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ABSTRACT: Coal combustion residuals (CCRs), the largest
industrial waste in the United States, are mainly stored in
surface impoundments and landfills. Here, we examine the
geochemistry of seeps and surface water from seven sites and
shallow groundwater from 15 sites in five states (Tennessee,
Kentucky, Georgia, Virginia, and North Carolina) to evaluate
possible leaking from coal ash ponds. The assessment for
groundwater impacts at the 14 sites in North Carolina was
based on state-archived monitoring well data. Boron and
strontium exceeded background values of 100 and 150 μg/L,
respectively, at all sites, and the high concentrations were
associated with low δ11B (−9‰ to +8‰) and radiogenic
87Sr/86Sr (0.7070 to 0.7120) isotopic fingerprints that are char-
acteristic of coal ash at all but one site. Concentrations of CCR contaminants, including SO4, Ca, Mn, Fe, Se, As, Mo, and V
above background levels, were also identified at all sites, but contamination levels above drinking water and ecological standards
were observed in 10 out of 24 samples of impacted surface water. Out of 165 monitoring wells, 65 were impacted with high
B levels and 49 had high CCR-contaminant levels. Distinct isotope fingerprints, combined with elevated levels of CCR tracers,
provide strong evidence for the leaking of coal ash ponds to adjacent surface water and shallow groundwater. Given the large
number of coal ash impoundments throughout the United States, the systematic evidence for leaking of coal ash ponds shown in
this study highlights potential environmental risks from unlined coal ash ponds.

■ INTRODUCTION

The United States annually generates about 110 million tons
of coal combustion residuals (CCRs),1 which include fly ash,
bottom ash, boiler slag, and flue gas desulfurization (FGD)
byproducts.1,2 About 56% of CCRs are deposited in surface im-
poundments and landfills.1 Recent CCR spills from the
Tennessee Valley Authority (TVA) in Kingston, TN3−6 and
Duke Energy in Eden, NC,7,8 combined with findings of con-
taminants in effluents discharged from coal ash ponds,9−11 have
increased public awareness of the environmental and human
health risks of CCR storage and disposal. National regulations
by the U.S. Environmental Protection Agency (USEPA) permit
the discharge of CCR effluents through outfalls regulated by the
National Pollutant Discharge Elimination System (NPDES),
but the leaking of unlined ponds is prohibited.1

The EPA CCR Management Rule has documented reports
of 40 confirmed and 113 potential damage cases due to storage
and disposal of CCRs.1 A total of 60% of the damage cases are
groundwater or surface water contamination due to the leaking
of surface impoundments.1 Many of these cases report con-
centrations of As, Se, and B, among others, that exceed EPA
standards for drinking water, aquatic-life exposure, and health
advisory standards.1 In the scientific literature, seeping of coal

ash pond water to surface water and groundwater has been
documented over the last 30 years. Meyer et al. (1979) found
that seepages from a coal ash pond in Indiana Dunes National
Lakeshore, IN raised groundwater levels 10−15 feet.12 Coutant
et al. (1978) reported iron- and sulfate-rich seepages from the
TVA Bull Run Steam Plant that were enriched even compared
to the main pond overflow control releases,13 and Brodie et al.
(1989) reported iron- and manganese-rich seepages as the
TVA Widows Creek, Kingston, and Colbert steam plants.14

However, there are no studies that assess systematic leaking
from ponds at a regional scale.
CCR effluents are enriched in a large number of elements,

many of which are toxic.9−11,15−18 An extensive literature
review of the leaching behavior of elements from coal ash by
Izquierdo et al. (2012) identified oxyanionic-forming species
(i.e., As, B, Cr, Mo, Sb, Se, and V) as highly leachable from coal
ash and controlled by pH and Ca/SO4 ratios in the coal ash.18

Ruhl et al. (2012) identified enrichment of these oxyanion
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species, along with Ca, Mg, Sr, Li, F, Cl, Br, SO4, and Tl in
effluents discharging from coal ash ponds to lakes in North
Carolina.9 The presense of these elements can be indicative of
CCR-impacted water; however, studies have shown that certain
elements (i.e., SO4, As, and Se) can be differentially leached
from CCRs or modified by redox and acidity conditions,
making them poor tracers for delineating CCR-impacted water
in the environment.19−21 Isotopic systems, however, have been
identified as superior tracers of CCR−water interactions and
the mixing of CCR-impacted water with natural waters.22,23

B, Sr, Li, and Mo isotopes have been suggested as potential
tracers to delineate coal and CCR impacts in the environ-
ment.22,24−27 Previous studies have found that coals and coal
ash leachates have distinctive B and Sr isotope ratios17,22,23,28

and the mobilization of both B and Sr from CCRs does not
induce isotope fractionation; thus, the B and Sr isotopic ratios
of impacted water will reflect the CCR composition.22

