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ABSTRACT: Lead (Pb) isotopes have been widely used to delineate Pb
pollutants in the environment. Here, we present, for the first time, a systematic
analysis of Pb isotopes in coal fly ash derived from coals from the three major
coal-producing basins in the United States. Fly ash samples from Powder River
Basin coals have higher *Pb/?”’Pb ratios (1.2271 + 0.0086, n = 7) than
Appalachian Basin fly ash (1.2173 + 0.0060, n = 16), while Illinois Basin fly
ash samples are much more variable (1.2270 + 0.0140, n = 22). The Pb
isotopic signature of fly ash is distinguishable from that of major anthropogenic
Pb sources in the United States, including leaded gasoline and paint, as well as
the Pb isotope ratios of naturally occurring sediments and soils. Lead isotopic
analysis of sediments from Sutton Lake in North Carolina, where other
indicators have identified the occurrence of fly ash solids from unmonitored
coal ash spills, shows a well-defined mixing between the Pb of unimpacted
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sediments and that of Appalachian Basin fly ash. This result further validates the applicability of Pb isotopes as a new tracer for

detecting the occurrence of coal fly ash in the environment.

to identify the presence and pathways of coal ash

Lead (Pb) is a globally recognized toxic pollutant that can pose
risks to the environment and human health. Lead occurs in
four stable isotopes, including ***Pb (~52.4% of natural
abundance), 2%Pb (~24.1%), and 2Pb (~22.1%), which are
three radiogenic isotopes produced by the radioactive decay
chains of ***Th (t,,, = 14 billion years), ***U (¢, = 4.5 billion
years), and ***U (t,, = 0.7 billion years), respectively, and one
nonradiogenic isotope ***Pb (~1.4%)."* The differences in the
decay rates of nuclides within the 2**Th, **U, and 2**U decay
chains, in addition to variable contents of U and Th and their
ratios in rocks of different ages, result in large variations and
distinctive Pb isotope ratios of terrestrial Pb reservoirs.'~ Due
to its relatively small mass difference between iso-
topes (Amass), Pb does not undergo large isotopic
fractionation durin§ 4»physical and chemical processes at Earth’s
surface conditions.” Therefore, Pb isotopes have been widely
used to determine the sources and pathways of various Pb
pollutants in the environment.”™”

Coal ash, also known as coal combustion residuals (CCRs),
refers to the byproducts from burning coal, including fly ash,
bottom ash, boiler slag, and flue gas desulfurization gypsum,
among which fly ash is the most abundant. Coal ash has raised
alarming environmental and human health concerns due to its
elevated concentrations of hazardous elements such as As, Se,
Cd, Cr, and Pb."°"" In order to delineate the environmental
impacts of coal ash, previous studies have explored various
isotopic fingerprints (e.g., B, Sr, and Ra) as geochemical tools
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contamination in the environment."*™'® Lead isotopes in
coal ash, however, have rarely been systematically docu-
mented.””"* Although several studies have investigated the Pb
isotopic compositions of coals and addressed their applications
for assessing Pb pollution caused by coal combustion,'”™**
very few have characterized the Pb isotopes of coal ash and
studied its ap(plic_ation for tracing coal ash occurrence in the
environment.””"

In this paper, we provide, for the first time, a systematic
analysis of Pb isotopes in representative coal fly ash samples
derived from coals of the three major coal-producing basins in
the United States, namely, the Appalachian Basin, Illinois
Basin, and Powder River Basin,”* which respectively accounted
for 25.5%, 13.3%, and 43.2% of the total U.S. coal production
in 2017.”> We measured the Pb isotope ratios (***Pb/**Pb,
207pY, /204p, 206pY, /204p, 208pY, /206pY, and 2%6Pb/27Pb) as well
as the Pb, Th, and U concentrations of the fly ash samples. By
integrating our data with existing Pb isotopic data of both
naturally occurring sediments and soils and major anthro-
pogenic sources (leaded gasoline and lead-based paint), this
study aims to determine whether the Pb isotopic signature of
fly ash is distinctive relative to both geogenic and
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anthropogenic Pb sources and if it is useful in tracing fly ash in
the environment. In order to test this potential, we analyzed
sediments at different distances from coal ash ponds from
Sutton Lake in North Carolina, where other indicators have
shown the impact by unmonitored coal ash spills.”® We also
measured sediments from Lake Waccamaw in North Carolina,
which is used as a reference lake and has no coal ash ponds
nearby.

