Downloaded via DUKE UNIV on July 22, 2021 at 15:02:06 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Skt

pubs.acs.org/est

Evaluation and Integration of Geochemical Indicators for Detecting

Trace Levels of Coal Fly Ash in Soils

Zhen Wang, Rachel M. Coyte, Ellen A. Cowan, Heather M. Stapleton, Gary S. Dwyer,

and Avner Vengosh™

Cite This: https://doi.org/10.1021/acs.est.1c01215

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations | (51

Supporting Information

ABSTRACT: Coal combustion residuals (CCRs), in particular, coal fly ash,
are one of the major industrial solid wastes in the U.S., and due to their high
concentrations of toxic elements, they could pose environmental and human
health risks. Yet detecting coal fly ash in the environment is challenging
given its small particle size. Here, we explore the utility and sensitivity of
using geochemical indicators (trace elements, Ra nuclides, and Pb stable
isotopes), combined with physical observation by optical point counting, for
detecting the presence of trace levels of coal fly ash particles in surface soils
near two coal-fired power plants in North Carolina and Tennessee. Through
experimental work, mixing models, and field data, we show that trace
elements can serve as a first-order detection tool for fly ash presence in
surface soils; however, the accuracy and sensitivity of detection is limited for
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cases with low fly ash proportion (i.e, <10%) in the soil, which requires the integration of more robust Ra and Pb isotopic tracers.
This study revealed the presence of fly ash particles in surface soils from both the recreational and residential areas, which suggests

the fugitive emission of fly ash from the nearby coal-fired power plants.
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B INTRODUCTION

Coal combustion residuals (CCRs) generically refer to the
solid waste generated from the combustion of coal in coal-fired
power plants, composed of fly ash, bottom ash, boiler slag, and
flue-gas desulfurization products, of which fly ash is the most
abundant component.”? Over the last decades, coal
combustion in the U.S. has generated a large volume of
CCRs that were disposed of and accumulated in surface
impoundments and landfills. In 2019, approximately 80 million
tons of CCRs were procluced.1 Due to its massive volume,
small particle size, and high concentrations of toxic elements
such as Hg, As, Se, Cd, Cr, and Pb,>”? CCRs, and in particular
fly ash, pose significant environmental and human health
risks.”'*~"” The impacts of CCRs on the environment have
been demonstrated by extreme and acute incidents, such as
coal ash spills from the Kingston Fossil Plant, Tennessee in
2008,"%7*% and the Dan River Steam Station, North Carolina
in 2014.*>** In addition, chronic release of CCRs and its
contaminants to the environment can also have significant
effects, as shown by the leaking of effluents from surface
impoundments and landfills, and discharge of CCR effluents
into the aquatic environment.>*>*° Furthermore, fugitive
emission of fine ash particulates from coal-fired power plants
and subsequent deposition and resuspension in the surround-
ing terrestrial environment could expose residents to the ash
particles and associated contaminants.'”'”*”’ 7> Regardless of

© XXXX American Chemical Society

WACS Publications

the mechanisms by which CCRs enter the environment, the
ability to detect their occurrence is critical for delineating the
environmental impacts and risks of CCRs to human health.
The geochemistry of coal fly ash is largely distinctive from
those of natural rocks, soils, and sediments.'”*' % Hence,
once it is released to the environment, the geochemistry of the
impacted natural reservoir is likely to be altered, thus
facilitating the use of geochemical tools to detect the possible
presence of fly ash and its associated contamination in the
environment. Previous studies have demonstrated the utility of
a variety of geochemical tools for tracing fly ash contamination
of aquatic systems. Given the high mobility of certain toxic
elements from fly ash, the occurrence of soluble elements, such
as As, Se, B, and Sr, combined with distinctive signatures of B
and Sr isotopes, have been used to delineate its impact on
groundwater, surface water, and sediment pore water.”***~*
For the detection of the presence of fly ash solids in the
environment, various isotope systems have been used as
potential tracers. Lauer et al. showed that fly ash derived from
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coals of the major coal-producing basins in the U.S. has a
distinctively low ***Ra/**°Ra activity ratios (<1) relative to the
common ***Ra/***Ra activity ratios in soils (>1), suggesting
the possibility of using ***Ra/?**Ra activity ratios to identify fly
ash in the environment.”” Wang et al. showed that the Pb
isotope composition of U.S. fly ash (ie, **Pb/**Pb vs
206pp / 207pb) is distinctive from those of both natural Pb in
soils and major anthropogenic Pb sources (i.e., leaded gasoline
and lead-based paint), making it a useful tracer of fly ash solids
in the environment.>® In addition, Sr, Hg, and Tl isotopes have
also been suggested as potential tracers for delineating the
occurrence of coal fly ash solids in the environment.**"*7~*
Furthermore, trace elements can also be indicative of the input
of coal fly ash solids in the environment. Vengosh et al
identified the presence of fly ash solids in the bottom
sediments of Sutton Lake near Wilmington, NC caused by
multiple unmonitored coal ash spills, partially detected by high
concentrations of trace elements (e.g., As, Se, Mo, Sb, and TI)
in the Sutton Lake sediments when compared with their
occurrence in sediments from a background lake.’* The
presence of fly ash solids in the Sutton Lake sediments was
further verified by Pb stable isotopes.’®

