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A B S T R A C T

Characterizing the composition of mercury (Hg) isotopes in the atmospheric emissions of cement plants is critical
to understand the global circulation of Hg because large quantities of Hg are released from this source annually.
A pre-calciner cement plant in Guizhou Province in Southwest China was selected to investigate the mass de-
pendent fractionation (MDF) and mass independent fractionation (MIF) of Hg in the entire production process
and the speciated Hg isotope composition in stack gas. Significant MDF and insignificant MIF were observed in
this cement plant. Different raw/correction materials have δ202Hg signals ranging from -1.68 to -2.19‰. Raw
meal is featured with lighter Hg (δ202Hg = -2.83 ± 0.18‰) as results of Hg circulation and accumulation during
the clinker production. Cement products possess negative δ202Hg values (-1.98 ± 0.02‰) due to the input of
light δ202Hg isotopes through additives/retarder limestone, and fly ash and gypsum from coal-fired power plant
(CFPPs). Speciated Hg isotopes in the stack gas of the kiln tail and kiln head show no significant differences, and
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δ202Hg and Δ199Hg in the discharged flue gas averaged at -2.03 ± 0. 31‰ and -0.03 ± 0.07‰, respectively,
which has negative δ202Hg characteristics with other anthropogenic sources.

1. Introduction

Mercury (Hg), one of the most toxic heavy metals, has attracted
worldwide attention because of its long-range transport in the atmo-
sphere and bioaccumulation in the food chain. Since the devastating
Minamata disaster (mercury poisoning disaster) of 1953 in Japan, Hg
has been listed as a priority pollutant by many international organi-
zations (UNEP, 2013; WHO, 1991). Hg in the atmosphere is originated
from natural (erosion, volcanic eruption) (Lee et al., 2014; Nriagu,
1989; Nriagu and Pacyna, 1988; Pirrone et al., 2010) and anthro-
pogenic sources (fossil fuel combustion, nonferrous metal smelting,
cement production, waste incineration) (Lee et al., 2014; Nriagu and
Pacyna, 1988; Pirrone et al., 2010; Yu et al., 2015), as well as from the
re-emission of previously deposited Hg (e.g., from soil and ocean)
(Driscoll et al., 2013; Wang et al., 2018). Substantially increased at-
mospheric Hg emissions from anthropogenic sources as the industrial
revolution have caused adverse effects on the ecological environment
(Sarkar et al., 2015; Streets et al., 2017; Wright et al., 2018). Hg
emissions from Asia (875–1726 Mg Hg in 2015) accounted for ap-
proximately half of the world’s total anthropogenic emissions, and
China is the largest emitter worldwide with 500–800 Mg Hg emitted to
the atmosphere annually (UNEP, 2019).

Major sources of atmospheric Hg in China include fossil fuel com-
bustion, nonferrous metal smelting, and cement production (UNEP,
2019; Wu et al., 2016). Emissions from cement production have in-
creased significantly in recent years (UNEP, 2013, 2019), enabling this
sector to be the largest emitter in China since 2009, e.g., approximately
145 Mg Hg was emitted from this source in 2014 (Hua et al., 2016; Wu
et al., 2016). Total and speciated atmospheric Hg emissions from this

sector have been reported in a few studies (Hua et al., 2016; Li et al.,
2019; Won and Lee, 2012), and isotope signatures of Hg emissions from
this source have been evaluated by using some proxies such as lime-
stone as raw material, fly ash as an additive, and gypsum as a retarder
generated by coal-fired power plants (CFPPs) (Fu et al., 2018; Huang
et al., 2016, 2020). However, little is known about the Hg isotope
compositions during the entire cement production process and atmo-
spheric emissions based on the on-site studies.

