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Uranium (U) associated with coal can be an important source of U and result in environmental pollution during coal
combustion. In this study, we developed a method for measurement of U isotope ratios in coals using multiple-collector
inductively coupled plasma-mass spectrometry. The 233U-236U double-spike was utilised to calibrate the instrumental
isotopic fractionation. High-pressure bomb and dry ashing were adopted to digest the coal samples. The
δ238UCRM-145 values obtained from the two different digestion procedures were in good agreement. The δ238UCRM-145

of seven coal and one fly ash reference materials are reported. Furthermore, the results of fly ash, bottom ash and
feed coal samples reveal that the combustion processes lead to relatively small U isotopic fractionation between the
samples within the same coal-fired power plant, indicating that U isotope data can be used as a tracer for heavy
metal pollution resulting from coal combustion. The U isotope measurement method of coal established in this study
provides technical support to understand the behaviour of U during coal formation and combustion.
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Uranium-rich coal is considered to be a resource for
uranium (U) metal, serving as an important supplement to
traditional mineral deposits (Dai and Finkelman 2018).
Understanding the enrichment mechanism of U in coal can
help explore these potential U resources. Additionally, the
chemical and radiotoxicity of U can cause significant
biological effects, especially with the atmospheric U pollution
caused by coal combustion, which has been documented as
a serious human health concern (Finkelman et al. 2002,
Hower et al. 2016, Lauer et al. 2017). Accurate identification
of sources is a prerequisite for addressing U pollution.

Uranium isotope data can provide new insights into the
behaviour of U during the formation and combustion of
coals. Previous studies have shown that U isotope ratios can
trace the migration and enrichment processes of U in ore

deposits (Bopp et al. 2009, Brennecka et al. 2010a,
Uvarova et al. 2014, Keatley et al. 2021). Uranium exists as
U6+ (soluble) and U4+ (insoluble) in surficial environments
(Langmuir 1978). In coal, the enrichment of U is controlled by
surface water, groundwater, and hydrothermal solutions
(Seredin and Finkelman 2008, Dai et al. 2008, Dai
et al. 2013, Dai et al. 2014). U6+ can be reduced to U4+

by organics and then precipitated as U minerals (Dai
et al. 2015). This redox reaction may produce U isotope
fractionation (Bigeleisen 1996, Schauble 2007, Stylo
et al. 2015, Brown et al. 2018). Therefore, measuring the
δ238UCRM-145 of coal could provide unique insights into the
enrichment of U in coal.

Over the past decades, the application of 236U-233U
double-spike and multiple-collector inductively coupled
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plasma-mass spectrometry (MC-ICP-MS) has improved the
analytical precision of 238U/235U to better than 0.1‰ (2s)
(Tissot and Ibañez-Mejia 2021), allowing for further
application of U isotopic fractionations to better understand
planetary processes (Stirling et al. 2007, Weyer et al. 2008,
Tissot and Dauphas 2015, Andersen et al. 2015). Uranium
isotope data have been widely used to study oceanic
palaeoredox reconstruction (Andersen et al. 2017, Lau et al.
2019, Zhang et al. 2020) (Andersen et al. 2017, Lau et al.
2019, Wang et al. 2020, Zhang et al. 2020, Chen
et al. 2021, Kipp and Tissot 2022), igneous processes (Telus
et al. 2012, Andersen et al. 2015, Gaschnig et al. 2021), ore
deposits (Bopp et al. 2009, Brennecka et al. 2010a, Uvarova
et al. 2014, Keatley et al. 2021), high precision chronology
(Hiess et al. 2012, Tissot et al. 2019) and search for 247Cm
(Brennecka et al. 2010b, Tissot et al. 2016). However, only
two coal reference materials (CLB-1 and CWE-1) were
analysed for δ238UCRM-145 (Tissot and Dauphas 2015),
making it difficult to study coals using U isotopes. One of the
major challenges is the complete digestion of coal samples
due to the high organic contents and various minerals in coal,
up to more than 200 minerals (Finkelman et al. 2019).
Although high-pressure bomb and dry ashing are commonly
used procedures for digesting samples with high organic
contents (Zhang and Hu 2019), it is still unclear whether dry
ashing can cause varying degrees of U loss and isotope
fractionation due to evaporation of organic phases.