Although B and Sr mobilization from CCRs is pH-dependent22

and may have different leaching kinetics,14,19 they are highly
soluble in water and not affected by redox processes. Davidson
and Bassett (1993) measured δ11B values ranging from
−19.2‰ to +15.8‰ in four fly ash samples and emphasized
the increased sensitivity of isotopic tracers relative to using
elemental concentrations alone.23 Brubaker et al. (2013) and
Spivak-Birndorft et al. (2012) reported elevated Sr concen-
trations and distinctively high 87Sr/86Sr ratios (0.7107 to 0.7150)
in leachates from different types of CCRs, compared to average
crustal rocks and soils.17,28 Ruhl et al. (2014) examined the
87Sr/86Sr and δ11B values of CCRs from 14 plants covering
three coal basins in the United States and found ranges con-
sistent with those from the previous studies (−17.6 to +6.3‰
and 0.70975 to 0.71251, respectively).22 However, the addition
of Sr-rich lime (CaO) or CaCO3 as part of the desulfurization

(FGD) process can modify the Sr isotope ratios of the original
coals, resulting in lower 87Sr/86Sr ratios in CCRs. In addition,
blending coal from different sources could generate CCRs with
different compositions.9,22

B and Sr have also been tested as tracers of CCR-impacted
water in field studies. Ruhl et al. (2014) found that boron
isotopes were reliable tracers for detecting the CCR impact
from the TVA Kingston spill, as well as effluents discharged
from ash ponds in North Carolina and Tennessee.22 In con-
trast, 87Sr/86Sr ratios of background water were similar to those
of CCRs in some cases.22 As a result, the use of 87Sr/86Sr ratios
as a tracer is site-dependent, highlighting the value of using a
two-isotope system. Similar results for groundwater impacted
by CCRs were obtained by Buska et al. (2004), with high B
(15 700 to 24 000 μg/L) and distinct δ11B values (0.1 to 6.6‰)
relative to other anthropogenic impacts (i.e., municipal waste-
water) in four samples.27 It should be noted that the B and Sr
isotope ratios in groundwater can be affected by water−rock
interactions, and the original isotopic signatures of the con-
taminations source can be modified to reflect the composition
of the host aquifer rocks, particularly in clay-rich media.30,31

Here, we integrated the geochemistry of dissolved inorganic
constituents and isotopic (δ11B and 87Sr/86Sr) tracers to iden-
tify CCR-impacted water in seeps and surface water near
coal ash ponds at seven sites, as well as the migration of im-
pacted water to shallow groundwater monitoring wells at
15 sites (Figure 1). We hypothesize that the combined B and Sr
elemental and isotopic fingerprints of CCRs can be distin-
guished from background water, as well as other potential
sources, and can be used as proxies to delineate migration of
CCR contaminants into adjacent surface water and ground-
water. We also hypothesize that high concentrations of other
dissolved inorganic trace elements (e.g., As and Se) will also be

Figure 1. Locations of coal ash ponds in the southeastern United States (blue triangles).33 Most sites have multiple ash ponds that are indicated by a
single triangle. Red stars mark sites that were assessed for leaking to surface water, and the orange stars mark sites assessed for migration of impacted
water to shallow (<30 m) groundwater.
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present in waters that have been impacted, yet their con-
centrations would vary with environmental conditions. We
therefore distinguish “impacted water” with geochemical
indicators for CCRs but without elevated concentrations of
other constituents from “contaminated water” that has both
geochemical indicators for CCR migration and concentrations
of dissolved metals or metalloids that exceed national drinking
water or ecological exposure standards. Given the large
numbers of coal ash ponds across the country, this study
aims to implement new tools to evaluate the potential leaking
of unlined CCR impoundments in the United States.

