxyanions (arsenic, selenium, boron) that are important components of the CCRs contaminants. 

Therefore, the distribution of oxyanions derived from CCRs would control the reactivity of these 

contaminants with the host sediments (lake/river) and/or aquifer rocks (groundwater).  

3) Boron and strontium isotopes of coal and CCRs have unique isotopic values; therefore, 
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they are good indicators of CCRs and or source coals, which could have significant 

environmental applications.  

4) CCRs and their leachates are released to the environment through the National 

Pollutant Discharge Elimination System outfalls and groundwater leaching; therefore, the 

contaminants in the leachate can remain and be traced in the hydrologic system (i.e. surface and 

pore water).  

5) The large quantities of water utilized in NC for coal-fired power generation and 

discharge to the environment could have major impacts on the quality of surface water, ground 

water, and pore water in the bodies of water, which receive discharge from ash disposal facilities. 

6) Pore water in river and lake sediments could be an important representative monitoring 

site for evaluating the long-term impact of CCRs on the water resources and predicting the fate 

and bioaccumulation of contaminants in the biological food chain.  

Based on these hypotheses, this investigation evaluated the environmental impacts, the 

storage, and fate of leachates originating from CCRs, as well as the characterization of the 

geochemical and isotopic properties on CCRs. The specific objectives of this study were: 

• Objective 1 –Establish novel “geochemical/isotopic fingerprints” for identification of CCR 

contaminants in the environment that will include trace metal distribution, boron 

(11B/10B), and strontium (87Sr/86Sr) isotopes.  

• Objective 2 – Determine the factors that control the reactivity of CCRs and the 

mobilization of trace metals, as well as the possible links to the coal origin and CCRs 

generation.  

• Objective 3- Explore the range of Sr and B isotopes for CCRs to determine whether there is 

a “universal” isotopic signature or whether they can be used to determine the source coal.   

• Objective 4 – Determine the environmental conditions that affect the reactivity of CCRs 
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such as pH, redox, salinity, and properties of the CCRs. 

• Objective 5 – Evaluate the overall impact of CCRs on water resources in NC due to the 

immense amount of water used in the coal fired power plant process.  

• Objective 6- Apply the laboratory based geochemical and isotopic results to lakes and river 

field sites (impacted by CCRs) in North Carolina by sampling and analyzing the water, 

sediment, and pore water.  

• Objective 7- Determine the fate of CCR leachates in the aquatic realm by measuring 

contaminants in pore water.  

 

1.4.1 Chapter 2 Synopsis: A Survey of the Potential Environmental and 
Health Impacts in the Immediate Aftermath of the Coal Ash Spill in 
Kingston, Tennessee 

This chapter reports the results of water and sediment immediately following the TVA 

coal ash spill. An investigation of the potential environmental and health impacts in the 

immediate aftermath of one of the largest coal ash spills in US history at the Tennessee Valley 

Authority (TVA) Kingston coal-burning power plant has revealed three major findings. First, the 

surface release of coal ash with high levels of toxic elements (As=75 mg/kg; Hg=150 ug/kg) and 

radioactivity (226Ra+228Ra=8 pCi/g) to the environment has the potential to generate resuspended 

ambient fine particles (<10 um) containing these toxics into the atmosphere that may pose a 

health risk to local communities. Second, leaching of contaminants from the coal ash caused 

contamination of surface waters in areas of restricted water exchange, but only trace levels were 

found in the downstream Emory and Clinch Rivers due to river dilution. Third, the accumulation 

of Hg- and As-rich coal ash in river sediments has the potential to have an impact on the 

ecological system in the downstream rivers by fish poisoning and methylmercury formation in 

anaerobic river sediments. 
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1.4.2 Chapter 3 Synopsis: The Environmental Impacts of the Coal Ash 
Spill in Kingston, Tennessee: An Eighteen-Month Survey 

This paper reports on the longer term environmental impacts from the Tennessee Valley 

Authority (TVA) coal ash spill in Kingston, Tennessee.  An eighteen month investigation of the 

environmental impacts of the spill combined with leaching experiments on the spilled TVA coal 

ash have revealed that leachable coal ash contaminants (LCACs), particularly arsenic, selenium, 

boron, strontium, and barium, have different effects on the quality of impacted environments. 

While LCACs levels in the downstream river water are relatively low and below the EPA 

drinking water and ecological thresholds, elevated levels were found in surface water with 

restricted water exchange and in pore water extracted from the river sediments downstream from 

the spill. The high concentration of arsenic (up to 2000 ug/L) is associated with some degree of 

anoxic conditions and predominance of the reduced arsenic species (arsenite) in the pore waters. 

Laboratory leaching simulations show that the pH and ash/water ratio control the LCACs’ 

abundance and geochemical composition of the impacted water. These results have important 

implications for the prediction of the fate and migration of LCACs in the environment, 

particularly for the storage of CCRs in holding ponds and landfills, and any potential CCRs 

effluents leakage into lakes, rivers, and other aquatic systems. 

1.4.3 Chapter 4 Synopsis: The Impact of Coal Combustion Residual 
Effluent on Water Resources: A North Carolina Case Study 

Chapter 4 presents the findings from the investigation of the quality of CCR effluents and 

their receiving waters. This study systematically documents 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 
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sediments. The study is 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 metal accumulation and the 

health of aquatic life in water associated with coal fired power plants in North Carolina. 

1.4.4 Chapter 5: Boron and Strontium Isotopic Characterization of Coal 
Combustion Residuals 

The fifth chapter combines research from the laboratory with field investigations to 

investigate the use of boron and strontium isotopes as CCR tracers. Boron and strontium have 

been identified as good indicators of CCRs in leaching tests and in the environment, but only a 

few studies have addressed the isotopic compositions of CCRs. The objectives of this 

investigation were to integrate the geochemical and isotopic signatures of CCRs from a variety of 

coal sources, and to understand their environmental applicability. Eight coal-fired power or steam 

plants were sampled for CCRs and each was subjected to leaching experiments under varying 

conditions. The original coal sources have distinctive strontium isotopic (87Sr/86Sr) ratios in the 

Appalachian (0.7098-0.7111), Illinois (0.7114-0.7125), and Powder River (0.7122) Basins (with 

slight overlap of the Powder River Basin and the Illinois Basin), while the δ11B values were 

nearly all depleted (-18 ‰ to -4 ‰)(with one exception the, Illinois Basin coals ranged from -7 
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‰ to +8 ‰). Post-combustion treatment (FGD) appeared to change the strontium isotopic 

composition of CCRs. Leaching experiments with variable pH values resulted in varying 87Sr/86Sr 

ratios, and a slight variation in δ11B values (but all were negative). Environmental sampling took 

place at the 2008 TVA coal ash spill site in Kingston, TN, as well as at ten CCR effluent 

discharges. Boron and strontium isotopic analyses were performed on surface water as well as the 

interstitial porewater. The environmental sampling revealed elevated concentrations of Sr and B 

from CCR effluents and receiving waters, as well as the distinctive boron and strontium isotopic 

signatures from the CCRs were traceable in the environment. The combination of the 

geochemical indicators from the laboratory experiments and field sampling (surface and pore 

water) provided a unique and practical identification method for evaluating the impact of CCRs 

on the environment. 
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2. A Survey of the Potential Environmental and Health Impacts in the 
Immediate Aftermath of the Coal Ash Spill in Kingston, Tennessee 

(As published in Environmental Science & Technology; 2009; Volume 43, 6326–6333) 

(Supplemental Material in Appendix A) 

2.1 Introduction 

On Monday, December 22, 2008, the containment structure surrounding the storage of 

coal ash at the Kingston coal-burning power plant of Tennessee Valley Authority (TVA) 

collapsed, which resulted in massive release of coal combustion products (CCP) ash to the 

environment near Harriman, Tennessee. The CCP material, consisting of fly ash and bottom ash, 

spilled into tributaries of the Emory River and directly into the Emory River (Figure 3), which 

joins the Clinch River that flows to the Tennessee River, a major drinking water source for 

downstream users. The Kingston coal ash spill released over 4.1 million cubic meters of ash, 

which is one of the largest spills in U.S. history. Some previous coal ash spills in the USA include 

the 2000 Martin County spill in Kentucky, which released over 1.1 million cubic meters of coal 

slurry into abandoned mines and nearby creeks [48] , and the 1972 Buffalo Creek incident in 

West Virginia, which released almost a half million cubic meters of coal mining residue slurry 

into a nearby town [49] . Numerous studies have shown that coal ash contains high levels of toxic 

metals that can harm the environment [6, 9, 10, 34, 36, 50-55]  and some of these elements are 

soluble in water and easily leached in aquatic systems [29, 36, 55, 56] .  

This paper aims to provide on initial assessment of the potential environmental impacts 

and health risks associated with the Kingston TVA coal ash spill. In particular, the paper 

examines the reactivity of trace metals known to be enriched in CCP ash [36, 52]  in surface 

water and the potential ecological effects associated with the accumulation of CCP ash in river 

sediments. Furthermore, the paper emphasizes the relatively high content of radionuclides in CCP 
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ash and the potential health impact of their resuspension in the atmosphere. While most studies 

have investigated the potential for radon emanation from cement and fly ash used as building 

materials [57-60] , here we examine possible health risks associated with elevated radium activity 

in CCP ash. The study includes measurements of trace metals in solid ash, sediments from the 

river, and water samples that were collected in the vicinity of the coal ash spill. Given the limited 

data collection since the accident, this paper provides only an initial evaluation, and does not 

provide a comprehensive assessment of the overall environmental impacts of the TVA coal ash 

spill. 

 

Figure 3: Map of the sampling sites of the TVA coal ash spill in Kingston, 
Tennessee. Site descriptions are reported in Supporting Information (Google maps 
provided the base map). 

 

2.2 Analytical Methods 

Coal ash, sediments from the rivers, and water samples from tributaries, the Emory and 

Clinch Rivers, and springs near the spill area in Kingston and Harriman, TN (Table S1; Figure 3) 
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were collected in three fieldtrips on January 9-10, February 6-7, 2009, and March 27-28, 2009. 

The surface water samples were collected near the river shoreline from sites located upstream and 

downstream (at different distances) of the spill.  Each location was determined by availability of 

public access and/or allowance by property owners. Water sampling strictly followed USGS 

protocol [61] ; trace metal and cation samples were filtered in the field (0.45µm syringe filters) 

into new and acid-washed polyethylene bottles containing high-purity HNO3. Trace metals in 

water were measured by inductively coupled plasma mass spectrometry (ICP-MS); mercury in 

sediments and coal ash by thermal decomposition, amalgamation, atomic absorption spectroscopy 

(Milestone DMA-80) [62] ; and radium isotopes by g-spectrometry (see supporting text S1). 

2.3 Results and Discussion 

2.3.1 Coal ash and sediments  

A comparison of the chemical composition of the TVA coal ash and local soil in 

Kingston, Tennessee (Table 1) shows marginal enrichments of major elements of calcium (by a 

factor of 2), magnesium (1.3), and aluminum (1.5) and large enrichments of trace elements such 

as strontium (30), arsenic (21), barium (5), nickel (5), lithium (5), vanadium (4), copper (3), and 

chromium (2). The high arsenic concentration in the TVA coal ash (mean=75 mg/kg) is 

consistent with previously reported As in ash residue of both hard coal (anthracites, bituminous, 

and subbituminous A and B; As=50 mg/kg) and brown coal (lignites and subbituminous C; 

As=49 mg/kg) [9] . In addition, the mercury level of the TVA coal ash (an average of 151.3±15.9 

mg/kg; Table 2) is higher than background soil in Tennessee (45 mg/kg). These concentrations 

are consistent with the range of values reported in fly ash (100 to 1500 mg/kg) [63] . Likewise, 

the 226Ra (a mean of 4.4±1.0 pCi/g) and 228Ra (3.1±0.4 pCi/g) activities of the coal ash are higher 

than those in local soil in Kingston (1.1±0.2 and 1.4±0.4 pCi/g, respectively; Table 3). The Ra 

activity of the TVA coal ash is similar to the levels reported previously for fly and bottom ash 
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from a Kentucky utility (Table 3) with a consistent activity 228Ra/226Ra ratio of ~0.7 [57] . The 

potential impact of Ra on the environment and human health is an important consideration in 

remediation of the spill and is discussed below.  

Table 1: Average metals concentrations (mg/kg) in TVA coal ash and background 
soil in Kingston, TN. Samples were collected and analyzed by Tennessee Department of 
Environment and Conservation and the Tennessee Department of Health. 

