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ABSTRACT: Despite extensive research and technology to reduce
the atmospheric emission of Pb from burning coal for power
generation, minimal attention has been paid to Pb associated with
coal ash disposal in the environment. This study investigates the
isotopic signatures and output rates of Pb in fly ash disposal in
China, India, and the United States. Pairwise comparison between
feed coal and fly ash samples collected from coal-fired power plants
from each country shows that the Pb isotope composition of fly ash
largely resembles that of feed coal, and its isotopic distinction allows
for tracing the release of Pb from coal fly ash into the environment.
Between 2000 and 2020, approx. 236, 56, and 46 Gg Pb from fly ash
have been disposed in China, India, and the U.S., respectively,
posing a significant environmental burden. A Bayesian Pb isotope
mixing model shows that during the past 40 to 70 years, coal fly ash has contributed significantly higher Pb (∼26%) than leaded
gasoline (∼7%) to Pb accumulation in the sediments of five freshwater lakes in North Carolina, U.S.A. This implies that the release
of disposed coal fly ash Pb at local and regional scales can outweigh that of other anthropogenic Pb sources.
KEYWORDS: lead (Pb) outputs, coal combustion, fly ash disposal, isotopic compositions, mixing model, environmental impacts

1. INTRODUCTION
Lead (Pb) is a globally recognized toxic metal, and exposure to
Pb can induce adverse effects on both ecological and human
health. Human activities have greatly altered the biogeochem-
ical cycle of Pb at the Earth’s surface.1,2 For instance, it was
estimated that anthropogenic sources of Pb account for nearly
60% of the total natural Pb environmental releases.3 While the
human production, consumption, and release of Pb has
proceeded for thousands of years (i.e., silver ore mining),
combustion of leaded gasoline, along with nonferrous metal
smelting, coal burning, and waste incineration has dominated
the emission of anthropogenic Pb to the environment in recent
history.4−6 Among various anthropogenic sources, coal
combustion plays an important role in influencing the Pb
release and its biogeochemical cycling in the environment,
particularly since the worldwide phasing out of leaded
gasoline.2,3 For example, coal combustion in China has
contributed over 50% to the total anthropogenic Pb budget
since the nationwide phase-out of leaded gasoline in 2000.7

Coal ash generally refers to the solid waste products
generated from coal combustion for power generation, which is
primarily composed of fly ash, bottom ash, boiler slag, and flue
gas desulfurization products.8 Despite the increasing recycling
of coal ash for both industrial and agricultural uses in recent
years,9−12 a significant proportion has been disposed of in the

environment, mainly via disposal facilities including surface
impoundments and landfills. The impacts of coal ash on the
environment have been demonstrated by catastrophic
accidents, such as coal ash spills from the Tennessee Valley
Authority (TVA) in Kingston, Tennessee in 2008,13−17 and
Duke Energy in Eden, North Carolina in 2014.18,19 Chronic
release of coal ash contaminants such as As and Se to the
environment could also have adverse effects, as shown by the
leaking of effluents from surface impoundments and landfills
and direct discharge into aquatic ecosystems.20−24 An
increasing frequency of extreme weather events (e.g.,
hurricanes) and their devastating flooding aftermath increases
the potential ecological and human health risks posed by the
release of coal ash contaminants.24,25

One of the greatest environmental and human health
concerns about disposed coal ash stems from its enrichment of
many toxic trace elements (e.g., Hg, Pb, As, Se) during coal
combustion and their potential leachability and mobiliza-
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tion.22,25,26 Lead is one of the most noteworthy trace elements
in coal and is categorized as a semivolatile element and tends
to be bound to fine particulates and transported with flue gas.
Lead is enriched in fly ash through condensation of volatiles
from flue gas.27−31 Modern coal-fired power plants are typically
equipped with high-efficiency air pollution control devices
(APCDs), such as cold-side electrostatic precipitators (ESP),
fabric filters (FF), and wet flue gas desulfurization (WFGD)
systems, which have markedly reduced the emission of Pb and
other toxic elements to the atmosphere.31−35 However, such a
decrease in Pb emission with improved efficiency of APCDs
can be expected to lead to an increase of Pb in coal fly ash
waste. Considering the large portion of coal fly ash disposed of
in the environment, the amount of Pb associated with it could
be significant. Despite the extensive studies on the inventory of
Pb emissions to the atmosphere from coal-fired power
plants,33,36−39 the output of Pb associated with coal fly ash
disposal has not been fully quantified. This is of great
importance because many of the coal ash disposal facilities
continue to release coal ash and associated toxic metals
including Pb into the environment.21,23,24

