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ABSTRACT: In the U.S., coal ﬁred power plants produce over 136 million
tons of coal combustion residuals (CCRs) annually. CCRs are enriched in
toxic elements, and their leachates can have signiﬁcant impacts on water
quality. Here we report the boron and strontium isotopic ratios of leaching
experiments on CCRs from a variety of coal sources (Appalachian, Illinois, and
Powder River Basins). CCR leachates had a mostly negative δ11B, ranging from
−17.6 to +6.3‰, and 87Sr/86Sr ranging from 0.70975 to 0.71251. Additionally,
we utilized these isotopic ratios for tracing CCR contaminants in diﬀerent
environments: (1) the 2008 Tennessee Valley Authority (TVA) coal ash spill
aﬀected waters; (2) CCR eﬄuents from power plants in Tennessee and North
Carolina; (3) lakes and rivers aﬀected by CCR eﬄuents in North Carolina; and
(4) porewater extracted from sediments in lakes aﬀected by CCRs. The boron
isotopes measured in these environments had a distinctive negative δ11B
signature relative to background waters. In contrast 87Sr/86Sr ratios in CCRs
were not always exclusively diﬀerent from background, limiting their use as a CCR tracer. This investigation demonstrates the
validity of the combined geochemical and isotopic approach as a unique and practical identiﬁcation method for delineating and
evaluating the environmental impact of CCRs.

■

INTRODUCTION
Coal ﬁred power plants are ubiquitous in the United States and
many countries around the world providing aﬀordable
electricity to consumers. In the U.S., coal generated 39% of
the electricity in 2013.1 Approximately six hundred power
plants2 generate 136 million tons of coal combustion residuals
(CCRs) annually, of which 56% is stored in surface
impoundments and landﬁlls.3 The remaining CCRs are reused
for concrete, cement, and other applications in the construction
industries.4 CCRs encompass ﬂy ash, bottom ash, boiler slag,
and ﬂue gas desulfurization (FGD) products and are typically
enriched in toxic elements such as As, B, Se, Hg, and Sr.5,6 The
characteristics of CCRs vary substantially across coal-ﬁred
plants and depend on a unique set of circumstances including
coal source and processes within the coal plants.7 Most coalﬁred power plants burn a blend of coals depending on sulfur
content of the coal, the plant scrubber technology, and the
current price of coal. These variations control the type of coal
and thus the generated CCRs, which can inﬂuence the
composition of leachates generated from CCRs in coal-ﬁred
plants.8 Variations in chemical composition can complicate the
ability to identify and track the migration of CCR contaminants
in the environment.
© 2014 American Chemical Society

CCRs have been shown to have a signiﬁcant impact on water
quality.8,9 Therefore, distinguishing CCR eﬄuents from other
anthropogenic or naturally occurring contamination sources is
of utmost importance. The objectives of this study were to
characterize the boron and strontium isotopic signatures in
CCRs originated from a variety of coal sources and to
understand their potential as environmental tracers. While
there is extensive literature on the chemistry of coal, CCRs, and
their leachates,10−13 only a few studies have addressed the
boron and strontium isotopic compositions of CCRs. Williams
and Hervig14 measured boron isotopic ratios of diﬀerent coals
in the U.S. and found a wide range of negative δ11B values
(−70‰ to −1‰). This negative δ11B signature is diﬀerent
from meteoric boron (10−40‰), domestic wastewater (0−
10‰), seawater (39‰), and saltwater intrusion and brines
(>39‰)15 and thus could provide a unique tool for elucidating
CCR eﬄuents compared to the relatively positive δ11B values
expected for most uncontaminated water.
Received:
Revised:
Accepted:
Published:
14790

July 31, 2014
November 23, 2014
November 24, 2014
November 24, 2014
dx.doi.org/10.1021/es503746v | Environ. Sci. Technol. 2014, 48, 14790−14798