 

 

The Hg concentration increases from 16-54 mg/kg in upstream sediments, collected at the 

shoreline of the Emory and Clinch Rivers, to a level of 53 mg/kg directly across from the spill 

site (Site 8; Figure 3), and up to 92-130 mg/kg in sediments from the downstream Clinch River at 

Sites 9 and 10 (Tables 2 and S1). The Hg concentrations of the upstream sediments are consistent 

with previously reported Hg data for the overall Tennessee River (Table 2) [61] . A historical 

massive release of Hg from Oak Ridge Y-12 plant into East Fork Poplar Creek has resulted in 

accumulation of Hg in the sediments from the downstream Clinch River [64, 65] , which could 

have provided a Hg legacy source for the Clinch River sediments. Our direct sampling of two 

sites in the upstream Clinch River (relative to the coal ash spill; Table 2) and downstream of the 

Y-12 source in Oak Ridge resulted however low Hg contents of the river sediments (16 ± 5 

upstream and 54 ± 11 mg/kg downstream to Poplar Creek), which are similar to background 

values we report for the Emory River (Table 2). In contrast, sediments from the downstream 

Clinch River (sites 9 and 10) have higher Hg content (>100 mg/kg), which suggests a significant 

contribution of Hg from the coal ash to the river sediments. We therefore conclude that ash 

transport and deposition in the Clinch River has increased the Hg content in the river sediments. 
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Table 2: Hg results (mg/kg) in coal ash and river sediments associated with the spill 
area in Kingston, TN. Background data of Hg in Tennessee soil from the USGS Open 
Geochemical Database. 
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Table 3: Radioactivity data (pCi/g unit) and activity ratios of coal ash and 
background data from the spill area in Kingston, TN. TDEC data are from The Tennessee 
Department of Environment and Conservation and the Tennessee Department of Health. 
Kentucky coal ash data are from Zielinski and Budahn [57] . 

 

2.3.2 Water Contamination 

Results show that the tributary that was dammed by the coal ash spill and turned into a 

standing pond  (“the Cove” in the area of Swan Pond Circle Road; Figure 3) has relatively high 

levels of leachable coal ash contaminants (LCAC), including arsenic, calcium, magnesium, 

aluminum, strontium, manganese, lithium, and boron (Table 4; Figure 4). Some of these elements 

are highly enriched in coal ash [34, 51]  (Table 1), and are known to be highly soluble in aquatic 

systems [51] . Among the LCAC’s, arsenic stands out with concentrations of up to 86 mg/L in the 

Cove area. Groundwater data from the other tributary (Figure 3) show negligible LCAC levels, 

thus indicating that the shallow groundwater is not contaminated. In this hydrological setting, 

non-contaminated groundwater discharges into the dammed tributary and causes leaching of 

LCAC from the coal ash. Under restricted water exchange, the formation of standing water in the 

Cove resulted in contaminated surface water. In contrast, surface waters from the Emory River 

and Emory- Clinch River downstream from the breached dam show only slight LCAC levels, and 

all river inorganic dissolved constituents concentrations are below the EPA-Maximum 

Contaminant Levels (MCL) and EPA-Criterion Continuous Concentration (CCC) for aquatic life 

(Table 4) [66, 67] .  
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The upstream Clinch River has a distinct chemical composition (higher Na+, Ca2+, Mg2+, 

Sr2+, and SO4
2-) relative to the upstream Emory (Table 4), and thus the major inorganic 

constituents show mixing relationships between these two water sources (Line M1 in Figure 4) 

downstream from the confluence of the Emory and Clinch rivers (Figure 3). The concentrations 

of arsenic, strontium, and boron in the downstream river samples deviate towards higher values, 

however, relative to these river mixing relationships (Figure 4). These geochemical shifts reflect a 

small but traceable indication of leaching of contaminants from coal ash that was spilled into the 

river and further mixing with the uncontaminated river water (Line M2 in Figure 4). The data 

show that the river flow is effective in reducing the LCAC’s contents by an order of magnitude 

relative to directly contaminated water measured in the Cove. 

The water samples were collected near the shoreline of the river, which may be an 

underestimate of the concentration of dissolved elements throughout the river vertical profile. The 

spatial distribution of contaminants (dissolved and suspended particulate fractions) in a river 

water column depends on a number of factors including particulate size, turbulent flow 

conditions, seasonal flow changes, and channel morphology [68] . The dissolved phase, which 

was measured in this study, is typically homogeneously distributed in a river, but can vary with 

the proximity to a point source of pollution [68] .  Assuming that metal mobilization in the river 

derives from both suspended ash and bottom sediments, the distribution of dissolved constituents 

in the water column would depend on numerous factors such as differential river velocity, rate of 

mobilization, and water depth [69] . Further investigation is therefore required to determine the 

vertical distribution of metals in the river water, and whether sampling of the upper river section 

represents the most diluted segment of the river flow.   
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Table 4: Chemical composition of major (mg/L) and trace (mg/L) elements of water samples 
in the area of the TVA coal ash spill in Kingston, TN. “U” refers to unfiltered samples. 
EPA-MCL is the Maximum Contaminant Level for drinking water and EPA-CCC is the 
Criterion Continuous Concentration, which is an estimate of the highest concentration of a 
material in surface fresh water to which an aquatic community can be exposed indefinitely 
without resulting in an unacceptable effect [66, 67] . For Site location see Figure 3 and 
Supporting Information (Appendix A). 

 

 

 

2.3.3 Potential Environmental Impacts 

While the downstream river water shows only trace levels of LCAC’s (at the surface), the 

downstream river sediments show high Hg concentrations similar to the coal ash levels (115-130 

mg/kg; Table 2). The ecological effects of Hg in the coal ash and sediments depend on the 

chemical ability of Hg in the solids and the potential for mercury methylation in the impacted 

area. While previous studies have demonstrated that Hg in CCP ash is not readily soluble through 

acid-leaching protocols [70] , Hg has a high affinity for natural organic matter [71, 72] , which 

can promote desorption if the Hg is associated with weaker binding sites on metal-oxide minerals 

in the ash material [73] . Furthermore, the transformation of Hg to methylmercury by anaerobic 
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bacteria in river sediments is a concern because of bioaccumulation of methylmercury in food 

webs. Previous studies have shown that sulfate addition can promote methylation in freshwater 

ecosystems by stimulating sulfate-reducing bacteria [74] , the primary organisms responsible for 

producing methylmercury in the environment [75] . In coal ash-containing waters, a 10- to 20-

fold increase in SO4
2- concentrations was observed in the Cove area relative to unaffected 

upstream sites (Table 4). Therefore, the methylation potential of mercury from this material could 

be high because the coal ash also provides an essential nutrient (SO4
2-) that encourages microbial 

methylation. In addition, accumulation of arsenic-rich fly ash in bottom sediment in an aquatic 

system could cause fish poisoning via both feed chains and decrease of benthic fauna that is a 

vital food source [9, 76] .  
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Figure 4: Variations of Na+ and Cl- (A), Ca2+ and As (B), Sr2+ and B (D), and Sr2+ and As (D) 
in water samples from the Cove (triangles), Emory River upstream (open circles) and 
downstream (closed circles), and Emory - Clinch upstream (open squares) and downstream 
(closed squares). Mixing of Emory and Clinch Rivers (Line M1) is identified by the major 
ion composition (A). Elements that are enriched in coal ash, as reflected by the high 
concentrations in the Cove area (dashed line), show higher concentrations in the 
downstream Emory-Clinch river samples relative to the expected Emory-Clinch river 
mixing composition (Line M1). Line M2 reflects possible mixing of contaminants derived 
from coal ash leaching near the spill area (dashed line) and the uncontaminated Clinch 
River composition (Line M1). 
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2.3.4 Potential Health Impacts 

Of particular concern to human health is the wind-blown re-suspension of fly ash into the 

atmosphere. It is well known that wind-blown dust can travel long distances, as exemplified by 

Asian dust storms that result in transport to locations as far away as the U.S. [77] . It is possible 

that coal ash exposed to the atmosphere can be resuspended and transported to populated areas 

where human exposure may occur. Fly ash–airborne particles with diameters less than10 µm 

(PM10) are regarded as respirable and may affect the human lung and bronchus [78-80] . The 

process of particulate re-suspension will depend on a variety of factors, including the fly ash 

particulate size and related chemical and physical properties, wind speed and atmospheric 

turbulence, and likely the relative humidity and surface moisture [81, 82] . The particles that are 

of most importance for human health are in the fine particulate (PM2.5) mode, which readily 

deposit deep in the lung [83] . Past work has shown that CCP ash have particulate sizes ranging 

from less than 1 mm to 100’s of microns in size [84, 85] . In addition, there is a compositional 

relationship as a function of fly ash particle size [84] . Several studies have also measured 

ambient fine particulate matter associated with elevated concentrations of toxic metals in the 

vicinity of coal-fired power plants [84, 86-88] . In some cases, fly ash–airborne particles were 

also found in remote areas (up to 30 km from power stations) [89] . Overall, past work indicates 

that coal ash contains inhalable particulate matter, and that fly ash emitted from the burning of 

coal is readily transported in the atmosphere. 

 The high concentrations of trace metals (Tables 1 and 2) and radioactivity (Table 3) 

reported in this study for the bulk TVA coal ash are expected to magnify, as fine fractions of fly 

ash, which may be resuspended and deposited in the human respiratory system, are typically 4–10 

times enriched in metals relative to the bulk ash and the coarse size fraction [84] . The toxic metal 
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content in coal ash, the sizes of fly ash particulates, and the ionizing radiation (IR) exposure 

(both, incorporated and external) may act synergistically or, less frequent, antagonistically, 

affecting human health directly (predominantly through inhalation of contaminated air) and 

indirectly through the food chains (consuming contaminated agricultural products) [55] . Coal ash 

was recognized as a Group I human carcinogen (based on occupational exposure studies) 

associated with increased risks of skin, lung, and bladder cancers [90] . Arsenic and radium 

exposures in humans are associated with increased risks of skin, lung, liver, leukemia, breast, 

bladder, and bone cancers [91]  for exposure predominantly due to chronic ingestion or chronic 

inhalation, with the dose-response curve dependent on location, sources, and population 

susceptibility and/or tolerance.  

Health impacts of CCP ash have been predominantly studied on animal models and 

human cell lines, with few short-term epidemiological follow-ups. CCP ash particulates affect 

lung epithelial and red blood cells in animal studies and human in vitro models, causing 

inflammation, changing the sensitivity of epithelia, altering immunological mechanisms and 

lymphocyte blastogenesis, and increasing the risk of cardiopulmonary disease (e.g., pulmonary 

vasculitis/hypertention) [92-95] . Individuals with pre-existing chronic obstructive pulmonary 

disease, lung infection, or asthma are more susceptible to the coal ash affliction [96] . Several 

epidemiological studies have proved the significant health hazards (such as enhanced risk for 

adverse cardiovascular events) of fine-particulate air pollution for individuals with type II 

diabetes mellitus and people with genetic and/or disease-related susceptibility to vascular 

dysfunction, who are a large part of the population [43] . 

Radium-226 and 228Ra, which are the main sources of low-dose IR exposure in coal ash, 

can remain in the human lung for several months after their inhalation, gradually entering the 

blood circulation and depositing in bones and teeth with this portion remaining for the lifetime of 
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the individual. When inhaled, the radionuclides can affect the respiratory system even without the 

presence of the other coal ash components. Thus, the airborne particles containing radioactive 

elements inhaled by clean-up workers of the nuclear accident at the Chernobyl nuclear power 

plant caused bronchial mucosa lesions, in some cases preneoplastic, with an increased 

susceptibility to the invasion of microorganisms in bronchial mucosa [97, 98] . Consequently, the 

combined radioactivity of coal ash at the TVA spill, together with other enriched trace metals 

such as Ni, Pb, and As, may increase the overall health impact in exposed populations, depending 

on duration of exposure, and particularly for susceptible groups of the population. It is important 

to underscore the fact that at this time it is not possible to estimate the health impacts of CCP ash 

resuspended particulates due the a lack of information on the rate at which they are entrained into 

the atmosphere, as well as their chemical, physical, and synergistic properties linked to morbidity 

and mortality. Clearly, future studies are needed linking ambient element and radionuclide 

concentrations with ground level CCP ash characteristics, ambient meteorological characteristics, 

and human population exposure. 

This study has provided an initial assessment of the environmental impacts and potential 

health effects associated with the TVA coal ash spill in Kingston, Tennessee. The study shows 

that the high metals contents of coal ash and their high solubility resulted in contamination (e.g., 

As) of surface water associated with the coal ash spill in areas of restricted water exchange. In the 

downstream Emory and Clinch Rivers the leaching of trace metals is significantly diluted by the 

river flows. While the levels of contaminants in the downstream Emory and Clinch Rivers are 

below the MCL levels, high concentrations of Hg found in the river sediments pose a serious 

long-term threat for the ecological system of these rivers. This study also highlights the high 

probability of atmospheric re-suspension of fine fly ash particulates, which are enriched in toxic 

metals and radioactivity, and could have a severe health impact on local communities and 
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workers. Based on these initial results, this study provides a framework for future and long-term 

monitoring of the TVA coal ash spill and remediation efforts. Future studies should focus on 

evaluating the ecological ramifications, such as methylmercury formation in the sediments in the 

downstream Emory and Clinch Rivers, and the composition of particulate matter in the air in the 

vicinity of the spill area. Finally, future prognoses of the health impacts of residents exposed to 

coal ash requires long-term follow-ups of various population groups, including children and 

adolescents, pregnant women, persons exposed in utero, individuals with pre-existing broncho-

pulmonary diseases and diabetes mellitus. All these factors must be included in remediation 

efforts for the TVA Kingston coal ash spill. 
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3. The Environmental Impacts of the Coal Ash Spill in 
Kingston, Tennessee: An Eighteen-Month Survey 
(As Published in Environmental Science & Technology; 2010; Volume 44, Issue 24, 9272-9278) 

(Supplementary material is in Appendix B) 

3.1 Introduction 

 On December 22, 2008, the Kingston coal-fired power plant of Tennessee Valley 

Authority (TVA) had a containment structure rupture, spilling over 3.7 million cubic meters of 

wet coal ash (fly ash with intermixed bottom ash), inundating the Emory River, its tributaries, and 

the adjacent landscape near Harriman, TN [3] .  The wet coal ash spilled into the Emory River, 

which joins the Clinch River, and then converges with the Tennessee River (Figure 5), a major 

drinking water source for populations downstream [4] . Previous investigation has shown that the 

concentration of some leachable coal ash contaminants (LCACs) such as boron, arsenic, 

strontium, and barium increased slightly downstream of the spill relative to the upstream river 

concentrations, but remained below the EPA’s maximum contaminant level (MCL)[66]  and the 

Continuous Criterion Concentration (CCC)[67]  for aquatic life. However, areas of restricted 

water exchange (i.e., the “Cove”; Figure 5), where water remained stagnant and in direct contact 

with coal combustion residues (CCRs), had high levels of LCACs [4, 99] .  