With the progress in cement manufacturing techniques, the use of
the pre-calciner process has increased sharply in China since 2000, and
over 90 % of cement production has been based on this technique after
2010 (Hua et al., 2016). During the complicated clinker production
process, Hg undergoes a series of transformations: it homogenizes in the
grinding and homogenizing devices and the raw mill; evaporates in the
rotary kiln, pre-calciner, and preheaters; condensates inside the pre-
heater to humidifier; transforms between the rotary kiln and raw mill
when the temperature drops; interacts with particulate matter and
gaseous components in the flue gas (Mlakar et al., 2010; Wang, 2017;
Yang, 2014). Some of these processes may cause Hg isotope fractiona-
tion. Therefore, there is a need to investigate the Hg isotope signatures
of the upgraded cement plants to better constrain the Hg emission es-
timates and track Hg emissions from this sector.

In the past twenty years, Hg isotope techniques have been proved
powerful for tracking emissions and investigating the global geo-
chemical cycling of Hg (Blum et al., 2014; Feng et al., 2015; Sonke,
2011). In this approach, seven stable Hg isotopes in the nature (Hg196,
Hg198, Hg199, Hg200, Hg201, Hg202, and Hg204) and the characteristics of
mass-dependent fractionation (MDF) and mass-independent fractiona-
tion (MIF) of these isotopes are quantified. In the present study, we

Fig. 1. Schematic diagram of the preheater/pre-calciner cement manufacturing facility and the sampling sites.
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systematically collected the solid and gas samples, as well as the ma-
terial flow information in a cement plant with the pre-calciner process
in Guizhou Province, Southwest China, and analyzed the Hg isotope
compositions of each type of samples. The objectives of this study are
(1) to explore the potential Hg isotope fractionation during the cement
production and associated mechanisms and fractionation intensities,
and (2) to determine the Hg isotope fingerprints of atmospheric emis-
sions from this source sector. The findings of this study will be helpful
to trace the anthropogenic Hg emissions and better understand the Hg
geochemistry.

2. Methodology

2.1. Description of the cement plant and the sample collection

The cement plant selected for the investigation is located in east
Guizhou Province, Southwest China which is described in a previous
study (Li et al., 2019). It has two pre-calciner production lines, each
with a capacity of 4500 metric tons of clinker per day. One of the
production lines that has been in operation for 1.5 years was in-
vestigated in this study. Air pollution control devices (APCDs) of this
cement production line include an electrostatic precipitator (ESP) at the
kiln head and a selective non-catalytic reduction (SNCR)+ESP at the
kiln tail, in which the SNCR is used to control the NOx emissions by
spraying urea at the high temperature (800–900 °C) zone. All raw and
correction materials, such as limestone, sandstone, and shale, were
produced locally, with the exception of feed coal, which was trans-
ported from Henan and Shaanxi provinces in central China.

The production process and the sampling sites are illustrated in
Fig. 1. Solid samples during the clinker and cement production process,
as well as stack flue gas samples from the kiln tail and kiln head were
collected. Solid samples including various raw (limestone, shale, coal
gangue) and correction materials (sandstone, iron-rich materials), fuel
(coal), ESP ash from the kiln tail and kiln head, clinker, additive ma-
terials (fly ash and gypsum form local CFPPs), and cement products
were collected more than three times in three days. Flue gas from the
kiln head and kiln tail was sampled using the Ontario Hydro Method
(OHM, Model XC-572, Apex Instruments, USA) according to the ASTM
Method 6784-02 (2008) (Fig. S1), which can separate three oper-
ationally defined Hg species, i.e., gaseous elemental mercury (Hg°),
gaseous oxidized mercury (Hg2+), and particulate mercury (Hgp). The
specific details of the OHM are presented in the supporting information
(SI). Each flue gas sample lasted for 1.0–1.5 h with a flue gas volume of
0.5–1.3 m3.