8/16/13
12/8/11
2/16/12
1/26/12

8/30/11

TS
E
M
R

Plant
Plant
Plant
Plant

Kingston

APP/
PRB

unknown
F: Dry; ESP
F: Dry; ESP
F: Dry; ESP
and BgH
F: wet; B: wet
not at time of
sampling

unknown

unknown

unknown

No
yes
yes
yes
no

unknown

FGD scrubber

CaO

NH4
CaC03

CCR
additive
0.71203
0.71092
0.71108

−5.8
−14.4
−17.6
−2.7
−6.9
−15.4

0.71131

−7.8
8.9

1.1
14.9
5.1
4.0

0.71137
0.71251
0.71212

−9.6
−8.8
−3.1
6.3

0.2
0.6

0.71221

7.8
10.6
0.1
4.9
1.4

0.0

Li

−4.8
−1.7
−2.7

0.70975

Sr/86Sr

87

δ11B
B

14.4

28.9
142.4
97.9
60.3

15.7

31.4

32.0
18.6
25.9
4.2
1.1

22.5

Mg

5.1

0.0
5.6
6.7
1.0

0.0

1.9

5.2
97.1
0.1
0.0
1.9

12.7

Al

121.4

1.1
4.7
4.4
0.0

137.2

107.8

78.6
0.3
2.0
0.2
0.0

44.4

Ca

1366.8

3.7
3863.1
3597.6
12759.5

1.6

3753.8

1545.8
1572.2
6.2
9.8
7504.6

168.0

V

1.4

0.2
1.2
1.5
0.4

0.3

0.0

3.1
0.2
0.0
0.0
0.1

1.8

Cr

5.7

1.7
1.2
1.7
1.7

0.4

0.0

1.7
0.1
0.0
0.9
0.2

1.1

As

0.1

0.1
0.4
0.3
0.1

0.0

0.0

0.5
0.1
0.0
0.0
0.0

0.2

Se

0.5

n.a.
0.0
0.4
0.0

0.9

0.0

6.7
0.4
0.4
0.2
0.4

0.6

94.5

38.6
18.8
10.8
49.3

90.2

272.8

58.8
27.4
8.6
37.7
31.0

5.4

Sr

4.6

3.4
15.9
41.7
28.2

1.3

0.0

7.3
7.5
2.3
4.8
0.8

1.5

Mo

13.8

23.0
4.7
2.1
6.3

35.8

192.7

5.3
1.0
0.2
28.3
8.2

1.6

Ba

Concentrations reported in mg/kg (normalized to weight). Coal source acronyms are APP (Appalachian Basin Coals), ILL (Illinois Basin Coals), PRB (Powder River Basin Coals), UNT (Unita Basin
Coals), and NM (New Mexico Basin Coals). Ash Handling acronyms are F for ﬂy ash handling, B for bottom ash handling, ESP for electrostatic precipitator collection system, and BgH for baghouse
collection system.

a

11/1/12

F: dry
F: dry
F:Dry; B: dry

PRB
PRB
PRB/
UNT
NM
ILL
ILL
ILL

7/9/13
4/20/2011and
9/1/10
5/5/09

dry; B: wet
dry; B: dry
dry; B: dry
dry; B: dry
dry, BgH

F:
F:
F:
F:
F:

APP
APP
APP
APP
APP

4/20/11
8/30/11

unknown

ash handling
system

mixuknown

coal
source

12/28/08

date sampled

Spilled
Kingston
CCR
John Sevier
Bull Run
Plant K
Plant 1
Duke Univ
Steam Plant
Plant PRB
Plant LM
Plant G

sample ID

Table 1. Coal Fired Power and Steam Plants Investigated in This Study, Along with the Boron and Strontium Isotopes Ratios and Concentrations of Elements in Eﬄuents
Leached from the CCR in 0.1 Solid-to-Deionized Water Ratio Leaching Procedurea

Environmental Science & Technology
Article

14791

dx.doi.org/10.1021/es503746v | Environ. Sci. Technol. 2014, 48, 14790−14798

Environmental Science & Technology

Article

isotopic ﬁngerprints of leachates originated from these CCRs
(i.e., CaCO3 typically contains 500−1500 ppm of Sr).23,27
By developing integrated geochemical and isotopic ﬁngerprints of CCRs, this paper aims to provide the necessary
diagnostic tools to elucidate the environmental impact of
CCRs, which is one of the increasingly recognized sources of
anthropogenic pollution in the US.8 The study is based on (1)
systematic laboratory leaching experiments of CCRs from 14
coal ﬁred power and steam plants burning an assortment of
coals from the Appalachian, Illinois, and Powder River Basins in
the U.S. (Table 1); and (2) ﬁeld environmental sampling of
waters receiving CCR eﬄuents, including (a) surface and
porewater in a river system aﬀected by the 2008 TVA coal ash
spill in Kingston, TN; (b) ten CCR eﬄuent discharge sites
from coal ash ponds in NC and TN; and (c) surface water and
porewaters in river and lake systems aﬀected by CCR eﬄuent
discharge 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.