To further investigate the U isotope ratios of coal and
compare the data quality of U isotopes among different
laboratories, it was necessary to establish a U isotope
measurement method for coals. In this study, we used high-
pressure bomb and dry ashing procedures to digest coal
samples, and measured the U isotope ratios of seven
coal reference materials and one fly ash RM. By comparing
the two digestion procedures, we evaluated the effect of dry
ashing on coal U isotope measurements. Using our method,
this study reports the U isotope ratios of feed coal, fly ash, and
bottom ash from the coal-fired power plant for the first time.

Analytical methods

Reagents and reference materials

Chemical purification was performed in an ISO class 6
clean room. The high-purity HNO3, HCl (Thermo Fisher
Scientific) and HF (Shanghai Aoban Technology Company
Limited) used in this study were sub-boiled double distillated
trace metal grade acids. Ultrapure grade H2O2 (Shanghai
Aoban Technology Company Limited) was directly used

without further distillation. All reagents were prepared with
18.2 MΩ cm resistivity ultrapure water. The reference
materials analysed here include seven coals (SARM18,
SARM19, SARM20, GBW11156, GBW11157, GBW11159,
GBW11160), one fly ash (NIST SRM 1633c), one basalt
(BCR-2), and one granite (G-2), and several samples,
including feed coal (FT-1 and FLEJ-1), fly ash (FT-2) and
bottom ash (FT-3 and FLEJ-2) from Fengtai (Huainan, Anhui,
China) and Fulaerji (Qiqihaer, Heilongjiang, China) coal-fired
power plants.

Sample digestion

Both high-pressure bomb and dry ashing were used for
sample digestion. The high-pressure bomb is composed of
an inner PTFE lining (vial with cap) and a screw-top steel
cover. Approximately 100–200 mg sample test portions
containing about 500 ng U were weighed into the inner
PTFE vial with a mixture of concentrated HF and HNO3 (1:1;
v/v), and the PTFE vial was subsequently sealed in the bomb.
The bomb was then heated in the oven at 195 °C for three
days to completely decompose organics and refractory
minerals. The digested samples were transferred into PFA
beakers for one day in a mixture of concentrated HCl and
HNO3 (3:1; v/v) at 120 °C to remove the fluorides. Finally,
the samples were taken back in concentrated HNO3 on hot
plates for 24 h, then dissolved in 3 mol l-1 HNO3 for
following chemical purification. For dry ashing digestion, a
similar amount of sample powder was weighed into
a ceramic crucible and ashed at 550 °C in a muffle
furnace for 24 h to remove organic materials. The residue
was transferred into a PFA beaker and digested with a
mixture of concentrated HF and HNO3 (3:1; v/v) at 140 °C
for 24 h. After the sample was completely decomposed, the
solution was dried down and treated with a mixture of
concentrated HCl and HNO3 (3:1; v/v) followed by
concentrated HNO3 on hot plates at 120 °C. Finally, the
samples were dissolved in 5 ml of 3 mol l-1 HNO3 for
chemical purification.

