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ABSTRACT: Mercury stable isotope abundances were used to trace transport of
Hg-impacted river sediment near a coal ash spill at Harriman, Tennessee, USA.
5*"Hg values for Kingston coal ash released into the Emory River in 2008 are
significantly negative (—1.78 = 0.35%o0), whereas sediments of the Clinch River, into
which the Emory River flows, are contaminated by an additional Hg source
(potentially from the Y-12 complex near Oak Ridge, Tennessee) with near-zero
values (—0.23 + 0.16%o0). Nominally uncontaminated Emory River sediments (12
miles upstream from the Emory-Clinch confluence) have intermediate values (—1.17
+ 0.13%0) and contain lower Hg concentrations. Emory River mile 10 sediments,
possibly impacted by an old paper mill has §**Hg values of —0.47 + 0.04%o. A
mixing model, using 5°**Hg values and Hg concentrations, yielded estimates of the
relative contributions of coal ash, Clinch River, and Emory River sediments for a suite
of 71 sediment samples taken over a 30 month time period from 13 locations. Emory

-2.0

-2.5

. 5%2H (%) .

o
o

Paper mill
affected Emory
>

o
13

o

o

0.01

0.1
[Hal, ng/g (ww)

River samples, with two exceptions, are unaffected by Clinch River sediment, despite occasional upstream flow from the Clinch
River. As expected, Clinch River sediment below its confluence with the Emory River are affected by Kingston coal ash; however,
the relative contribution of the coal ash varies among sampling sites.

B INTRODUCTION

Mercury Contamination. Mercury (Hg) is a widespread
contaminant."” Industrialization has increased total Hg input
into the environment by as much as a factor of 2.*> The main
anthropogenic inputs of Hg into the environment are coal
burning and losses from gold mining operations,l though many
other sources and pathways have been reported. For example,
point sources of Hg contamination have been reported from
the Idrija region in Slovenia to the Brazilian Amazon.*”'?
Studies have also shown that Hg cycles through the atmozphere
and can get deposited far from point sources'> '® and
accumulate in biota.'” ™"

The chemistry of Hg plays a major role in evaluation of Hg
mobility, bioavailability, and biological impacts. The dominant
inorganic valences of Hg in nature are Hg(0) and Hg(Il);
Hg(0) is sparingly soluble and generally a less reactive volatile
species, whereas Hg(II) is soluble but highly reactive, forming
many aqueous complexes with various ligands and surface
complexes on solids, and forming solids like HgS and HgSe.*
The ability of Hg(II) to adsorb onto sediments allows it to
remain sequestered in solid materials for long periods of time.
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Hg also has various organic forms, the most important of which
is methylmercury, a deadly neurotoxin that bioaccumulates in
biota and causes most of Hg’s biological impact.

Coal-fired power plants release Hg into the environment
both through smokestack emissions and releases of coal ash,
which contains elevated levels of Hg and other contaminants.”"
According to the EPA, there are at least 240 coal ash storage
facilities containing various coal combustion residuals (fly ash,
bottom ash, coal slag, and flue gas desulfurization residue)
across the United States. As of August 2009, 30 facilities and 49
surface impoundments are considered to have a high hazard
potential, which is defined as a high probability for significant
economic and human life loss if an impoundment failure were
to occur.”!

On December 22, 2008, a coal ash dredge cell failed at the
Tennessee Valley Authority (TVA) Kingston coal-fired power
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plant at Harriman, TN, releasing approximately 4.1 million
cubic meters of coal ash into the Emory and Clinch Rivers in
Tennessee. Measurements of Hg in the sediment, ash, and fish
samples taken after the spill have shown that Hg is above its
toxicological screening threshold for benthic organisms (0.18
mg/kg dry weight) and over the human health screening values
in the fish (0.0406 mg/kg).”>*> These high concentrations of
Hg are of concern because Hg bioaccumulates and poses a risk
to humans and wildlife.