■ MATERIALS AND METHODS
Site Selection and Sample Collection. This study is

based on (1) new data generated from sampling campaigns in
Tennesee, Georgia, Virginia, and Kentucky, and (2) archived
groundwater data reported by the North Carolina Department
of Environmental Quality (NC-DEQ).32 A total of 39 surface
water and seep samples were collected during the summer and
fall of 2015 at the TVA Cumberland (site TN1) and Gallatin
(TN2) plants in Tennessee, the TVA Shawnee plant in
Kentucky (KY1), the Georgia Power Arkwright (GA1) and
Branch (GA2) plants in Georgia, and the Dominion Chester-
field (VA1) and Bremo (VA2) plants in Virginia. Sample sites
were selected on the basis of access, and no a priori knowledge
of contamination due to leaking or accidental releases was
available. All sites contain coal ash storage impoundments that
are unlined.33 TN2 was the only site at which we were allowed
access to the monitoring wells by the utility, and shallow
groundwater samples from nine monitoring wells (TNMW)
were collected in July and September 2015 (Figure S8 and
Table S1). Water chemistry data for 156 shallow ground-
water monitoring wells located near coal ash ponds at
14 coal-fired power plants in NC was obtained from the NC
DEQ database for groundwater samples collected and analyzed
between 2010 and 2015 (Figure S9 and Table S2).32 To the
best of our knowledge, this data set encompasses all monitor-
ing wells at all coal ash ponds in North Carolina, although
not all wells were reported at every time point. Maps and
descriptions of samples are available in the Supporting
Information.
Background water values were determined on the basis of

several different sources. At sites TN1, TN2, GA2, VA2, and
KY1, upstream water or seeps or small streams away from the
ponds were sampled to establish the baseline water quality onsite
and are labeled in the maps in the Supporting Information.
Concentrations in reference samples from GA2 and VA2 were
provided from previous testing but were not analyzed directly
in this study. Background wells designated by the utility
were included in the shallow groundwater monitoring wells at
some sites, including those directly sampled in this study and
reported on the NC-DEQ web site. In addition, values for
background surface water and groundwater were obtained from
previously published studies and unpublished data sets to
established regional baseline values.4,9,22,29,34,35

Chemical and Isotope Analysis. A total of 48 samples
were collected from seven sites and analyzed for major and
trace elements as well as boron and strontium isotopes (δ11B
and 87Sr/86Sr) at Duke University. All data collected as part of
the study are presented here, and no sites or individual samples
were omitted. Chloride and sulfate anions were measured by
ion chromatography on a Dionex IC DX-2100, major cations by
direct current plasma optical emission spectrometry (DCP-OES),

and trace elements by VG PlasmaQuad-3 inductively coupled
plasma mass spectrometer (ICP-MS). The DCP and ICP-MS
instruments were calibrated to the National Institute of
Standards and Technology 1643e standard, which was used
at varying concentrations before, after, and throughout sample
runs. Internal standards of In, Th, and Bi were spiked into
all samples prior to measurement on the ICP-MS. The detec-
tion limit of the ICP-MS of each element was determined by
dividing three times the standard deviation of repeated blank
measurements by the slope of the external standard.9

Strontium and boron isotopes were analyzed by thermal
ionization mass spectrometry (TIMS) on a ThermoFisher
Triton at the Duke University TIMS lab. 11B/10B ratios were
measured as BO2

− ions in negative mode, normalized to NIST
NBS SRM-951,36 and presented in δ11B notation following an
oxidation step using 10% Optima hydrogen peroxide to remove
organic interferences. Long-term replicate measurements
(n = 60) of the NBS SRM-951 standard yielded a precision
of 0.6‰. Strontium from water samples was preconcentrated
by evaporation in HEPA filtered clean hood and redigested in
0.6 mL of 3.5N Optima HNO3 from which strontium was
separated using Eichrom Sr-specific ion-exchange resin. The
87Sr/86Sr ratios were collected in positive mode on the TIMS,
and external reproducibility was comparable to standard
NIST987 (0.710265 ± 0.000006).

Statistical Analysis. All concentrations are reported to the
instrumental precision of ±0.1 mg/L for major elements
and ±0.1 μg/L for trace elements. B isotopes are measured to
the tenth place (±0.1‰), and Sr isotope ratios are measured to
the fifth decimal place (±0.00001). All statistical analyses
(Pearson correlations, analysis of variance, and ANOVA) were
done using R v3.2.0 (The R Foundation). All inorganic chemical
data were log-transformed to normalize the data except the B
and Sr isotope ratios and pH, which were normally distributed.
Any sample that was measured as a 0 or nondetect was assigned
a value that was 1/3 of the detection limit to prevent loss of
data during the log-transformation. All correlations are reported
as the Pearson product−moment correlation coefficient,
Pearson’s r. An r value of 0 indicates no correlation, +1 is a
total positive correlation, and −1 is a total negative correlation.
A p value of <0.05 indicates a slope that is significantly
distinct from the 0 slope at a 95% confidence limit. One-way
ANOVA was used to determine if the mean values between
different water types (seeps and surface water or tested and
background) were statistically different at a 95% confidence
limit (p < 0.05).