Chemical purification

A chromatography columnmethod established byWeyer
et al. (2008) was utilised for U purification in this study.
Uranium purification was carried out in a pre-cleaned 10 ml
column (Bio-Rad®, USA) loaded with 0.8 ml UTEVA resin
(TrisKem International). The UTEVA resin was precleaned with
0.05 mol l-1 HCl and H2O alternately three times. The loaded
resin was cleaned with 10 ml 0.05 mol l-1 HCl and then
converted to the nitric form by loading 2.4 ml 3 mol l-1 HNO3.
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The sample solution in 5 ml of 3 mol l-1 HNO3 was loaded to
the column and rinsed with 16 ml of 3 mol l-1 HNO3 to
remove matrix elements. Then 2.4 ml 10 mol l-1 HCl was
loaded on the column to convert the resin to the chloride form
before Th was eluted by 8 ml of a mixed solution of 5 mol l-1

HCl and 0.05 mol l-1 oxalic acid. The oxalic acid residue was
cleaned with 5 mol l-1 HCl (2.4 ml). Subsequently, the U was
collected by 10 ml 0.05 mol l-1 HCl from the UTEVA resin. The
collected U solution (U-cut) was dried down and digested
with 0.2 ml of concentrated HNO3-H2O2 (1:1; v/v) to get
rid of organic matter. Finally, the purified U was redissolved in
2% m/m HNO3 for MC-ICP-MS measurements. The total
procedural blanks were < 0.1 ng, which was negligible
relative to the sample sizes of 500 ng.

Mass spectrometry measurements

The U isotope ratios were measured with MC-ICP-MS
(Thermo-Fisher Scientific Neptune Plus, U.S.A.) in the Chinese
Academy of Science (CAS) Key Laboratory of Crust-Mantle
Materials and Environments at the University of Science and
Technology of China (USTC) in Hefei, China. The measure-
ments were carried out in low mass resolution mode and
using a Jet-sample and an X-skimmer cones to obtain high
sensitivity and stable signals. The sample solution was
introduced with an Aridus 3 desolvating nebuliser. The
instrument parameters and cup configurations are sum-
marised in Table 1. 232Th, 233U, 235U, 236U and 238U were
simultaneously collected on L2, L1, C, H1 and H3 Faraday
cups, respectively. The 233U-236U double-spike method was
used to correct instrumental mass bias. The sample and
standard solutions were diluted with 2% m/m HNO3 to 25
ng g-1 and mixed with � 3% double-spike U solution
(IRMM-3636), producing � 40 V on 238U, � 290 mV on
235U, and � 600 mV on 233U and 236U. The data were
collected for fifty cycles with an integration time of 4.194 s
per cycle. Between each measurement, 5% m/m HNO3 (80
s) and then 2% m/m HNO3 (120 s) were used to clean the
sample introduction system to eliminate cross-contamination.
The 238U background was lower than 10 mV after the
rinsing procedure. One pure U solution USTC-U was used as
an in-house reference material in this study. Uranium isotopic
data of the sample are expressed as:

δ238Usample�USTC�U ¼ 238U=235U
� �

sample=

238U=235U
� �

USTC�U�1 (1)

The relationship between δ238Usample-USTC-U (δ238U-

USTC-U) and δ
238Usample-CRM-145 (δ238UCRM-145) can be

expressed as:

δ238UCRM�145 ¼ δ238UUSTC�U þ δ238UUSTC�U�CRM�145

(2)

The δ238UUSTC-U-CRM-145 value was measured by the
double-spike method (USpike/USample = 3.3%) with
the Neptune MC-ICP-MS in the National High Magnetic
Field Laboratory (NHMFL, Florida, US). The similar instru-
mental settings were adopted except a slightly different
Faraday cup configurations (Table 1). The Ricca U standard
solution was measured against the CRM-145 U standard
solution to monitor the in-lab instrumental accuracy in
NHMFL, with a mean δ238URicca-CRM-145 value of -0.17
� 0.07‰ (2s, n = 24), which is consistent with previous
report (-0.220 � 0.014) (Li and Tissot 2023). The measured
δ238UUSTC-U-CRM-145 value is -0.22 � 0.01‰ (2s/√n,
n = 150). For a convenient comparison of our data with
previously published data, U isotope ratios are expressed as
δ238UCRM-145 in this study.