2.2. Determination and calculation of Hg isotope composition

Solid samples were pretreated in a double-stage tube furnace for Hg
isotope analysis (SI) (Huang et al., 2015; Sun et al., 2013a). Hg con-
centrations in the trapping solutions for solid samples and OHM ab-
sorption fluids for flue gas samples were diluted to 1 ng/mL in 10 %
acid before Hg isotope analysis. Hg isotope compositions were mea-
sured by Nu Plasma II multiple-collector inductively coupled plasma
mass spectrometry (MC-ICP-MS, Nu Instruments, UK) equipped with a
gas/liquid phase separator (Yin et al., 2010), using SnCl2 (3%, m/v) as

the reducing agent for Hg to generate gaseous Hg°, which enters the
plasma exciter. Instrumental mass bias correction was accomplished
using NIST SRM 997 as an internal standard and external standard-
sample bracketing with a NIST SRM 3133 Hg solution. NIST 3133 Hg
standard solutions were prepared, with Hg concentrations and acid
matrices matched to the sample solutions. MDF and MIF are described
in detail in Blum and Bergquist (Blum and Bergquist, 2007) and briefly
presented in the SI.

With two chimneys at the kiln tail and kiln head for the cement
production line, the final Hg isotope signature of atmospheric emissions
was calculated using the equations in the SI. To assess the reliability of
Hg isotope composition data, the theoretical Hg isotope compositions of
the clinker and the cement production processes were calculated and
compared with the results of the MC-ICP-MS (SI).

2.3. Quality assurance and quality control

All vessels used in the isotope analysis were soaked in 20 % HNO3

and washed with deionized water. Reagents were prepared with deio-
nized water, and HNO3 and HCl used for Hg pre-concentration in solid
samples were double distilled to remove impurities. Hg concentrations
of the systematic and reagent blanks were below the detection limit of
the MC-ICP-MS. Concerning the reproducibility of the Hg isotope data,
certified reference materials (CRMs, UM-Almadén and NIST SRM 1632d
(coal)) were analyzed along with the diluted acid-trapping and OHM
solutions. The recovery of total Hg in solid samples and CRM (coal)
during the pre-concentration process by double-stage furnace trapping
was in the range of 87–98 %. The Hg isotope compositions of CRMs in
this study are in good agreement with the previously published data
(Table 1) (Blum and Bergquist, 2007; Estrade et al., 2010; Sun et al.,
2013a, 2014).

3. Results and discussion

3.1. Hg isotope compositions along the cement plant production

The Hg concentrations in various solid/gas materials, main Hg in-
puts and outputs from different processes, and atmospheric Hg emis-
sions from the cement plant are reported in our previous study (Li et al.,
2019) and also presented in Table S1 and Table S2. Raw and correction
materials, as the main Hg input for the tested cement plant, accounted
for 84.8 % of total Hg input; limestone contributed to 56.5 % and coal
contributed to 15.2 % of total Hg input. Hg emissions are in the form of
Hg2+ (54.8 %) and Hg° (45.1 %) at the stack of the kiln tail, whereas
they are primarily in the form of Hg2+ (98.1 %) at the kiln head.
Considering the low proportion of Hgp in total Hg (< 0.1 %, Table S2)
and the difficulty in detecting the isotope composition of Hg° and Hgp at
low concentrations (0.01–0.29 μg/m3) in the flue gas, only Hg2+ (7.93
μg/m3) and Hg° (6.52 μg/m3) in the stack flue gas of the kiln tail and
Hg2+ (16.33 μg/m3) in the stack flue gas of the kiln head were analyzed
in this study. Clinker was not subject to the isotope analysis because of
its low Hg concentration (< 1 μg/kg) and low contribution to the Hg
mass flow (Table S1). Hg isotope compositions in stack gas, raw and
correction materials, and final cement products are presented in
Table 2, Table S3, and Fig. 2.

Table 1
Hg isotope compositions (‰) in certified reference materials (CRMs) reported in this study and others.