While elevated boron characterizes CCRs, elemental boron
cannot exclusively delineate CCRs in the environment because
of other potential sources with similar high boron. For example,
both domestic wastewater15 and oil and gas wastewater16 have
high boron contents. Consequently, combining elemental
boron and isotopic ratios are essential for determining the
source of contaminated waters. A recent study by Warner et
al.16 has shown elevated concentrations of boron (up to 62
ppm) with high δ11B in hydraulic fracturing ﬂowback ﬂuids,
demonstrating that elevated boron concentration alone cannot
be used as an indicator of CCR contamination. The limited
data available on boron isotope ratios in CCRs suggest that coal
ash has a similar δ11B value to the coal. Data was reported for a
bituminous coal ash,17 two unknown sourced ﬂy ashes,18 and
NIST1633a14 with negative δ11B values of −4 to −19‰,14,17,18
although the direct relationship between the composition of
coexisting coal and CCRs has not yet been established. Coal
combustion at high temperature volatilizes most of the
elements associated with the organic phases (including
boron) and volatile elements associated with silicate phases in
coal.19 Analysis of CCRs14,18 indicates that there is no isotopic
fractionation associated with the coal combustion process, and
CCRs retain the δ11B-depleted signature measured in the coal.
Boron is associated with the easily leachable fraction of
elements20 that adsorbed onto the ﬂy ash particles during
cooling of exhaust gas. Since there is no species-speciﬁc
preferential leaching to water (i.e., 11B-enriched boric acid
relative to the 10B-depleted tetrahedral boron), no isotopic
fractionation is expected during the leaching of boron from
CCRs and thus the boron isotopic imprints of contaminated
water would mimic the CCR composition.
In addition to boron, we evaluated the strontium isotopic
ratios (87Sr/86Sr) as an additional tool for tracing CCR
eﬄuents. Strontium isotopes are not fractionated during the
mobilization and recycling of Sr in the hydrological system.21
Coal beds in Wyoming were analyzed for 87Sr/86Sr isotopes as a
tracer for hydrologic basin movement and showed some
heterogeneity in the Sr ratios, ranging from 0.712 to 0.714.22
Hurst et al.23 analyzed coal, ﬂy ash, and bottom ash for
87
Sr/86Sr and found a range of 0.70883 to 0.70972. Brubaker et
al.24 performed leaching experiments on Appalachian coal and
found an increasing 87Sr/86Sr ratio with acidic leaching (ranging
from 0.7107 to 0.7138), indicating that dissolution of diﬀerent
phases in coal results in diﬀerent Sr isotopic ratios. Eﬄuent
from a ﬂy ash pond in West Virginia that reﬂected the most
soluble fraction, however, had a rather narrow range around
0.7124.24 Similar 87Sr/86Sr ratios were measured in eﬄuents
from valley ﬁlls that are associated with mountaintop removal
coal mining as well as water-leachates from the Appalachian
coal in West Virginia.25 Each of these analyses was performed
on speciﬁc coals and CCRs, therefore Sr isotope ratios could
vary in diﬀerent geological basins and degrees of leaching.
Given that the Sr isotopic composition of coal and CCRs is
expected to reﬂect the local geology and hydrology of the
original depositional environment in which coal was deposited,
Sr isotopic variations of CCRs should 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 relatively
slower.24,26 Another consideration would be the addition of
lime (CaO) or CaCO3 with a diﬀerent Sr isotopic ratio in SO2
scrubbers as part of the Flue Gas Desulfurization (FGD)
process. Such an addition could have an impact on the Sr