■ RESULTS AND DISCUSSION
Background Characterization of Surface Water and

Seeps. B concentrations ranged from 26.0 to 85.6 μg/L in
background samples, and Sr concentrations ranged from 25.2 to
152.9 μg/L. Ruhl et al. (2012) reported B concentrations from
5.8 to 26.7 μg/L in the Clinch and Emory rivers upstream of
the Kingston spill in Tennessee, Sr concentrations of 21 to
122.8 μg/L in Tennessee rivers, and 16 to 153.8 μg/L in
North Carolina rivers.4,9,22 A 5-year USGS study reported a B
range of 1 to 66 μg/L in 68 surface waters from Tennessee
and 6 to 120 μg/L in 91 surface waters from the southeast
United States.29 On the basis of these values, we established
B and Sr concentrations threshold values for background surface
waters of 100 and 150 μg/L, respectively.
δ11B was measurable in four background samples, with values

of 0.4 to 15.9‰ (Table 1). Ruhl et al. (2014) reported δ11B
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values of 9.6‰ and 10.2‰ in the Emory and Clinch rivers,
respectively.22 87Sr/86Sr ratios in some background waters were
less radiogenic than values found in coal ash leachates (e.g.,
TN1 upstream = 0.70855), while other background waters had
87Sr/86Sr ratios that were similar to those of coal ash leachates
(VA1 upstream = 0.71077, TN2 reference seep = 0.71066, and
KY1 upstream = 0.71066). Variations of 87Sr/86Sr in surface
water across the region are common, as shown in Ruhl et al.
(2014), with 87Sr/86Sr ratios ranging from 0.7117 to 0.7124 in
Tennessee rivers and from 0.7125 to 0.7170 in North Carolina
lakes.22 Overall, it is clear that the 87Sr/86Sr ratios in background
waters are not always distinct from coal ash leachates. For this
reason, a two-isotope system approach is used for the sub-
sequent analyses. Levels of other dissolved inorganic constituents
in background water are summarized in Table 1.

Tracing CCRs in Surface Water. We focus first on the
variations in B and Sr geochemistry as tracers to identify CCR-
impacted water in the environment. B and Sr concentrations
in the tested samples ranged from 6.7 to 40 621.3 μg/L and
37.5 to 1521.6 μg/L, respectively, and the mean values were
statistically higher using a one-way ANOVA test (mean =
3046.3 μg/L, p < 0.05, and mean = 450.5 μg/L, p < 0.05)
compared to the background samples (51.3 and 101.7 μg/L,
respectively). B and Sr concentrations exceeding background
values were found at all seven sites (Figure 2 and Table 1) and
consisted of nine seeps, 14 surface water samples, and one
NPDES outfall out of the 34 total surface samples collected.
B and Sr concentrations were correlated across all sites
(r = 0.77, p < 0.05; Figure 3). Our analysis shows that the
highest concentrations of B and Sr were observed in the seep
samples (p < 0.05 for both), while the surface water samples
had lower concentrations, likely due to dilution by background
water and rain runoff (Figure S10). Seeps at the TN1 site
had the highest concentrations, up to 406- and 10-fold higher
than regional background levels, although background seeps
were not directly sampled at this site for comparison. B and Sr
were positively correlated to Cl in samples collected at TN1
(r = 0.84, p < 0.05 and r = 0.68, p < 0.05, respectively).
Boron isotope ratios yielded a δ11B range of −9.2‰ to

+30.0‰ (Figure 2). At all sites except TN1, the seeps and
surface waters with B > 100 μg/L were associated with δ11B <
8.1‰ (Figure S10 and Table 1), which are lower than values
typical for surface waters in the region (9.6‰ to 13.9‰) and
within the range expected for leaching of coal ash (−17.6‰
to +6.3‰).22 The 87Sr/86Sr ratios in pond effluents ranged
from 0.7070 to 0.7120 (Figure 2), with a general increase of
87Sr/86Sr with Sr concentrations toward isotopic ratios found in
U.S. coal ash (e.g., Appalachian, ∼0.7124; central United States,
∼0.712; and Powder River Basin, ∼0.7122)22 in all but one site
(GA1) (Figures 2 and S10). A pair of the seeps and the lagoon
water from the TN1 site had higher 87Sr/86Sr (0.7096 to
0.7120) compared to the upstream value (0.70855; Table 1).
The high B and Sr concentrations and the distinctive B and