B MATERIALS AND METHODS

Sample Collection. Coal ash analyzed in this study
includes 45 fly ash samples collected from 12 U.S. coal-fired
power plants between 2004 and 2013 (Table S1)."® Based on
accessibility, the fly ash samples were collected from different
particle collection systems, namely, mechanical, baghouse filter,
and electrostatic precipitator (ESP) (Table S1). The fly ash
samples originated from coals in the Appalachian Basin (n =
16), Illinois Basin (n = 22), and Powder River Basin (n = 7).
Feed coals from the Appalachian Basin and Illinois Basin are
Pennsylvanian-age bituminous coal, whereas those from the
Powder River Basin are Paleocene and Late Cretaceous-age
sub-bituminous coal (Table S1).** Sediment samples pre-
viously collected from Sutton Lake (n = 7) and Lake
Waccamaw (1 = 2) in North Carolina were also included.”®

Pb Isotope analysis. Fly ash and sediment samples were
digested in a HF-HNO,; mixture. Following digestion, all
solutions were dried down and redissolved in 11 N HCI. The
Pb, Th, and U concentrations were measured on a Thermo
Fisher X-Series II inductively coupled plasma mass spectrom-
eter (ICP-MS). The accuracy was assessed by measuring a coal
fly ash standard reference material (SRM) NIST 1633c.
Aliquots containing approximately 100 ng of Pb were taken
from digested solutions and further prepared for elemental
separation using Bio-Rad anion resin AG1X8 and 1.1 N HBr
solution for sample loading and matrix washing. Lead was then
eluted using 6 N HCI (see details in the Supporting
Information). The separation process was conducted twice to
ensure complete separation of Pb from other matrix
constituents. All acids used in this study were optima grade.
The detailed sample digestion and Pb column separation
procedures are available in the Supporting Information. The
Pb isotope analysis (**Pb, 2”’Pb, 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. Separated and purified Pb was loaded with
H;PO,-acidified silica gel onto degassed single Re filaments.
To correct for instrumental mass fractionation, common Pb
standard NIST SRM 981 was measured regularly over the
course of analysis. The raw data of all samples were corrected
for instrument mass fractionation. The mass bias was
determined from replicate measurements of NIST 981 (n =
21) and normalization to the expected values.”” The analytical
uncertainties (2SD) for 2°°Pb/2%*Pb, 27Pb/2*4Pb, 29°Pb/2%4Pb,
2%5pb/?%Pb, and **Pb/*’’Pb are 0.0109, 0.0032, 0.0026,
0.0003, and 0.0001, respectively (Table S2).

B RESULTS AND DISCUSSION

Characterization of Pb Isotopes in Fly Ash from the
United States. The Pb isotope ratios display variations
outside of analytical uncertainty (***Pb/***Pb from 38.5942 to
39.3406 + 0.1664, *’Pb/*™Pb from 15.6607 to 15.7307 +
0.0165, 2Pb/?*Pb from 18.9236 to 19.6090 + 0.1999,

205Pb /2%Pb from 1.9760 to 2.0431 + 0.021S, and ***Pb/*”’Pb
from 1.2079 to 1.2479 + 0.0117) (Table S3). Specifically, the
mean *Pb/*"Pb ratio for fly ash samples derived from
Powder River Basin (PRB) coals is 1.2271, which is higher
than that of fly ash originating from Appalachian Basin (APP)
coals (1.2173 ) (Table S3). In contrast, fly ash samples from
Illinois Basin (ILL) coals show a considerable spread of
206ph /297P} ratios from 1.2079 to 1.2479, which encompasses
the range of all the investigated samples (Table S3, Figure 1).
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Figure 1. Boxplots of Pb isotope (***Pb/2’Pb) ratios in fly ash
samples derived from Illinois Basin (ILL), Power River Basin (PRB),
and Appalachian Basin (APP) coals. Summary statistics for displayed
data are presented in Table S3.
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Consistent with previous studies of coal,'”*'™>* our data show

that there is also no clear correlation between the 2*Pb/>*’Pb
ratios of fly ash and the respective coal age. A two-tailed ¢ test
indicates that the °°Pb/?”’Pb ratios of APP fly ash are
statistically different from those of PRB fly ash and ILL fly ash
(p < 0.01), whereas PRB and ILL fly ash samples are not
statistically different from each other despite source coals of
different ages (Table S1).