■

MATERIALS AND METHODS
Field Sampling and Leaching Experiments. CCR
samples were collected from 14 coal ﬁred power/steam plants
burning an assortment of coals from the Appalachian, Illinois,
and Powder River Basins in the U.S.. All of the ﬂy ash samples
(Table 1) from the TVA Fossil Plants (John Sevier, Bull Run,
and Kingston), the Duke University Steam Plant, as well as the
samples collected by Jim Hower of the University of Kentucky
(from plants coded PRB, E, M, G, I, TS, LM, K, and R) were
leached according to EPA Method 1316 (varying solid to liquid
ratios). The leaching test results reported in this paper are from
the 0.1 solid to deionized water ratio portion of the Method
1316 leaching procedure.28 The ash samples were collected in
new I-Chem certiﬁed Nalgene liter bottles, and kept in the
custody of the sampler until returning to the laboratory, where
they were put in a refrigerator in a locked, limited access room.
Trace metal free VWR centrifuge tubes were used for the
leaching experiments, along with ultrapure (type 1) water.
Additional QA/QC information can be found in Ruhl et al.
2009, 2010, and 2012.8,9,29
Field trips were made to the Tennessee Valley Authority
Kingston Fossil Plant CCR spill site between January 2009 and
June 2011, and over 270 surface and porewater samples were
collected during high (winter) and low (summer-fall) river ﬂow
regimes.9,29 Field trips were also made to lakes and rivers in
North Carolina associated with disposal of CCR wastewater
between August 2010 and February 2012.8 Surface and
porewater samples were collected monthly from Hyco and
Mayo Lakes from August 2010 through August 2011, and the
other water bodies sampled at least once include Lake Norman,
Mountain Island Lake, Lake Wylie, Dan River, French Broad
River, and Jordan Lake as a reference lake.8 Water sampling
strictly followed USGS protocols.30 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). Porewaters were extracted from river
bottom sediments obtained using a Wildco box core (up to 25
cm depth), VibeCore (up to 182 cm depth), or peat core (up to
100 cm depth). All samples collected in the box core were
homogenized after collection, while the VibeCore and peat core
14792

dx.doi.org/10.1021/es503746v | Environ. Sci. Technol. 2014, 48, 14790−14798

Environmental Science & Technology

Article

Figure 1. Range of elemental boron and strontium as well as δ11B and 87Sr/86Sr in major U.S. coal basins detected in eﬄuents from leaching
experiments. The ranges of coal δ11B values are from Williams and Hervig14 and the Sr isotopic values are from Hurst et al.23

■

RESULTS AND DISCUSSION
Elemental Boron and Strontium and Their Isotope
Ratios in Coal Combustion Residuals. Coal combustion
residuals can vary widely in their chemical and mineralogical
composition due to variations in their source coals, combustion
temperature and processing, as well as postcombustion
treatment.6,7 Boron and strontium are highly abundant and
easily leached oﬀ of CCRs,6,9,29 and therefore have been
suggested to be good indicators of CCR leachate.8 The results
from the 0.1 solid to deionized water leaching show a wide
range of concentrations of leachable constituents from the ﬂy
ash (e.g., B ranged from 1 ppm to >140 ppm normalized to
weight) (Table 1). In addition to Ca, Mg, V, Mo, Ba, and Li, Sr
had also elevated concentrations in the CCR leachates (5−273
ppm, normalized to weight). In this study we investigated
CCRs sourced from a variety of coal basins (Appalachian,
Illinois, and Powder River) and found large variations in
elemental leachate concentrations, which vary with the coal
source burned at the diﬀerent plants (Table 1). For example,
the Illinois basin coal ash had the highest boron concentration
of all of the other sources sampled, with concentrations ranging
from 60 to 142 ppm (normalized to weight), while the
Appalachian and Powder River Basin (PRB) (and mixtures)
had much lower boron concentrations (below 32 ppm B). In
contrast, the PRB had the greatest concentration of strontium
(273 ppm) and the mixture of Appalachian and PRB had the
second greatest concentration (95 ppm), while the Appalachian
and Illinois Basins had Sr concentrations less than 60 ppm. In
addition to the coal sources, we observed variations in the
leachable concentrations in CCRs in diﬀerent units within the
same plant (SI Table S1). Fly ash was sampled from seven units
within one plant and individually tested with the same 0.1 solid
to deionized water ratio (SI Table S1). The diﬀerent units
represent variations seen in the plant due to actual process
diﬀerences in coal handling within the plant, temperature of ﬂy
ash collection, pulverizer eﬃciency, and particle size diﬀerences
at each unit.6,7,12,32−35 The units showed a range in Sr (50−85
ppm) and B concentration (4−35 ppm), yet they are from the
same source coal (App/PRB Mixture). These diﬀerences
demonstrate the potential heterogeneity of elements that can