Hg stable isotope measurements have grown as a tool for
examining sources and chemical transformations of Hg in the
environment.*'>**7>” Hg has 7 stable isotopes with nominal
masses 196, 198, 199, 200, 201, 202, and 204 amu. Variations in
their relative abundance are measured as variations in the
199Hg /1% Hg, 20Hg/1%Hg, 2'Hg/1®Hg, and Hg/'*Hg
isotopes ratios (the other two ratios are usually not used
because of analytical issues).”® These variations are reported in
permil (%o) deviations from NIST Standard Reference Material
3133. For example, 202Hg/ 198Hg ratio variations are expressed
using

202
198Hg

sample

2027, _
8’ Hg = | 3 — 1[¥1000%o

198Hgstandard (1)

Hg isotope ratio variations can be induced by mass-dependent
isotopic fractionation (MDF). During reduction of Hg(II) to
Hg(0) (microbial®*® and abiotic®"), lighter isotopes react at a
slightly greater rate causing enrichment of lighter isotopes in
reaction products and enrichment of heavier isotopes in the
reactant pool. Other MDF reactions include methylation,**
evaporation,> and equilibration between aqueous and adsorbed
species.”*** Blum and Bergquist™ give a good summary of how
to report isotope ratios. Mass-dependent isotopic variations are
determined by measuring §*”Hg, with §°Hg serving to
confirm results. Recent studies have found 5200H% can vary
from the predicted mass dependent calculations;***” however,
no studies exist showing §°Hg varying from the predicted
mass dependent calculations in sediments or ash.

The odd isotopes of Hg (**’Hg and *°'Hg) have been shown
to vary by other processes in addition to those causing mass-
dependent fractionation. These phenomena are known as mass
independent fractionation (MIF). The dominant cause of MIF
appears to be photochemical transformations,®" though other,
smaller MIF effects have been reported.>>** MIF is reported as
the per mil deviation of the measured §'*/'**Hg and §°°/'**Hg
values from the expected mass-dependent fractionation derived
from the measured 5*”Hg of the same samzple. These are
calculated as AHg and A*'Hg, respectively.”®

The Hg isotope ratios of various sources of Hg in the
environment differ due to MDF and/or MIE."***7*® These
variations provide the potential to determine the source(s) of
Hg in systems where multiple sources of contamination exist,
or to distinguish contaminant Hg sources from the natural
background. Multiple studies have used Hg isotopes in order to
trace Hg contamination and sources through natural systems,
for example, studies in the Idrija region in Slovenia,® Lake
Baikal,® northern France,” San Francisco Bay, California,'® and
China.”""** However, the Hg isotope ratios of the sources are
not necessarily immutable signatures; tracing of sources can be
disrupted by isotopic shifts resulting from chemical reactions.

In this study, we present an extensive Hg isotope data set for
river sediments near the Kingston, TN, coal ash spill. The river

system also contains historical Hg from the Y-12 plant complex
at the Oak Ridge Reservation.””** The objectives of this study
are (1) determine whether the Hg isotopic values of the four
different sources (coal ash, Y-12 Hg, paper mill impacted
sediments, and natural background) are distinct from each
other; and (2) to estimate the relative contributions of these
three sources and the regional Hg background to the
sediments’ Hg contents at various locations. To achieve this,
we determined the isotopic compositions of the various Hg
sources into the system and developed evidence that these
compositions are not greatly changing over time. The resulting
Hg sourcing information is used in a companion article*® to
determine if the availability of Hg for methylation is greater for
the recent coal ash-derived Hg, relative to older Hg in the
system, or whether the other elements found in the coal ash act
as nutrients that increase methylation rates for existing Hg in
the sediments.