Sr isotope variations in the seeps and surface water most likely
reflect (1) the mixing of CCR leachates with the source water
in the pond; (2) the mixing of outfall effluents and seeps with
background water; and (3) interactions with clay minerals
during the migration of effluents through the pond walls. At
sites TN2, GA2, VA1, VA2, and KY1, the high B and Sr con-
centrations, along with distinctly low δ11B values, are strong
evidence for the discharge of coal ash pond water to local
surface water. Similar to the results from Ruhl et al. (2014),22
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ratios, even when the Sr concentrations were significantly
higher. One exception is at TN1, where δ11B values in the seeps
were anomalously high (up to 30‰) relative to the typical δ11B
range in CCRs (Table 1 and Figure 2).22 However, the B and
Sr concentrations were the highest measured in any sample.
The extremely high B concentrations (250- to 800-fold
enrichment) relative to the upstream water (<50 μg/L) at
TN1 cannot be explained by the evaporation of natural waters

because the same enrichment was not observed for other con-
servative elements such as Cl (9-fold enrichment; Table S1).
The relatively high δ11B could be explained by interaction

with clay minerals during the migration of the effluents in the
sediments that compose the coal ash pond walls and modifi-
cation of the B isotope ratios. Boron adsorption to the clay
minerals favors the lighter 10B, and the fractionation produces
11B enrichment in the residual effluents.30 However, this
mechanism is unlikely given the extremely high B concentration
(40 mg/L) in the seep water. Alternatively, the desorption of B
from clay minerals could generate a solution with high B
content. In such a scenario, a typical exchangeable B from
marine clays (i.e., shale) has δ11B of ∼15‰, so the exchange-
able sites on the clay minerals must have equilibrated with a
brine with δ11B > 50‰ to generate exchangeable B with δ11B of
∼30‰.37 However, even desorption from shale or brine inter-
actions is unlikely to result in a B concentration of 40 mg/L.
A more in-depth study at this site is needed to further evaluate
the factors that control the B isotope variations and possible link
to the Chattanooga Shale that is exposed in this area.38 Overall,
only at the TN1 site do we observe seeps with relatively high
δ11B that is not consistent with the CCR isotope composition.
In contrast to B, 87Sr/86Sr ratios of the seeps and surface water
at the TN1 site were consistent with ratios expected for CCRs
and were distinctly higher than the ratio in the upstream sample.
Although most sites reflect leaking of effluents from active

coal ash ponds, two of the sites we investigated contained
retired or closed ash-disposal areas. At the GA1 site, discharge
from below the dam at a retired pond and downstream surface
water were characterized by high B (1867 and 1643 μg/L,
respectively) with negative δ11B values (−3.2 and −9.2‰;
Table 1 and Figure 2) that suggests there is still CCR effluents
leaking from the ponds after closure of the plant 13 years ago.33

At the TN2 site, surface water in a cove near a closed disposal
area (non-registered site) had high B (489.2 μg/L) with low
δ11B (−3.5‰) and high Sr (205.2 μg/L), compared to the

Figure 2. Boxplots of B and Sr concentrations and their isotope ratios in samples collected from all seven sites assessed for leaking to surface waters,
including background surface water (n = 6), Gallatin (TN2; n = 6), Cumberland (TN1; n = 9), Branch (GA2; n = 10), Bremo (VA2; n = 3),
Chesterfield (VA1; n = 2), Arkwright (GA1; n = 2), and Shawnee (KY1; n = 2). Background concentrations and ratios are highlighted in blue and
signified by the blue dotted lines. The range of B and Sr isotope values reported for CCR leachates in previous studies are included, labeled as CCR,
and signified by the black dotted lines.17,22−24,28

Figure 3. Strontium vs boron concentrations (log-normalized) in
seeps (diamonds), surface water (triangles), and background water
(circles) at all seven sites. The data show a linear correlation (r = 0.77,
p < 0.05) between Sr and B concentrations. Site-specific background
concentrations all fall within the lower left quadrant, below the B and
Sr background concentration limits (100 and 150 μg/L, respectively;
marked by the gray dotted line). The majority of seeps and surface
water fall in the upper right quadrant, above background concen-
trations. The positive correlation between B and Sr in samples exceeding
background concentrations suggests that the elevated values are driven
by the same source (i.e., coal ash pond leakage).
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background water (44.9 to 89.5 μg/L, respectively; Table 1).
These examples show that the closure or disuse of coal ash
impoundments does not necessarily eliminated leaking of the
CCR-impacted pond water to the surrounding environment.
Geochemistry of Contaminants in CCR Effluents. We

identified two geochemical types of CCR-impacted water. The
first (Type A) had significantly higher Cl (>10 mg/L, p < 0.05)
with lower SO4/Cl molar ratios (p < 0.05) found at the TN1,
VA1, VA2, and KY1 sites (Figure S11). The second type (Type B)
found at the TN2, GA1, and GA2 sites had significantly lower
Cl (<10 mg/L, p < 0.05) and higher SO4/Cl molar ratios
(p < 0.05) (Figure S12; Table 1). One-way ANOVA tests
found that As, Mo, and V concentrations were significantly
higher in Type A waters (p < 0.05) (Table 1). B and Sr concen-
trations in Type A samples were positively correlated with
Cl (r = 0.49, p = 0.05 and r = 0.55, p = 0.05; Figure S11). As,
Se, and Mo were also positively correlated with Cl (r = 0.39,
p < 0.05; r = 0.68, p < 0.05; and r = 0.50, p < 0.05; respectively).
Concentrations of As or Se exceeding background values