samples were not homogenized but kept intact and analyzed at
depth intervals. The sediment samples were either vacuum
pump ﬁltrated in the ﬁeld or were centrifuged in the laboratory
to extract the porewater. Porewater samples were then
decanted, ﬁltered, and analyzed.
Boron Isotopes. Boron from surface water, eﬄuents, and
leachates was processed through cation-exchange resin (AG
50W-x8 Resin) to remove all cations (a 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.31 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−).
Strontium Isotopes. Strontium from surface water,
eﬄuents, and leachates was evaporatively preconcentrated in
HEPA ﬁltered clean hood and redigested in 0.6 mL of 3.5N
HNO3 from which strontium was separated using Eichrom Srspeciﬁc ion-exchange resin. Approximately 1 to 10 μg Sr was
loaded onto outgassed single rhenium ﬁlaments along with a
tantalum oxide (TaO) activator solution and loaded onto the
Triton TIMS at Duke University. Samples and standards were
gradually heated to obtain an 88Sr beam intensity of ∼3 V, after
which 220 cycles of data were collected yielding a typical
internal precision of ∼0.000004 for 87Sr/86Sr ratios (1 sd).
External reproducibility on standard NIST987 yielded a mean
87
Sr/86Sr ratio of 0.710265 ± 0.000009 (1 sd).
14793
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Figure 2. δ11B versus B concentration (left) and the 87Sr/86Sr vs Sr concentration (right) of the TVA Spill area waters (surface and pore water sorted
by location and type) compared to the δ11B and 87Sr/86Sr ranges in leaching experiments conducted on the spilled ash collected at the TVA site
(gray shaded area).

reported in Mattigod et al.37 were collected from plants in the
U.S., but without identiﬁcation of the coal source. The 87Sr/86Sr
isotopic ratio of the CCR leachates in this study ranged from
0.7109 to 0.7126 (Figure 1). The data show that the 87Sr/86Sr
isotopic ratios of the Appalachian Basin coals had the least
radiogenic ratio (0.7109−0.71108), while CCR leachates
originated from coals from PRB 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 1). These
ratios are inconsistent with the Sr ratios subdivided by coal
rank. Appalachian and Illinois coals are generally characterized
as bituminous, while the PRB coal composed of subbituminous
to lignite (less common).38 Some of the isotopic variations
could be due to diﬀerent geological conditions for the
depositional environment of the Appalachian and Illinois
coals. While the age of both the Appalachian and Illinois
coals is Pennsylvanian, they were formed in diﬀerent
depositional settings. The Appalachian coals were formed in a
foreland basin39 and the Illinois coals in a paralic basin with
marine and nonmarine deposits.40 Additionally, the coal from
the Powder River Basin is much younger (Tertiary age) and
was originated in an inland basin/alluvial depositional history.40
Environmental Applications. The 2008 TVA Coal Ash
Spill. One of the world’s largest CCR spills in U.S. history
occurred in December 2008 at the Tennessee Valley Authority’s Kingston Fossil Plant in Kingston, TN. The breach of a
retention pond 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.41 The results from the TVA spill
conﬁrmed that boron can be a sensitive indicator for metals
leaching from CCRs, with boron content up to 1600 μg/L in
downstream porewater in ash covered sediments, relative to the
upstream and uncontaminated river water with boron of 6−9
μg/L (Figure 2).9,29 Results from surface water at a site covered
with spilled ash and limited water exchange (known henceforth
as the Cove)9,29 yielded low δ11B values of −12‰, which is
consistent with our leaching experiments of the same TVA coal
ash (−18‰ to −14‰). The low δ11B is signiﬁcantly diﬀerent
from that of meteoric boron, as demonstrated by the δ11B