CRMs δ199Hg 2σ δ200Hg 2σ δ201Hg 2σ δ202Hg 2σ Δ199Hg 2σ Δ200Hg 2σ Δ201Hg 2σ Reference

UM-Almadén (N = 12) −0.14 0.06 −0.26 0.05 −0.43 0.08 −0.51 0.06 −0.02 0.05 0.00 0.03 −0.04 0.05 This study
UM-Almadén (N = 25) −0.14 0.06 −0.27 0.04 −0.44 0.07 −0.54 0.08 −0.01 0.02 0.00 0.02 −0.04 0.04 (Blum and Bergquist, 2007)
UM-Almadén (N = 10) −0.14 0.09 −0.26 0.10 −0.41 0.11 −0.51 0.15 −0.01 0.07 −0.01 0.06 −0.03 0.04 (Estrade et al., 2010)
NIST 1632d (N = 7) −0.53 0.11 −0.99 0.13 −1.50 0.21 −1.93 0.19 −0.04 0.07 −0.02 0.05 −0.05 0.08 This study
NIST 1632d (N = 8) −0.50 0.03 −0.91 0.09 −1.39 0.18 −1.83 0.14 −0.04 0.05 0.01 0.06 −0.02 0.09 (Sun et al., 2013a)
NIST 1632d (N = 10) −0.49 0.06 −0.89 0.09 −1.37 0.18 −1.79 0.17 −0.04 0.05 −0.01 0.06 −0.03 0.08 (Sun et al., 2014)
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All solid and flue gas samples in the tested cement plant are char-
acterized by significant negative MDF values of Hg (Fig. 2a), with a
variation of 1.41‰ in δ202Hg (-2.83‰ to -1.42‰). Negative δ202Hg
values were observed in the raw/correction materials and coal, e.g.,
limestone (-1.68 ± 0.20‰, 1σ, N = 3), sandstone (-2.19 ± 0.11‰, 1σ,
N = 3), shale (-1.78 ± 0.10‰, 1σ, N = 2), iron-rich material

(-1.68 ± 0.07‰, 1σ, N = 3), gangue (-2.06 ± 1.54‰, 1σ, N = 2), and
coal (-1.42 ± 0.82‰, 1σ, N = 2). Raw meal, an intermediate product,
is enriched in light Hg isotopes (δ202Hg = -2.83 ± 0.18‰, 1σ, N = 3,
p< 0.01) compared to the other samples. As for the flue gas, δ202Hg of
Hg2+ (-1.86 ± 0.71‰, 1σ, N = 2) is somewhat similar to that of Hg°
(-2.22 ± 0.29‰, 1σ, N = 2) in the stack gas from the kiln tail (the
number of samples is too small for statistical comparison), and no sig-
nificant difference in MDF (p = 0.10) was observed between the stack
gas from the kiln head (Hg2+, δ202Hg = -2.05 ± 0.01‰, 1σ, N = 4)
and kiln tail (-1.86 ± 0.71‰ for Hg2+, -2.22 ± 0.29‰ for Hg°, and
-2.02 ± 0.52‰ for total Hg). δ202Hg in fly ash and gypsum from CFPPs
used in cement production process averaged at -2.29 ± 0.42‰ (1σ, N
= 3) and -1.62 ± 0.20‰ (1σ, N = 3), respectively. These figures are
dependent on the fuel type, combustion process, and the APCDs in-
stalled in CFPPs (Sun et al., 2013b; Tang et al., 2017). Finally, δ202Hg in
cement products was -1.98 ± 0.02‰ (1σ, N = 3).