Variations in Pb isotopic composition (e.g., 206Pb/207Pb and
208Pb/206Pb) can provide valuable insights into the sources and
cycling of Pb in the environment.5,40 In general, different
geological reservoirs of different formation ages may have
distinct Pb isotope signatures, which also depend on their
initial Pb content and parent/daughter radionuclide ratios (i.e.,
U/Pb, Th/Pb, and U/Th ratios).40,41 Previous studies have
investigated the Pb isotopic signatures of coals of different
origins,42−46 and to a lesser extent, several studies have also
reported the Pb isotope compositions of coal fly ash.47−50

However, only a few studies have demonstrated the application
of Pb isotopes to quantify the Pb contribution from coal fly ash
to the environment.50,51

This study aims to fill the data and knowledge gap by (1)
characterizing the Pb isotope signatures of coal and coal ash
samples sourced from China, India, and the U.S. with the
synthesis of both newly measured data in this study and the
existing data in the literature; (2) providing a quantitative
estimate of the Pb output associated with coal fly ash disposal
in each of the three countries between 2000 and 2020; and (3)
demonstrating a case study by using Pb isotopes in a Bayesian
mixing model (i.e., MixSAIR) to quantify the contribution and
output of Pb sourced from coal fly ash within the bottom
sediments of five freshwater lakes in North Carolina, U.S.A.
Collectively, this study intends to provide novel information
on the present importance of coal fly ash Pb pollution to the
environment in multiple countries, as well as to provide an
innovative example of how to best quantify coal fly ash Pb
pollution that can be applied globally.

2. MATERIALS AND METHODS
2.1. Sample Collection. Paired samples of feed coal and

coal ash (i.e., fly ash and bottom ash) were collected for this
study from multiple coal-fired power plants in China (n = 14),
the U.S. (n = 8), and India (n = 3). Detailed sampling
information is provided in the Supporting Information Table
S1. The types of boilers, i.e., pulverized coal (PC) and
circulating fluidized bed (CFB), and particulate matter control
devices, i.e., electrostatic precipitator (ESP) and fabric fiber
(FF), were noted where available. All sampled coal-fired power
plants and/or units were in active operation during the period
of sampling. Note that, in many cases, multiple fly ash and/or

bottom ash samples were collected at the same power plants/
units, either directly from different rows of the ESP or from
different locations of the ash pile. Additionally, sediment
samples were retrieved from cores of five freshwater lakes in
North Carolina, U.S.A. (i.e., Hyco Lake, Mayo Lake, Belews
Lake, Mountain Island Lake, and Lake Sutton; Figure S1). All
of the five lakes are manmade reservoirs built between the
1960s and 1980s primarily for providing cooling water to the
adjacent coal-fired power plants.24 The pre-impoundment
portion of the cores was characterized by sandy silts in
lithology while the lacustrine portion was mainly clayey
sediments.24 More detailed core sampling information as well
as the chronology determination of each sediment core can be
found in a previous study.24

2.2. Pb Concentration and Isotope Analysis. Feed coal
samples were first combusted in a muffle furnace at 500 °C for
4 h to remove organic matter, after which the loss on ignition
(LOI, wt %) was recorded. The resultant coal ash from
laboratory combustion, fly ash and bottom ash collected from
coal-fired power plants, and lake sediment samples were fully
digested using a mixture of concentrated hydrofluoric acid
(HF), nitric acid (HNO3), and hydrogen peroxide (H2O2) as
reported in previous studies.23,50 The concentration of Pb was
measured on an inductively coupled plasma mass spectrometer
(ICP-MS, Thermo Fisher X-Series II) at Duke University. For
the purpose of QA/QC, standard reference materials (SRM)
with certified Pb concentration were digested and measured
along with samples, including a bituminous coal standard
(SRM 1632e), a coal fly ash standard (SRM 1633c), and a soil
standard (SRM 2711a) from the National Institute of
Standards and Technology (NIST). The efficiency of digestion
and accuracy of measurement can be evidenced by the average
recovery of Pb from repeated measurements: 99.8% (n = 5) for
SRM 1632e, 101.3% (n = 10) for SRM 1633c, and 96.7% (n =
14) for SRM 2711a, respectively. The precision of analysis is
reflected by the low coefficient of variations (<5%) from
replicate runs of both samples and SRMs.
Aliquots of the digested solution of each sample were taken

for Pb column separation and purification using hydrobromic
acid (HBr) as the rinsing solution and hydrochloric acid (HCl)
as the eluting solution.50 The Pb isotope ratios (i.e.,
208Pb/204Pb, 206Pb/204Pb, 207Pb/204Pb, 208Pb/206Pb, and
206Pb/207Pb) were measured on a high-resolution thermal
ionization mass spectrometer (TIMS, Thermo Fisher Triton)
at Duke University, equipped with Faraday cups and operated
in static mode. A common Pb standard SRM 981 from NIST
was measured regularly over the course of analysis (2020−
2022, n = 112), which yielded an average mass bias of 0.14%
for all isotope ratios by comparing to the expected values.52