Results and discussion

MC-ICP-MS measurements

Instrumental measurements: Previous studies showed
that acidity and concentration of analysed aliquots and
double-spike dosages may cause artefacts in metal stable
isotope analyses (Tian et al. 2019, Chen et al. 2022). To test
the influence of nitric acid molarities on U isotope

Table 1.
Instrumental operating conditions for U isotope
measurements

Instrumental
parameter

Thermo Fisher Scientific, Neptune Plus

Cooling Ar � 16 l min-1

Auxiliary Ar � 0.80 l min-1

Nebuliser Ar � 0.90 l min-1

RF power 1150–1230 W
Mass resolution Low resolution
Typical sensitivity � 1.6 V per ng g-1 for 238U
Cones Ni Jet cone, X-skimmer cone
Desolvator Aridus 3
Argon flow rate 2.6 l min-1

Nitrogen flow rate 2 ml min-1

Solution uptake rate � 100 μl min-1

Detector mode Faraday cup static mode

L3-F L2-F L1-F C-F H1-F H2-F H3-F

Amplifier resistor in
USTC

1011 Ω 1011 Ω 1011 Ω 1011 Ω 1011 Ω

232Th 233U 235U 236U 238U
Amplifier resistor in
NHMFL

1011 Ω 1011 Ω 1011 Ω 1011 Ω 1011 Ω 1010 Ω

232Th 233U 234U 235U 236U 238U
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measurements, the USTC-U solutions were diluted to 25 ng
g-1 with 1% m/m to 5% m/m HNO3, and bracketed by 25
ng g-1 USTC-U solutions diluted by 2% m/m HNO3. The
results (Figure 1a) show that there is no significant U isotope
offset resulting from the acid concentration. In this study, as
both samples and bracketing standards (calibrators) were
diluted by 2% m/m HNO3, acidity mismatch should not
cause any artificial fractionation.

To test the effect due to the mismatch of the U
concentrations on U isotopic measurement, the USTC-U
solutions with concentrations ranging from 20 to 35 ng g-1

were measured against bracketing calibrators (25 ng g-1).
The results (Figure 1b) indicate that concentration mismatch
does not influence U isotope measurements when the
standard/sample concentration ratios range from 0.8 to 1.4.

We further explored the effect of the dosage of the
double-spike solution by adding different proportions of
IRMM-3636 into USTC-U. The data (Figure 1c) indicate
no obvious effect on the measurement of δ238U with the
USpike/USample ratio varying from 1% to 5%. This is consistent
with previous work which proposes that U isotopic measure-
ment is not significantly impacted by the USpike/USample ratio
over a large range (1% to 10%) (Tissot and Dauphas 2015).

Matrix effects of Th on U isotope measurement: A
trace amount of Th remaining in the purified sample solutions
may produce polyatomic interference on U isotopes (232ThH+

on 233U) (Andersen et al. 2017). Therefore, it is necessary to
evaluate the influence of Th on U isotope measurements. In
this study, we doped different amounts of Th to 25 ng g-1

USTC-U solutions to monitor the potential interference from
residual Th in the collected U solutions. The results (Figure 2)
show that the Th effect on δ238U analyses is negligible even if
the Th/U ratio reaches 0.06. This may imply the relatively low
hydride production efficiency of Th. In fact, after the purification
process, the Th/U ratio in the purified sample solutions is
normally lower than 0.001, assuring negligible interference
from Th over the U isotopic measurement.