be leached from CCRs from the same plant. This chemical
heterogeneity also complicates the ability to trace the CCR
contaminants in the environment based on elemental analysis
as CCRs do not have a uniform B/Sr ratio and thus additional
tools, such as isotopic tracers are needed to have a better
assessment of the environmental fate of CCR leachates.
Previous studies have shown that U.S. coals and CCRs are
characterized by low δ11B values,14,17 which are relatively
distinctive from other common boron sources in the environment (Figure 1). In this study we have expanded the CCR
sample collection and included systematic CCR sampling
originated from the major coal basins in the U.S. (Table 1).
The boron isotopic ratios from the 0.1 solid to deionized water
leaching-tests had a δ11B range of −18‰ to +7‰ (Figure 1).
These results are similar to previously published values for
CCRs, ranging from −19‰ to +16‰.17,18,36 Previous studies
have considered the isotopic variations linked to coal rank, but
δ11B of diﬀerent CCRs were inconsistent with such a trend (i.e.,
bituminous and lignite ﬂy ashes had negative δ11B while the
sub-bituminous coal ﬂy ash had a positive δ11B).17 Figure 1
shows that CCRs derived from the Appalachian basin coals had
δ11B range of −18‰ to −14‰, Powder River Basin (PRB)
had a δ11B of −4‰, and a blend of Appalachian and PRB had
δ11B value of −8‰. The CCRs originated from coal from the
Illinois basin with the highest B contents had the widest δ11B
range of −8‰ to +7‰. Overall, the boron isotopic signatures
of CCR leachates indicate that CCRs have some variations of
δ11B that seem to be related to diﬀerent coal sources.
Strontium isotope ratios were also recognized as a possible
CCR tracer.27,37 It has been shown that Sr isotopic ratios for
CCRs can be characterized by coal rank,37 in which the
87
Sr/86Sr ratio increases with coal maturity: lignites of 0.70767,
subbituminous of 0.70874, and bituminous coal of 0.71022.37 It
was suggested that this isotopic trend is due to diﬀerent Sr
sources at diﬀerent stages of coaliﬁcation, with the lower rank
coals containing more Sr bearing carbonate and sulfate
minerals.37 Yet diﬀerentiating 87Sr/86Sr based on coal rank
could be misleading, due to the fact that the rank of coal does
not dictate its geological origin, nor its age, which can have a
major impact on its isotopic composition. The coal ash
14794
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Figure 3. δ11B and 87Sr/86Sr values versus boron and strontium concentrations of CCR eﬄuents from Tennessee and North Carolina coal ﬁred
power plants. The data are sorted by location and association with an FGD system. The brown points on both graphs represent an actual FGD
sample. The brown circles in both ﬁgures outline the bulk sample after combining with the FGD waste stream (indicated with a brown solid circle
and the words FGD).

sources. For instance, one of the TN plants (John Sevier)
disposes of their ﬂy ash in a dry manner and therefore only
transports the bottom ash to the associated coal ash pond and
thus the discharged eﬄuent reﬂects leaching of bottom ash
rather than bulk ﬂy ash.
The data from the CCR eﬄuents indicate that the FGD
eﬄuent had higher boron concentrations than those eﬄuents
without FGD. Yet we found no signiﬁcant diﬀerence in the δ11B
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 NC and TN coal plants sampled were
burning Appalachian coals during the sampling period, except
for one TN plant that was burning a 60/40 mixture of
Appalachian and PRB coals (Table 1). 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 1).
The 87Sr/86Sr ratios in the North Carolina CCR eﬄuents
ranged from 0.7075 to 0.7147, while the Tennessee CCR
eﬄuents had a narrow range from 0.7107 to 0.7117 (Figure 3).
The only available FGD eﬄuent sample (from the Bull Run
Fossil Plant, TN) had a very high Sr concentration (>10 000
ug/L) and a signiﬁcantly lower 87Sr/86Sr ratio of 0.708 relative
to the other CCR eﬄuents. The bulk CCR eﬄuents of the
same plant (combined with FGD) had lower Sr concentration
(500 ug/L) and higher 87Sr/86Sr (0.71081; Figure 3). At the
same time, experimental leaching of coal ash from the same
plant yielded a higher 87Sr/86Sr (0.71108). These results
indicate that the Sr isotope composition of FGD eﬄuents is
diﬀerent from the non-FGD eﬄuents with a nonradiogenic
87
Sr/86Sr ratio, presumably derived from the added lime. It also
demonstrates that the bulk CCR eﬄuents discharging from this
plant (87Sr/86Sr = 0.71081) represent a mixture of Sr derived
from leaching of coal ash (0.71108) and FGD (0.708) eﬄuents.
As mentioned above, the NC and TN plants were burning
Appalachian basin coals during the sampling period, except for
one TN plant that was burning a 60/40 mixture of
Appalachian/PRB coals. The isotopic ratios of some of the
North Carolina CCR eﬄuents were consistent with the
Appalachian isotopic range (Figure 1) determined by the