 The high concentrations of LCACs in CCRs [6, 9, 34, 36, 50-54, 100, 101]  and their 

enhanced mobility in aquatic systems [29, 55, 56]  are the key factors for evaluating potential 

risks of CCRs to the environment. The TVA spill has provided a unique opportunity to examine 

these effects on a regional field scale, beyond laboratory leaching tests [3, 102-106] . The 

objectives of this study are (1) to provide a systematic eighteen-month monitoring survey of the 

environmental impacts following the TVA coal ash spill in Kingston, Tennessee; (2) to examine 

the composition of major constituents and trace metals in water samples from different sites 
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associated with the ash spill, including upstream and downstream river waters, tributary waters, 

and porewater extracted from the river sediments; (3) to conduct laboratory leaching experiments 

on the TVA coal ash for evaluating the factors that control LCACs  composition and 

mobilization; (4) to examine the possible river quality impacts upon dredging of the ash from the 

rivers, which was part of the major remediation plan by TVA [3] ; and (5) to evaluate the impact 

of redox conditions that prevail in river sediments on the reactivity of coal ash in the 

environment, particularly for arsenic mobilization and species distribution. 

 

 

Figure 5: Map of spill site of the TVA Kingston Fossil Plant. Emory and Clinch River mile 
markers (ERM and CRM) are labeled. The possible extent of the spilled ash upstream 
continued to CRM 5 and ERM 6 due to the magnitude of the spill’s initial force and altered 
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hydrodynamics of the power plant water intake, and continued further downstream than 
shown on this map (due to subsequent storm events) (base map provided by Google maps). 

 

3.2 Analytical Methods 

Twelve field trips were made to the spill site between January 2009 and June 2010 with 

over 220 surface and porewater samples collected during high (winter) and low (summer-fall) 

river flow regimes (Figure 6). Water sampling strictly followed USGS protocols [107] ; after 

filtration of samples in the field (0.45 µm 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). Pore 

waters were extracted from river bottom sediments obtained using a Wildco box core (up to 25 

cm depth) and VibeCoreTM (up to 182 cm depth). Inorganic arsenic species were measured using 

the Bednar method [108]  in which the uncharged arsenic species AsIII was separated from  

porewater and preserved in the field. Acid volatile sulfide [97]  [109, 110]  was quantified in 

whole sediment samples from the box core. Laboratory-leaching experiments were conducted on 

a bulk coal ash sample that was collected from the Cove area (Figure 5) soon after the spill. 

Leaching experiments were simulated reactions of the spilled TVA ash collected in the Cove area 

(Figure 5) with solutions exhibiting a wide range of acidity (pH of 0.4 to 12) and ash/water ratios 

(1x10-5 to 3.5x10-3).   
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Figure 6: Variations of flow rate (cubic meters per second; red line, left-hand side axis) in 
the upstream Emory Rive USGS gauge at Oakdale, TN[111]  and arsenic concentrations in 
downstream river water (black circles, right-hand side axis). Note that the low typical river 
discharges in the summer were associated with higher As concentrations in the downstream 
river water. Also note the timing of the spill event (black square) and dredging activities 
(arrow). 

3.3 Results and Discussion 

3.3.1 Laboratory TVA coal ash leaching 

Two types of leaching experiments on the TVA coal ash were conducted: (1) leaching 

under different pH conditions; and (2) reaction with deionized water and an upstream Emory 

River water under different ash/water ratios (referred to as total suspended solids, TSS). Leaching 
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simulations under a wide range of pH conditions resulted in differential LCAC leaching. As, B, 

Sr, and Se showed maximum dissolved concentrations in leachates under extreme acidic (pH=0.4 

to 1.7) conditions. As and Se, and to much lesser extent B, reached minimum concentrations at 

pH values between 4.5 and 7, and then increased in leachate concentration at pH 12. Sr and Ca 

showed progressively lower concentrations in leachates with increasing pH. These results are 

consistent with previous laboratory leaching experiments [102-106, 112, 113] . The differential 

LCACs mobilization generated large variations in the contaminants’ ratios (e.g., As/B, Se/As; 

Figure 7).  

The second type of experiments showed that the TVA ash had low buffering capacity. 

The reaction of the ash with an upstream Emory river sample did not change the pH of the 

effluents, even at high ash/water ratios (Figure 7). This non-alkaline characteristic of the TVA 

coal ash is different from other CCRs reported elsewhere [102-106] . Sensitivity tests for tracing 

LCACs upon reacting TVA ash with deionized water and upstream river water showed that As, 

Sr, Ba, and to a lesser extent B were traceable even at low solid/water conditions. This result also 

reflects the sensitivity of the analytical method. The concentrations of these elements were 

linearly correlated with ash/water ratios up to 1x10-3 (TSS =1000 mg/L). For As, the empirical 

linear slopes for the variations of As concentrations with TSS (at range <1000 mg/L) were 4x10-3 

and 1x10-2 mg As per mg TSS for river water and deionized water, respectively (Figure 7). The 

results also show that As concentrations above the MCL of 10 mg/L could be obtained above TSS 

values of 3000 and 1000 mg/L for river water and deionized water, respectively (Figure 7). 
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Figure 7: Results of leaching experiments of TVA coal ash under different ash/water 
ratios (upper panel) and pH conditions (lower panel). Variations of solid to water ratios, 
which are also expressed as total suspended solids[114] , show different pH effects and As 
concentrations in the deionized water (checkered symbols, upper panel) and upstream 
Emory River (blue circles) leaching experiments. Slopes for the linear correlations up to 
TSS=1000 mg/L are marked. pH variations show differential mobilization of LCACs in the 
experimental lechates (checkered symbols, lower panel), as compared to field measurements 
of pore water (black squares) and Cove water (red circles). 
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3.3.2 Surface Water 

Surface water. A small tributary that was dammed by the ash spill, creating a standing 

pond (the “Cove”; Figure 5), initially had relatively high concentrations of LCACs above the 

background levels measured in the upstream Emory and Clinch Rivers (Table 5) [4] . During the 

physical removal of the ash, while inflowing water was temporally diverted around the Cove area, 

the concentration of LCACs decreased (e.g., As 86 µg/L in Feb 2009 to 5µg/L in Nov 2009). The 

concentrations of LCACs in the downstream river were significantly lower than those found in 

the Cove (Table 5), but nonetheless higher than levels in the upstream Emory and Clinch Rivers 

for each sampling date. During the 18-month survey, the As concentrations measured in the 

downstream river sites were all below the EPA’s MCL and CCC thresholds (Figure 6).  

The spatial and temporal distributions of As concentrations in the river surface water 

(Figure 8) showed some distinctive peaks during June, August, and September 2009 and again in 

April and June 2010 at sites located at and downstream of the spill region (ERM 3-ERM 1). In 

contrast, winter sampling periods resulted in low As concentrations, likely due to greater dilution 

by higher winter flows (Figure 6). Between March 20, 2009 and May 2010 over two million 

cubic meters of ash were dredged out from the river as part of the TVA remediation activities 

[115] . The seasonal dependence of As concentrations in the downstream river water (Figure 8), 

combined with relatively constant and low As contents during the major dredging activities (fall 

and winter 2010), indicates that ash dredging had minimal, if any impacts on the river surface 

water quality. This observation is consistent with our lab experiments (Figure 7), in which TVA 

ash leaching under TSS conditions similar to those measured in the Clinch and Emory Rivers (20 

to 100 mg/L; [116, 117]   caused only a minor As contribution (0.5-1 mg/L). 
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Table 5: Summary of concentration range, mean ± standard deviation (in brackets) 
of contaminants measured in different water sources in this study (n – number of samples). 
DL is the detection limit of the analytical method. 

 

3.3.3 Sediment Acid Volatile Sulfide [97]  

AVS was detected in the surface bottom river sediments (composite of the top 20-25 cm) 

in all sites, with concentrations ranging from 0.02 mmol g-1 to 1.5 mmol g-1 (dry weight basis). 

No seasonal or spatial trends were observed over the course of sampling.  

3.3.4 Pore Water 

The huge quantity of released ash inundated many parts of the river and was found at 

significant distances upstream and downstream of the spill. The spill occurred at approximately 

Emory River mile 2.5 (ERM 2.5), and following redistribution by subsequent rain events, TVA 

investigations indicated the extent of ash from ERM 0.0 up to about ERM 6 (9.6 km), from 
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Clinch River mile (CRM) 0.0 to about CRM 5 (8 km), and from Tennessee River Mile (TRM) 

561.8 to TRM 568.7 with traces extending about 3.2 km downstream beyond TRM 561.8 [118]  

(Figure 5). The ash was distributed in the river either by the large force of the initial spill flow, 

the hydrodynamics of the power plant’s water intake changing direction of river flow near the 

confluence of the Emory and Clinch Rivers, and subsequent storm events [119] .  The spill region 

(ERM 3.0 to ERM 1.5) was characterized by deep deposits of ash, which formed the matrix for 

bottom sediment in this stretch of the river. Since the initial spill event, the ash has been washed 

further downstream, mixed with native sediment, and buried by fresh deposits of native 

sediments. Pore waters extracted from buried ash and native river sediment mixtures were found 

to have neutral-pH (a range of 6.6 to 7.4) and high concentrations of B, Sr, Ba, and As relative to 

the upstream surface and pore waters (Table 5). The As concentrations (up to 2011 µg/L; 

mean=323.8±494 µg/L) far exceeded the EPA’s arsenic MCL (10 µg/L) and CCC (150 µg/L) for 

aquatic life. In contrast, concentrations of Se, Pb, Cr, and U in the pore waters were low (Table 

5). 

 The data show that pore water extracted from deep coring (sediment depth of 0-100 

cm and 100-175 cm) had significantly higher LCACs concentrations relative to shallow pore 

water (depth of 25 cm) of the same sites (ERM 2 and CRM 4), suggesting that the deep pore 

water was a better representation of the internal sediment process, while the shallow pore water 

was likely affected by dilution from the overlying river water and/or oxidation during sampling. 

Nonetheless, high LCAC levels were also observed in the shallow pore waters (Table 5). Boron 

and strontium have been identified as good indicators for CCR leachates [4]  [56, 120, 121] , 

which is also confirmed by the leaching experiments performed in this study.  A similar range of 

B/Sr ratios were also observed in the artificial leaching experiments (0.55 to 0.85 at neutral pH), 

the surface water region of limited water exchange (the Cove; 0.46-1:00), and pore water (0.5-
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1.5). In contrast, the Se/As ratios show large variations, particularly for porewater with Se/As 

ratios (2x10-5 to 0.10) lower than those of the Cove (0.01-0.53) and experimental leachates at 

neutral pH (~0.4) (Figures 7 and 9). Furthermore, As was enriched in the pore waters (As/B ratios 

=0.1 to 2.1) relative to the Cove waters (0.02-0.22) and neutral-pH leachates (~0.6) (Figure 7). In 

summation, we show that surface water from the Cove area had higher Se concentrations and 

Se/As ratios relative to the pore water, while the pore water had significantly higher As 

concentrations for similar B or Sr concentrations (i.e., higher As/B ratios; Figure 9).  
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Figure 8: Spatial and temporal variations of As concentrations in filtered river water (top) 
and filtered pore water (bottom) as a function of distance from the spill site (defined as 
zero). Note that summer sampling yielded higher As contents in downstream river and that 
As in pore water increases with time in further downstream sites. 
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Figure 9: Variations of B, Sr, As, Ba, and Se concentrations (mg/L unit, logarithmic scale) 
in pore water (black squares), Cove water (red circles), upstream river (open squares), and 
downstream river (blue circles). Note the relative enrichment of As and depletion of Se in 
pore water relative to the Cove water. 
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Figure 10: AsIII versus total As measurements in pore water samples from the spill site in 
Kingston, TN (right) and As/B versus SO4/Cl ratios in pore water (black squares) and Cove 
water (red circles; left). Note that As species in most of the pore water is dominated by the 
reduced AsIII species and that As enrichment is associated with sulfate depletion in the pore 
water relative to the Cove water. 