Isotope ratio measurement precision: In this study, we
used three ways to evaluate the precision of δ238UCRM-145

analyses. First, we analysed the synthetic reference solutions
with a known 238U/235U ratio to ensure that there was no
isotope fractionation during chemical purification and
instrumental measurements. The synthetic solution was made
by mixing USTC-U with some other elements with certain
elemental ratios (U: Th: Hf: La: Sn: Zr: Sc: Y: Na: Mg: Al: K: Ca:
Ti: Fe: Ni = 1: 1: 1: 1: 1: 1: 1: 1: 10: 10: 10: 10: 10: 10: 10:
10). The mean δ238UUSTC-U (relative to the pure USTC-U) of
the synthetic solution is 0.02 � 0.04‰ (2s, n = 8) (Figure 3).
Because the double-spike was added after chemical
purification in our method, it requires further evaluation into
the potential U isotope fractionation during column purifica-
tion. The first millilitre U-cut solution was collected, which
accounts for 90% of the total U. The mean δ238UUSTC-U of
the first millilitre U-cut solution was 0.00 � 0.05‰ (2s,

Figure 1. Effects of (a) HNO3 concentrations; (b) U concentration mismatches between the sample and standard; and

(c) double-spike dosages on δ238U analysis. n is the number of repeated measurements of the same solution. Bars

represent two standard deviations (and in subsequent figures).

2 9 2 © 2023 The Authors. Geostandards and Geoanalytical Research © 2023 International Association of Geoanalysts.
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n = 6) (Figure 3). Thus, the chemical procedure and mass
spectrometry measurement did not produce resolvable
isotopic fractionations (Weyer et al. 2008).

Furthermore, the intermediate precision was monitored with
a pure U solution standard ICP-U which was prepared by
mixing USTC-U and an ultrapure single element U solution
(purchased from o2si smart solutions). The long-term measure-
ments of ICP-U during the past six months gave a mean
δ238UCRM-145 value of -0.17 � 0.06‰ (2s, n = 68) (Figure 4).

The reproducibility of our method was verified by
comparing the δ238UCRM-145 values of two USGS reference
materials (BCR-2 and G-2) measured in our laboratory with
that reported in the literature. The U isotopic ratios of
the reference materials are presented in Table 3. The
δ238UCRM-145 values of igneous rock reference materials
BCR-2 and G-2 are -0.27 � 0.05‰ (2s, n = 27) and
-0.16 � 0.06‰ (2s, n = 20), respectively, in agreement with
the published values, (-0.26 � 0.03‰ (2s) for BCR-2 and
-0.15 � 0.09‰ (2s) for G-2) (Li and Tissot 2023). In
conclusion, the intermediate measurement precision of our
method is better than � 0.06‰ (2s) for δ238U based on
replicated analyses of pure U standards, synthetic solutions,
and rock reference materials.

The dry ashing procedure for δ238U measurement

The dry ashing procedure can efficiently and quickly
remove organic matter but may also result in elemental loss

and potential isotopic fractionation (Li et al. 2011, Lv
et al. 2020, Zhang et al. 2018). In contrast, using the high-
pressure bomb has been considered as a robust procedure
that does not affect U isotope measurements of geological
and environmental samples (Zhang and Hu 2019). We
digested the SARM-18 and SARM-20 coal reference
materials with the two procedures, and the results present
good consistency (Table 4, Figure 5). As U has a high 50%
condensation temperature (� 1610 K) (Lodders 2003), it
behaves as a refractory element and presents resistance to
high-temperature digestion. Furthermore, previous studies
showed that UO3, UO3(α), and UO3(β) are the main forms of
uranium during coal combustion at temperatures below 600
°C (Yang et al. 2016). Therefore, we propose that there is no
U isotope fractionation during dry ashing at 550 °C. Previous
study also revealed no discernible disparity in the U isotope

Figure 2. Doping experiments to test the Th effect on

δ238U determination. The Th effect on δ238U measure-

ment results is negligible even if the Th/U ratio reaches

0.06. n is the number of repeated measurements of the

same solution.

Figure 3. δ238UUSTC-U values of synthetic solutions.

Data are available in Table 2.