B METHODS AND MATERIALS

Field Setting and Sampling Procedures. The Kingston
coal fired power plant is located at the confluence of the Emory
and Clinch Rivers in Tennessee, USA (Figure 1). Water flow is
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Figure 1. Map of the Kingston power plant site showing river
sampling locations (rivers are in dark blue). Emory River sampling
sites are marked using triangles (A), Clinch River samples are marked
using circles (O), and the cove samples are marked with a diamond
(0). Arrows below river names represent flow directions. Dashed lines
indicate extent of ash found immediately after the spill.

to the south and west on the Emory and Clinch Rivers,
respectively. Under normal conditions, the Emory River
discharge is exceeded by that of the Clinch.*' During normal
plant operations, cooling water is drawn from the Emory River,
which can sometimes cause the Clinch River water to flow
upstream in the Emory for ~2 miles to the plant intake.*
Ash from the 2008 spill was found mainly between Emory
River Mile 1 (ERM 1; one mile upstream from its confluence
with the Clinch River) to ERM 5.5, with a one mile stretch
containing an ash layer up to 30 feet thick. Ash traveled
upstream to ERM 6, up the Clinch River to Clinch River Mile
(CRM) S, and was found as far downstream as Tennessee River
Mile 563.>** Dredging in the Emory River from 2009 to 2010
removed 65% of the 4.1 million cubic meters of spilled ash.**
Ash samples were collected from the dredge cell from early to
late 2009. A cove across from the dredge cell (but on the same

dx.doi.org/10.1021/es303111p | Environ. Sci. Technol. XXXX, XXX, XXX—XXX



Environmental Science & Technology

Table 1. Mean Analyses + SD for the Four End-Member Materials

material

Kingston Fly Ash 0.133 + 0.023

CRM 5.5 Sediment 0.813 + 0.291
ERM 12 Sediment 0.021 + 0.008
ERM 10 Sediment 0.03S + 0.009

concentration (mg kg™') 5*”Hg

—1.78 + 0.35%0
—0.23 + 0.16%0
—1.17 + 0.13%0
—047 + 0.04%0

A199Hg AzmHg
—0.21 + 0.03%0 —0.14 + 0.04%o
—0.07 + 0.02%o —0.07 + 0.02%o
—0.21 * 0.06%o —0.15 + 0.03%0
—0.13 + 0.01%o —0.15 + 0.02%o

S~ O > =

side of the river) was completely filled with ash during the spill.
Sediments from this cove were sampled in late 2009.

Three river locations were chosen to provide sediments
uncontaminated by the ash spill. Emory River Mile 12 (Figure
1) samples have relatively low Hg concentrations and were
unaffected by the ash spill because they are located several miles
upstream. There are no known point sources of Hg upstream of
ERM 12, and we thus assume the observed Hg is some
combination of atmospheric deposition, mostly derived from
coal-fired power plants, and natural Hg derived from rock
weathering. Thus, analyses of the six ERM 12 results serve as a
proxy for the regional Hg background. Emory River Mile 10 is
located one mile downstream of a former paper mill with
known presence of Hg in its surrounding sediments.*> ERM 10
is, therefore, assumed to represent a mixture of background
sediments and sediments affected by the paper mill Hg. Clinch
River sediments are known to be contaminated by Hg released
from activities at the U.S. Dept. of Energy Y-12 plant complex
near Oak-Ridge, TN decades ago.””** Our analyses of
sediment from Clinch River Mile 5.5, which was not affected by
the 2008 ash spill, were used to represent the composition of
Clinch River sediments prior to any mixing with the ash.

Sediments from the river bottom were collected using a
Wildco box corer (up to 25 cm depth).*” Samples were
generally obtained close to the river channel midpoints.
Samples were homogenized by hand and kept at 4 °C (for
about 1—3 days) until transport to the lab, where they were
frozen upon arrival (=20 °C). Samples were kept frozen until
use.