The average analytical uncertainties (2 standard deviations,
SD) are 0.0359 for 208Pb/204Pb, 0.0115 for 207Pb/204Pb, 0.0087
for 206Pb/204Pb, 0.0010 for 208Pb/206Pb, and 0.0003 for
206Pb/207Pb.

2.3. Modeling Pb Concentration in Coal Fly Ash. The
relative enrichment factor (REF), defined in eq 1, was used to
describe the enrichment and/or depletion of trace elements in
coal ash relative to the feed coal.53,54 Correspondingly, the
concentration of trace elements in coal ash can be calculated
using eq 2 as follows.

= [ ] × [ ]AREF ( TE )/ TEash coal coal (1)

[ ] = × [ ] ATE (REF TE )/ash coal coal (2)
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where [TE]ash and [TE]coal represent the concentrations of
trace elements (mg/kg) in coal ash and coal, respectively, and
Acoal refers to the ash yield (%) of coal.
By using eq 2, we calculated the Pb concentration in coal fly

ash from China, India, and the U.S., respectively. The ash yield
and Pb concentration data on coals from these three countries
were compiled from the U.S. Geological Survey (USGS)
World Coal Quality Inventory,55 data reported by Bi et al.,42

and data generated in this study (Table S2). The summarized
statistics of the compiled dataset are presented in Table S3.
The range of REF was derived from the data on paired coal
and coal ash samples analyzed in this study (Table S2) and
those reported for India.56,57 To propagate the uncertainties,
Monte Carlo simulations with 100,000 iterations were run.
Data distribution analysis showed that ash yield and Pb
concentration were fitted with a log-normal distribution and
the REF was normally distributed with the exclusion of outliers
(Table S4). The results were reported as the 5th, 16th, 50th
(median), 84th, and 95th percentiles and mean values (Table
S4). With the modeled Pb concentration data and the annual
statistics on coal fly ash in each of the three countries (i.e.,
production, utilization, and disposal; Figure S2), we further
calculated the output of Pb with fly ash disposal.
2.4. Bayesian Isotopic Mixing Model. MixSIAR is an

open-source isotopic mixing model package in R that was
developed by incorporating a series of Bayesian equations.58

Previous studies have demonstrated its utility in disentangling
multiple sources in various complex ecological, geological, and
environmental mixtures with the use of both stable isotopes
(e.g., carbon and nitrogen)59 and radiogenic isotopes (e.g.,
Pb).51,60 Here we applied the MixSIAR model using Pb
isotope ratios (208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb)
measured in the sediments of the five NC lakes, which have
been shown to be widely and persistently contaminated by coal
ash disposal facilities from adjacent coal-fired power plants
over the past 40−70 years of coal combustion.24 The model
endmembers for this quantification include leaded gaso-
line,61−63 coal fly ash derived from coals of the Appalachian
Basin and Illinois Basin that have been serving as the main
sources of coal for mid-eastern U.S.,50 and local background of
pre-lake sediments measured from this study (Table S5). For
each endmember, the mean and standard deviation of isotope
ratios were included in the calculations. The efficacy of source
apportionment depends on the differences and variations of
endmembers.
2.5. Statistical Analysis. All statistical calculations and

analyses were performed in R (v 4.1.1).64 Statistical
significance is reported as p values (i.e., p < 0.01 for 99%
confidence interval and p < 0.05 for 95% confidence interval).