were measured in all Type A seeps and surface water (up to
57-fold for As and 300-fold for Se) except at KY1, while both
elements were enriched in nine of the 14 samples. Enrichments
for all elements are shown in Table S1. In contrast, Type B
waters had significantly lower concentrations of As, Se, and Mo.
As and Se were only elevated compared to background in
Type B waters at the NPDES outfall at TN2 (7-fold and
39-fold, respectively; Table S1). TN2-Seep-2 and GA2-SW-5
had 5-fold and 10-fold As enrichment, respectively. Concen-
trations of trace elements exceeding drinking-water standards
(EPA maximum contaminant level)39 and aquatic-life criteria
(EPA criterion continuous concentration)40 were observed in
29% of the investigated surface water samples (six Type A
samples and four Type B samples) and are indicated in Table 1.
The high Cl in Type A water relative to an excess of SO4 in

the Type B water is likely due to differences in coal source, con-
tributions from FGD residues, or differences in redox conditions.
The linear correlations between trace elements (B, Sr, As, Se,
and Mo) and Cl in the Type A water indicate that evapora-
tion processes lead to the enrichment of these elements in the
pond water and subsequent enrichment of contaminants in the
CCR-impacted surface waters. A total of five of the Type A
samples had As and Se concentration above the drinking-water
and ecological standards (>5 and >10 μg/L, respectively) and
are thus defined as contaminated water.
The two sites from the closed coal ash ponds had Type B

waters, and no elevated concentrations of trace metals were
identified in the seeps (TN2) or surface water (GA1) at these
sites. The significantly lower concentrations of CCR contami-
nants in Type B waters could reflect different processes in the
coal ash ponds (e.g., lack of evaporation, reducing environ-
ment) or different CCR sources. The relatively higher SO4 in
Type B water infers FGD contribution, from which trace-metal
mobilization could be limited relative to leaching from fly ash.
Field studies of the TVA spill and laboratory microcosm

experiments found that pH and redox conditions will influence the
mobilization of elements from CCRs in the environment.4,20,21

Field pH was limited to only three sites (TN1, TN2, and GA2)
and ranged from pH 4 to 8.5. Mobilization of Fe, Mn, B, and
SO4 were observed in water with pH < 7 (Figure S13). Under
low pH (<7), Fe and Mn occur as mobile phases (Fe2+ and
Mn2+) but will precipitate as oxides (Fe(OH)2 and Mn(OH)2)
at higher pH, which explains the lower concentrations in
more basic water (Figure S13). B speciation is also controlled

by acidity, with the noncharged species, boric acid (B(OH)3),
predominant at lower pH relative to the charged borate ion
(B(OH)4

−) (pka = 9.2).37 The borate ion is more likely to
coprecipitate into secondary phases, and therefore, dissolved B
concentrations are lower at high pH (Figure S13). Batch
leaching experiments found that As and Se release is minimized
between pH 4.5 to 7 but increases in more acidic and basic
conditions.4,20,21 However, Se and As concentrations are also
influenced by redox conditions due to higher absorption affinity
for oxidized arsenate, As(V), while under reducing conditions,
the reduced arsenite (As(III)) is more mobile, and the reduced
selenite (Se(IV)) or elemental Se0 is more insoluble than the
oxidized selenate (Se(VI)). Redox was not measured in the
field during this study, so we cannot relate the variations in As
and Se concentrations to redox conditions. The most important
take-away from this is that leaking of pond water does not
necessarily always lead to significant contamination by toxic trace
elements and that environmental impacts need to be consider on
a case-by-case basis.