While acute coal ash spills within the environment can be
easily detected due to their large scales, tracing small quantities
of fine fly ash particulates in soils and sediments derived from
atmospheric deposition from nearby coal plants is much more
challenging. Installation of high-efficiency pollution control
devices in coal-fired power plants, including electrostatic
precipitators and fabric filters, has significantly reduced the
emission of fly ash from coal combustion by retaining the
majority of ash particles.””*® Nonetheless, fine ash particles
could still be uncaptured and accumulate in the terrestrial
environment at relatively trace levels, particularly onto surface
soils surrounding coal-fired power plants and coal ash disposal
sites.””?**7*® Previous studies have shown heavy-metal
contamination in surface soils near coal-fired power plants
and coal ash disposal sites;* ™ however, no direct and
definite links to coal ash source were established in these
studies, reflecting the limitation of solely using chemistry data
for identifying trace levels of coal fly ash in soils.

In this study, we aim to explore the utility of multiple
geochemical methods, including trace elements, Ra isotopes,
and Pb stable isotopes, as indicators for the presence of trace
levels of coal fly ash particles in soils near coal-fired power
plants and coal ash disposal sites. We evaluate the sensitivity of
these methods by integrating observation and quantification of
fly ash particles in soils, using égoint counting under polarized
light microscope (PLM).***°~*® While some of these methods
have been used individually, here, we present the first
integration of geochemical methods for the purpose of tracking
even trace levels of coal fly ash contamination in the
environment. By integrating multiple geochemical tools and
microscopic physical observation to investigate surface soil
samples collected from areas adjacent to coal-fired power
plants in North Carolina (NC) and Tennessee (TN), we
demonstrate both their applicability and limitations for the
detection of trace levels of coal fly ash presence in the
environment.

B MATERIALS AND METHODS

Sample Collection and Preparation. To examine the
utility of geochemical tools for detecting coal fly ash in the
environment, we collected and analyzed surface soils

surrounding two operating coal-fired power plants, the
Marshall Steam Station (2090 MW, began operation in
1965) near Lake Norman, NC, and the TVA Bull Run
Steam Plant (865 MW, began operation in 1967) in Claxton,
Anderson County, TN. To our knowledge, both the Marshall
Steam Station and the Bull Run Steam Plant primarily burn
coals sourced from the Appalachian (APP) Basin.

Surface soil samples were collected from recreational and
residential areas near Lake Norman, NC (n = 21) and Claxton,
Anderson County, TN (n = 25). Open, flat, and uncultivated
natural grasslands were selected as sampling sites, where soil
samples were collected from 5 cm depth below the surface
using a stainless steel trowel. Each sample was a composite of
three to five sub-samples collected from areas of approximately
S m X S m to avoid sampling bias. Upon collection, all samples
were stored and sealed in plastic bags or containers to avoid
potential contamination. Maps showing the locations of coal-
fired power plants and sampling sites are presented in the
Supporting Information (Figure S1). As indicated by the wind
rose diagrams, the majority of the sampling sites are located
downwind of the coal plants, while the upwind Lake Norman
State Park, northeast of the Marshall Steam Station (Figure
Sla), and the upwind Haw Ridge Park, southwest of the Bull
Run Steam Plant (Figure S1b), were selected for soil sampling
to represent the respective local background soil according to
the sampling guidelines for baseline soils by the U.S.
Geological Survey (USGS).”

Prior to laboratory analysis, each soil sample was oven-dried
at 50 °C until reaching a constant weight, plant residues and
gravels were removed by hand, and the remaining soil was
passed through a 2-mm sieve for homogenization. A subset of
the sample by coning and quartering was ground using a
ceramic mortar and pestle to pass through a 200-mesh stainless
steel sieve for subsequent chemical analysis.