values of the uncontaminated upstream Emory (+9.6‰) and
Clinch (+10.2‰) rivers (Figure 2).
Similar to boron, water in the ash spill area (Cove) had high
Sr concentrations (up to 1240 μg/L) relative to the pristine
upstream Emory River (25 μg/L) and Clinch River (90 μg/L)
(Figure 2). The 87Sr/86Sr ratios found in the surface water in
the Cove (0.7110 to 0.7128) are consistent with the ratio
measured in experimental leachates of the TVA spilled CCRs
(0.712) (Figure 2). Yet the 87Sr/86Sr ratios in the upstream
Emory and Clinch River were 0.7117−0.7124 and 0.7124,
respectively. This isotopic range overlaps the 87Sr/86Sr in the
downstream river (0.7119 to 0.7127). 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 due to
similar isotopic ﬁngerprints of noncontaminated waters and
CCRs. Overall, the range of 87Sr/86Sr isotopic ratio in CCRs is
0.7109 to 0.7126, excluding lime addition. This isotopic range
limits the capability of the Sr tracer to be used in watersheds
where the 87Sr/86Sr isotopic ratios are diﬀerent. Attempts to
model and map the 87Sr/86Sr variations in watersheds in the
US42,43 show that most of the southeastern, south, and central
watersheds in the coterminous U.S. have a similar isotopic
range that would mask the diﬀerence between CCR-impacted
and naturally occurring background waters. Yet in other areas
of the northeastern, northern, and western U.S., the isotopic
ratios are either higher (e.g., northeastern U.S., Minnesota,
southern Appalachian range) or lower (e.g., Southern Texas,
Oregon) that would allow a clear distinction between CCRimpacted water and natural background.
CCR Eﬄuent Discharges. CCR eﬄuents were sampled from
ten coal ﬁred power plants in North Carolina8 and Tennessee
from August 2010 until August 2011. The chemical
composition of discharged eﬄuents at the eﬄuent outfall
sites showed high concentrations of several elements that
characterize CCRs (e.g., B, Sr, Mo, V) that are signiﬁcantly
enriched relative to the upstream source water.8 Our data show
that all of the CCR eﬄuents were characterized by elevated
boron concentrations and relatively low δ11B values ranging
from −12‰ to −0.2 ‰ (Figure 3). 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
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Figure 4. 87Sr/86Sr versus strontium concentrations (top row- Figures A, B, C) and δ11B versus boron concentrations (bottom row- Figures D, E, F)
in CCR eﬄuents discharged into North Carolina waters. Each outfall (circles) had a distinctly diﬀerent Sr isotopic value relative to the upstream
87
Sr/86Sr values (triangles). This indicates that locally, 87Sr/86Sr values may be used as a tracer. The boron isotope of most water bodies had diﬀerent
ratios at the outfall (circles) compared to upstream (triangles) while Hyco and Mayo lakes show evidence of CCRs (negative δ11B) throughout the
lakes. The downstream samples (squares) in ﬁgures B, C, E, and F reveal a shift toward the outfall values in their 87Sr/86Sr or δ11B values.

(Figure 4). The δ11B values of the rivers and lakes at and
downstream from the outfall sites were lower relative to the
upstream sites (Figure 4E and F). The only exceptions we
found were in lakes with high CCR discharge volume and long
residence time (Hyco and Mayo Lakes), in which the lake
water is recycled for cooling the coal ﬁred power plants. In
these cases, the lakes had an even distribution of low δ11B
values (−8‰ to +2‰) because the source of boron for the
lake was primarily the CCRs eﬄuent discharge (>1000 ppb)
relative to the low boron in the natural streams input (<10
ppb). In systems where water is not recycled through the power
plants, we observed a sharp increase in B concentration and a
drop in δ11B at the outfall, relative to the upstream waters (with
one exception in Lake Wylie). The downstream waters had a
composition that reﬂects a mixture of the upstream waters and
CCR eﬄuents. For instance, the upstream French Broad River
near Ashville NC had boron concentration of 8 ug/L and δ11B
of +8‰, while the CCR eﬄuents had B concentration of 2380
ug/L and δ11B of −7.7‰. The downstream mixture resulted in
a boron concentration of 115 ug/L and δ11B of −7‰,
reﬂecting the inﬂuence of the CCR eﬄuent discharge into the
river (Figure 4). A simple mass-balance calculation shows that
in this case the contribution of the CCR input to the
downstream river is about 5% (i.e., 5% of the dissolved
constituents of the river is derived from CCR eﬄuent
discharge) (see Supporting Information (SI)). Consequently,