Δ199Hg varied by 0.34‰ (-0.22 to 0.12‰) in solid and flue gas
samples from the tested cement plant; however, no significant
(p> 0.05) difference was observed in the mean Δ199Hg values between
the input materials, intermediate products, and stack gas/output pro-
duction in the clinker or cement production process (Fig. 2b). Δ199Hg of
raw/correction materials and additive/retarder materials are in the
range of -0.22 – 0.12‰ and -0.10 – 0.01‰, respectively. The average
Δ199Hg signatures of raw meal (intermediate product) and cement
(output production) are -0.08 ± 0.05‰ (N = 3, 1σ) and 0.02 ± 0.06‰
(N = 2, 1σ), respectively. Moreover, there is no significant (p> 0.05)
difference in Δ199Hg between the stack gas from the kiln tail (-0.14 –
0.11‰) and kiln head (-0.07 – 0.02‰). Δ199Hg values of solid and flue
gas samples approximated zero (-0.22 – 0.12‰), considering that the
2σ analytical uncertainty is 0.08‰ for Δ199Hg (N = 42) in this study
(Fig. 2b), which indicates the absence of the MIF processes in the ce-
ment plant.

3.2. Reliability of Hg isotope data

The reliability of Hg isotope composition data was evaluated sepa-
rately for the clinker and cement production processes, as detailed in
the SI. The production line in the cement plant has a total Hg mass
balance ratio of 101 % and 93 % for the output/input in the clinker and
the cement production processes, respectively (Table S1) (Li et al.,
2019). The reliability of Hg isotope composition data of the output
products of the cement plant is shown in Fig. S2. The calculated values
of δ202Hg and Δ199Hg are -1.71 ± 0.37‰ (1σ) and 0.01 ± 0.08‰ (1σ)

Table 2
Average Hg isotope compositions in solid materials and stack flue gas of the cement plant determined by MC-ICP-MS.

Productive Item Samples Hg isotope composition (‰)

process (N represents the sample
number)

δ199Hg σ δ200Hg σ δ201Hg σ δ202Hg σ Δ199Hg σ Δ200Hg σ Δ201Hg σ

Clinker Raw materials Limestone (N = 3) −0.41 0.12 −0.84 0.13 −1.31 0.15 −1.68 0.20 0.01 0.08 0.00 0.04 −0.04 0.04
process Shale (N = 2) −0.61 0.05 −0.89 0.02 −1.50 0.00 −1.78 0.10 −0.16 0.07 0.00 0.07 −0.17 0.08

Gangue (N = 2) −0.39 0.34 −0.98 0.79 −1.46 1.16 −2.06 1.54 0.12 0.04 0.05 0.02 0.08 0.00
Correction materials Sandstone (N = 3) −0.77 0.02 −1.09 0.07 −1.91 0.14 −2.19 0.11 −0.22 0.02 0.01 0.04 −0.26 0.05

Iron-rich materials (N = 3) −0.40 0.03 −0.79 0.06 −1.20 0.11 −1.68 0.07 0.02 0.01 0.06 0.04 0.06 0.06
Fuel Coal (N = 2) −0.34 0.04 −0.68 0.35 −1.07 0.48 −1.42 0.82 0.02 0.17 0.04 0.06 0.00 0.13
Stack gas of kiln tail Hg2+ (N = 2) −0.56 0.11 −0.94 0.31 −1.52 0.52 −1.86 0.71 −0.09 0.07 −0.01 0.04 −0.12 0.02

Hg0 (N = 2) −0.52 0.03 −1.06 0.17 −1.66 0.19 −2.22 0.29 0.04 0.10 0.06 0.03 0.01 0.03
Stack gas of kiln
head

Hg2+ (N = 3) −0.53 0.05 −0.99 0.02 −1.60 0.03 −2.05 0.01 −0.02 0.05 0.04 0.02 −0.06 0.02

Intermediate
products

Raw meal (N = 3) −0.79 0.05 −1.36 0.10 −2.14 0.19 −2.83 0.18 −0.08 0.05 0.06 0.02 −0.01 0.08