Analytical Methods. Samples for Hg isotope measure-
ments were thawed and up to 0.1g (wet weight) of sediments
were weighed into 30 mL glass tubes. The sediment samples
were then digested overnight in 4 mL aqua regia (3:1
HCLHNO;) at 95 °C. Sediments containing Hg concentrations
<2 mg kg™' were preconcentrated after digestion using an
anion exchange step adapted from Malinovsky et al** The
anion exchange resin (0.4 mL bed volume) was washed with
5% (m/v) thiourea, conditioned with 2 M HCL, and samples
were eluted using 4 mL 5% thiourea solution. Fresh thiourea
solutions were made immediately prior to each ion exchange
session. Final Hg concentrations of sample solutions used for
mass spectrometry were 1—3 ng g~

Mass sgectrometry followed the methods of Mead and
Johnson.*’ Samples were spiked with a calibrated double
isotope tracer solution containing '**Hg and ***Hg and allowed
to chemically equilibrate overnight. Spiking was done after
digestion and prior to any further chemical processing. Isotopic
compositions were measured on a Nu Plasma HR multi-
collector inductively coupled plasma mass spectrometer at the
University of Illinois at Urbana—Champaign. Hg was
introduced into the instrument via a cold-vapor generation
device using a SnCl, reductant. For samples prepared using ion
exchange, the reductant solution was made strongly basic; this
weakens thiourea—Hg complexes and enables the SnCl, to
reduce the Hg(II). Sample uptake rate was 0.5 mL min™". The

instrument’s mass-bias was corrected using the measured
20*Hg/'%Hg ratio and a previously described double-spike
data reduction routine.” Isobaric interferences were monitored
by measuring '**Pt*, 2®T1*, 2°°Pb*, and '"*HgH"; and corrected
for the HgH" interferences.

The long-term precision of the isotopic method was
evaluated by preparing and analyzing 12 samples multiple
times, on different days, for a total of 27 replicate samples. The
root-mean-square of the §°**Hg difference is 0.06%o; we thus
estimate our 95% confidence precision to be +0.12%oc. The
95% confidence precision for A'”Hg and A**'Hg are +0.07%o
and +0.06%o, respectively. Blanks were also prepared with each
digestion batch and averaged 95 pg Hg, whereas the minimum
Hg mass per sample was 4 ng. Concentrations of Hg in the
sediments were calculated using isotope dilution; the double-
spike concentration is calibrated against a concentration
standard (TCLP Hg standard, Ricca Chemical Co.).

Mixing Calculations. Standard equations were used to
calculate the isotope ratios and concentrations of sediment
mixtures derived from variable proportions of upstream Clinch
River sediment, background and paper mill impacted Emory
River sediments, and fly ash. Compositions of these four
components, or end-members, were represented by average
compositions of multiple analyses of CRM S.5, ERM 12, ERM
10, and fly ash, respectively. The series of equations required is

202
o HgMixture

= (L PhCash + fopario OeraioCeratio + Jermrz, crus.s PERM12/CRMS.5
Crraiz/cross)

/(fAsh CAsh + fERMlO CERMIO + fERMlZ/CRMS.S CERMIZ/CRMS.S) (2)

Chvixture = fAsh Casn fERMlO Cermio + fERMlZ/CRMS.S

Crrmiz/crus.s (3)

1= fo + oo T fERMlZ/CRMS.S (4)

Where ERM 12 is used to calculate the mixture for the Emory
River samples (with the exception of 2 samples), and CRM 5.5
is used in the Clinch River samples’ mixing model. Variable f
represents the mass fraction of each end-member present in the
mixture, and § and C give the measured §°’Hg value and
concentration of the mixture and each end-member. In order to
determine the fraction of each end-member in each measured
mixture, the equations were rearranged and solved iteratively
for f as a function of the samples’ § and C values.

B RESULTS

Coal-Ash and Upstream Sediments from the Emory
and Clinch Rivers. Sediments collected from the upstream
Emory River (site ERM 12) yielded the lowest Hg
concentrations (0.014—0.033 mg kg™'), about 38 times lower
than the Clinch River Mile 5.5 sediments (0.49—1.2 mg kg™"),
and the largest variability (~38% RSD). Emory River Mile 10
sediments contained higher concentrations of Hg (0.024—0.043
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Figure 2. 5°”Hg values relative to log Hg concentration. Ash samples are blue squares (), cove samples are blue diamonds (), Clinch River
sediments are purple circles (O), and Emory River sediments are green and orange triangles (A). Lighter colors indicate sites farther downstream.
The black lines indicate mixing curves between pairs of the end-members, and the red tick marks give mixing proportions at various points along
those lines. All Emory River sediments, except two, plot between the Emory River and ash end-members. The Clinch River sediments are more
complex and vary with time. Vertical error bars represent 2SD uncertainty, horizontal error bars represent 10% uncertainty.