leaching experiments, but several sites had both higher and
lower radiogenic ratios relative to the Appalachian range. The
decrease in 87Sr/86Sr ratio could be a result of the contribution
of the FGD eﬄuents in which lime or limestone with typically
lower 87Sr/86Sr ratio (∼0.7068−0.7095)44 were added to the
ﬂue gas, introducing an additional Sr component with a lower
isotopic ratio to the eﬄuent. The Sr isotope ratios of the
Tennessee eﬄuents were consistent with the ratios measured in
the leaching experiments, whether they were from the
Appalachian or the mixture of Appalachian and PRB coals.
Overall, these results indicate that eﬄuents from CCRs without
the FGD system may be more representative of the ranges
determined by the leaching experiments (Figures 1,3, S1−S3),
while the ratios measured in FGD eﬄuents show a typically
lower 87Sr/86Sr signature.
Tracing the Impact of CCRs on Water Quality in North
Carolina. The low δ11B imprint of the CCR eﬄuents is
diﬀerent from that of common boron in uncontaminated water
resources in NC. This was demonstrated by the composition of
Jordan Lake, which was used as a reference lake in NC with no
CCR input. Jordan Lake had low B (<100 ug/L) and δ11B
values ranging from 0‰ to +7‰. In order to evaluate the CCR
impact on NC water resources that receive CCR eﬄuents,
samples were collected from both upstream and downstream of
the CCR eﬄuent outfalls. The boron concentrations of the
CCR eﬄuents were high relative to the upstream waters8
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the boron isotope geochemistry provides a very sensitive
methodology to quantify CCR input to water resources with
resolution of less than 5%.
The Sr isotope ratios in rivers and lakes that receive CCR
eﬄuents samples in NC revealed mixing relationships between
the upstream (nonimpacted) waters and the CCR eﬄuents
(Figure 4). All outfall and downstream sites had higher Sr and
lower 87Sr/86Sr ratios (with the exception of Hyco Lake)
relative to the upstream samples (Figure 4) that reﬂect a
mixture between CCR eﬄuents and background waters. We
used the Sr isotope variation to quantify the mixing fraction of
CCR eﬄuents in Hyco and Mayo Lakes, showing a CCR
contribution to dissolved salts in the lake water of 88% to 98%
in Hyco Lake and 46% to 69% in Mayo Lake. The 87Sr/86Sr
ratios of the CCR eﬄuents from North Carolina were diﬀerent
from the composition of regional surface water and thus
provided a clear distinction between contaminated and pristine
water. This distinction was not possible for the case of the TVA
spill because of the overlap in the 87Sr/86Sr ratios of CCR
eﬄuents and the background waters.
Porewaters in CCR Impacted Lakes. Porewater extracted
from the lake bottom sediments was sampled at Hyco and
Mayo Lakes in the North Carolina. Porewater from the top 25
cm of the sediment column had slightly lower concentrations of
boron (817 ppb relative to 1142 ppb in surface water) but a
similar δ11B range relative to the overlying surface water at
Hyco and Mayo Lakes (−8‰ to −0.5‰; SI Figure S4). A long
core was also collected at Hyco Lake near the eﬄuent discharge
point, capturing up to 52 cm deep within the bottom lake
sediment column. The boron concentrations decreased from
817 ug/L to 81 ug/L, while the δ11B increased from −5.5‰ to
+5.5‰ with sediment depth (SI Figure S4). Chloride in
porewaters, which behaves conservatively in the lake,8 also
decreased with depth from 58 mg/L to 26 mg/L; a 2-fold
decrease relative to 10-fold reduction for boron. The B/Cl
ratio, therefore, decreased with depth and parallel to a 10‰
increase in δ11B (SI Figure S4). This suggests that boron in the
porewater was adsorbed by the sediments, in addition to a
general shift in the porewater chemistry along the 52 cm core.
Numerous studies have shown that the association of boron
depletion and 11B enrichment due to the preferential retention
of the light boron isotope (10B) from the water on sediments,
resulting in 11B enrichment in the residual porewaters.45−48
Overall, this study reveals that despite some isotopic
variations in the coal sources, combustion procedures, and
post treatment such as FGD, the boron and strontium isotopic
ﬁngerprints of leachates generated from CCRs are unique and
in many cases diﬀerent from uncontaminated water and/or
other anthropogenic contamination sources. While the boron
isotopes are shown to be universally applicable for tracing CCR
contaminants in the environment, the application of strontium
isotopes is more restricted to speciﬁc cases where the Sr
isotopic composition of the background water is diﬀerent from
that of CCRs. The application of boron and strontium isotopes,
combined with the geochemical characteristics therefore
provides therefore a novel tool for identifying CCR eﬄuents
and quantifying their impact on the environment.
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