Shallow Groundwater Underlying the Gallatin Coal
Ash Pond in Tennessee. Data from seven monitoring wells
at the TN2 site were compared to two background wells
(MW-22 and MW-25) (Figure S8). MW-22 is located away
from the coal ash ponds, with mean B and Sr concentrations of
20 ± 20 and 80 ± 3 μg/L, δ11B = 17.7 ± 1.1‰, and 87Sr/86Sr =
0.70877, which represents baseline groundwater in the
shallower alluvium aquifer (Table 1). MW-25 reflects back-
ground groundwater in the deeper carbonate aquifer and had B
and Sr concentrations of 15.3 and 260 μg/L, respectively, with
δ11B = 8.0 ± 0.5‰ and 87Sr/86Sr = 0.70872 (Table 1).
B concentrations in the monitoring wells ranged from 70.6 to

6249.0 μg/L and δ11B values range from −0.2‰ to +13‰,
with an inverse correlation between B concentration and δ11B
(r = −0.91, p < 0.05; Figure 4). Sr concentrations ranged from
225.2 to 1195.9 μg/L, and 87Sr/86Sr ratios increased with
Sr concentrations from a ratio of 0.70922 to 0.7118 (r =
0.84, p < 0.05; Figure 4). The three wells around the active ash
pond (TN-MW17, 23, and 24) were all screened into the
alluvium aquifer and had B concentrations that ranged from
70.6 to 1491.1 μg/L and Sr concentrations that ranged from
225.2 to 612.6, which all exceeded the concentrations found in
the alluvium background well. The δ11B values ranged from
6.1 to 13.1‰ and were all depleted compared to TN-MW22.
TN-MW24 had the lowest B concentration and the highest
δ11B value relative to the values expected for CCRs. The
87Sr/86Sr ratios of 0.70922 to 0.70981 were all more radiogenic
than TN-MW22. The groundwater had relatively low concen-
trations of dissolved metals and metalloids (Al, V, As, Se, and
Mo) that did not exceed values in the background well.
Wells near the non-registered site (NRS), a retired ash-

disposal area, had higher B (3930.9 to 6249.0 μg/L) and Sr
concentrations (979.0 to 1195.9 μg/L) compared to wells near
the active ash ponds, with δ11B values and 87Sr/86Sr ratios in the
range of CCR leachates (−0.2 to +2.8‰ and 0.71106 to
0.71269, respectively). The deepest wells (NRS-26 and 27),
which were screened into the bedrock near the NRS site, had B
and Sr concentrations that exceeded the background carbonate
aquifer well TN-MW25 by up to 400- and 4-fold, respectively
(Table 1). The δ11B values of 1.5 and 0.1‰ in the two wells
were distinctly lower than the isotope values in the carbonate
aquifer background well (8.0 ± 0.5‰), and the 87Sr/86Sr ratios
(0.71106 and 0.71135) were higher compared to the backg-
round well (0.70872). The shallow groundwater near the NRS
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pond had high SO4 (2240 mg/L) and Ca (∼900 mg/L), with a
high correlation of Ca to SO4 (r = 0.97, p < 0.05; molar ratio
of ∼1; Figure S15) and low Cl, similar to the Type B water.
The highest concentrations of dissolved metals and metalloids
(Mn, V, Se, As, and Mo; Table 1) were found in the wells near
the NRS site. National drinking water and aquatic life criteria
threshold values were exceeded for Cd, Fe, Ni, Pb, Se, and Zn
in the NRS-19R well, which is a shallower alluvium aquifer well
(Figure 2 and Table 1).
CCR impacts to the shallow groundwater under the TN2

site is supported by the strong relationships between B and Sr
and their respective isotope ratios, with δ11B and 87Sr/86Sr
ratios that were distinctly different than the background
wells. However, there is no evidence for contamination from
toxic trace elements in all but one well. The large differences
between the shallow groundwater found around the active
ash pond and those from the NRS site most likely
reflect the differences between migration of coal ash pond,
water that has been diluted in the large impoundment
compared to the NRS site. It could also reflect differences in
the coal type that was stored historically in the NRS site
compared to the sources of the relatively recent coal ash in the
active pond.

The high B and Sr concentrations with low δ11B values
and high 87Sr/86Sr ratios in the carbonate wells NRS-26 and
NRS-27 compared to the background carbonate well MW-25
suggests migration of impacted water from the old disposal
site to the deeper fractured carbonate aquifer underlying the
TN2 site. However, no contamination from trace metals and
metalloids was observed in the carbonate wells. More extensive
sampling of regional aquifers around the coal ash ponds,
coupled with a detailed hydrogeological analysis, is needed to
determine if contamination from the ash pond is affecting local
drinking water aquifers. The data presented in this study
includes only two samples from the carbonate aquifer, which is
not sufficient to determine any large-scale impact.