Laboratory and Statistical Analysis. Trace Elements.
The concentrations of trace elements were measured on a
Thermo Fisher XSeries II inductively coupled plasma mass
spectrometer (ICP-MS) at Duke University. Samples were
digested in a HF—HNO; mixture. The details of sample
digestion and instrumental analysis have been documented in
previous studies.””*®** The efficiency of digestion and
accuracy of measurement were assessed by measuring the
National Institute of Standards and Technology (NIST)
standard reference material (SRM) for trace elements in coal
fly ash SRM 1633c as well as the U.S. Geological Survey
(USGS) sedimentary rock standard SCo-1 (Cody Shale). The
average percent recovery as well as relative standard deviations
(RSDs) for all of the analyzed trace elements from repeated
measurements of the reference materials over the course of
analysis are presented in Table S1. The percent recovery for Cr
in NIST 1633c is 80.4% (RSD = 5.2%, n = 7), lower than the
average of 97.5% for all trace elements, while the percent
recovery for Th in USGS SCo-1 is 80.7% (RSD = 12.2%, n =
5), lower than the average of 93.4% for all trace elements.

Radium Isotopes. The activities of 2**Ra and **Ra were
determined on a Canberra DSA2000 broad-energy germanium
y detector surrounded by Pb shielding at Duke University. The
sample packing and incubation followed the method reported
previously.”” Each measurement lasted for at least 86 000 s to
minimize statistical counting error. Detector efficiencies were
determined using a U—Th ore reference material (CCRMP
DL-1a) packed and incubated in the same geometry as the
samples.
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Figure 1. (a) Diagram of estimated ash percent (%) against coal ash index (CAI) of the surface soil samples from Lake Norman near the Marshall
Steam Station, NC. The mixing line is defined by the theoretical mixing between the average NC baseline soil and the average APP fly ash. (b)
Diagram of estimated ash percent (%) against CAI of the surface soil samples from Claxton near the Bull Run Steam Plant, TN. The mixing line is
defined by the theoretical mixing between the average TN baseline soil and the average APP fly ash. The baseline soil data were compiled from the
USGS database,” and the APP fly ash data were generated from this study. (c) Diagram of ash percent estimated by CAI against ash percent by
point counting for the selected soil samples from Lake Norman and Claxton. Black dot line represents the 1:1 line.

Lead Stable Isotopes. The Pb stable isotope analysis (***Pb,
207pb, 2%Pb, and ***Pb) was performed on a Triton thermal
ionization mass spectrometer (TIMS) at Duke University,
using Faraday cups and operating in static mode. The sample
digestion and Pb column separation and purification have been
detailed in a previous study.”® A common Pb standard NIST
SRM 981 was measured regularly over the course of analysis (n
= 36) and the mass bias for all isotope ratios was determined
according to the expected values.”” The analytical uncertainties
(2SD) for ***Pb/**Pb and 2*Pb/>**’Pb are 0.0013 and 0.0003,
respectively.

Optical Point Counting. The percent of coal fly ash
particles present in the soil samples was determined at 500X
magnification using a Leica DMLP polarizing microscope
equipped with a Swift model F automated point counter at
Appalachian State University. Details of sample preparation,
counting procedures, and method reproducibility, as well as
photomicrographs of fly ash particles in soils, are presented in
the Supporting Information. To produce representative counts,
each sample was thoroughly homogenized when slides were
made for microscopic observation and counting. The
identification of coal fly ash, which is composed of distinctive
spherical particles, was based on Fisher et al”" and Hower.”?

Data Compilation and Statistical Analysis. The trace
element data of the surface soils (top S cm) collected across
North Carolina (n = 83) and Tennessee (n = 66) were
compiled from the USGS database,”” which represent the
baseline geochemical characteristics for the statewide surface
soils (referred to as baseline soil hereafter) (Table S2). The

trace element data of coal fly ash samples derived from coals of
the Appalachian Basin (APP) (n = 16), Illinois Basin (ILL) (n
=22), and Powder River Basin (PRB) (n = 7) were measured
on ICP-MS, which have been partially reported in previous
studies (Table $2).**** Monte Carlo simulation was
performed for the theoretical mixing of coal fly ash and soil,
by following the mixing scenarios of 10, 25, 50, and 75% of fly
ash addition in soil, and each scenario was composed of 500
simulated mixtures. To confirm its reproducibility, the
simulation was repeated at least 10 times for each mixing
scenario until its mean values and standard deviations were
calculated. Nonparametric methods were employed for
statistical analysis using R,? including Spearman’s rank
correlation for investigating the correlation of two variables
and Mann—Whitney test for comparing the difference between
two groups.