3. RESULTS AND DISCUSSION
3.1. Variations of Pb Concentrations and Isotope

Ratios between Coal and Coal Ash. The concentrations
and isotopic compositions of Pb in feed coal and coal ash from
the sampled coal-fired power plants are shown in Table S2.
The feed coal samples from the U.S. coal-fired power plants
analyzed in this study have the lowest ash yield (mean ± SD =
10.0 ± 2.8%), compared to those from China (27.0 ± 7.3%)
and India (37.3 ± 16.6%). The mean Pb concentration
measured in the Chinese feed coal samples is 13.6 ± 4.9 mg/
kg, which is consistent with that of the compiled dataset (13.6
± 8.8 mg/kg; n = 500; Table S3) and the values reported for
average Chinese coal.65 Likewise, the measured Pb concen-

trations for the feed coal samples from India (14.7 ± 5.4 mg/
kg) and the U.S. (8.5 ± 2.5 mg/kg) are also within the
respective ranges derived by the compiled dataset (Table S3).
Thus, the feed coal samples analyzed in this study are
representative of average feed coal samples from their
respective countries. The Pb concentrations in coals are
significantly correlated with the ash yields (ρ = 0.62, p <
0.001), which is reflective of the dominant inorganic
association of Pb in coals.66,67

As shown in Figure 1A, the REFs of most of the analyzed fly
ash samples are above the REF = 1 line. In comparison, Pb is
markedly depleted in bottom ash as the REFs are generally
below 1 (Figure 1A and Table S2). This characteristic
partitioning of Pb between fly ash and bottom ash is largely
associated with its modes of occurrence in coal, as well as the
combustion conditions as discussed below.68−70 There are

Figure 1. (A) Enrichment factor of Pb in samples of fly ash and
bottom ash relative to corresponding feed coal collected from the
same coal-fired power plant/unit in this study. The red solid line
denotes REF = 1, meaning no enrichment nor depletion. (B, C)
Relative difference (%) of 206Pb/207Pb and 208Pb/206Pb ratios in fly
ash and bottom ash compared to that in feed coal collected from the
same coal-fired power plant/unit in this study. The red solid line
represents RD = 0, meaning no difference. The purple ellipse
highlights the Indian bottom ash samples with a notably higher
208Pb/206Pb ratio.
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various phases of Pb present in coal, with the dominant phase
as galena (PbS) and, in some cases, clausthalite (PbSe), and Pb
in coal is also associated with pyrite, sulfate, carbonate,
phosphate, and to a lesser extent, organic matter.66,67,70 These
dominant forms of Pb in sulfide render its volatility and
transport with flue gas during high-temperature coal
combustion,68 which consequently results in its enrichment
in fine particles that mostly end up in fly ash. A smaller fraction
(e.g., 5−25%) of Pb, however, is also associated with
(alumino)silicate minerals in coal, which are less volatile and
tend to remain in the coarse residuals in bottom ash/boiler
slag.68 In addition, it has been suggested that there is no
obvious difference between ESP and FF in the performance of
Pb removal from flue gas, with both reaching 97−99% of the
removal rate.38,71 Therefore, the amount of Pb in fly ash
represents the majority of Pb mobilized from burning coal,
given that the particulate-bound Pb in flue gas could account
for 77−96% of total Pb released from coal with modern-day
boilers.38,39,71 In comparison, the amount of Pb in the
desulfurization gypsum is negligible.71,72

To demonstrate the variations of Pb isotope ratios between
coal and coal ash, we calculated the relative difference (RD, %)
for the Pb isotope ratios (i.e., 206Pb/207Pb and 208Pb/206Pb) in
fly ash and bottom ash relative to those in the feed coal (Table
S2). Unlike Pb elemental concentrations, the Pb isotope ratios
between fly ash and bottom ash do not exhibit significant
differences (p = 0.93 for 206Pb/207Pb and p = 0.06 for
208Pb/206Pb), despite a few exceptions (Figure 1B,C).
Furthermore, the RDs of most of the coal ash samples fall
within the ± 1% range of the RD = 0 line (Figure 1B,C). In
addition, slightly higher 206Pb/207Pb ratios (i.e., RD > 0) and
lower 208Pb/206Pb ratios (i.e., RD < 0) are observed in the
analyzed coal ash samples (Figure 1B,C), indicating some
deviation of Pb isotope signatures in coal ash relative to the
feed coal. Research has suggested that Pb isotopes could
undergo fractionation during coal combustion, where lighter
isotopes (e.g., 206Pb) tend to be more enriched in fly ash and

heavier isotopes (e.g., 208Pb) are likely to be enriched in
bottom ash relative to feed coal.73 However, this cannot
explain the observations of higher 206Pb/207Pb ratios in bottom
ash and lower 208Pb/206Pb ratios in fly ash as shown in our
results (Table S2 and Figures 1B,C), as well as in the reported
values by Zhu et al.73 Instead, we argue that the variations of
Pb isotope compositions of feed coal and coal ash are more
likely due to the inherent heterogeneity of Pb occurrences
and/or distribution of Th and U in coal,44,50 by which different
phases in coal may carry different Pb isotope signatures. The
several abnormally high 208Pb/206Pb ratios observed in the
bottom ash samples from India (Figure 1C) may be indicative
of the presence of Th-rich phases in the feed coals that are not
quite volatile, and therefore end up residing in bottom ash with
a 208Pb-enriched offset.
Nonetheless, due to the dominant presence of volatile