Lead concentrations in fly ash samples vary from 25.3 to
308.0 mg/kg. The mean Pb concentrations of Appalachian fly
ash samples (88.4 + 29.1 mg/kg) and Illinois fly ash samples
(138.2 + 56.9 mg/kg) are greater than that of Powder River
Basin fly ash samples (47.3 + 18.2 mg/kg) (Table S3). For the
entire sample set of fly ash, lead concentrations show high
correlations with 2'°Pb activities (r = 0.65, p = 0.06) and with
210pp /226Ra ratios (r = 0.81, p < 0.01) that were reported for
the same batch of samples,'® although the fly ash samples from
the Illinois Basin display a less significant correlation between
*19ph activities and Pb concentrations (r = 0.24, p = 0.36) by
having two distinctive trends (Figure SIA—D). This confirms
earlier observations on the volatilization of Pb during coal
combustion, with volatilized Pb gradually condensing on finer
fly ash particles at lower temperatures, resulting in a
progressive enrichment of Pb and higher 2'°Pb/?**Ra activity
ratios in fly ash.'®?*® In contrast, across all samples, Pb stable
isotope ratios are not correlated with Pb concentrations (e.g.,
for 29Pb/2Pb, r = 0.24, p = 0.12; Figure S2A,B) and have
relatively moderate correlations with *'°Pb activities (r = 0.31,
0.66, p = 0.06, <0.01; Figure S1B,C, respectively) and
19ph /22%Ra ratios (r = 0.09, 0.37, p < 0.01; Figure S1EF,
respectively), largely due to higher correlations between Pb
stable isotopes and *'°Pb activities for the Illinois fly ash
samples (r = 0.72, 0.74, p < 0.01; Figure S1B,C, respectively).
The distinct characteristics of Illinois fly ash samples might be
attributed to a greater heterogeneity of corresponding feed coal
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Figure 2. *%Pb/2*Pb versus **Pb/*"’Pb ratios in fly ash samples investigated in this study compared to other Pb sources in the United States. The
displayed data of fly ash samples are shown in Table S3. Details of the compiled data for the other Pb sources are provided in Table S4 and from
refs 19,22, and 30—42. Note the three different slopes of the anthropogenic Pb (blue), coal and fly ash (gray), and natural or geogenic (orange)

domains.

sources. Overall, this analysis suggests that the condensation of
Pb onto fly ash during coal combustion may not cause
significant Pb stable isotope fractionation, which should be
further verified by measuring paired coal and coal ash samples.
Furthermore, Pb stable isotopes are highly correlated with Th/
U (r=0.62, p < 0.01) and Th/Pb ratios (r = 0.84, p < 0.01) for
the entire sample set, with the three basins having distinguish-
able trends and Illinois samples having a greater influence on
the overall statistics of Th/U versus 2*Pb/**Pb than the other
two (Figure S2C,D). This indicates that the Pb isotopic
variations of fly ash most likely correspond to the original
geology of coal-forming basins. In summary, our data suggest
that Pb concentrations in fly ash reflect the Pb concentrations
in the original feed coals combined with the Pb enrichment in
fly ash during combustion, whereas the stable Pb isotope ratios
mimic the feed coal geology.

Distinction of Pb Isotope Ratios in Fly Ash Relative to
Other Pb Sources in the United States. We complied
available Pb isotopic data of major anthropogenic and geogenic
Pb sources in the United States (Table S4, Figure 2). These
sources include lead ore deposits,29 30 leaded gasoline,‘“_33
lead-based paint,34_36 coals,'??** atmospheric aerosols,
bottom-layer lake sediments,’”*" and subsurface soils."'
Leaded gasoline and paint once dominated the anthropogenic
sources of Pb in the environment, with Pb additives primarily
originating from Pb ore bodies, which makes the isotopic ratios
of this anthropogenic Pb distinct from that of natural sediment
and soil Pb.>**>*

The Pb isotopes of ore deposits in the United States are
highly variable, with 208py, /206p, ranging from 1.8698 to
2.1623 and **Pb/*”’Pb from 1.0878 to 1.4060 (Table S4),
corresponding.){ to the geological ages of ores (from ~280 Ma to
~1300 Ma).>”* The other sources all fall within the range of
isotope ratios of the ores and define three separate trends
(indicated with different colors in Figure 2). The ratios for
leaded gasoline follow a trend (blue band in Figure 2) with

»

37,38

208p} /2%Pb varying from 2.040 to 2.150 and 2°Pb/*’Pb from
1.117 to 1.199. The lead-based paint ratios (2.032—2.126 for
208ph /2%Pb and 1.133—1.233 for 2°Pb/>’Pb) largely overlap
this trend, but the ratios are more variable (Figure 2, Table
S4).