Bl RESULTS AND DISCUSSION

Evaluation of Trace Element Indicators for the
Presence of Coal Fly Ash in Soils. Analysis of the trace
element composition of coal fly ash samples associated with
coals of the major coal basins in the U.S, including the
Appalachian (APP), Illinois (ILL), and Powder River (PRB)
basins®®** is presented in Table S2. In spite of variations in
trace metal concentrations, fly ash derived from combustion of
coals from the different basins in the U.S. has distinctive
geochemical characteristics relative to the baseline soils of
North Carolina and Tennessee®® (Table S2; Figure S2).
Similar patterns are observed for fly ash that originated from
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combustion of the APP and ILL coals, which have enrichment
of As, Se, Mo, Sb, and TL In addition to these elements, PRB
fly ash is also enriched in Se, Sr, and Ba relative to the baseline
soils (Figure S2). Given both the Marshall Steam Station and
Bull Run Steam Plant have utilized coals primarily derived
from the Appalachian Basin, we used the APP fly ash data in
this study (Table S2). To mimic the mechanical mixing
between fly ash and soil, an archived NC surface soil sample
known to have zero input from fly ash and a coal fly ash sample
derived from APP coals was experimentally mixed in the
laboratory, with weight percent of fly ash mixing of 10, 25, 50,
and 75%. The actual measurements of trace elements in the
soil—ash mixtures were compared to the theoretical calcu-
lations for the mixing combinations of the soil and fly ash
(Table S3). Despite some variations, the measured values
largely agree with the calculated values. The trace element
concentrations of the soil—ash mixtures were then normalized
to the average values of NC baseline soil, and the distribution
curves of trace elements in the different mixtures are shown in
Figure S3. While the distribution curves of trace elements in
the original soil sample and fly ash sample are markedly
different, increasing the fraction of fly ash in the soil—ash
mixtures evidently causes divergence of the distribution curves
from that of the pristine soil sample and resemblance to that of
the fly ash sample (Figure S3).

Furthermore, mixing of fly ash and soil results in notable
spikes of an assemblage of trace elements, including As, Se,
Mo, Sb, and Tl in the soil—ash mixtures (Figure S3). To
quantify the characteristic enrichment of the As—Se—Mo—Sb—
T1 assembly in soil that resulted from mixing with fly ash, we
define the coal ash index (CAI), which is the sum of the
enrichment factors of each of the five characteristically
enriched trace elements as normalized to their median
concentrations in the background soil. To better reflect the
relative contribution of fly ash as opposed to other potential
contamination sources, the enrichment factors of these five
elements are weighted by multiplying the percent weight of the
enrichment factor of each element in fly ash (see details in
Supporting Information). By calculating the CAI values, a
linear relationship between CAI and estimated ash percent in
the mixtures can be established. As shown in Figure S4, the
relationship for the experimental mixing between CAI and ash
percent largely fits with the theoretical mixing, suggesting the
potential utility of CAI as an indicator for coal fly ash presence
in soils, with the potential of estimating the relative input of fly
ash in soils.

To demonstrate the application of the coal ash index, we
calculated the CAI values using the weighted enrichment
factors of the As—Se—Mo—Sb—TI assembly for the inves-
tigated surface soil samples from Lake Norman and Claxton,
respectively (Tables S4 and S5). The results are compared to
the theoretical mixing relationship established between the
averages of the statewide baseline soil and APP fly ash (Figure
la,b). Most of the analyzed Lake Norman soil samples have
CAI values that are similar to or lower than that of the
background sample from Lake Norman State Park (corre-
sponding to ash percent of <4%; Figure Sla). Yet a few
samples (6 out of 20) yielded CAI values higher than that of
the background soil, with the respective estimated fly ash
percent being up to 16%, implying the possible presence of
coal fly ash in these soil samples (Figure la; Table S4). The
CAI values calculated for the Claxton surface soil samples were
similarly compared to the ash percent following the theoretical