ESP ash of kiln tail (N = 4) −0.71 0.06 −1.17 0.12 −1.88 0.16 −2.40 0.24 −0.10 0.01 0.03 0.01 −0.08 0.04
Cement Additive materials Fly ash of CFPPs (N = 3) −0.59 0.14 −1.06 0.22 −1.62 0.29 −2.29 0.42 −0.01 0.03 0.09 0.02 0.10 0.03
production Limestone (N = 3) −0.41 0.12 −0.84 0.13 −1.31 0.15 −1.68 0.20 0.01 0.08 0.00 0.04 −0.04 0.04
process Retarder Gypsum of CFPPs (N = 3) −0.50 0.05 −0.74 0.09 −1.30 0.15 −1.62 0.20 −0.10 0.06 0.07 0.05 −0.08 0.05

Product Cement (N = 2) −0.48 0.07 −1.03 0.02 −1.46 0.02 −1.98 0.02 0.02 0.06 −0.04 0.03 0.03 0.01

Fig. 2. Hg isotope composition of δ202Hg (a) and Δ199Hg (b) in solid and flue
gas samples of the pre-calciner cement plant.
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for stack gas, and -1.65 ± 0.22‰ (1σ) and -0.08 ± 0.06‰ (1σ) for
cement production, respectively. These values are not statistically dif-
ferent from those measured by the MC-ICP-MS at the 2σ analytical
uncertainty (Table 1, δ202Hg and Δ199Hg of stack gas were calculated
using Eq. 5 and Eq. 6 in the SI), indicating that the Hg isotope data in
this study are reliable and Hg isotopes in input and output substances
reach an equilibrium in the clinker and cement production processes.

3.3. MDF in the clinker production process

Large amounts of sedimentary rocks, such as limestone, sandstone,
and shale were used as raw/correction materials in the clinker pro-
duction process, which were preferentially enriched with light Hg iso-
topes from the ocean or surface water during the sedimentation process
(Blum and Johnson, 2017; Hoefs, 2018). Limestone enriched with light
Hg isotopes (δ202Hg = -1.42 to -1.64‰) has been reported in previous
studies (Sun et al., 2016; Wang et al., 2015). Similar to certain organic
minerals, the negative value of δ202Hg for gangue is related to the
preferential absorption and utilization of light Hg isotopes by plants
(Blum and Johnson, 2017; Yin et al., 2013a). As one of the critical in-
gredients for producing high-quality clinker, iron-rich materials are
mainly composed of iron ore (Fe2O3), which also has a negative δ202Hg
(-1.68 ± 0.07‰, 1σ, N = 3) in this study.

The coal used in this cement plant was from Henan and Shaanxi
provinces; both are major coal production areas in China. The isotope
compositions of Hg show significant differences between the coals from
these two provinces, with moderately negative δ202Hg (-2.00‰, N = 1)
in Henan and slightly negative δ202Hg (-0.84‰, N = 1) in Shaanxi coal,
which might be the result of different coal forming plants and external
input materials in the local environment (Biswas et al., 2008; Sun et al.,
2016).

Raw meal is featured with the most negative δ202Hg
(-2.83 ± 0.18‰) signal in the clinker production process, although it is
composed of grinded and homogenized raw/correction materials (-2.32
to -1.47‰) after the raw mill. Huang et al. (2016) reported a δ202Hg
value of -1.99‰ for raw meal in a cement plant in Sichuan, China,
which is also more negative than δ202Hg values (-1.79 to -1.02‰) of
raw/correction materials of limestone, clay, and sandstone. This result
reflected the existence of MDF in the clinker production process. Li
et al. (2019) reported that the total Hg pool in raw meal is approxi-
mately six times the daily input from various raw/correction materials
and fuels in the cement plant, indicating the accumulation of Hg in the
clinker production process.