Table 2.
δ238UUSTC-U data of the synthetic solution in this
study

Sample type Sample No. δ238UUSTC-U 2s n

Synthetic solution 10 ml U-cut -0.01 0.04 2
Replicate 0.03 0.03 2
Replicate 0.04 0.03 2
Replicate 0.01 0.05 2
Mean 0.02 0.04 8

1 ml U-cut -0.03 0.03 2
Replicate 0.00 0.05 2
Replicate 0.02 0.05 2
Mean 0.00 0.05 6

n is the number of repeated measurements of the same solution.
2s = 2 times the standard deviation of n repeated measurements. Since the
n of samples is 2, their corresponding 2s is only used to show the
repeatability of the measurement results. The (long-term) intermediate
measurement precision (0.06‰, 2s) is adopted to characterise the
uncertainties of U isotope data.

2 9 3© 2023 The Authors. Geostandards and Geoanalytical Research © 2023 International Association of Geoanalysts.
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ratio between black shales subjected to ashing at 500 °C
and those that were not ashed (Asael et al. 2013).
Compared with the high-pressure bomb procedure, the dry
ashing procedure has the advantages of simplicity and
shorter processing time. Thus, even for samples with high

organic components, we still recommend using the dry
ashing procedure for δ238U measurement.

Uranium isotope ratios in coal and ash

Using the method developed in this study, we measured
the U isotope ratios of seven coal RMs and one fly ash RM. The
δ238UCRM-145 of SARM18 is -0.43 � 0.04‰ (2s, n = 18),
SARM19 is -0.69 � 0.04‰ (2s, n = 6), SARM20 is -0.31
� 0.07‰ (2s, n = 30), GBW11156 is -0.36 � 0.04‰ (2s,
n = 10), GBW11157 is -0.38 � 0.07‰ (2s, n = 16),
GBW11159 is -0.37 � 0.04‰ (2s, n = 8), GBW11160 is -
0.33 � 0.02‰ (2s, n = 6), and NIST SRM 1633c is -0.29
� 0.03‰ (2s, n = 2) (Table 4, Figure 5). The δ238UCRM-145

variation in these reference materials is 0.38‰, much larger
than the current measurement repeatability (0.06‰, 2s). The
δ238UCRM-145 values of coal reference materials are lower
than those of continental crust, -0.29 � 0.03‰ (Tissot and
Dauphas 2015). The enrichment of U in coal is controlled by
surface water, groundwater, and hydrothermal solutions
(Seredin and Finkelman 2008, Dai et al. 2008, 2013,
2014). The difference in U isotope ratio between coal and
continental crust observed here may result from U migration
and enrichment processes. There is almost no U isotope
fractionation during oxidative weathering of continental crust
(Tissot and Dauphas 2015, Zhang et al. 2020, Wang
et al. 2015, Noordmann et al. 2016). Coal can act as a
reductant, leading to a change from U6+to U4+ and then
precipitation as U minerals (Dai et al. 2015). Previous studies
have shown that the reduction may fractionate U isotopes due
to the nuclear volume effect, and 238U is preferentially
enriched in U4+ (Bigeleisen 1996, Schauble 2007). In this
study, the U isotope characteristics of coal indicate that 235U is

Figure 4. δ238UCRM-145 measurement results of ICP-U during the past six months.

Table 3.
δ238UCRM-145 data of two USGS reference mate-
rials measured in this study compared with previ-
ous studies

Sample
No.

Sample
type

δ238UCRM-145 2s n Reference

BCR-2 Basalt -0.28 0.04 8
Replicate -0.26 0.06 5
Replicate -0.25 0.01 2
Replicate -0.26 0.03 2
Replicate -0.23 0.02 2
Replicate -0.30 0.02 2
Replicate -0.29 0.02 2
Replicate -0.25 0.07 2
Replicate -0.28 0.04 2
Mean -0.27 0.05 27 This study

-0.26 0.03 N = 33 Li and
Tissot (2023)

G-2 Granite -0.18 0.03 2
Replicate -0.16 0.06 8
Replicate -0.16 0.07 4
Replicate -0.17 0.06 6
Mean -0.16 0.06 20 This study

-0.15 0.09 N = 4 Li and
Tissot (2023)

n is the number of repeated measurements of the same solution.
2s = 2 times the standard deviation of n repeated measurements. Since the
n of some samples is 2, their corresponding 2s is only used to show the
repeatability of the measurement results. The (long-term) intermediate
measurement precision (0.06‰, 2s) is adopted to characterise the
uncertainties of U isotope data.
N is the number of replicates with independent digestion of the same
reference materials.