mixing between the averages of the TN baseline soil and APP
fly ash (Figure 1b). Compared to the Lake Norman soil
samples, we find systematically higher CAI values in 21 out of
the 24 soil samples from Claxton relative to the local
background soil collected from the Haw Ridge Park (Figure
S1b), with estimated coal ash percent up to 20% (Figure 1b;
Table S5). To further assess the effectiveness of the CAI
method, we employed optical point counting to physically
identify and quantify fly ash within the soil samples, based on
the fact that coal fly ash particles have distinctive spherical
morphologies relative to typical mineral grains in soil and
sediments (e.g, quartz, calcite, feldspar, and clay miner-
als).*°~° The counting results confirm our hypothesis that the
background soil samples from both Lake Norman and Claxton
contain zero coal fly ash, even though the CAI values could
suggest ~4.0 and ~2.1% of fly ash present, respectively (Tables
S4 and SS5). Besides the local background soils, seven more
Lake Norman soil samples and 13 more Claxton soil samples
were selected for optical point counting mostly due to their
relatively high estimated ash percent by the CAI method
(Tables S4 and SS). Fly ash was identified in all of the selected
Lake Norman soil samples, including samples with both higher
and lower CAI values than that of the background soil,
although the point-counted ash percent is generally low,
ranging from 0.9 to 6.5% (Table S4). Among the selected
Claxton soil samples, fly ash was observed in 12 out 13, with
the point-counted ash percent ranging from 1.6 to 16.5%.
Sample CCS-15 was estimated to have the highest ash percent
by the CAI method (~20.9%) but had no observable fly ash
under microscope (Table S5), demonstrating that solely using
the CAI method may result in false detection in some cases,
and the need for multiple methods to validate the observation.
The estimated ash percent values by CAI for the selected soil
samples were plotted against the respective percent values by
point counting (Figure 1c). The estimated ash percent for the
selected soil samples from Lake Norman was not significantly
correlated with that from point counting (p = 0.43, p = 0.34),
with most of the CAl-estimated ash percent higher than the
point-counted ash percent (Table S4; Figure 1c). In contrast,
the selected soil samples from Claxton show a much better
correlation between the CAl-estimated ash percent and the
point-counted ash percent (p = 0.72, p < 0.05) (Figure Ic).
Our data indicate that detecting trace levels of fly ash presence
in the soil using the coal ash index (CAI) method can be
useful, yet the accuracy of this method is limited, as indicated
by the inconsistency between the CAl-estimated ash percent
and the point-counted ash percent, particularly for the Lake
Norman soil samples.

In addition to the enrichment of the As—Se—Mo—Sb—TI
assembly, the APP fly ash is typically enriched in a suite of
trace metals relative to the baseline soils, including Li, V, Cr,
Co, Ni, Cu, Zn, Rb, Sr, Ba, Th, and U. For each of the
individual trace metals, the APP fly ash is significantly higher
than the NC baseline and TN baseline soils, respectively,
according to the results of Mann—Whitney test (p < 0.01)
(Figure SS). Therefore, we performed a series of hypothetical
mixing calculations between the APP fly ash and the baseline
soils to test the potential of using all of the trace metals as
indicators for the possible presence of fly ash in soils. Given
that the trace element concentrations of both the APP coal fly
ash and the NC and TN baseline soils exhibit large variations
(Figure SS), we performed the mixing calculations using
Monte Carlo simulations to incorporate the variability in the
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Figure 2. Biplots of trace metals for the surface soil samples collected from Lake Norman, NC and Claxton, Anderson County, TN. (a)—(d) depict
the Lake Norman soil, where yellow circles represent the soil samples selected for optical point counting and physically identified to have fly ash
presence under microscope, green square represents the background soil from the Lake Norman State Park, and black triangle represents the
median value of APP fly ash. (e)—(h) depict the Claxton soil, where pink circles represent the soil samples selected for optical point counting and
physically identified to have fly ash presence under microscope, green square represents the background soil from the Haw Ridge Park, and black
triangle represents the fly ash sample from the Bull Run Steam Plant. Red mixing line is defined by Monte Carlo simulation between the APP fly
ash and the respective local background soil, composed of four simulated mixtures with ash percent of 10, 25, 50, and 75%, respectively, with error

bars denoting 95% confidence intervals.
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Figure 3. Diagram of ***Ra vs 2*Ra for (a) Lake Norman, NC surface soil samples and (b) Claxton, TN surface soil samples. (a) Yellow circles
represent the soil samples selected for point counting and physically identified with fly ash presence under microscope, green square represents the
background soil from the Lake Norman State Park, and black triangle represents the median value of APP fly ash. The green dotted line marks the
228Ra/**Ra activity ratio of 2.0 for the local background soil of Lake Norman, and black dotted line marks the 28R /**Ra activity ratio of 0.68 for
the median APP fly ash. (b) Pink circles represent the soil samples selected for point counting and physically identified as containing fly ash via
microscopy, green square represents the background soil from the Haw Ridge Park, and black triangle represents the fly ash sample collected from
the Bull Run Steam Plant. The green dotted line marks the ***Ra/***Ra activity ratio of 1.3 for the local background soil of Claxton, and black
dotted line marks the 2Ra/***Ra activity ratio of 0.60 for the Bull Run fly ash sample. Error bars for the measured samples denote the average 2SD
(2 x standard deviation) for *?Ra (1.39 Bq/kg) and ***Ra (2.76 Bq/kg), both of which do not extend past the symbol boundaries and thus are not

shown.