phases of Pb in coal and preferential enrichment of Pb in fly
ash, the Pb isotope composition of fly ash largely mimics that
of the feed coal. As shown in Figure 2, the Pb isotope ratios of
fly ash samples from China, India, and the U.S. fall within the
compositional ranges of coals from each of the three countries.
The Pb isotope compositions of coal/fly ash of the three
countries are also significantly different from one another (p <
0.05). Generally, coals from North America are characterized
by higher 206Pb/207Pb and lower 208Pb/206Pb ratios than those
from China and India, which is related to their differences in
Th/U ratios and coal ages.44 In addition, the isotope
compositions of coal and fly ash closely follow the global
coal regression line defined by the isotope compositions of
coals around the world,42,44,45 which, despite somewhat
overlap, is distinct from the regression line of major Pb ore
deposits that represent the major anthropogenic Pb sources,
such as leaded gasoline and paint (Figure 2). This difference
reinforces the potential utility of Pb isotopes for tracing coal fly
ash in the environment,50 even at a global scale.

3.2. Estimated Annual Pb Output of Coal Fly Ash
Disposal from 2000 to 2020. The modeled Pb concen-

Figure 2. Plot of Pb isotope compositions of coal and coal fly ash sourced from China, India, and the U.S. The global coal regression line is based
on a synthesized coal database.42,44,45 The global Pb ore regression line is based on a previous study.91 The two most widely used Pb ores, Broken
Hill ores in Australia and Mississippi Valley Type ores in the U.S., are marked for context. The data on Indian fly ash are from this study, and data
on the Chinese fly ash are from this study and a previous study,73 and the U.S. fly ash data are from this study and a previous study.50
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Figure 3. Estimates of annual Pb outputs (Gg/yr) from coal fly ash disposal in (A) China, (B) the U.S., and (C) India between 2000 and 2020.
Thick colored lines show the median values of the estimate, and thin gray lines represent the lower and upper limits, defined by the 16th and 84th
percentiles, respectively. Inset boxplots show the measured and modeled fly ash Pb concentrations (mg/kg), where red lines denote the mean
values.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c03456
Environ. Sci. Technol. 2023, 57, 12259−12269

12263

https://pubs.acs.org/doi/10.1021/acs.est.3c03456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c03456?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c03456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tration in fly ash (reported at the 5th−95th percentiles)
exhibits a large variation, ranging from 11.4 to 502 mg/kg for
the U.S., 16.2−368 mg/kg for China, and 7.8−181 mg/kg for
India (Table S4). The fly ash Pb concentrations measured in
this study and compiled from the literature from each country
are systematically lower than the modeled values and yet
largely encompassed by the 16th and 84th percentiles of the
modeled values (Table S4 and Figure 3), indicating the
predicative reliability of our model (Section 2.3). In addition,
we tested if the increasing installations of high-efficiency
APCDs would increase the Pb concentrations in fly ash by
performing the simulations for China in three discrete years of
2000, 2010, and 2020 using a predictive model proposed by
Han et al.72 This model incorporated the variations of release
rate of Pb from coal in different types of boilers, mass
proportion of fly ash relative to other coal combustion
residuals, and efficiencies of different APCDs among the
three years. The results show that although the estimated fly
ash Pb concentration in the year 2000 appears to be lower than
that in 2010 and 2020 at all percentiles, the differences among
the three years are not statistically significant (Table S6).
Furthermore, all are close to the estimated median Pb value in
this study (Table S4), further validating the reliability of the
simpler model used in this study (Section 2.3). Comparatively,
Hg in fly ash before and after the installation of ultralow
emission control devices in China was shown to increase by
111% from 131 to 276 mg/kg.74 Such difference between Pb
and Hg can be explained by the much higher volatility of Hg
than Pb, likely causing a greater fraction of gaseous Hg
uncaptured by ESP and FF compared to Pb.
Based on the modeled median Pb concentration in fly ash