 

3.3.5 The Control of pH, redox state, and ash/water ratio on contaminant 
mobilization 

 The sampling procedure of the pore water involved an exposure of the sediments and pore 

waters to the atmosphere. Thus, direct measurements of the redox state (e.g., redox potential and 

dissolved oxygen) of the pore water were not possible. However, we use the following 

observations to postulate that the river bottom sediments had some degree of a reducing state: (1) 

sulfate contents in the pore water (normalized to chloride; Figure 10) were significantly lower 

than that of the Cove water, suggesting the occurrence of sulfate reduction processes in the pore 

water; (2) the presence of acid volatile sulfide in the river sediments from which pore waters were 

extracted (0.01- to 0.9 µmol/g); (3) high concentrations of manganese and iron in pore waters 
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relative to downstream river water (Table 1); and (4) direct measurement of the reduced form of 

arsenic (AsIII) in the pore water (Figure 10).  

 Numerous studies have determined that the predominant species of arsenic and 

selenium in CCRs are the oxidized form arsenate [80]  and the reduced form selenite (SeIV), 

respectively [122-125] . Based on the neutral-pH (6.6 to 7.4) and arsenic speciation 

measurements (Figure 10), we deduced that the uncharged H3AsO3
0 species was the predominant 

species in the pore water. While the overall higher concentrations of As, B, and Sr in the pore 

water relative to the Cove water could reflect higher ash/water ratios, the differential enrichment 

of As in the pore water relative to the Cove water (Figures 9 and 10) could be due to the 

combination of (1) reductive dissolution of hydrous ferric oxides (HFO) and Mn-oxides (as 

evidenced by the high Mn and Fe contents in the pore water; Table 1) that could further release 

adsorbed As; and (2) decreased sorption of the uncharged H3AsO3
0 species (compared to AsV) to 

the host sediments, including oxides and sulfides [126, 127] . Furthermore, we show that the 

relative As enrichment (i.e., an increase in As/B ratios) is associated with sulfate depletion in the 

pore water (lower SO4/Cl ratios; Figure 10), which suggests that the reducing conditions were 

sufficient to mobilize As but not as advanced to the stage for precipitation of arsenic sulfides 

[127, 128] .  

 Conversely, the reduced Se species (SeIV) that was leached from CCRs was 

apparently preserved in the reducing conditions of the bottom sediments. Given the near neutral-

pH of the pore water, we hypothesize that the predominant selenium species was HSeO3
-, which 

is known to have a strong sorption affinity for both HFO [126, 129]  and clay minerals [130]  that 

would result in lower Se concentrations in the pore waters. In oxidizing conditions, similar to the 

conditions in the restricted tributary (the Cove), SeIV that is leached from CCRs could be oxidized 

to SeVI, which is less reactive towards sorption [126, 129] . Therefore oxidation of selenium could 
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result in relatively higher Se concentrations in surface waters; however, the kinetics of this 

transformation is rather slow [131] . The apparent reduction of sulfate (Figure 10) is also 

associated with higher Ba/B ratios in the pore water relative to the Cove surface water (Figure 9), 

thus suggesting higher Ba mobility in the pore water. One explanation for this enrichment could 

be the saturation state (SI) of the mineral barite (BaSO4), which would be significantly lower in 

the low-sulfate pore waters (SIbarite=2.9) relative to high-sulfate surface waters of the Cove 

(SIbarite=3.5). 

 The low Se/As and high As/B and Ba/B ratios of the pore waters were distinctively 

different from those of the background upstream river water, while the downstream river samples 

had intermediate values (Figure 9). This apparent mixing relationship may indicate that the 

concentration of these elements in the downstream river water was not derived primarily from in-

situ interaction with suspended ash in the river but rather from subsurface LCAC-rich solutions 

that emerged from the river bottom. The level of LCAC concentrations in the river water 

depended therefore on the mass-balance between upstream river water and subsurface solutions 

rather than leaching from suspended ash in the river. A mass-balance calculation indicates that an 

increase from a background As concentration of 1 mg/L to a “contaminated” value of 5 mg/L in 

the downstream river would result from a contribution of only 0.2% of pore water with As 

concentration of 2000 mg/L into the overlying river water column. The association of high As 

concentrations in the downstream river during summer sampling (Figures 8) could be the result of 

lower flow rates in the summer (Figure 6) and a higher contribution of the subsurface and 

LCACs-rich solutions. This conclusion is consistent with our leaching experiments (Figure 7) that 

show negligible As concentrations in effluents containing TVA ash in an amount that is 

equivalent to the typical TSS values in the Clinch and Emory Rivers [116, 117] . 
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3.3.6 Implications for tracing and prediction of CCR contaminants 

The data presented in this study indicate that the massive remediation efforts of TVA by 

dredging and removing over two million cubic meters of coal ash from the Emory and Clinch 

Rivers had only a minor effect on the river surface water quality because of the large dilution and 

the low ash/water ratios, as demonstrated in our leaching experiments (Figure 7). Our data show 

that buried TVA ash that accumulated within the river bottom sediments with limited exchange 

with the surface river flow is highly reactive and generated high levels of dissolved As, B, Sr, and 

Ba in the associated pore waters. While the presence of these elements in high concentrations in 

the pore water presents a potential direct threat to infaunal species that live in the subsurface, 

particularly due to the high toxicity of the AsIII species [9, 132] , the abundance of these tracers in 

pore waters might be used to assess the distribution and extent of buried ash in different locations 

downstream of the spill area in Kingston, TN.  

 The results of this study indicate that CCR leaching would be expected to vary for 

different conditions, particularly ash/water ratio, pH, and redox conditions. Oxygenated surface 

waters in contact with coal ash are expected to be enriched in many LCACs, including As and Se, 

whereas reducing subsurface waters (groundwater and pore waters in landfills and river 

sediments) are expected to be more enriched in As and depleted in Se. In contrast, the redox 

conditions have no apparent impact on the differential mobilization of B and Sr, which makes 

those elements good tracers for CCR leaching to aquatic systems. Effects of pH vary depending 

on whether the predominant form of an element in natural waters is an oxyanion or hydrated 

cation; elements such as B, As, and Se that occur as oxyanions exhibit higher solubility, and thus 

greater leachability under low and high pH conditions, while the solubility of most cationic 

species (e.g., Ca and Sr) decreases with increasing pH.  The EPA Toxicity Characteristic 

Leaching Procedure (TCLP) [133] , which is used to determine whether a material must be 
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regulated as a hazardous waste, only considers leaching in weakly acidic conditions (pH ~4), and 

does not consider leaching of contaminants under a wide range of pH conditions [112, 113] , nor 

possible anaerobic conditions. In the case of coal ash waste, our results indicate that the TCLP 

test would greatly underestimate leachate concentrations of As for anaerobic disposal conditions, 

thus would under-estimate the potential impact of coal ash leachate in many situations. Future 

studies should focus on evaluating the potential ecological ramifications, particularly for infaunal 

species that would be exposed to AsIII in the shallow pore waters. Finally, future prognoses of the 

potential environmental hazards of CCRs and possible migration and fate of ash contaminants in 

water resources should take into account the results of investigations of the TVA coal ash spill in 

Kingston, TN.  
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4. The Impact of Coal Combustion Residual Effluent on Water 
Resources: A North Carolina Case Study 

 (Supplemental Material is in Appendix C) 

4.1 Introduction 

Numerous studies have shown that effluents generated from leaching of Coal Combustion 

Residuals (CCRs) typically have high concentrations of toxic elements [120, 134] . Yet, the 

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

unexplored.  In the US, approximately 600 power plants [135]  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 [136] . 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 [137] . 

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 [138] , 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 CCR holding ponds. In spite of some losses [139] , 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 [140] . In principle, the permits issued for NPDES outfalls consist of requirements for 

discharge, monitoring of the effluent, and limits on contaminants discharged to receiving waters 
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[140] . Despite significant changes in coal combustion practices and technologies, the Federal 

guidelines concerning effluents discharged from power plants have not been revised since 1982 

[138, 141] . Although the NPDES regulations for CCR effluents disposal vary between states, in 

most cases they consist of only limited factors. For example, in the federal regulations guiding the 

permit limits on effluent discharge include only total suspended solids and oil and grease [141] ,  

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 rather than releasing them to the atmosphere. Most coal-fired power plants (up to 88% in 

2010) use a wet FGD disposal system [134]  where 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 [134] . 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 

constituents, specifically boron, manganese, and selenium, which tend to be in dissolved forms in 

FGD wastewater with concentrations up to 250,000 µg/L, 5,460 µg/L, and 21,700 µg/L 

respectively [134] . Other contaminants are also found in high concentrations in the FGD 

wastewater, like arsenic (5,070 µg/L), antimony (23 µg/L), cadmium (302 µg/L), chromium (350 

µg/L), lead (252 µg/L), and mercury (872 µg/L) [134] . Several studies have shown that 

groundwater near these CCRs disposal facilities was contaminated by CCR leachates [5] . Yet, 

the long-term exposure and accumulation of contaminants, as well as the impact of a significantly 
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more enriched waste stream, like FGD, are 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 discharge sites and the impact on associated waterways (lakes, rivers) and 

from one reference (control) lake in North Carolina (Figure 11; Table 6). 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) points, 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 6, Figure 11). 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 North Carolina and similar sites across the U.S. 
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Figure 11: Map of NC waterways sampled. The waterways have a coal-fired power 
plant utilizing the water for steam power generation or CCR associated processes. Also 
included is the reference lake, Jordan Lake. 
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Table 6: Listing of all of the water bodies sampled during this investigation. Also listed are 
the size of the power plants, the occurrence of a wet FGD system, and the amount of water 
discharged via the ash pond (CCR effluent) and the cooling water, which does not come in 
contact with CCRs. 

 

4.2 Analytical Methods 

A total of thirty-six field trips were made to bodies of water in North Carolina between 

August 2010 and February 2012 with over 300 surface and pore water samples collected. 

Samples were collected monthly from Hyco and Mayo Lakes from August 2010 through August 

2011. The other water bodies sampled include 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 11). The other lakes and rivers were sampled during the summer of 2011, 
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with the exception of Mountain Island Lake, which was sampled both during the summers of 

2010 and 2011. Water sampling strictly followed USGS protocols [107] .  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 (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 [108]  in which the 

uncharged arsenic species AsIII 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.  

4.3 Results and Discussion 

Several of the NPDES outfall locations discharging CCR effluent from coal-fired power 

plants in NC (Figures 12 and S1; Table S1) in this investigation exceeded EPA’s water quality 

standards. Despite the existence of NPDES permits and Effluent Guidelines Monitoring, the 

limits of contaminants from CCRs in the effluent are currently not set by Federal Regulation. This 

study documented elevated pollutant concentrations in effluents discharged into receiving waters 

(Figures 12 and S1). Dissolved and total samples were collected at each location. They were 

comparable in concentration of trace elements; therefore the concentrations reported in this paper 

are dissolved concentrations. For example, during the Summer 2011 sampling, the Roxboro, 

Asheville, and Riverbend Plant outfalls contained arsenic concentrations above the NC water 



 

 49 

quality standard of 10 µg/L with concentrations reaching 11 µg/L, 44.5 µg/L, and 92 µg/L, 

respectively. Mayo NPDES discharge yearlong average selenium concentration exceeded the 5 

µg/L EPA Chronic Criterion Concentration (CCC) for aquatic life. Some of the individual 

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

the CCC limit, as high as 19 µg/L. The summer sampling event at the Asheville Plant revealed 

selenium concentrations over 17 times the CCC (87.2 µg/L). The NPDES outfall for the 

Asheville plant also exceeded other human and aquatic life benchmarks, including antimony 

above the EPA’s MCL (6 µg/L) at 10.9 µg/L, cadmium exceeded the fresh water aquatic life 

(EPA CCC) standard (0.25µg/L) at 0.8 µg/L, and thallium concentrations were greater than the 2 

µg/L EPA MCL at 2.9 µg/L (Table 7). The outfalls were sampled directly from the pipe or at 

some sites from water near the outfall where direct sampling was not accessible (Table 7). 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 a settling pond, 

clarifier, bioreactor, or wetland at some sites [142-144] , our data clearly show high contaminant 

levels that suggest the need for enhanced removal/wastewater treatment. 
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Figure 12: This plot shows the average outfall concentrations of CCR effluent from 
plants with an FGD system [145]  and without an FGD system. The FGD outfalls tend to 
have higher concentrations of most constituents, except Li and V. 
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Table 7: The concentrations of ions in the effluent and the EPA regulatory levels are listed. 

 

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 

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 [142] . 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 12). 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, 
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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 µg/L (Mayo at 19 µg/L and Asheville at 82 µg/L compared to Riverbend at <3.5 µg/L and Dan 

River at <1 µg/L selenium). The CCR outfalls were enriched in many constituents compared to 

the upstream waters that feed them (Figure 13).  The FGD had larger enrichments in many ions 

compared to the ash discharge only outfalls (Figure 12).  

 

Figure 13: Concentration Range found at the NPDES outfalls at the sampled waterways. 
Red symbols correspond to plants with and FGD system. Blue symbols are ash only, green 
are the reference lake (Jordan Lake) and black are cooling water lakes with no CCR 
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outfalls. The EPA water quality criteria for boron, arsenic, and selenium are referenced in 
the graphs, and several outfalls exceed the limits. 