The existence of more lighter Hg isotopes in raw meal than raw/
correction materials can be explained by Hg accumulation as results of
external and internal Hg circulation in the clinker production process.
The internal circulation refers to the circulation of Hg between the raw
mill and the rotary kiln system. Hg with light isotopes preferentially
enters the gas phase during volatilization, resulting in lighter Hg in the
gas phase and heavier Hg in the residual phase (Zheng et al., 2007).
Lighter Hg is vaporized as Hg° into the flue gas from high temperature-
heated raw meal, and heavier Hg remains in the semi-finished clinker
when the rotary kiln and pre-calciner are at high temperatures
(800–1450 °C) (Huang et al., 2016). With the high-temperature flue gas
returning to the cryogenic equipment (humidification tower and raw
mill, 90–330 °C) and cooling down, Hg° in flue gas is oxidized into
Hg2+ by other components in the flue gas, such as chlorine, oxygen, or
metal oxides (Yang and Pan, 2007; Zhang et al., 2016; Zhou et al.,
2015). Most of Hg° and Hg2+ in the flue gas are captured by particulate
matter and mixed with the raw/correction materials at the raw mill and
re-enter the raw meal silos, pre-heaters, pre-calciner, and the rotary kiln
system and re-evaporate (Li et al., 2019; Wang et al., 2014). Hg species
would not change inside the SNCR because they are thermodynamically
stable species of Hg° at temperatures higher than 800 °C (Zhang et al.,
2016). Based on the Hg isotope mass balance for the kiln tail and kiln
head system (Fig. S3), the calculated δ202Hg values in the returned flue

gas of the raw mill are -2.91 ± 0.17‰ and -2.86 ± 0.21‰ for the kiln
tail and kiln head, respectively (Table S4, calculations are presented in
SI), suggesting that significant MDF occurred in the pre-calciner, pre-
heater, and exiting flue gas, which would explain the much lighter Hg
isotopes in raw meal than different raw/correction materials.

The external one refers to the reuse of ESP ash from the kiln tail as a
clinker production material that is sent back to the raw meal silo. ESP
ash from the kiln tail is enriched with lighter isotopes of Hg (δ202Hg of
-2.40 ± 0.2‰) than gaseous Hg2+ (δ202Hg = -1.86 ± 0.71‰) and Hg°
(δ202Hg = -2.22 ± 0.29‰) in the stack gas of the kiln tail, indicating
that ESP ash accumulated lighter Hg isotopes during the dust removal
process. Thus, Hg accumulation in the external (recycling of ESP ash)
and internal Hg circulation (returning of flue gas into raw mill) in the
clinker production process brought a large amount of lighter Hg iso-
topes into the raw mill and raw meal silo, featuring raw meal with more
lighter Hg isotopes than raw/correction materials.

3.4. Mixture effect of Hg isotopes in the cement production process

The cement production process refers to the blending of the clinker
with the additive material, such as limestone, coal combustion ash, and
retarders such as gypsum. Coal combustion products show significant
differences in Hg MDF signals (Sun et al., 2013b; Tang et al., 2017). Fly
ash has more negative δ202Hg (-2.29 ± 0.42‰) than gypsum
(-1.62 ± 0.20‰) obtained from the same local CFPP in this study
owing to the successive production or removal by particulate matter
collectors and flue gas desulfurization devices, respectively (Huang
et al., 2017; Liu et al., 2019). Limestone has a δ202Hg value of
-1.68 ± 0.20‰ and is also used as an additive in addition to its use as
raw material. After various materials were homogenized in the cement
mill, δ202Hg of the cement products (-1.98 ± 0.02‰) was in the middle
of those of additive and retarder materials (-1.62 to -2.29‰) because
nearly all Hg in cement is derived from these materials (Li et al., 2019).