2 9 4 © 2023 The Authors. Geostandards and Geoanalytical Research © 2023 International Association of Geoanalysts.
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Table 4.
δ238U data of coal, fly ash, and bottom ash in this study

Sample No. Sample
description

Region Coal rank U (μg g-1) δ238U (‰) 2s n

SARM18 Coal Eastern Transvaal,
Republic of South Africa

Bituminous 1.5* -0.41 0.06 4

Replicate -0.45 0.03 2
Replicate � -0.42 0.02 2
Replicate -0.42 0.03 2
Replicate -0.45 0.00 2
Replicate -0.45 0.06 2
Replicate -0.44a 0.03 2
Replicate -0.43a 0.01 2
Mean -0.43 0.04 18
SARM19 Coal Orange Free State,

Republic of South Africa
Sub-bituminous to bituminous 5* -0.68 0.05 2

Replicate -0.70 0.03 2
Replicate -0.68 0.04 2
Mean -0.69 0.04 6
SARM20 Coal Orange Free State,

Republic of South Africa
Sub-bituminous to bituminous 4* -0.31 0.03 2

Replicate -0.28 0.05 6
Replicate -0.30 0.05 4
Replicate -0.36 0.00 2
Replicate -0.33 0.05 2
Replicate -0.32 0.05 4
Replicate -0.35 0.02 4
Replicate -0.28a 0.03 2
Replicate -0.26a 0.06 2
Replicate -0.30a 0.01 2
Mean -0.31 0.07 30
GBW11156 Coal Shanxi, China Bituminous 2.4* -0.36 0.04 4
Replicate -0.35 0.02 2
Replicate -0.38 0.02 2
Replicate -0.34 0.01 2
Mean -0.36 0.04 10
GBW11157 Coal Shanxi, China Bituminous 2.2* -0.40 0.04 4
Replicate -0.34 0.05 4
Replicate -0.36 0.05 4
Replicate -0.40 0.05 4
Mean -0.38 0.07 16
GBW11159 Coal Shanxi, China Bituminous 2.4* -0.39 0.04 2
Replicate -0.35 0.04 2
Replicate -0.39 0.02 2
Replicate -0.37 0.05 2
Mean -0.37 0.04 8
GBW11160 Coal Shanxi, China Anthracite 1.56* -0.35 0.00 2
Replicate -0.33 0.01 2
Replicate -0.32 0.01 2
Mean -0.33 0.02 6
NIST SRM 1633c Fly ash 9.25* -0.29 0.03 2
FT-1 Feed coal Anhui, China 2.2** -0.26 0.06 2
FT-2 Fly ash Anhui, China 8.5** -0.28 0.05 2
FT-3 Bottom ash Anhui, China 7.1** -0.36 0.03 2
FLEJ-1 Feed coal Heilongjiang, China 0.6** -0.34 0.05 2
FLEJ-2 Bottom ash Heilongjiang, China 6.5** -0.31 0.00 2