concentration data. As with the experimental mixing, four
scenarios with the weight percent of fly ash of 10, 25, 50, and
75% were applied to the mixing simulations. Under each
mixing scenario, a total of 500 random mixtures were
generated, and then the mean and standard deviations for
each simulated mixture were calculated, which together define
the simulated mixing lines as shown in Figures SS and S6.
Though the trace metal concentrations of APP coal fly ash are
distinctively different from those of the NC and TN baseline
soils, the results of the mixing simulation show that the
simulated mixtures can span a wide range due to the large
variations in the trace metal concentrations when the exact end
members contributions of soil and fly ash are both unknown
(Figures SS and S6). In most cases, a low percentage of fly ash
in the soil (i.e., <10%) does not yield appreciable differences
relative to the majority of baseline soil, while increasing the
fraction of fly ash leads to a more distinguishable soil—ash
mixture from the baseline soil (Figures SS and S6). This
suggests that although trace metal concentrations have the
potential to indicate fly ash presence in soils, they have limited
sensitivity, particularly in detecting low levels of fly ash and in
cases where the chemistry of the pristine soil end-member is
not well defined.

However, when the pristine background soil composition is
known, the performance of the hypothetical mixing using the
trace metal concentrations can be significantly improved, as
demonstrated by the two study sites. Since we have no
information about the chemistry of fly ash generated
specifically from the Marshall Steam Station in North Carolina,
we used the median value of the APP fly ash (Table S2) as a
reference for the fly ash end-member for the Lake Norman
case because this plant has utilized primarily APP coals. For the
Claxton case in Tennessee, we used data of actual fly ash
collected directly from the Bull Run Steam Plant (Table S2).
Mixing calculations were performed using the Monte Carlo
method under the same scenarios as described above (i.e., 10,
25, 50, and 75% of fly ash addition) between the background
soils and the APP and Bull Run fly ash. The selected trace
metal concentrations in all of the soil samples are plotted in
Figure 2. While the soil samples from Lake Norman did not
follow the mixing lines derived from the mixing simulations

and the theoretical mixing proportions were not consistent
with actual counting data (Figure 2a—d), soil samples from
Claxton showed a better agreement between the hypothetical
mixing and the actual point-counted ash percent in the soils
(Figure 2e—h). We conclude that the detection of fly ash using
only the trace metal concentrations in soil samples with a low
percentage of fly ash has limited sensitivity, whereas soil with
higher fly ash percentages (i.e., >10%) showed higher
correspondence between the theoretical mixing relationships
and physical observation under microscope.

Evaluation of Radium Isotope Indicators for the
Presence of Coal Fly Ash in Soils. Given the limitation of
the trace element indicators, we also explored the applicability
of using the abundance of Ra nuclides as a tracer of coal fly ash
in soils. Radium is a naturally occurring radioactive material
(NORM) that is derived from the decay chains of Th and U,
where **®Ra (t,,, = 5.7 years) is the decay product of **Th and
226Ra (t,), = 1601 years) is a progeny nuclide of the ***U decay
series. As with many other trace elements, Ra is also enriched
in fine coal fly ash particles following coal combustion.”” The
average “?*Ra/??*Ra ratio and the total Ra activity of the APP
fly ash are 0.67 and 283 Bq/kg, respectively, which reflects the
Th/U activity ratio in the parent coals.’” In contrast, the
228Ra/?*%Ra activity and the total Ra activity in average soil are
1.2 and 70 Bq/kg, respectively.”* Consequently, the distinction
in Ra abundance and the ratios between fly ash and common
soil highlight the potential utility of Ra isotopes (ie.,
228Ra/**%Ra activity ratio) as an indicator for the presence of
fly ash in soils.

In the case of Lake Norman, the *Ra/?**Ra activity ratio of
local background soil (2.0) is notably higher than that of APP
coal fly ash. The ***Ra/**’Ra activity ratios of the Lake
Norman soil samples ranged from 0.8 to 3.2 (Figure 3a; Table
S4). The soil samples selected for the optical point counting
that were identified with fly ash presence clearly fall within the
hypothetical mixing envelope between the background soil and
APP fly ash, except for one sample, which had a ***Ra/**Ra
ratio of 2.1, slightly higher than that of background soil. In the
case of Claxton, the ***Ra/**Ra activity ratios for all of the soil
samples ranged from 0.8 to 1.7 (Table SS), which is much
narrower than those for the Lake Norman soil samples. The
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Figure 4. Diagrams of Pb isotope composition (***Pb/2*Pb vs 2*Pb/2""Pb) of (a) selected Lake Norman, NC surface soil samples as well as soil—
ash mixtures derived from the experimental mixing between an archived NC surface soil and an APP fly ash sample, and (b) selected Claxton, TN
surface soil samples. Blue field represents the partial Pb isotope data compiled for leaded gasoline and lead-based paint in the U.S.>® For context,
gray field represents the Pb isotope data of the APP coal fly ash.>® Blue dash line is the Pb regression line for gasoline and paint. Black dash line is
the Pb regression line for the APP coal fly ash. Error bars that denote the analytical uncertainty 2SD (2 X standard deviation) for *Pb/2%Pb
(0.0013) and 2*Pb/>**’Pb (0.0003) do not extend past the symbol boundaries and thus are not shown.