 

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

this study had much lower metal concentrations, did not exceed any of the human or aquatic life 

benchmarks (Table S1), nor were 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 from the FGD process and ash ponds at Roxboro were reported to have 

concentrations of As ranging between 1.6-394 µg/L and Se ranging 4.3-238µg/L during the 

yearlong sampling (Table S2) [144] . 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 11). Jordan Lake was selected as a control 

lake because it is representative of most lakes found in North Carolina. Also, it is rain and 

drainage fed, a drinking water source, and used extensively for recreation. 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 
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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 in Hyco and Mayo Lakes (Table 

8). In group 1, the concentrations of boron (R2=0.88; Figure 3), calcium (R2=0.96), strontium 

(R2=0.95), bromide (R2=0.91), and sulfate (R2=0.86) in filtered water (0.45 um) show linear 

correlations with chloride during the yearlong sampling in Hyco and Mayo Lakes (Figure 13, 

Table S3), 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 R2 with Cl (0.3 < R2 > 0.6) that suggests some attenuation in the lakes (e.g. sorption to 

particles).  
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Table 8: R squared and P values for the regression of the listed elements versus chloride. 
Group 1 showed a linear correlation. Group 2 had some correlation to chloride, while the 
third group had none.  

 

In contrast, As, Fe, and Mn show low or no correlation with chloride (R2= 0.01, 0.07, and 

0.001, respectively; Table 8), 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 [146] . We hypothesize 

that under oxygenated water conditions As oxyanions would be adsorbed to Fe oxyhydroxides 

particles in the water column and sediment [55, 147] . 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 
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convert arsenate (As(V)) into arsenite [148] , a neutrally-charged form of arsenic at pH 7 (i.e., 

H3AsO3
0) that is less reactive towards sorption on oxyhydroxides [Raven, 1997  

 #44;Wolthers, 2005 #42] and also more toxic to wildlife [132] . The co-variance of As 

with other redox sensitive elements like Fe and Mn during thermal stratification in Hyco Lake 

(Figure 14) supports this model.  

 

Figure 14: Boron vs Chloride Concentration in Hyco and Mayo Lakes. The average outfall 
concentration (with standard deviation) is the red circle, the lake is blue squares, and the 
porewater is black diamonds. The concentration of boron in the lake is linear indicating its 
conservative behavior in the lake. 

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 (R2= 0.65; Figure 3, Table 8), 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 [126]  and clay minerals [129, 130] . The most reduced forms of selenium (e.g. 

elemental Se0 and FeSe) tend to persist as sparingly soluble minerals. Overall,  a transition to 
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anoxic conditions in the lake hypoliminion would result in lower dissolved Se concentrations 

[131, 149] .  

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

revealed elevated levels of CCR contaminants (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 µg/L, respectively, exceeding the EPA’s MCL (10 µg/L) and CCC (150 µg/L) standards 

(Figure 15). For comparison, the concentrations of trace elements (B, p<0.1 and As, p<0.1) in 

pore water from the reference lake were significantly lower (Figure 15). 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 relative to the upstream branch of the lake (Table S4) (PEC2008; 

PEC 2009; PEC 2010) confirm that both As and Se are recycled through adsorption and 

desorption due to changes in the lake water chemistry induced from thermal stratification during 

the summer. Changes in the ambient conditions (pH, redox state) in the lake sediments would 

release these metals to the pore water [150] . We documented high levels of As in pore water and 

other redox-sensitive elements (Mn, Fe) that confirm this model (Figure 15). 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 to As, the Se concentrations were significantly higher in the CCR effluents and lake 

water relative to the pore water (p<0.01) (Figures 13 and 15). This indicates that Se from CCR 

effluent can become associated with the sediment, but that Se species become immobilized by 
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forming elemental selenium and metal-selenium complexes in the sediment and therefore are not 

incorporated into the pore water. 

 

Figure 15: Boron and arsenic concentration in porewater collected from Hyco Lake, Mayo 
Lake, Mountain Island Lake (MIL), and Jordan Lake at upstream (up), outfall, and 
downstream (down) locations relative to the NPDES outfall. Red symbols correspond to 
plants with and FGD system,  blue symbols are ash only,  and green are the reference lake 
(Jordan Lake). The EPA boron health advisory level is indicated, as well as the EPA CCC 
freshwater aquatic regulatory level. 

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 (Table S4) [144, 151-153] . Furthermore, the 

2010 Mayo Lake Environmental Report [152]  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 [147] . 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 [55, 154] .  
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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), 

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 7), but because of high river discharge flow, the downstream water was significantly 

diluted (although still detectable). These hydrologic systems, however, can 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 m3 s-1 , approximately five times lower than the 

river flow rate during the time of our sampling (25 m3 s-1) [155] . With CCR effluent discharge of 

0.1 cubic meters/sec and assuming that this rate would not be changed during drought periods, 

such effluent discharge would make up almost 2% of the river flow downstream of the Asheville 

plant’s outfall. Our data 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 958µg/L 

and 703µg/L, respectively compared to upstream creek B concentrations of <3µg/L and <7µg/L, 

respectively (Tables 7 and 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 µg/L) between its upstream and 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 is expected to be reduced. Moreover, as water regulatory agencies encourage 
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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. 

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, 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. 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 issues. 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 U.S. waterways. 
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5. Boron and Strontium Isotopic Characterization of Coal 
Combustion Residuals: Validation of New Environmental 
Tracers 

5.1 Introduction 

Coal fired power plants, ubiquitous in the United States and most developed countries 

around the world, provide affordable electricity to consumers. In the US, approximately six 

hundred power plants [135]  generate 136 million tons of Coal Combustion Residuals (CCRs) 

annually, of which 56% is stored in surface impoundments and landfills. The remaining CCRs are 

reused for concrete, cement, and in the construction industries [136] . CCRs encompass fly ash, 

bottom ash and boiler slag, and flue gas desulfurization (FGD) products and are generally 

characterized as being enriched in trace elements such as As, B, Se, Hg, and Sr [120, 134] . The 

range and blends of CCRs vary substantially across coal-fired plants and depends on a unique set 

of circumstances for each plant and coal source [6] . Most coal-fired power plants burn a blend of 

coals, depending on sulfur content and the plant scrubber technology, and price of coal. These 

variations influence the compositions of leachates generated from CCRs in coal plants and 

complicate identification and tracking of the migration of CCR contaminants in the environment.  

 CCRs can have a significant impact on the water quality [156] , therefore 

distinguishing CCR effluents from other anthropogenic pollution sources is of utmost importance. 

The objectives of this study are to integrate the geochemical and isotopic signatures of CCRs 

from a variety of coal sources and to understand their environmental applicability. While there is 

extensive literature on the chemistry of coal, CCRs, and their leachates [35, 36, 52, 157] , only a 

few studies have addressed the isotopic compositions of CCRs. Boron has two stable isotopes 

(11B/10B ratio ~4), which have a large variation in nature (total δ11B range ~ 90 ‰) [39]  due to 

the large fractionation of relatively light isotopes.  The boron isotope ratios have been used to 
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trace groundwater contaminants such as agricultural runoff, wastewater, and petroleum waste 

[38-41] . Williams and Hervig [42]  measured B isotopic values of different coals in the USA 

(finding a range from -1 ‰ to -70 ‰). They determined that 11B is highly depleted in coal 

compared to most terrestrial rocks, and concluded that coal is characterized by negative δ11B 

values (as low as -70 ‰) relative to the international standard (δ11B is defined as [(11B/10B)sample/ 

(11B/10B)NIST-SRM951 -1]x 1000 and the data are reported in permil). This negative δ11B value could 

provide a tool for elucidating CCR effluents compared to the relatively positive δ11B values found 

for most uncontaminated water [42] . The limited data available on boron isotope ratios in CCRs 

suggest that coal ash has a similar δ11B value to the coal, measured at -4 to -19‰ [42]  [38, 44] , 

although the direct relationship between the composition of co-existing coal and CCRs has not 

yet been established. Coal combustion at high temperature volatilizes most of the elements 

associated with the organic phases (including B) and volatile elements associated with silicate 

phases in coal [15] . Analysis of CCRs [42, 44] indicates that there is no isotopic fractionation 

associated with coal combustion, and CCRs retain their 11B depleted signature. Boron is 

associated with the easily leachable fraction of elements [29]  that adsorbed onto the fly ash 

particles during cooling of the exhaust gas. Since there is no species specific preferential leaching 

to water (i.e., 11B-enriched boric acid relative to the 11B-depleted tetrahedral boron), one would 

assume that there is no isotopic fractionation during the leaching of boron from CCRs.  

 In addition to boron, we introduce strontium isotopes (87Sr/86Sr) as an additional 

isotope tracer that could be utilized for tracing CCR effluents. Strontium isotopes are largely 

unfractionated during the mobilization of Sr in the hydrological system [45] . Coal beds in 

Wyoming were analyzed for 87Sr/86Sr isotopes as a tracer for hydrologic basin movement, which 

revealed heterogeneity in the Sr ratios, ranging from 0.712 to 0.714 [46] . Hurst et al [47]  

analyzed coal, fly ash, and bottom ash for 87Sr/86Sr and found a range of 0.70883 to 0.70972. 
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Each of these analyses was performed on specific coal and CCRs, therefore it seems that Sr 

isotope ratios could vary in different geological basins, which could be used as a tool to detect the 

link between CCRs and the original coal source and/or environmental effects. Given that the Sr 

isotopic composition of coal and CCRs is expected to reflect the local geological rocks and 

hydrology of the original depositional environment in which coal was deposited, we hypothesize 

that Sr isotopic variations of CCRs would reflect their original coal source. In fly ash, a minor 

portion of strontium is potentially leachable due to surface adsorption, but the bulk is associated 

with the silicate phases and therefore the leaching is relative slower [30] . Different compositions 

and phases in the ash could lead to variations in Sr isotopic ratios. Another factor to consider with 

Sr isotopes would be the addition of lime (CaO) or CaCO3 with a different Sr isotopic ratio in 

SO2 scrubbers (Flue Gas Desulfurization- FGD) and its impact on the Sr isotopic fingerprints of 

leachates originated from such CCRs (e.g., CaCO3 contains 500-1500 ppm Sr).  

 By developing integrated geochemical and isotopic fingerprints of the CCRs and 

their source coals, this investigation provides the necessary diagnostic tools to combat one of the 

increasing sources of anthropogenic pollution. The study is based on  (1) systematic laboratory 

experiments of eight coal fired power and steam plants burning an assortment of coals from the 

Appalachian, Illinois, and Powder River Basins in the United States (Table 8) and (2) field 

environmental sampling from surface and porewater in a river system affected by the 2008 TVA 

coal ash spill in Kingston, TN and ten CCR effluent discharges in NC and TN, as well as affected 

surface and pore waters in NC. The combination of the geochemical indicators from the 

laboratory experiments and environmental sampling provides a unique and practical identification 

method for evaluating the impact of CCRs on the environment. 
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5.2 Analytical Methods 

5.2.1 Field Sampling and Leaching Experiments 

Coal combustion residual samples were collected from eight coal fired power and steam 

plants burning an assortment of coals from the Appalachian, Illinois, and Powder River Basins in 

the United States. All of the fly ash samples from the TVA Fossil Plants (John Sevier, Bull Run, 

and Kingston), as well as the samples collected by Jim Hower (from plants coded PRB, E, M, and 

R) were leached according to the potential EPA Method 1316 (varying solid to liquid ratios). The 

de-ionized water leaching test results reported in this paper are from the 0.1 solid to de-ionized 

water ratio portion of the Method 1316 leaching procedure. Leaching experiments were simulated 

with the spilled TVA spilled ash collected from the 2008 TVA coal ash spill (the Cove) [4]  and 

the Duke University Steam plant ash with solutions exhibiting a wide range of acidity (pH range 

of 0.4 to 12).   

Field trips were made to the TVA spill site between January 2009 and June 2011 with 

over 270 surface and porewater samples collected during high (winter) and low (summer-fall) 

river flow regimes [4, 156] . Field trips were made to lakes and rivers in North Carolina 

associated with disposal of CCRs wastewater between August 2010 and February 2012.  Surface 

and porewater samples were collected monthly from Hyco and Mayo Lakes from August 2010 

through August 2011, and the other water bodies sampled include Lake Norman, Mountain Island 

Lake, Lake Wylie, Dan River, French Broad River, and Jordan Lake as a reference lake [158] . 

Water sampling strictly followed USGS protocols [107] ; after filtration of samples in the field 

(0.45 µm 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). Pore waters were extracted from river 
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bottom sediments obtained using a Wildco box core (up to 25 cm depth), VibeCoreTM (up to 182 

cm depth), or peat core (up to 100 cm depth).  

5.2.2 Boron Isotopes  

Boron from surface water, effluents and leachates was processed through cation-

exchange resin (AG® 50W-x8 Resin) to remove all cations (particular interference of Ca with the 

BO2- ions), treated with peroxide to remove organic matter and CNO complexes, loaded on the 

Triton (Thermo) thermal ionization mass spectrometer at Duke University and measured as BO2- 

ions on low-temperature negative ion method developed recently by Dywer and Vengosh [159] . 