mg kg™') and very consistent §°**Hg values (—0.47 + 0.04%o).
In contrast, the four coal-ash samples exhibited higher Hg
concentrations (0.099—0.15 mg kg™") and substantial variability
of 5*Hg values, ranging from —1.40%o to —2.23%o (Table 1,
Figure 2). The ERM 12 and CRM .5 locations were
remarkably consistent in §°*Hg (—1.17 + 0.13%0 and —0.23
+ 0.16%o, respectively) considering they were sampled over S
(ERM 12) and 11 (CRM 5.5) month periods (Figure 2). The
A'"Hg and A*'Hg also remained consistent over time. The
MIF signatures also clustered such that Clinch River samples
were distinct from the Emory and Ash samples — which were
indistinguishable from each other (Figure 3, Table 2).
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Figure 3. Mass independent anomalies A'®Hg plotted against
A*Hg. Ash samples are blue squares (O), cove samples are blue
diamonds (¢), Clinch River sediments are purple circles (O), and
Emory River sediments are green and orange triangles (A). Lighter
colors indicate sites farther downstream. Clinch River sediments plot
in a distinct group from the Kingston ash and Emory River sediments,
which are indistinguishable from each other. Error bars represent 2SD
uncertainty.

River Sediments. Table 2 gives mean values of the various
river locations aside from those used as end-members for the
various Hg sources. Complete analytical results are reported in
Tables S1—S3 of the Supporting Information. Figure 2 presents
results from individual samples, along with curves delineating
calculated mixing models (5**’Hg vs inverse concentration in
the Supporting Information). Six samples from the cove area
plot with the ash samples. This is expected since the cove was
completely filled with ash from the spill.

Nearly all Emory River samples are consistent with being
mixtures of ash and Emory River sediments, without any Clinch
River influence. Two exceptions are one ERM 1 sample and
one ERM 2 sample, which plot in the Clinch River mixing field.
We also note that some ERM 1 and ERM 2 samples, and one
ERM 3 sample, fall within the field defined by the cove and ash
samples, indicating the former locations are at times dominated
by ash-derived Hg. In contrast, none of the samples from the
ERM 4 location, the farthest upstream of the spill-contaminated
locations sampled, plot within that field (Figure 2).

Data from the Clinch River sediments below the confluence
are more complex. Some locations on the Clinch appear to be
dominated by Emory River sediments at certain times, but
sediments at these locations also vary with time and are
sometimes dominated by coal ash. However, all CRM 2
samples, with the exception of one, plot within the field defined
by the upstream CRM 3.5 location indicating limited Emory
influence (Figure 2).

Mass independent fractionation of '*’Hg and **'Hg provides
a second, independent isotopic difference between the Clinch
River sediments and those from the upstream Emory River and
the Kingston Coal Ash (Figure 3). The Clinch River Mile 5.5
sediments have significantly greater A'”Hg and A*'Hg than
the Emory River upstream samples and the ash. The mean
A'"Hg and A*Hg of the Clinch River sediments are —0.06 +
0.03%0 (2 SD) and —0.07 + 0.04%0 (2 SD) respectively,
whereas the means for the ERM 12 and coal ash are —0.21 +
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Table 2. Average Concentration, §°”*Hg, 6*°°Hg, A'*’Hg, and A**'Hg +SD of River Locations

river location concentration (mg kg™") 5°Hg
Cove 0.094 + 0.01 —1.60 + 0.19%0
ERM 4 0.047 + 0.01 —127 + 0.24%0
ERM 3 0.064 + 0.04 —1.63 + 0.30%0
ERM 2 0.072 + 0.03 —1.51 + 0.21%o0
ERM 1 0.072 + 0.02 —1.32 + 0.33%0
CRM 4 0.28 + 0.11 —0.40 + 0.09%o
CRM 2 0.66 + 0.33 —0.10 *+ 0.18%0
CRM 1° 0.38 + 0.04 —0.21 + 0.12%o
CRM 0 033 £0.18 —0.39 + 0.35%0