and the annual amount of coal fly ash that was disposed of in
each country (Figure S2), we calculated the annual median Pb
output from coal fly ash disposal in the environment between
2000 and 2020. The 16th and 84th percentiles of Pb output
represent the lower and upper limits of the estimate,
respectively (Figure 3). Fly ash disposed of in China has
markedly increased from ∼44 to ∼260 Mt over the past 20
years, whereas in the U.S., it has decreased from >40 Mt in the
early 2000s to < 10 Mt by 2020 (Figure S2). India, in
comparison, has had a relatively steady amount of fly ash
disposal between 50 and 60 Mt, with a notable peak of >81 Mt
in 2014 and then a significant drop to 20−30 Mt since 2019
due to an increase in the beneficial use of fly ash (Figure S2).
Correspondingly, the Pb output associated with fly ash disposal
in the U.S. has decreased from 3.4 (1.1−10.7, 16th−84th
percentiles) Gg (i.e., 109 g) in the early 2000s to 0.6 (0.2−2.0)
Gg in 2020, compared to the Pb output in China, which
increased from 3.4 (1.3−8.8) Gg in 2000 to 20.2 (7.8−52.5)
Gg in 2020. In India, the Pb output from fly ash disposal
decreased from 3.3 (1.3−7.7) Gg in 2000 to 0.8 (0.3−1.9) Gg
in 2020, with a peak of 3.7 (1.4−8.6) Gg in 2014 (Figure 3).
Figure S3 shows the comparison between the estimated Pb
output within fly ash disposal and that of atmospheric
emissions from coal-fired power plants in China.38 The
estimated Pb atmospheric emission increased from 0.82 Gg
in 2000 to 1.19 Gg in 2005 and 2006 and then decreased to
0.70 Gg in 2010, which is 4 to 17 times less than the
contribution of Pb from fly ash disposal (Figure S3). Projected
scenarios with more equipment containing advanced APCDs
modeled the total Pb atmospheric emissions from coal-fired
power plants in China to have decreased by over 20% to ∼0.55
Gg in 2020 relative to that in 2010.38 Lead in fly ash disposal,

on the other hand, is modeled to have increased by 64% from
2010 to 2020 (Figure 3) and is over 35 times higher than the
contribution of Pb from atmospheric emissions (Figure S3).
Over the first 20 years of the 21st century, the cumulative

output of disposed fly ash Pb is estimated as 236 (92−612) Gg
in China, which is 4 to 4.5 times greater than that in India with
an estimate of 56 (22−131) Gg, and 46 (15−145) Gg in the
U.S. Given that China, India, and the U.S. account for over
70% of the total coal consumption,75 the estimated global
output of Pb associated with coal fly ash disposal from coal-
fired power plants during the past two decades is about 483
(184−1269) Gg. Considering that the estimated annual Pb
output associated with coal combustion in all sectors, including
power, industrial, residential, and others, is 153 ± 10 Gg/yr,3

which infers a total Pb output (∼3060 Gg) that was released to
the environment over the past 20 years, our estimated global
fly ash disposal Pb output accounts for ∼16% (6−41%) of the
total Pb released to the environment from coal combustion.
The remaining ∼84% of the total Pb includes all the other
release pathways associated with coal combustion (e.g., fugitive
atmospheric emissions). While we provided the estimates on a
national scale for each country, the exact Pb output with fly ash
disposal at the plant, or regional levels may have wide
geographic variations because coal reserves and coal-fired
power plants are unevenly distributed. For instance, the
majority of coal-fired power plants are distributed in the
northern and eastern parts of China, which in total could
account for over 50% of total fly ash production.74 Research
has suggested that there might be about 13−27% of disposed
fly ash being released to the Chang Jiang (CJ or Yangtze) River
basin,76 which is one of the most populated and developed
regions in China. The total coal fly ash production in this
region accounts for ∼36% of the national total,76 thus resulting
in the accumulation of 85 (33−220) Gg Pb in fly ash between
2000 and 2020, which is greater than the combined
accumulation of both India and the U.S. Consequently, we
estimate that 11 (4−29) to 23 (9−59) Gg of Pb could be
released to the CJ riverine system, which would contribute to
total sediment and particulate Pb discharged to the ocean.