Shallow Groundwater Underlying Coal Ash Ponds in
North Carolina. Archived water chemistry data from 156 wells
monitoring groundwater underlying all 14 coal ash ponds in
North Carolina (a total of 1830 water samples collected between
2010 and 2015)32 was analyzed to evaluate the possible leaking
of coal ash ponds to local groundwater (Table S3). This data
set includes concentrations of Cl, SO4, As, B, Fe, Mn, Se, Ni,
Al, Cr, Cu, Zn, and TDS. No isotope data was available, so the
assessment was based on concentrations alone. Background
concentrations were determined from (1) a Duke University
data set of 231 private drinking water wells from the central
(Piedmont) area of North Carolina with B concentrations
ranging from undetected to 100 μg/L (mean = 20 μg/L) in
groundwater,34,35 and (2) background groundwater wells
designated at each site by Duke Energy and included in the
archived data set32 that all had values of <100 μg/L (the
analytical detection limit used by the state agency is 50 μg/L),
which are consistent with average values of regional ground-
water in North Carolina. B concentrations greater than back-
ground values were detected in 58 of the 156 monitoring wells
(37%; Figure 5). Groundwater underlying the Asheville, Sutton,
Buck, Lee, Cape Fear, and Marshall coal plants had B levels
greater than 1000 μg/L, with the groundwater underlying
the Lee coal plant having the highest concentrations (up to
5000 μg/L). Similar to the patterns observed in the impacted
surface water, groundwater with Cl and moderate SO4 levels
(Sutton, Mayo, Lee, and Weatherspoon) had high concen-
trations of metals and metalloids, while groundwater with
high SO4 concentrations (Roxboro, Asheville, Cape Fear, Buck,
Marshall, and Dan River) had lower concentrations (Figure 5
and Table S3).
Analysis of the data reveals that most of the impacted

groundwater with low SO4 had relatively high concentrations of
Ni, Al, Mn, Cr, Cu, Zn, Se, and As contents (Figure 5 and
Table S3). Out of the 58 impacted monitoring wells, 48 (85%,
30% of the total wells) had concentrations that exceeded
EPA water standards. Conspicuously high levels of As (up to
665 μg/L) were reported from well CMW-6 in the Lee coal
plant in Wayne County that was also associated with the highest
B levels (mean = 3400 μg/L; Figure 5). As, in particular, was
negatively associated with SO4 and was only present in high
concentrations in the low-SO4 water (Figure 5). The low SO4
in groundwater may be an indicator of redox conditions, in
which sulfate is reduced, and arsenic, in the form of the arsenite
(As III) species, has higher mobility in groundwater. Se,
however, was elevated in both high- and low-SO4 water types
(Figure 5). Similar to observations in the surface samples, high
concentrations of B were not always associated with detectable
levels of other CCR-related contaminants, and thus, some wells

Figure 4. Linear correlations between (A) B and δ11B values and
(B) Sr and 87Sr/86Sr ratios in the nine shallow groundwater wells at
the TN2 site. Blue circles are the values in the designated background
wells, and purple squares represent the impacted wells. Shallow
groundwater wells with higher boron concentrations had lower δ11B
values (r = −0.90, p < 0.05) toward the values found in CCRs
(a range of −20‰ to +8‰),22−24 and wells with higher Sr
concentrations had higher 87Sr/86Sr ratios (r = 0. 84, p < 0.05)
toward the values found in CCRs (a range of 0.7095 to 0.7130).17,22,28

The strong linear correlations support migration of water from the
coal ash ponds as the source of high B and Sr levels and mixing with
regional groundwater.
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were impacted by CCR effluents (high B but low trace ele-
ments) while others were also contaminated.
Overall, the data presented in this study for 22 sites in the

southeastern United States show evidence for the surface or
subsurface leaking of coal ash ponds and, in some cases, the
contamination of nearby water sources. Our data show that B,
and sometime Sr isotopes can be used to identify leaking of
coal ash ponds, but a CCR geochemical signature is not always
associated with contamination from other CCR contaminants.
Thus, the coal sources, as well as geochemical variations in the
ponds and the ambient environment (pH and redox state)

cause variations in concentrations of toxic elements and
therefore differential water quality impacts. The current CCR
management rules do not specify a preference for the removal
of solid CCRs during closure of ponds.1 We presented evidence
that the closure of coal ash ponds does not necessarily eliminate
the leaking of impacted water from coal ash ponds to the
environment. With over 500 coal ash ponds in the southeastern
United States,33 the results presented in this study suggest
significant releases of coal ash impacted water to the environ-
ment. The magnitude and long-term environmental effects of
leaking coal ash ponds are not fully understood, and future
studies should further evaluate the overall impact of the coal ash
environmental legacy in the United States and other parts of the
world where coal ash is disposed to unlined surface impound-
ments. Future studies should also focus on monitoring the water
quality in drinking water wells near coal ash ponds to determine
whether contaminated groundwater has further migrated from
the shallow aquifers underlying coal ash ponds to the regional
aquifers and the associated risks to human health in these areas.
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