—0.83 + 0.08%0
—0.670 + 0.17%o
—0.85 + 0.13%0
—0.85 + 0.22%0
—0.72 + 0.18%o
—0.22 + 0.06%o
—0.05 + 0.09%o
—0.04 £ 0.13%o
—0.24 + 0.21%0

5200Hg A199Hg AZOIHg

—0.19 + 0.08%0 —0.17 + 0.06%o
—0.22 + 0.04%o —0.15 =+ 0.08%0
—0.21 + 0.04%0 —0.16 + 0.02%o
—0.21 + 0.04%o —0.16 = 0.01%0
—0.18 + 0.09%o —0.12 + 0.06%o
—0.12 + 0.03%0 —0.09 + 0.01%o
—0.10 =+ 0.03%o —0.07 % 0.03%o0
—0.03 + 0.07%o 0.00 + 0.06%o
—0.10 + 0.06%0 —0.08 + 0.01%0

A= 0O NN WA 3

“Uncertainty listed is 10% for concentration and 2SD external reproducibility for isotopic values.

0.09%o0 (2 SD) and —0.15 + 0.09%0 (2 SD), respectively, and
ERM 10 are —0.15 + 0.06 (2 SD) and —0.13 + 0.02 (2 SD),
respectively (Tables S1—S3 of the Supporting Information).

B DISCUSSION

Evidence for Stability of Hg Isotope Ratios in
Sediments over Time. Previous studies have demonstrated
that Hg isotope ratios may differ among Hg sources in
sediments of natural systems and suggested that the relative
contributions of each source can be estimated at various
locations by using the Hg isotopic systematics.é_ll’z'9 However,
these studies implicitly assume that the isotopic ratios of
sediment from each source do not change over time. If this
assumption is incorrect, spatial variations in the ratios may be
attributable to modifications of the isotopic ratios of the
sediments rather than source differences, thus it would be
impossible to calculate the percent contribution of each Hg
source with confidence.

A recent study employing sequential extraction out of the
Kingston coal ash has shown that most (roughly 93%) of the
Hg is strongly complexed in the ash.’® Recent studies looking
into the interaction of Hg and organic matter have shown that
Hg comglexes very strongly with dissolved organic matter
(DOM).>' =3 Isotopically, Hg bound by thiol groups is up to
0.63%o lighter than its dissolved species;>* however, Jiskra et
al* found that the sorption process does not impart any
isotopic fractionation on Hg when sorbing onto goethite. Given
the strong interaction of Hg with DOM and the lack of
fractionation associated with sorption processes off of goethite,
it is very unlikely that the Hg isotopic composition is changing
over time.

Loss of labile Hg from the sediments has the potential to
cause a shift in its Hg isotopic ratios.****7>% For example,
reduction of Hg(II) to Hg(0) and subsequent loss of
isotopically light Hg(0) vapor could result in an increase of
the remaining 6°*Hg. It is important to note that a significant
fraction of the Hg must release from the sediments to cause a
detectable isotopic shift. Chemical alteration of Hg having no
contact with the environment — trapped inside a sediment
grain, for example — will not affect the isotopic values. Similarly,
loss of Hg with an isotopic composition matching that of the
average sediment Hg will not cause a shift in the isotopes.
However, it is very likely there are multiple forms of Hg within
the sediments and that these forms are isotopically distinct. A
preferential loss of one of those forms will shift the measured
values in the sediments.