3.3. Quantification of Released Fly Ash Pb into Lake
Sediments�A North Carolina Example. Given that many
of the coal ash disposal units, i.e., coal ash ponds and landfills,
are located near rivers, lakes, and reservoirs, sediments in these
aquatic systems have been a major repository for the
contaminants released from coal ash.15,23,24,77−80 The bottom
sediments of five freshwater lakes in North Carolina, which
provide cooling water for adjacent coal-fired power plants, have
been persistently contaminated by the release of coal ash and
its associated toxic elements during the past 40−70 years of
plant operation.24 The concentrations of trace elements such
as As, Se, Sb, Tl, Cd, and Pb in the impacted sediments of
these lakes have been shown to be markedly higher than the
background.24 However, the relative contribution of Pb from
coal ash as opposed to other potential Pb sources such as the
legacy atmospheric deposition from leaded gasoline has not
been constrained. Given that there is no significant point
source of Pb to these lakes other than the adjacent coal-fired
power plants,24 by adopting a three-endmember Bayesian
mixing model using MixSIAR (Section 2.4) with the Pb
isotope ratios (i.e., 208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb)
measured in the sediments (Table S7), we estimated the
relative Pb contributions from the local sediment background,
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coal fly ash, and legacy leaded gasoline, respectively (Table 1
and Figure S5).

The mixing model indicated that the local background Pb
predominantly contributed to the total Pb accumulation in the
sediments (mean ± SD = 68 ± 22%), followed by coal fly ash
(26 ± 21%) and leaded gasoline (6 ± 5%) in all five lakes
(Table 1 and Figure S6). This is supported by the fact that
most of the sediments have an isotopic cluster near the isotope
compositions of the local background and coal fly ash (Figure
S4). While the local background used in the mixing
calculations is represented by the sediments and/or soils
present prior to the impoundment of each lake, we cannot
exclude the possibility that background levels may also have
been influenced by anthropogenic Pb sources (e.g., gasoline
and/or pesticide in agricultural uses). The coal fly ash
endmember was represented by the Pb isotopes data on fly
ash derived from coals of the Appalachian Basin and Illinois
Basin, with the purpose of capturing the potential change of
coal source over time in the studied coal-fired power plants.
The mean Pb contribution from coal fly ash ranges from 20

± 17% in the sediment core of Mountain Island Lake to 31 ±
23% in that of Belews Lake, which is 2−9 times higher than the
mean Pb contribution from leaded gasoline in the same
sediment core of the corresponding lakes (Table 1). Lake
Sutton, located in eastern NC, has a notably higher Pb
contribution from leaded gasoline (11 ± 7%) than the lakes
located in the western side of the state, i.e., Mountain Island
Lake (4 ± 3%) and Belews Lake (3.4 ± 3.1%) (Figure S1 and
Table 1). Furthermore, based on the Pb concentrations,
average sediment density, and mean sedimentation rate (Table
S7),24 we calculated the accumulation rates of total Pb, coal fly
ash Pb, and gasoline Pb in each of the five sediment cores. The
mean (±1SD) total Pb accumulation rate in the five sediment
cores is 152 ± 17.8 to mg/m2/yr for Mountain Island Lake
(from 1960 to 2020), 199 ± 28.4 to mg/m2/yr for Hyco Lake
(from 1960 to 2020), 281 ± 53.7 to mg/m2/yr for Belews Lake
(from 1970 to 2020), 293 ± 46.9 to mg/m2/yr for Lake Sutton
(from 1970 to 2020), and 71.4 ± 13.2 to mg/m2/yr for Mayo
Lake (from 1980 to 2020), respectively. These represent
higher total Pb accumulation rates than those reported in
sediments deposited during the same period of time in lakes
with no direct association with coal-fired power plants in
Virginia (e.g., 20−170 mg/m2/yr from 1960 to 2016)81 and
Florida (e.g., 13−106 mg/m2/yr from 1960 to 2005).82

The mean release of coal fly ash Pb among all five lakes
ranges from 17.5 ± 14.6 mg/m2/yr for Mayo Lake to 87.9 ±
68.5 mg/m2/yr for Belews Lake, which are significantly higher
than the respective release of gasoline Pb (5.9 ± 5.4−32.4 ±

23.4 mg/m2/yr). The maximum fly ash Pb release in the
sediment cores of Hyco Lake and Belews Lake occurred
between the 1970s and 1990s (Figure 4), prior to the start of
landfills when coal ash was mainly stored in ponds. Releases
from storage ponds are attributed to the effects of stormwater
runoff/flooding and direct coal ash effluent discharge.24 In
Mountain Island Lake and Lake Sutton, where the nearby coal-
fired power plants have been retired since 2013,24 the coal ash
Pb output to the sediments do not necessarily decrease with
the end of using coal for power generation (Figure 4). This
reinforces the conclusion that coal ash disposal facilities remain
as a pollution source to the nearby aquatic systems in spite of
the conversion of many thermoelectric plants from coal to
natural gas.24