All sample loading was carried out in a vertical laminar flow clean hood equipped with boron-

free PTFE HEPA filtration. Data on standards (NIST951, OISL Atlantic seawater, and IAEA 

Groundwater B-3) loaded using this method yield external precision of approximately 0.5‰ δ11B. 

The average boron ratio received for NIST951 during these analyses was 4.00281. The variability 

within replicates was ±1.5‰. Total loading blank is <15pg B as determined by isotope dilution 

(NIST951). The load solution delivers ionization efficiency similar to seawater and has negligible 

CNO- (mass 42) interference, based on negligible signal at proxy mass 26 (CN-).  

5.2.3 Strontium Isotopes 

Strontium from surface water, effluents and leachates was evaporatively preconcentrated 

in HEPA filtered clean hood and re-digested in 0.6mL of 3.5N HNO3 from which strontium was 

separated using Eichrom Sr-specific ion exchange resin. Approximately 1 to 10µg Sr was loaded 

onto out-gassed single rhenium filaments along with TaCl activator solution and loaded onto the 

Triton TIMS at Duke University. Samples and standards were gradually heated to obtain an 88Sr 

beam intensity of ~3V, after which 220 cycles of data were collected, yielding a typical internal 
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precision of ~ 0.000004 for 87Sr/86Sr ratios (1 sd). External reproducibility on standard NIST987 

yielded a mean 87Sr/86Sr ratio of 0.710265 ± 0.000009 (1 sd). 

 

5.3 Results and Discussion 

5.3.1 Boron and Strontium in Coal Combustion Residuals 

 Coal Combustion Residuals (CCRs) can vary widely in their chemical and 

mineralogical make-up based on their source coals, combustion temperature and process, as well 

as post-combustion treatment [6, 120] . Boron and strontium have been shown to be high in 

abundance and easily leached off of CCRs [4, 120, 156] , therefore can be good indicators of 

CCR leachate. The results from the 0.1 solid to de-ionized water leaching test are shown in Table 

9. The results showed that there is a wide range of concentrations of leachable constituents from 

the fly ash (e.g., B ranged from 1 ppm to >140ppm). In addition to Ca, Mg, V, Mo, Ba, and Li, 

boron and strontium had elevated concentrations in the leachates of the tested CCRs samples 

(Table 9). The concentration variations could be accounted for with different combustion and 

treatment processes, as well as different coal sources (Table 8). In this study we investigated 

CCRs originated from source coals of a variety of coal basins (Appalachian, Illinois, and Powder 

River Basin). Large variations in boron leachate concentration were seen based on the coal source 

burned at the various plants (Table 9). For example, the Illinois basin coal ash had the highest 

boron concentration of all of the other sources sampled, with concentrations ranging from 60 ppm 

to 142ppm (normalized to weight). The Appalachian and Powder River Basin (PRB) (and 

mixtures) had much lower boron concentrations (below 32 ppm B). The Powder River Basin had 

the greatest concentration of strontium (273 ppm) and the mixture of Appalachian and PRB had 

the second greatest concentration (95 ppm). The Appalachian and Illinois Basins had Sr 
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concentrations less than 60 ppm. In addition to the coal sources, we observed variations in the 

CCRs leachable concentrations in different units within the same plant (Table 9). Fly ash was 

sampled from seven units within one plant and individually tested with the same 0.1 solid to de-

ionized water ratio (Table 9). The different units represent variations seen in the plant due to 

actual process differences in coal homogenization, pulverizer efficiency, and particle size 

differences. The units showed a range in Sr (50-85ppm) and B concentration (4-35ppm), yet they 

are from the same source coal (App/PRB Mixture). These differences demonstrate the potential 

heterogeneity of the concentrations of leachable constituents from CCRs from the same plant. 

These variations could be due to the heterogeneous nature of coal, differing combustion 

conditions (temperature), or capturing different size fractions at each unit [18, 120, 160, 161] ).  

This chemical heterogeneity also complicates the prediction of the environmental effects of 

CCRs, and thus additional tools, such as isotopes are required to have a better assessment of the 

environmental fate of CCRs leachates. 

Some of the CCR samples were also leached under a range of pH conditions in order to 

mimic possible variety of environmental conditions that they could encounter (e.g., acid mine 

drainage with a low pH). The data show that the concentrations of B and Sr removed from the 

CCRs during leaching significantly vary with pH (Figure 16). At low pH, B concentration in 

leachates was the highest, indicating that boron mobilization is enhanced under acidic conditions. 

Likewise, the Sr concentrations in leachates under low pH were the highest (Figure 16).  
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Table 9: List of the plants and CCRs that were sampled and then had leaching experiments 
performed on them. 
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Table 10: Table of Plants and Coal Basins sampled. The δ11B and 87Sr/86Sr of the 
leachates from the 0.1 solid to liquid ratio leaching experiment as well as the 
concentration of the trace and major elements (in ppm normalized to weight) are 
listed.  
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Figure 16: Leaching experiments on the spilled TVA CCRs [145]  and the Duke 
Steam Plant (blue) fly ash. The Duke Steam Plant ash had lime addition post combustion. 
Low pH values leached off more strontium and boron than the neutral and basic pH values. 

5.3.2 CCR Isotopic Signatures 

 Previous studies have shown that U.S. coal are characterized by δ11B values of -1 to -

70‰ [38, 42] , while CCRs; a bituminous coal ash [38] , two unknown sourced fly ashes [44] , 

and NIST1633a [42] ; are also characterized by negative δ11B values, as low as -19‰. This 

preliminary data suggest that the boron isotopic characteristics of coal and CCRs [38, 42, 44]  are 

relatively unique. In this study we expand the CCRs collection and include CCRs originated from 

the most of the major coal basins in the USA. The boron isotopes ratios from the 0.1 solid to de-

ionized water leaching-tests had a range of δ11B values from  -18 ‰ to +7 ‰ (Figure 17). These 

results are similar to previously published values for CCRs, ranging from -19 ‰ to +16 ‰ [38, 

44, 162] . Previous studies have considered the isotopic variations based on the coal rank, which 

revealed no pattern of δ11B values (bituminous and lignite fly ashes with negative δ11B and the 

sub-bituminous coal fly ash with a positive δ11B)[38] . They have yet to be discriminated based 

on their geographical (therefore depositional and historical) locations. Figure 17 shows that CCRs 
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derived from the Appalachian basin coals had δ11B range of -18 ‰ to -14 ‰, Powder River Basin 

has a δ11B of -4 ‰, and a blend of Appalachian and Powder River Basin had δ11B value of -8 ‰. 

The CCRs originated from coal from Illinois basin had the largest δ11B range from -8 ‰ to +7 ‰. 

Overall, the boron isotopic signatures of CCRs leachates indicate that CCRs have some different 

δ11B values that are related to different coal sources. This variation could reflect different boron 

sources during coal formation and/or subsequent metamorphism during coalification.  

 The results from the variable pH leaching experiments (Figure 18) of the TVA coal 

ash show a range of δ11B values from -18‰ to  -14‰. The data show a progressive decrease in 

δ11B values in the leachates through the transition from acid to neutral conditions for the TVA ash 

(Figure 18), and then a slight increase under leaching in basic conditions (Figure 18).  Given that 

we assume that no preferential leaching of boron species occurs, these isotope variations could 

imply different boron sources in the CCRs with different boron species distribution; under low 

pH an intensive mobilization of boron would release boron also from the mineral phase with 

higher δ11B values (and apparently higher trigonal boron) relative to leaching under basic 

conditions. Nonetheless, the δ11B variation seen across the whole pH scale was only 4‰, which is 

negligible relative to the large boron isotope variation in nature. 

 In addition, we observed isotopic variations in leachates from individual units 

sampled from the same plant, with δ11B values from -9 ‰ to -4 ‰ (Figure 19). This, again, adds 

an internal variation among units of the same plant but with only 5 ‰ variations in boron isotopic 

ratio. This difference could be due to heterogeneity of the B isotopic ratio in the source coal [42] .  

 Strontium isotope ratios were also recognized as a possible CCR tracer [163, 164] . It 

was shown that Sr isotopic ratios for CCRs can be characterized by coal rank [164] , in which the 

87Sr/86Sr ratio increases with ranking; lignites of 0.70767, subbituminous of 0.70874, and 

bituminous coal of 0.71022 [164] , due to the lower rank coals containing more Sr bearing 
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carbonate and sulfate minerals [164] . Yet differentiating 87Sr/86Sr based on coal rank could be 

misleading, due to the fact that the rank of coal doesn’t dictate its geographic origin nor age, 

which can have major impact on its isotopic composition. The ashes in the above study were 

collected from plants spanning the United States, but it is not stated if the coal source was also 

from that region. The 87Sr/86Sr isotopic ratio of the CCR leachates in this study ranged from 

0.7110 to 0.7125, the most radiogenic 87Sr/86Sr ratio (Figure 17). The data show that the 87Sr/86Sr 

isotopic ratios of the Appalachian Basin coals had the least radiogenic ratio (0.70975-0.71108), 

while CCR leachates originated from coals from Powder River Basin had a more radiogenic ratio 

(0.71221), and CCR leachates from Illinois Basin had a broader range of 87Sr/86Sr ratios (0.71137 

to 0.7125) (Figure 17). These ratios are inconsistent with the Sr ratios subdivided by coal rank. 

Appalachian and Illinois coals are generally characterized as bituminous, while the Powder River 

Basin range from subbituminous to lignite (less common).   

 The Sr isotope results of experimental TVA ash leaching show a progressive 

decrease in Sr concentrations and 87Sr/86Sr ratios with pH (Figure 18). This indicates that higher 

extraction of Sr from CCRs under acid condition mobilizes more radiogenic 87Sr/86Sr ratio. The 

87Sr/86Sr ratio change could be a result of the dissolution or break-up of a less soluble phase of the 

CCR material that has a more radiogenic signature, compared to the adsorbed (i.e. easily 

leachable) strontium. In contrast, leaching experiments of lime-treated ash generated in Duke 

University steam plant show significantly lower 87Sr/86Sr ratios (Figure 18), possibly as a result of 

lime addition to the Duke Ash post-combustion.  
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Figure 17: Range of δ11B and 87Sr/86Sr found within major US coal basins, as well 
as the δ11B and 87Sr/86Sr of some common B and Sr source materials. The Spilled CCR is 
from an unknown coal source and the App/PRB mixture is a mixture of Appalachian and 
Powder River Basin source coals.   

 

 

Figure 18: The δ11B and 87Sr/86Sr from the variable pH leaching tests on the Spilled 
TVA ash [145]  and the Duke Steam Plant Ash (Blue). The Spilled TVA ash has a more 
radiogenic 87Sr/86Sr value than the Duke Steam Plant Ash (that was treated with CaO). 
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Figure 19: The δ11B values of the CCRs produced in different units in the same 
plant from the same source coal (Table 9). This variation seen is a function of the 
heterogeneity of coal and the physical processes within the plant (mixing and 
pulverizer efficiency). 

5.3.4 Environmental Applications 

5.3.4.1 The 2008 TVA Coal Ash Spill 

One of the world’s largest CCR spills occurred at the Tennessee Valley Authority’s 

Kingston Fossil Plant in Kingston, TN in December 2008. The retention pond breach resulted in 

over 4.1 million cubic meters of wet CCRs spilled into the Emory and Clinch Rivers as well as 

the surrounding land surface. The results from the TVA spill [4, 156]  confirmed that boron is one 

of the sensitive indicators for metals leaching from CCRs, with boron content up to 1600 µg/L in 

downstream pore water under ash covered sediments, relative to the upstream and 
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uncontaminated river water with boron of 6 to 9 µg/L (Figure 20). Results from surface water at a 

region covered with spill ash of limited water exchange (known henceforth as the Cove) [4, 156]  

from the TVA spill area yielded conspicuously low δ11B values of -12‰, which is consistent with 

previous reported δ11B values of -4 to-19‰ in coal ash [38]  and our leaching experiments of the 

same TVA coal ash (-18‰ to -14‰). The depleted 11B composition is significantly different from 

that of common uncontaminated boron, as demonstrated by the δ11B values of the upstream 

Emory (+9.6‰) and Clinch (+10.2‰) rivers (Figure 20). The conspicuously depleted isotopic 

signal of boron isotopes in CCRs is also different from other anthropogenic source such as 

domestic wastewater (δ11B =0 to +10‰) [39] , and thus could be used as a sensitive tracer for 

quantification of CCRs leachates migration to the environment.  

Similar to boron, water in the ash spill area (Cove) is characterized by high Sr content (up 

to 1240 µg/L) relative to the pristine upstream Emory River (25 µg/L) (Figure 20). The 87Sr/86Sr 

ratios found in the ash spill area (Cove) (0.7110 to 0.7128) are consistent with the TVA spilled 

CCRs leachates  (0.712) that were generated through the experimental leaching experiment 

(Figure 20). The range of 87Sr/86Sr values found in the upstream Emory was 0.7117-0.7124 and 

the Clinch River water was 0.7124, while the downstream river had a much narrower range from 

0.7119 to 0.7127 (a result of the mixing relationships between the two rivers). Thus, the Sr 

isotopic ratio of spilled CCRs overlap, in this case study with the 87Sr/86Sr variability of the 

upstream source waters. This demonstrates that, in spite of the high concentration of Sr in CCR 

leachates, there could be circumstances that Sr isotopes could not be used as distinguishing 

tracers for elucidating the CCR leachates in a water system due to similar isotopic fingerprints. 