%Ra/*“Ra activity ratio of the local background soil of
Claxton is 1.3, which is lower than that of Lake Norman
background soil, and yet still distinctly higher than that of coal
fly ash from Bull Run Steam Plant (***Ra/**Ra = 0.60; Figure
3b). Nine out of 12 samples that were identified as containing
fly ash by optical point counting had ***Ra/?**Ra ratios within
the expected range between the background soil and fly ash,
while the three samples with higher ***Ra/***Ra ratios had the
lowest point-counted ash percent, 1.6, 1.9, and 3.2% (Table
S5). One sample (i.e., CCS-15) had ***Ra and **°Ra activities
close to that of the local background soil, which was consistent
with the point counting results that did not indicate the
presence of fly ash (Table SS). Overall, our data demonstrate
the robustness of using Ra isotopes as an additional indicator
for the presence of low levels of fly ash in soils, although the
sensitivity of this tracer depends on the Ra activities and
228Ra/?*%Ra ratios of the background soil that could overlap
with and mask the contribution of coal fly ash.

Evaluation of Lead Isotope Indicators for the
Presence of Coal Fly Ash in Soils. In addition to trace
elements and Ra isotopes, we further explored the applicability
of Pb isotopes for detecting the occurrence of fly ash in soils.
Lead naturally occurs in four stable isotopes, including one
nonradiogenic isotope (i.e, *°*Pb), and three radiogenic
isotopes: “®Pb, a decay product of ***Th, **Pb, a decay
product of ***U, and 2”’Pb, a decay product of **°U. Lead
isotope ratios have been widely used for source tracing Pb
contamination in the environment.”> Typically, on a
208p}, /200p}, v 206ph /207ph isotope diagram, the older Pb ore
source appears to be in the upper left quadrant, while the
younger Pb ore source is in the lower right quadrant.’®’® The
variations of 2Pb/*"Pb ratios reflect the differences in the
decay rates of the parent ***U and >*U nuclides and the
differences in **Pb/?%Pb ratios generally reflect variations of
the ratios of the parent isotopes 2*Th and 2**U.”° The Pb
isotope signature of the U.S. coal fly ash has been shown to be
distinct from both natural soil and major anthropogenic Pb
sources (i.e., leaded gasoline and lead-based paint), and thus it
has been suggested for detecting the occurrence of coal ash in
the environment.

Figure 4a shows the Pb isotope compositions of the
experimental mixtures composed of a NC surface soil sample
and an APP fly ash sample. Evidently, the surface soil sample
we used for the experiment has a Pb isotopic signature that
reflects the leaded gasoline and lead-based paint isotope

composition, which is distinctly different from that of the fly
ash sample that is within the compositional field of APP fly ash
(Figure 4a).>® The four soil—ash mixtures, however, shift from
the Pb regression line of gasoline and paint and display a clear
two-end-member mixing array between the soil and fly ash
samples (Table S3; Figure 4a). Despite some offsets from the
mixing line, the experimental mixing results follow the
expected mixing between the soil and fly ash samples and
follow the Pb regression line of fly ash (Figure 4a). Therefore,
we suggest that soil samples plotting along the Pb regression
line of the APP fly ash likely indicate the possible presence of
fly ash.