In the U.S., leaded gasoline was the dominant anthropogenic
Pb source in the environment between the 1930s and 1990s,
with its peak consumption during the 1970s.83 Consequently, a
peak of atmospheric Pb deposition has been observed in lakes
and other natural archives in the 1970s throughout the
U.S.84−88 However, the notable peak of Pb release from the
gasoline source is not visible in the sediment cores from this
study (Figure 4). This expected leaded gasoline signal could
have been masked by the Pb signal of fly ash. In the sediment
cores of two remote lakes in northeastern U.S., the peak
anthropogenic Pb release from atmospheric deposition in 1973
was estimated to be 14.7−15.2 mg/m2/yr.88 Similarly, the
mean Pb deposition from precipitation in the early 1970s in
New Hampshire was 20 mg/m2/yr.89 Following the phase-out
of leaded gasoline since the 1990s, the release of atmospheri-
cally deposited Pb dramatically decreased by 39−52% until the
early 2000s.88 The gasoline Pb release to sediments deposited
around the early 1970s in Belews Lake was 11.3−18.5 mg/m2/
yr, whereas the release of gasoline Pb to sediments of the same
deposition period was lower in Mountain Island Lake (5.8−9.0
mg/m2/yr) and Hyco Lake (3.9−5.0 mg/m2/yr). In contrast,
sediments of Lake Sutton in eastern NC had a greater gasoline
Pb in the early 1970s (25.2−32.2 mg/m2/yr). This reflects the
regional variability of atmospheric Pb deposition. Higher levels
of gasoline Pb in Lake Sutton persist throughout the sediment
core (Figure 4), which is likely due to the continuous release
and recycling of legacy Pb sources stored in the watershed soils
that could have biased the calculations.86

4. ENVIRONMENTAL IMPLICATIONS
The relatively minor difference in the Pb isotope compositions
between coal and coal ash suggests that the Pb isotope ratios of
coal can be used to predict the isotope composition of fly ash,
which is of particular importance given that there is far more
literature data on coal than on fly ash. The isotopic signatures
of Pb in coal fly ash are distinctive from those of common Pb
ore deposits, and thus the legacy of gasoline and leaded paint
Pb sources. This isotopic difference reinforces the potential
utility of using Pb isotopes for tracing Pb associated with coal
fly ash disposal in the environment.50 Despite the growing
beneficial use of fly ash in recent years, the accumulation of
disposed fly ash over the two-decade span has resulted in a
significant amount of solid coal ash waste. The results
presented in this study suggest that the output of Pb from
fly ash disposal is in fact much greater than that of the
estimated output of Pb from atmospheric emissions. This large
Pb output from fly ash disposal may pose a significant
environmental burden, especially given that legacy fly ash
disposal facilities can continue to release Pb to the environ-

Table 1. Summary of MixSIAR Results of Mean Pb
Proportions (%) and Standard Deviations (SD, %) of Three
Pb Endmembers in Lake Sediments from North Carolina24

local
background coal fly ash

leaded
gasoline

lake name mean SD mean SD mean SD

Hyco lake 68 22 27 22 5 4
Mayo lake 65 22 25 20 10 7
Belews lake 66 24 31 23 3 3
Mountain Island lake 76 18 20 18 4 3
Lake Sutton 64 23 25 20 11 8
All lakes 68 22 26 21 6 5
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ment.24 Once released into the environment, either into the
terrestrial or aquatic reservoirs (i.e., impact on soils and
sediments), the relative contribution of Pb from coal fly ash
can be constrained by using the Bayesian Pb isotope mixing
model as demonstrated in this study. At both local and regional
scales, the contributions of coal fly ash Pb to the environment
could outweigh that of the once-dominant gasoline Pb.
Overall, this study represents the first attempt to provide a

global perspective into the Pb isotopic fingerprints and the Pb
outputs associated with the disposal of coal fly ash in the
environment, focusing on China, India, and the U.S., the three

largest coal consumers in the world.75 Further research should
be conducted to study the environmental fate of released fly
ash Pb and its potential risks to the impacted terrestrial and
aquatic ecosystems, as well as its roles in altering the
biogeochemical cycles of Pb at local, regional, and global
scales. In addition, while this study only focuses on Pb, the
releases of co-occurring other toxic elements (e.g., Hg, As, Cd,
Se, and Cr)72,74 and organic contaminants (e.g., polycyclic
aromatic hydrocarbons, PAHs)90 associated with the fly ash
disposal also warrant caution and detailed investigation.

Figure 4. Downcore profiles of estimated Pb release (mg/m2/yr) from coal fly ash and leaded gasoline deposited to the bottom sediments of five
freshwater lakes across North Carolina (Figure S1). Error bars denote the uncertainty of 1 standard deviation.
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