The data from the present study provide evidence that
sediments in this system have stable Hg isotope ratios that do
not change significantly with time. We observe that CRM $.5

and ERM 12 isotopic values scatter over narrow ranges (0.40%o
and 0.36%o, respectively). The Clinch River is known to have
been affected by Hg released from the U.S. Dept. of Energy Y-
12 complex near Oak Ridge, TN, since the 1950s.2% If the Hg
isotope ratios of the Clinch River sediment have been evolving
over time, we would expect the chemical reactions or other
processes would cause a variable isotopic shift in space. Our
data require that either the sediments have no major shift in
their original isotopic values or they have all shifted precisely
the same amount. The latter scenario is highly unlikely.
Similarly, the nominally uncontaminated background Emory
River sediments show little variation, and it is thus unlikely that
major Hg isotope shifts occur as sediments age in the river.
Given this evidence, we suggest the Hg does not change
isotopically over time in this system and therefore can treat the
measured Hg isotope ratios as semipermanent signatures.

Estimates of Sediment Contributions from the Three
Sources. The relative contributions of the two Hg
contaminant sources (Y-12 Hg and TVA ash) to the sediments
at various points in the system is of great importance as the
region recovers from the spill. Using the data from this study,
we are able to estimate the amounts of sediment sourced from
the Clinch River, the Emory River, and the coal ash spill, even
though the sediments might not have an obvious visual
indicator of contamination (i.e., distinctive sediment type). Our
ability to distinguish the different contributors of Hg into the
system should be useful in tracking the Hg and efficacy of the
remediation efforts.”®

The Hg concentration and isotopic composition of all
samples can be successfully modeled as mixtures of the TVA
coal ash, upstream Clinch River sediment as represented by
CRM 5.5, and Emory River sediments as represented by ERM
12 and ERM 10. We used the mean Hg isotopic and
concentration values at these locations (Table 1) as end-
members, which then mix to produce the compositions
observed in the samples (Table 2). The ERM 12, ERM 10,
and CRM 5.5 end-members represent sediment unaffected by
the coal ash spill and the limited ranges of isotopic values are
taken to represent limited inherent variability in those three
sources. The wider isotopic range (0.84%o) of the coal ash end-
member in the model is expected because TVA imports coal
from multiple locations in the United States.*® Previous studies
have shown that coal isotopic values may vary between, and
within, regions in the United States.>*%¢

In Figure 2, the Hg concentration and §***Hg values of all
possible mixtures of the four chosen end-member sediments
define two distorted triangles. The curves forming the sides of
each field represent binary mixtures containing two of the four
sources. The Emory River sediments plot within the three end-
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member mixing field delineated by ERM 12 (background),
ERM 10 (paper mill), and the coal ash end-members, and do
not trend toward the Clinch sediments end-member. Clinch
River sediments are more complicated. Clinch River Mile 1 and
all but one of the CRM 2 samples plot close to the area of zero
contribution of the coal ash end-member, whereas sediments
from CRM 4 and CRM 0 appear to have a coal ash component
in them. This result is consistent with microscopic analysis of
sediment particle characteristics along the Clinch River showing
primarily native sediments at CRM 2 and a significant coal ash
component at CRM 0." This result can be explained by the
difference in channel width between CRM 4 and CRM 0,
narrowing at CRM 2 and CRM 1 and widening at CRM 4 and
0.5 The microscopic analysis did not, however, distinguish
between the Emory and Clinch sediments, which we were able
to do using the resultant Hg isotope data.

The Hg concentration and isotopic composition of each
sample, combined with the mixing model (Figure 2), can be
used to calculate estimates of the relative contributions of the
four sediment sources. These estimates carry significant
uncertainties because the four end-members have variable
compositions that depart from the compositions used to define
the model. In order to estimate the uncertainty of the
calculations, we used the most extreme values for the
calculations and found that the uncertainties for the Emory
and Clinch Rivers are about +14% and +40%, respectively
(discussion in the Supporting Information).