The Pb isotope ratios (i.e., °’Pb/**Pb and **Pb/*’Pb) of
the soil samples from Lake Norman and Claxton selected for
point counting are presented in Tables S4 and SS and plotted
in Figure 4a,b, respectively. In the case of Lake Norman, the
Pb isotope composition of the local background soil was
clearly outside the compositional field and away from the
regression line of the APP fly ash, consistent with the results
that showed no presence of coal fly ash, as indicated by trace
elements, Ra isotopes, and optical point-counting data (Figure
4a; Table S4). The Pb isotope compositions of the analyzed
soil samples were different from that of the background soil
and largely followed the APP fly ash regression line, except for
one sample, which had the lowest counted ash percent of 0.9%
(Figure 4a; Table S4). Similarly, the Pb isotope compositions
of most of the analyzed soil samples from Claxton in TN that
have shown evidence for fly ash presence were different from
the Pb isotope composition of the local background soil, and
most of these soil samples plotted along the regression line of
the APP fly ash (Figure 4b; Table SS). While the analyzed soil
samples from Lake Norman showed some offset from the
compositional field of the APP fly ash (Figure 4a), most of the
analyzed Claxton soil samples have Pb isotope compositions
that overlap with the APP fly ash compositional field with
notably higher 206ph /207ph  and lower 2°Pb/?°°Pb ratios
(Figure 4b). In addition to the influence of coal fly ash, the
systematically lower 2*Pb/2%Pb ratios observed in the Claxton
soil samples are possibly due to a greater proportion of parent
nuclide ***U relative to ***Th in the TN soils compared to NC
soils, which is shown by the significantly higher U
concentrations in the TN baseline soils (Table S2). Nonethe-
less, our data show that Pb isotopes can be a reliable indicator
for the presence of coal fly ash in soils.
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Integration and Implications. The results from this study
show that the coal ash index (CAI), which features the
enrichment of the As—Se—Mo—Sb—TI assembly in fly ash,
could provide a first-order evaluation of the possible presence
of coal fly ash in soils, with the potential to estimate the ash
percent. However, our data show that using the CAI as a sole
indicator could result in an overestimation of the fly ash
contribution, particularly when fly ash percentage in soils is low
(e.g., <10%). Additionally, the ability to detect the presence of
coal fly ash could be impeded by high concentrations of trace
metals in the background soils and/or interference from trace
metal contributions from other sources.””’® When the
compositions of background soil and fly ash end members
are unknown, the sensitivity of the trace-elements method is
further decreased. We therefore posit that sole reliance on
trace elements is not sufficient to detect the presence of trace
levels of coal fly ash in soils. Instead, adding additional isotopic
tracers such as Ra and Pb isotopes can serve as a more robust
tool for detecting even trace levels of fly ash in soils.
Consequently, to enhance the detectability of fly ash in soils,
we suggest the integration all of these geochemical tools, which
collectively can help to avoid potential detection bias and
provide a better constraint on the results. The geochemical and
isotopic methods provided in this study present another set of
tools that can be used in concert with optical counting to
detect the occurrence of coal fly ash and its associated
contaminants in soils.

The presence of fly ash in soils implies two major potential
pathways of human exposure: inhalation and ingestion. Due to
the fine particles that are typically within the respirable range,'”
as well as the high abundances of toxic metals, fly ash poses
concerning risks to human health, particularly for people
working and living in communities near coal-fired power plants
and coal ash disposal sites. For example, our data show that the
Claxton soil samples with the highest counted ash percent (i.e.,
samples CCS-2, 3, 4; Table S5) were collected from a
community park, which is commonly used for recreation by
local residents. In spite of the relatively low concentrations of
hazardous trace metals in the studied soil samples, which in
most cases were below the guideline values recommended by
the US EPA and other environmental agencies for hazardous
trace metals in soils and dust (Figures S8 and S9), the
detection of fly ash on surface soil in these communities could
also indicate possible occurrence of fly ash in the nearby house
dust.

Opverall, in this study, we demonstrate the utility of using an
integration of geochemical tools (i.e., trace elements, Ra and
Pb isotopes) to detect trace levels of coal fly ash in surface soils
collected from both recreational and residential areas near
coal-fired power plants. Our data show evidence for the
occurrence of fly ash particles, likely derived from fugitive
emission from nearby coal power plants and deposition on the
surrounding soils. Although we only observed relatively only
low levels of heavy metals in the impacted soils, these soils
could further become a source of human exposure to certain
heavy metals tracked into house dust. This study focuses on
developing reliable geochemical tools to identify low levels of
coal fly ash in soils near coal plants, and yet future studies
should investigate the time frame and mechanisms of fly ash
deposition on surface soils. While fly ash emissions from coal-
fired power plants in the U.S. were common before the
installation of pollution control devices beginning 1970s,”” the
possibility of continued fugitive emission of fly ash particles

from the Bull Run and Marshal Steam coal plants cannot be
ruled out. It may be possible to determine the time frame of fly
ash deposition on surface soils (i.e., legacy fly ash emissions vs
recent fugitive emission) through analysis of the abundance of
the "¥’Cs radionuclide in coal fly ash-containing soils. *’Cs
was primarily derived from atmospheric nuclear weapons
testing, which began in the early 1950s and peaked in 1963.%°
Coal fly ash co-occurring with elevated '*'Cs in soils from
stable and undisturbed landscapes would indicate fly ash
accumulation from the pre-1970s emission legacy, whereas
relatively low '¥’Cs would reflect more recent fly ash emission.
Finally, while this study is focused on soils, the geochemical
tools presented here can also be applied to detect the presence
of coal ash solids in other environmental matrices, including
house dust and aquatic sediments. Future research should
expand this study and investigate the occurrence of fly ash in
house dust in homes located near coal plants and the human
health risks associated with chronic exposure to dust particles
containing trace levels of fly ash.
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