Surface-layer lake sediments and surface soils are more likely
to be exposed to anthropogenic Pb inputs, whereas bottom-
layer lake sediments and subsurface soils are considered to be
more pristine and reflect the natural Pb (bedrock-
derived).””™* The Pb isotopic data of bottom-layer sediments
from the Great Lakes region and the Chesapeake Bay, as well
as subsurface soils from the states where APP, ILL, and PRB
feed coals were mined, are referenced here as natural Pb
(Table S4). With a few exceptions, the deep lake sediments
and subsurface soils are generally higher in the 2Pb/?*Pb
ratio than the fly ash samples for a given *Pb/**’Pb ratio and
define a different domain (orange-banded) from the gasoline
and paint (Figure 2). The isotope ratios of fly ash samples in
this study are slightly divergent from those of United States
coals reported in previous studies, yet together they form a
third trend (gray band) that is distinct from the other two
trends (Figure 2). Although there is some overlap, the Pb
isotope ratios of fly ash are largely distinguishable from those
of anthropogenic Pb sources, as well as those of natural Pb.
The aerosols display an overlap with the trend of gasoline
(Figure 2), except that they have higher **Pb/*’Pb ratios,
specifically in aerosols from the eastern and middle United
States (Table S4). This isotopic shift in aerosols may be
attributed to a greater contribution from coal combustion in
the eastern than western part of the United States.””**

Application of Pb Isotopes for Tracing Fly Ash in the
Environment. The sediments in Sutton Lake have been
shown to contain fly ash solids from unmonitored coal ash
spills, whereas those of a nearby lake, Lake Waccamaw, have
not been impacted, and therefore, are used as a reference.”®
The 2°°Pb/*’Pb and 2°°Pb/?°Pb ratios of Sutton Lake
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sediments vary between 1.2042 and 1.2109 and from 2.0416 to
2.0521, respectively, and are different from the Pb isotopic
composition of sediments from Lake Waccamaw (mean
206ph/27Ph = 1.2032, 2%Pb/?*Pb = 2.0528) (Table SS). As
shown in Figure 3, the Pb isotope ratios of Sutton Lake
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Figure 3. 208pp, /206ph, versus 2°°Pb/2Y’Pb ratios of sediments from
Sutton Lake and Lake Waccamaw in North Carolina as compared to
the Appalachian fly ash and the eastern United States aerosols (data
from refs 38 and 39). The displayed data are shown in Table S4 and
Table SS. Note that the Pb isotope ratios of the Sutton lake sediments
are between the reference lake (Lake Waccamaw) and the
Appalachian fly ash, suggesting a mixing between the background
sediments and fly ash.

sediments clearly lie between the ratios of unimpacted Lake
Waccamaw sediments and fly ash samples derived from
Appalachian Basin coal, the major source of coal used in
North Carolina power plants.** In addition, the Pb isotope
ratios of aerosols from the eastern United States follow a
subparallel trend to that of APP fly ash and slightly overlap the
area of Sutton Lake sediments (Figure 3).

Atmospheric deposition of Pb derived from the burning of
leaded gasoline and coal has been viewed as a major source of
anthropogenic Pb in lake surface sediments.”*”* Although
there may well be some contributions from aerosols, given the
geographic proximity of Sutton Lake and Lake Waccamaw, we
assume that atmospheric Pb deposition would have con-
tributed equally to the two lakes. Further, we suggest that the
Pb isotopic composition of Sutton Lake sediments resulted
from a two-component mixing between the unimpacted
sediments and the APP fly ash. Based on a simple binary
mixing model used to estimate the contribution of
anthropogenic Pb sources to the natural systems by using Pb
isotopes data,”~** we calculated the relative contributions of
Pb from the APP fly ash to the Sutton Lake sediments (details
about the model are outlined in the Supporting Information,
Table SS). The relative contributions of Pb from fly ash vary
from 6.7% to 54.6%, with higher percentages being observed in
sediments located closer to the coal ash ponds (Table SS,
Figure $3).”° The isotope-based Pb contribution from the APP
fly ash is also highly correlated (r = 0.9037, p < 0.01) with the
percentages of fly ash particles in the sediments independently
determined via physical observations (Table S5, Figure $3).>°

Overall, this study shows the distinctive Pb isotope signature
of fly ash relative to other anthropogenic Pb sources and
natural Pb in the United States and demonstrates the
sensitivity of Pb isotopes for detecting, and even quantifying,
the occurrence of fly ash in the environment. Future studies

should further investigate the Pb isotope ratios of paired feed
coal and coal ash samples, focus on the variations of Pb
isotopes in samples within and between different coal basins
(i.e., the variability of Illinois Basin samples), and explore the
applicability of this new proposed tracer and the magnitude of
Pb pollution from current and legacy coal combustion.
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