Nonetheless, the downstream pore water and cove water had distinctly higher Sr concentrations, 

which could be helpful in identifying CCRs in combinations with the depleted (and distinctive) 

δ11B values. 
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Figure 20: The delta B values versus B concentration and the 87Sr/86Sr values vs Sr 
concentration of the TVA Spill area waters (surface and pore water), as well as the 
leaching experiments on the spilled ash. 

 

5.3.4.2 CCR Effluent Discharges and Water Resources 

The CCRs effluents were sampled from ten coal fired steam and power plants in North 

Carolina [158]  and Tennessee from August 2010 until August 2011. The outfalls (i.e., discharge 

of CCRs effluents to the environment) show a range of leached chemical constituents (B, Sr, Mo, 

V, etc) with high enrichment factors relative to the upstream source water [158] .  The boron and 

strontium isotopes were measured in CCR effluent from some of the coal fired power plants in 

Tennessee and North Carolina [158] . The data show that all CCR effluents are characterized by 

elevated boron concentrations and relative low δ11B values ranging from  -12‰ to -0.2 ‰ (Figure 

21). The range of boron isotope ratios measured in the effluents could be indicative of the various 

processes undertaken in the plant as well as the coal sources. For instance, one of the TN plants 

disposes of their fly ash in a dry manner and therefore only transports the bottom ash via water 

(hence the discharge is only representative of bottom ash). Also, many of the NC plants (and one 
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TN) have a Flue Gas Desulfurization component, which could also alter the boron and strontium 

isotopic ratios (Figure 21). 

The depleted 11B composition of the CCR effluents is different from that of common 

boron in water resources, as demonstrated by the reference lake (Lake Jordan) in North Carolina 

with lower B concentrations (<100 ug/L) and δ11B values ranging from 0 to +7‰ in surface 

water. The boron concentration variations found in the CCR effluents indicate that the FGD 

effluent has higher concentrations of boron than those effluents without FGD. There is no 

significant difference in the δ11B values however between the FGD and non-FGD effluents, 

which indicates that the FGD process does not add a significant source of boron from the injected 

carbonate or lime, but rather captures more of the volatile boron from the combusted coal before 

it escapes the smokestacks. The North Carolina and Tennessee plants were burning Appalachian 

basin coals during the sampling period, except for one TN plant that was burning a 60/40 mixture 

of Appalachian and Powder River basin coals (Table 8). The δ11B values of the effluents from 

these plants are consistent with those of the leaching experiments performed for the selected 

CCRs sorted by coal basin origin (Figure 17). 

In the North Carolina investigation samples were collected upstream and downstream of 

the CCR effluent outfalls to determine the effect on water resources receiving CCR effluent. The 

boron concentrations of the CCR effluents were significantly high relative to the upstream 

(reference) waters (the upstream waters were used to transport the CCR materials) [158] . The 

δ11B values of the rivers and lakes at the outfall sites and downstream from CCRs effluent 

disposal were significantly lower relative to the upstream (non-impacted) sites (Figure 22). The 

only exceptions were enclosed lakes with high CCR discharge volume and long residence time 

(Hyco and Mayo Lakes), in which the lake water is recycled as a source for the coal plant. In 

these cases, the lakes had an even distribution of low δ11B values (-8 ‰ to +2 ‰), without 



 

 78 

showing the isotopic transition from non-impacted to impacted lakes as shown in most of other 

lakes and rivers in NC. In systems where water is not recycled for cooling the coal plants, we 

observed a sharp increase in B concentration and a drop in δ11B at the outfall, relative to the 

upstream waters (with the exception of Lake Wylie). The downstream waters had a typical 

composition that reflects a mixture of the upstream waters and CCR effluents. For instance, the 

French Broad River upstream water had a boron concentration of 8 ug/L and δ11B of +8 ‰, while 

the CCR effluents had B concentration of 2379 ug/L and δ11B of -7.7 ‰. The downstream 

mixture of these two end-members resulted in a boron concentration of 115 ug/L and δ11B of -7 

‰, revealing the influence of the CCR effluent discharge into the river (Figure 22). A simple 

mass-balance calculation shows that in this case the contribution of the CCRs input to the 

downstream river is about 5% (i.e., 5% of the dissolved constituents of the river is derived from 

CCRs effluents discharge). Similarly, we observed similar patters in the chain of lakes (Lake 

Norman, Mountain Island Lake, and Lake Wylie) near Charlotte, NC (Figure 22).  

The 87Sr/86Sr ratios of the in the North Carolina CCR effluents ranged from 0.7075 to 

0.7147 while the Tennessee CCR effluents ranged from 0.7107 to 0.7117 (Figure 21). The only 

available FGD effluent sample (from the Bull Run Fossil Plant) had a very high Sr concentration 

(>10,000 ug/L) and a lower 87Sr/86Sr ratio of 0.708 relative to the other CCRs effluents. The bulk 

CCRs effluents of the same plant in which we collected the separated FGD effluents had lower Sr 

concentration (500 ug/L) and higher 87Sr/86Sr (0.71081; Figure 21; green dot and circle). At the 

same time, experimental leaching of coal ash from the same plant resulted yielded a higher 

87Sr/86Sr (0.711076). This indicates that the Sr isotope composition of the bulk CCR effluents 

discharging from this plant represent a mixture of Sr derived from leaching of coal ash and FGD 

effluents with high and low 87Sr/86Sr ratios, respectively. 
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As mentioned above, the North Carolina and Tennessee plants were burning Appalachian 

basin coals during the sampling period, except for one TN plant that was burning a 60/40 mixture 

of Appalachian/Powder River basin coals. Some of the North Carolina CCR effluents sampled fit 

within the Appalachian range (Figure 17) determined with the leaching experiments, but several 

are less or more radiogenic than the Appalachian range. The low 87Sr/86Sr shift could be a result 

of the contribution of the FGD effluents in which lime or limestone with typical lower 87Sr/86Sr 

ratio (~0.7068 0.7095) [165]  are added to the flue gas, introducing an additional Sr component to 

the effluent. Another explanation is that the source water for the plant (river or lake water) may 

have sufficient Sr and an isotopic signature that is mixed with CCR leachates and therefore could 

change the 87Sr/86Sr range of the Appalachian coals determined by the leaching experiments. The 

Tennessee effluents are consistent with their appropriate ranges, whether they are Appalachian 

coals or the mixture of Appalachian and Powder River basin. Overall, these results indicate that 

the CCRs without the FGD system may be more representative of the ranges determined by the 

leaching experiments (Figures 17 and 21), while FGD could introduce a significant amount of Sr 

with a lower 87Sr/86Sr signature.   

Samples were collected upstream and downstream of the CCR effluent outfalls to 

determine the effect on the water quality and isotopic composition of water resources receiving 

CCR effluent. The Sr isotopes in the North Carolina river and lake downstream samples showed 

mixing relationships between the upstream (non-impacted) water and the CCR effluents. Every 

water body sampled had higher Sr concentrations in the outfall and downstream samples and 

typically (with the exception of Hyco Lake) lower 87Sr/86Sr ratios relative to the upstream samples 

(Figure 23). In all of these cases, the downstream Sr composition represents a mixture of the 

upstream and outfall (Figure 8). In contrast, results from Hyco Lake showed an opposite 

phenomenon, where the 87Sr/86Sr of the outfall was higher than the uncontaminated lake water 
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(Figure 23). The relationships between Sr concentration and 87Sr/86Sr in the downstream samples 

show a clear mixture of the CCR effluents and background waters demonstrating that Sr isotopes 

can reveal the influence of CCRs on the water resource. Likewise, we see similar patterns in 

Mayo Lake (Figure 23), where the 87Sr/86Sr ratio of the CCR effluents is higher, yet still lower 

than the uncontaminated water as shown in other NC lakes. We used the Sr isotope variation to 

calculate the mixing fraction of CCRs effluents in the two lakes, showing a range of 88% to 98% 

in Hyco lake and 46% to 69% in Mayo Lake.  Hyco and Mayo Lakes show more of a gradational 

relationship with Sr compared to B, due to the higher input of Sr (21-82 ug/L Sr compared to <8 

ug/L B) from the streams feeding the lakes. The 87Sr/86Sr signatures from the CCR effluents in 

North Carolina are distinct enough, unlike the TVA spill that they allow for the Sr isotopic 

fingerprinting of the CCR effluent into the environment.  

 
Figure 21: The delta B and87Sr/86Sr values versus concentration of the CCR 

effluents from Tennessee and North Carolina coal fired power plants. They are divided up 
according to state and if they had and FGD system. The green point on the strontium graph 
represents an actual FGD sample. 
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Figure 22: The delta B values of North Carolina water bodies and the CCR effluent 
discharged into them. Hyco and Mayo lakes show evidence of CCRs (negative delta B) 
throughout the lakes, while the outfalls (circles) of the other water bodies have different 
delta B values at the outfall compared to upstream. 

 

Figure 23: The 87Sr/86Sr values of the CCR effluent discharged into North Carolina 
waters. Each outfall (circles) has a distinctly different Sr isotopic value relative to the 
upstream 87Sr/86Sr values. This indicates that locally, 87Sr/86Sr values may be used as a 
tracer. 

  

Pore water, or the interstitial water extracted from the lake bottom sediment, was sampled 

at Hyco and Mayo Lakes in the North Carolina. The top 25 cm (or less) of the sediment column 

was sampled for porewater, and revealed slightly lower concentrations of boron in the porewater 

relative to the overlying surface water (Figure 24). The porewater showed a range of δ11B that 

were similar to those found in the overlying surface water at Hyco and Mayo lakes with relatively 

low δ11B values ranging -8‰ to -0.5‰ (Figure 24). A long core was also taken at Hyco Lake 
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near the outfall site, up to 52 cm deep within the bottom lake sediment column. The boron 

concentration decreased with depth in the column (from 817 ug/L to 81 ug/L), while the δ11B 

increased from -5.5‰ to +5.5 ‰ with depth (Figure 25). Chloride, which behaves conservatively 

in the lake [158] , also decreases with depth in the column from 58 mg/L to 26 mg/L, yet by only 

two-fold while boron decreases by ten-fold. The B/Cl ratio, therefore, decreases with depth and 

parallel to the 10‰ increase in δ11B values (Figure 25). This suggests that boron in the pore water 

is being adsorbed by the sediments, in addition to a general shift in the pore water chemistry 

along the 52 cm core. Numerous studies have shown that the association of boron depletion and 

11B enrichment is the result of preferential retention of the light boron isotope (boron-10) from 

the water, resulting in 11B enrichment in the residual waters [166-169] .  

  

 
Figure 24: Delta B and B concentration in Hyco and Mayo lakes. The pore water 

has a negative delta B value like the lake water (Figure 24). The pore water has slightly less 
boron than the outfall or surface waters (indicating possible adsorption). 
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Figure 25: Long Core pore water results. Delta B increases with depth, while both B 
and Cl concentration decrease with depth. The B/Cl ratio increases with depth. 

 

Overall, this study shows that in spite of some isotopic variations in the coal sources 

(boron and strontium isotopes), combustion procedures, and post treatment such as FGD 

(strontium isotopes), the boron and strontium isotopic fingerprints of leachates generated from 

CCRs are unique and could be different from uncontaminated water and/or other anthropogenic 

contamination sources. The application of boron and strontium isotopes, combined with the 

geochemical characteristics, therefore provides a novel tool for identifying CCR effluents and 

quantifying their impact on the environment. The application of strontium isotopes alone may not 

be able to identify CCR effluent in some cases where the Sr isotopic composition of the 

uncontaminated water overlaps with that of CCRs, but when combined with geochemistry and 

boron isotopes, can still provide sufficient evidence of CCR impact. Future studies should also 

use these tracers for other application, such as monitoring groundwater contamination underlying 

the many unlined CCR ponds across the United States.  
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6. Conclusions 
Coal combustion residual disposal presents an interesting environmental challenge. CCRs 

can be used in concrete, cement, and many other applications, providing an alternative to mining 

a new source material, or they are held in storage ponds indefinitely. Both situations bring up 

concerns of leaching elements adsorbed to the CCRs into nearby waterways.  In addition, recent 

air regulations have become more stringent, resulting in better capture technology, which 

removes the sulfur oxides along with more of the volatile elements from the flue gas, preventing 

them from being released to the atmosphere. If these enriched CCRs are disposed of in a wet 

manner, the resulting effluent can be high in many potentially hazardous elements; therefore, 

trading clean air for dirtier water.  This dissertation presented the findings from an investigation 

of an accidental spill as well as “business as usual” scenarios in the disposal of coal combustion 

residuals. This investigation established the geochemical and isotopic tracers of CCR 

contaminants, providing the tools to identify and predict the fate of CCR contaminants in the 

environment. This dissertation is based on research of the TVA spill and CCR effluent in North 

Carolina and Tennessee, where the migration of metals from CCRs and the water quality impacts 

were monitored. The data generated in this project provide an in-depth evaluation how different 

coal sources control the levels and compositions of CCR contaminants, the environmental 

conditions in which contaminants are mobilized from CCRs, and their possible fate in aquatic 

systems. In addition, this novel approach for geochemical and isotope fingerprinting CCR 

contaminants provides a new monitoring tool that can be used to identify CCRs contaminants in 

aquatic systems and to distinguish them from other pollution sources that may also contaminate 

the environment. Understanding the leaching systematics of CCRs is also important for 

developing adequate CCR management and beneficial use of recycling products of CCRs.  