3.5. Hg isotope signatures of atmospheric emissions

According to the proportion of speciated Hg (54.8 % Hg2+ and 45.1
% Hg°) in the stack gas of the kiln tail, the weighted δ202Hg and Δ199Hg
values of total Hg were calculated as -2.02 ± 0.52‰ and
-0.03 ± 0.08‰, respectively (Table 2). Moreover, the values of δ202Hg
and Δ199Hg in the stack gas of the kiln head were -2.05 ± 0.01‰ and
-0.02 ± 0.05‰, respectively, which was related to the Hg isotope
composition of both feed coals and flue gas escaping the rotary kiln. Hg
isotope signatures of atmospheric emissions from this cement plant
have integrated δ202Hg and Δ199Hg of -2.03 ± 0.31‰ and
-0.03 ± 0.07‰, respectively, based on Eq. 5 and Eq. 6 in the SI, in-
corporating the emissions from both the kiln tail and kiln head.

Hg isotope compositions of important anthropogenic Hg sources,
including coal, gold ore, Hg ore, sphalerites, and stack emissions from
CFPPs, are illustrated in Fig. 3 (Cooke et al., 2013; Feng et al., 2013;
Huang et al., 2017; Liu et al., 2019; Smith, 2010; Stetson et al., 2009;
Sun et al., 2016; Tang et al., 2017; Wiederhold et al., 2013; Yin et al.,
2016, 2013b). The Hg isotope signature of atmospheric emissions from
the cement plant is significantly more negative (p< 0.01) than those of
other anthropogenic sources of δ202Hg. As for MIF, on-site stack emis-
sions from CFPPs (-3.21 to 0.25‰) have more negative Δ199Hg signals
(Tang et al., 2017); however, there is insignificant signal for Δ199Hg
from this cement plant, which is identical to world coal, gold ore, Hg
ore, and sphalerites (Cooke et al., 2013; Feng et al., 2013; Huang et al.,
2017; Smith, 2010; Stetson et al., 2009; Sun et al., 2016; Wiederhold
et al., 2013; Yin et al., 2016, 2013b). Therefore, atmospheric emissions
of cement plants have a critical impact on the negative δ202Hg of at-
mospheric Hg, and this unique negative δ202Hg signal and near-zero
Δ199Hg can be used to distinguish this source from other anthropogenic
Hg sources in source apportionment analysis.
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4. Conclusions

Mercury isotope signatures in a large-scale pre-calciner cement
plant in Southwest China were characterized based on the analysis of
Hg isotopes in solid and flue gas samples. There are significant MDF and
insignificant MIF in the cement plant. All samples have a negative value
of Hg isotope composition, with 1.41‰ variation in δ202Hg (-2.83 to
-1.42‰) in clinker production as a result of internal and external cy-
cling of Hg. Hg isotope composition in the returned flue gas of the raw
mill is lighter than that of raw/correction materials. Similarly, recycling
ESP ash from the kiln tail may also lighten the δ202Hg signals in raw
meal because of the dust removed by ESP featured with negative δ202Hg
signals. Mass-weighted δ202Hg and Δ199Hg of atmospheric Hg emissions
from this pre-calciner cement plant have values of -2.03 ± 0. 31‰ and
-0.03 ± 0.07‰, respectively. δ202Hg in the output cement products
mostly depends on those of additive and retarder materials and has a
value of -1.98 ± 0.02‰.

There are some differences in Hg isotope compositions between the
tested cement plant and previously reported CFPPs and other anthro-
pogenic sources. Although significant MDF occurred in the clinker
production process, the discharged Hg into atmosphere is featured with
δ202Hg and Δ199Hg signals that are close to those of raw/correction
materials. This result is different from the case of CFPPs with high Hg
removal efficiencies with different APCDs (Liu et al., 2019; Sun et al.,
2013b; Tang et al., 2017). However, further on-site studies should be
conducted in different pre-calciner cement plants in various locations
and with different raw/correction materials to reduce the uncertainties
in Hg isotope signals of this source. In addition, more Hg isotope ana-
lysis should be conducted for intermediate products (raw meal, clinker,
ESP ash, and intermediate flue gas) to obtain a more vivid picture of
δ202Hg fractionation inside the pre-calciner cement plants.
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