According to the model calculations, Clinch River sediments
comprise less than 5% (and only 9% in the most extreme case
as discussed above) of sampled sediment at all Emory River
locations, while the Kingston coal ash was found far up the
Emory River, with substantial contributions up to ERM 4
(Table 3). This is consistent with previous observations.*>**

Table 3. Percent Sediment Contribution of Each End-
Member to Specific River Locations®

river

location % Clinch % ash % ERM 12 % ERM 10 n
ERM 4 0 4—40 0—88 0-82 7
ERM 3 0 14—-85 15-79 0-26 4
ERM 2 0-3 26—48 0—-67 0-50 3
ERM 1 0—4 6—76 0-56 3-91 7
CRM 4 18—-36 6—57 0 16—69 7
CRM 2 39—-100 0—41 0 0-31 9
CRM 1 36 0 0 64 1
CRM 0 11-57 0-28 0 0—44 4

“Uncertainties are estimated to be 14% and 40% for ERM and CRM
samples, respectively. Clinch end-member contribution to ERM
samples does not exceed 9% (discussion in the Supporting
Information).

At a few locations in the Clinch River, about 57% of the
sediments are sourced from the TVA power plant spill (Figure
2). However, most Clinch River samples (19 of 22) have less
than 40% coal ash according our calculations. Overall, there is
no clear pattern that describes the Clinch River results; this is
not surprising given the known sediment dynamics (below).

The A"Hg and A*'Hg data cannot be used to calculate
sediment mixing proportions, because of the lack of a
significant difference between the Kingston ash and ERM 12,
and the small magnitude of the Clinch versus Emory/Ash
difference relative to the measurement uncertainty. However,

the separate grouping of the Clinch and Emory/Ash samples
supports our conclusion that Clinch River sediments comprise
less than 5% of the sediments found at the Emory River
locations.

The observed patterns of sediment mixing, and the variability
observed, are consistent with known patterns of water flow and
observed sediment dynamics. The presence of Clinch River
sediment within the Emory River is caused by periodic artificial
reversals of flow direction. During normal plant operation water
is pumped from the Clinch/Emory confluence and flow up the
Emory River approximately 2 miles into the plant intake
(Figure 1).

Immediately following the spill, most of the ash remained in
the Emory River,”® and was observed to transport downstream
only in distinct pulses related to flooding events.”>*® The most
significant ash transport event occurred in May 2009.%®
Accordingly, we expect spatial and temporal variability of the
sediments at each sampling location downstream of the spill
site; this is a potential complicating factor in attempting to
define patterns of contamination using our data and similar
isotopic data in other studies.”® For example, one sample might
be derived from old, prespill sediments exposed in recent scour,
and the next sample at the same nominal location might be
dominated by spill material, and another sample might be
primarily recently deposited uncontaminated sediments. This
could occur either because the exact sampling location varied
by a few meters or because the river’s bedforms migrated or
changed seasonally. It is important to note that the sediments
themselves do not have different 5202Hg values, but the
resultant mixture can produce a different isotopic value at each
sampling location.

Broader Implications. The results of this study demon-
strate the ability to use Hg isotopes as tracers of contaminated
river sediments affected by a recent spill event. This approach
enables us to distinguish between different sources without the
need to have visually distinct sediment compositions (i.e., coal
ash versus river sediments). Compared to other studies which
apportion Hg in systems that only have chronic contami-
nation,®** this study shows that Hg may be stable in some
sediments to allow for immediate apportionment of sources
during a single contamination event superimposed on an old,
chronic contamination problem. Our ability to distinguish
between sources, and estimate their contribution to the system,
is a powerful tool in tracking Hg as active remediation occurs.

Determining the relative contributions of various Hg sources
is useful in understanding both the transport of contaminated
sediments and the potential for differing biogeochemical
properties of Hg coming from those sources. In a companion
article,** we use the results of the present study to determine
whether Hg sourced from the coal ash is more bioavailable for
methylation than the Hg already present in the system or
alternatively whether nutrients derived from the ash are
responsible for increased Hg methylation.

B ASSOCIATED CONTENT

© Supporting Information

Three tables containing individual sample concentration,
isotopic composition, and calculated mixture percents; UM
Almadén values; inverse concentration mixing diagram; MIF
and mixing model calculations. This material is available free of
charge via the Internet at http://pubs.acs.org.
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