Together these investigations have illuminated several conclusions. First, contact of 
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surface water with CCRs can leach high concentrations of leachable CCR contaminants, such as 

As, Se, B, Sr, Mo, and V in the surface waters. High concentrations were measured at the Cove 

area at the TVA spill, as well as from some of the CCR effluent discharges sampled from the NC 

and TN plants. This conclusion can be applied to many situations where water comes into contact 

with CCRs, for instance, within the holding ponds, the groundwater below unlined holding ponds, 

and re-use situations such as structural filling for overpasses or golf courses. Secondly, 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) controlled the concentration within 

the body of water. This was illustrated in North Carolina where the larger lakes, like Lake 

Norman, saw little impact from the discharge of CCR effluent, whereas the smaller lakes (Hyco 

and Mayo) with relatively larger effluent discharge showed much higher impacts (Ex. Boron 

concentrations 753-1000ppb in the lake, whereas the upstream was less than 7ppb). A further 

illustration of the dilution effect is the mixing of the concentrated FGD discharge with cooling 

water at Hyco Lake (Table S2 in Appendix C). Third, recycling of trace elements occurs 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. This 

phenomenon was seen at several lakes with porewater as well as the deep surface waters with 

arsenic concentrations well above the average surface water concentration.  CCRs can have an 

accumulative impact in certain areas, as evidenced by Hyco and Mayo Lakes. These lakes have 

relatively long residence times and don’t flush out the CCR effluent; therefore the CCR 

contaminants accumulate in the lake. Lastly, elevated boron and strontium concentrations, in 

addition to their isotopes, can be used as tracers of CCR effluent in the environment. The surface 

water and porewater revealed high concentrations of both boron and strontium, with a negative 

δ11B value. The 87Sr/86Sr values showed distinction from the surrounding water and rocks 
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87Sr/86Sr values in some situations, while in others there was no distinction. Strontium is therefore 

a tracer that can be used in situations where the CCR 87Sr/86Sr values are significantly different 

from those of the surrounding geology and water sources.  Overall, this investigation has proven 

that the combination of the geochemical indicators from the laboratory experiments and field 

sampling (surface and pore water) provides a unique and practical identification method for 

evaluating the impact of CCRs on the environment.  

This investigation was novel due to the combination of leaching experiments with 

environmental applications. Previous investigations have performed numerous leaching 

experiments, but field component truly sets this investigation apart. CCRs are ubiquitous 

throughout the world, and therefore the field application of the geochemical and isotopic 

characteristics allows for a true environmental understanding. The ability to use the elevated 

concentrations (B and Sr) as well as the unique isotopic signatures makes a distinctive indicator 

of CCRs.  
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Appendix A- Supplementary Material for Chapter 2 
Supplementary Text S1: Analytical techniques 

Inorganic elemental concentrations (Li, B, Mg, Ca, Cr, Cd, Mn, Co, Ni, Cu, Zn, As, Se, 

Rb, Sr, Mo, Ba, Pb, Th, U, Al) were determined by inductively coupled plasma mass 

spectrometry (ICP-MS) on a VG Plasmaquad 3 at Division of Earth and Ocean Sciences in Duke 

University. Instrument calibration standards were prepared from serial dilution of certified water 

standard NIST1643e. Samples and standards were diluted to the same proportions with an 

internal standard solution in 1% HNO3 containing 10 ppb In, Tm, and Bi to monitor and correct 

for instrument drift. All dilutions were carried out with solutions prepared from deionized/quartz-

distilled H2O and quartz-distilled HNO3. Instrument drift was also monitored and corrected for 

each element by analysis of one of the calibration standards at regular intervals between analysis 

of samples and standards. To allow for determination of U concentrations, 

1643e, which does not contain U, was spiked with plasma-grade single-element solutions of U. 

External precision for most elements is typically 4% or less, based on replicate analysis of 

samples and standards. 

Sediment samples for Hg analysis were collected in polypropylene centrifuge tubes and stored at 

4°C until analysis. Hg content was quantified in triplicate analyses with thermal decomposition, 

amalgamation, atomic absorption spectroscopy (Milestone DMA-80) (1). 

Instrument calibrations were conducted with a Hg(NO3)2 stock acidified with 0.1 M HNO3. 

SRM 2709 San Joaquin Soil [170]  was used as a reference standard to validate instrument 

calibration during the analysis. We quantified a value of 1.44 ±0.01 mg/kg in triplicate analyses 

of the reference (NIST reported value was 1.40 ± 0.08 mg/kg). 

Radium measurements of solid ash samples were performed on a Canberra (DSA2000) 

broad-energy Ge gamma-ray spectrometer at Duke University. 228Ra was quantified from a 
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weighted average of counts from the 338 keV and 911 keV peaks of 228Ac. Counting error of 

individual samples depends on the activity of the Mn-fiber sample (total 228Ra range of 1 to 60 

Bq) and run time. The precision of our measurements is typically less than 10%. Activities of 

226Ra were obtained through the 352 keV energy line of its radioactive granddaughter, 214Pb 

after incubation for three weeks. 210Pb activities were measured by 46keV energy line. The 

activities of all these nuclides were calibrated using CCRMP U-Th ore standard DL-1a and 

Canberra Multi-Gamma ray standard MGS-5C, measured under physical conditions identical to 

the samples (2). 
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Table S1: Table of sampling locations at the TVA spill site. The site numbers 
correspond to Figure 3 in the paper.  
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Appendix B- Supplementary Material for Chapter 3 
Supplementary Text S1: Analytical techniques 

A fieldtrip to the site included field measurements (pH, dissolved oxygen, conductivity) 

and collecting of water and solid ash samples from the site. Water sampling strictly followed 

USGS protocol [107]  ; trace metal and cation samples were filtered directly into new, high-purity 

acid-washed polyethylene bottles containing high-purity HNO3 in the field for preservation using 

syringe-tip 0.45 µm filters. Sediment was collected from the river bottom with a Wildco box core 

(with complete recovery reaching 25 cm depth). A vibracore was also used to extract deeper 

sediments (up to 182 cm deep) from the river bottom. The river sediments collected from the box 

core were homogenized and porewaters were extracted in the field with a Nalgene vacuum 

filtration unit with a 0.45 µm filter. Inorganic elemental concentrations (Li, B, Mg, Ca, Cr, Cd, 

Mn, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Ba, Pb, Th, U, Al) were determined by inductively 

coupled plasma mass spectrometry (ICP-MS) on a VG Plasmaquad 3 at the Division of Earth and 

Ocean Sciences in Duke University. Ca, Mg, Na, Sr, Ba, Fe, Mn, and Si concentrations were 

determined by direct current plasma optical emission spectrometry (DCP-OES) on an ARL-

Fisons Spectraspan 7 that was calibrated using solutions prepared from plasma-grade single-

element standards. Major anion (Cl−, NO3
−, SO4

2−) concentrations were determined by ion 

chromatography on a Dionex DX-500 ion chromatograph (IC). Bicarbonate concentrations were 

determined by titration to pH 4.5.  

For acid volatile sulfides [97] , AVS in whole sediment samples from the box core were 

homogenized and collected in borosilicate glass jars and frozen until analysis. AVS is generally 

comprised of acid-soluble sulfide phases such as dissolved inorganic sulfide (H2S, HS-), 

amorphous FeS(s), and ZnS(s) and does not include more recalcitrant phases such as pyrite, S0, 

polysulfides, and other metal (Cu, Pb, Hg, Ag) sulfides[109] . AVS separation was performed in 
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the laboratory by adding HCl to thawed sediment slurries, purging the sample with ultra high 

purity N2, and trapping volatile H2S in a 1 N NaOH solution [110] . Dissolved sulfide in this 

solution was quantified immediately by colorimetry [110]  and was sampled and measured using 

the Allen method [109] . Dry-wet ratios were determined in separate aliquots of the samples and 

were used to report AVS concentration normalized to sediment dry weight. 

Inorganic arsenic species were measured using the Bednar method [108]  for field 

preservation of arsenic species in water. Each sample underwent 0.45µm filtration and 

preservation with 1.25mM EDTA to chelate metal cations, buffer the sample pH, and reduce 

microbial activity. The arsenic species are then separated using a syringe to elute the EDTA-

preserved sample through the cartridge containing a strong anion-exchange resin (Supelco, Belle-

fonte, PA; LC-SAX, 3-mL cartridge barrel) into a new, high-purity acid-washed polyethylene 

bottle containing high-purity HNO3. The charged arsenic species (primarily As (V)) are removed 

in the cartridge, and the remaining uncharged arsenic in solution is As[148] .  

In order to test this methodology, primary standards of 100mg-As/L of the two arsenic 

species were prepared from sodium m-arsenite (NaAsO2) for As[148]  and potassium dihydrogen 

arsenate (KH2AsO4) for As(V). Five standard solutions were prepared from different mixing 

ratios of As[148]  to As(V). Each mixed solution was filtered with a 0.45 µm filter into a 30 mL 

new, high-purity acid-washed polyethylene bottle containing 50µL of 1.25 mM EDTA. The 

sample was then processed through the anion exchange resin cartridge. The residual As (primarily 

as As(III)) was determined by ICP-MS. The results from this experiment are shown in Figure S1.  
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Figure S1: Results of arsenic species separation experiment (based on Bednar Method[108] 
). Known mixtures of arsenite and arsenate were processed through anion exchange resin 
and measured for the residual uncharged arsenite concentrations. The measured arsenic 
concentrations are consistent with the expected values (R2 =0 .998), indicating the robust 
nature of this field procedure. 
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Supplementary Text S2: Coal ash leaching experiments 

We have conducted laboratory-leaching experiments on TVA bulk coal ash from the 

Kingston spill area in Kingston and Harriman, TN.  Leaching experiments were simulated 

reactions of CCPs with strong acid (HCl in 0.5N), weak acid (HCl in 0.02N), strong-basic (NaOH 

in 0.2N), weak-basic (NaOH in 0.00063N), deionized water under two S/L ratios, and Toxicity 

Characteristic Leaching Procedure (TCLP; EPA method 1311; [133] ). Each simulation was run 

for ~24 hours then the liquid was decanted off, filtered, and then analyzed in the method 

designated above. Leaching conditions varied over a wide range of acidity (pH of 0.4 to 12). The 

leachates were analyzed at Duke in a manner consistent with the samples collected.  

Experiments were also performed to simulate Total Suspended Solid values measured in 

the Emory and Clinch Rivers near the spill site. TSS values were simulated by mixing varying 

ratios of ash from the TVA spill site (collected near the Cove shortly after the spill) with DI water 

and upstream Emory River Water. The TSS values replicated were 10, 100, 500, 1000, 3000, and 

3500 mg/L each in DI and river water, which equates to solid/liquid ratios of .00001, .0001, 

.0005, .001, .003, and .0035, respectively. The ash was mixed with the water then shaken for 24 

hours then the liquid was decanted off, filtered, and analyzed in the method designated above. 
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Figure S2: Results of leaching experiments of TVA coal ash from the Kingston spill site in 
TN. Concentrations of arsenic, selenium, boron, and strontium are in ppb normalized to the 
ash weight in the experiments. The pH values were determined in the leachate solutions 
after 24 hours of reactions. 
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Table S1: Major ion composition data (mg/L) of pore water and Cove surface water 
investigated in this study.  
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Table S2: Trace element composition (mg/L) of pore water and Cove surface water 
investigated in this study. 
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Table S3: Acid volatile sulfide [97]  data in units µmol/g (dw) of river sediments 
obtained at Emory River and Clinch River sampling sites. Values represent the average ± 1 
standard deviation (n = 2-3). N/A indicates sample was not available. Limit of quantification 
was 0.01 µmol/g (dw). 
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Appendix C- Supplementary Information Chapter 4 

 

 

Figure S1: Arsenic concentration plotted against chloride concentration in Hyco and Mayo 
Lakes. The average outfall concentration (with standard deviation) is the red circle, the lake 
is blue squares, and the porewater is black diamonds. The concentration of arsenic is lower 
in the lake and outfall relative to the porewater indicating its removal and subsequent 
remobilization to the porewater during anoxic conditions. 

 

 

Figure S2: Hyco Lake arsenic, iron, and manganese concentration compared to dissolved 
oxygen. Low dissolved oxygen conditions were found in deeper water near the bottom of the 
lake during thermal stratification.  
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Table S1: Table of ions in North Carolina bodies and the CCR effluent discharged into it. 
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Table S2: Table of the internal outfalls that contribute to the total outfall sampled at Hyco 
Lake.  
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Table S3: Table of Total As concentration and percentage as As(III) in the porewater at 
Hyco, Mayo, and Jordan lakes. 
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Table S4: Table of As and Se concentrations in sediment and fish tissue from Hyco and 
Mayo Lakes. This data was compiled from the Progress Energy Annual Reports (Hyco: 
2008, 2009, 2010 and Mayo 2010). 
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