* Recommended U mass fraction values in certificates.
** U mass fractions were calculated using isotope dilution principles in this study.
a The δ238UCRM-145 of coal reference materials pre-treated by dry ashing.
n is the number of repeated measurements of the same solution.
2s = 2 times the standard deviation of n repeated measurements. Since the n of some samples is 2, their corresponding 2s is only used to show the repeatability
of the measurement results. The (long-term) intermediate measurement precision (0.06‰, 2s) is adopted to characterise the uncertainties of U isotope data.
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preferentially removed from solution, which may result from
combined effects of equilibrium isotope fractionation and
kinetic isotope fractionation (Brown et al. 2018).
Hydrothermal solutions show low δ238UCRM-145 values
ranging from -0.63‰ to -0.32‰ (Noordmann
et al. 2016, Li and Tissot 2023), which may also potentially
cause the low atomic number (’light’) U isotopic signature of
coal. Furthermore, some uranium is adsorbed by organic
matter (e.g., humic acid) during migration in coal (Dai
et al. 2020). It would be interesting to determine the effect of
organic absorption on the U isotope ratio in coal for future
studies.

Uranium in coal is primarily associated with organic
matter and exists in small amounts in the form of U-bearing
minerals (Yang et al. 2019). The combustion of coal and the

resulting elimination of the organic matter lead to
the enrichment of U in both fly ash and bottom ash (Lauer
et al. 2017, Zhang et al. 2016). Besides, U presents as
uraninite in coal and tends to transform into volatile U
species, such as UO3(g). It is lost with the gas and ultimately
ends up in the fly ash during combustion in coal-fired power
plants at temperatures above 1000 °C. (Coles et al. 1978,
Lei et al. 2014, Yang et al. 2016, Chen et al. 2017). On the
other hand, uranium which is originally associated with a
silicate, such as coffinite, may migrate into the bottom ash as
U3O8, UO2, and UO2.33(β) species (Coles et al. 1978, Lei
et al. 2014, Yang et al. 2016, Chen et al. 2017). The
distribution of different U species between fly ash and bottom
ash may give rise to U isotope variation. This study indicates
that the δ238UCRM-145 values of samples from coal-fired
power plants, including feed coal, fly ash, and bottom ash,
show slight variation (0.1‰) (Table 4 and Figure 6). Such
variation of δ238UCRM-145 is much smaller than that in coal
(0.38‰). Therefore, fly ash and bottom ash may be used to
trace the original U isotope ratio of the feed coal and U
pollution from coal combustion. As we only analysed two sets
of samples in this study, further measurements of feed coal, fly
ash, and bottom ash samples from different coal-fired power
plants are needed to explore the U isotope behaviour
during coal combustion.

Conclusions

In this study, dry ashing and high-pressure bomb
procedures were used to digest coal, and δ238U in coal
was determined using MC-ICP-MS by the DS method. By
comparing the two digestion procedures, no U isotope

Figure 5. δ238UCRM-145 of USGS and coal reference

materials. Data are available in Tables 3 and 4. The

diamonds and triangles stand for the coal pre-treated

by high-pressure bomb procedure (Coal-HB) and dry

ashing procedure (Coal-DA), respectively. The shaded

area denotes the mean δ238UCRM-145 value of conti-

nental crust (-0.29 � 0.03‰ Tissot et al . 2015).

Literature values of BCR-2 and G-2 are from Li and

Tissot (2023).

Figure 6. δ238UCRM-145 of feed coal, fly ash and

bottom ash of coal-fired power plant. Data are

available in Table 4.
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variation was observed during the dry ashing process,
indicating that the ashing procedure is suitable for
analysing the U isotope ratio in coal. The U isotope ratios
of seven coal reference materials and one fly ash reference
material are reported. The δ238UCRM-145 values of
these reference materials range from -0.69 � 0.04‰ (2s)
to - 0.29 � 0.03‰ (2s). The δ238UCRM-145 values of the
coal reference materials are lower than the mean of the
continental crust, which may result from U migration and
enrichment processes. In contrast, the combustion process
results in relatively small U isotopic fractionations between
the fly ash, bottom ash, and feed coal from the same coal-
fired power plant, proposing the future application of U
isotope to trace the heavy metal pollution due to coal
combustion.
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