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Abstract

Metamorphic rocks show much lower mercury (Hg) levels than sedimentary rocks, which may be due to the loss of Hg
during high-pressure and high-temperature conditions during metamorphism. To test this hypothesis, we conduct high-
pressure and high-temperature experiments on ancient and modern sediments (WH black shale and GSS-4 soil). Under
0.3 GPa, the Hg concentrations decrease while the d202Hg values increase with rising temperatures (WH black shale: 333–
89 ppb, �1.34 to �0.79‰, 250–700 �C; GSS-4: 545–265 ppb, �1.39 to �1.01‰, 400–700 �C), suggesting the loss of isotopi-
cally light Hg isotopes under high-temperature conditions. Under constant temperatures of both 200 �C and 500 �C, with
increasing pressure (0.5–1.4 GPa), GSS-4 shows only a slight decrease in Hg concentration with no variation in d202Hg, sug-
gesting that high-pressure conditions restrain the loss of isotopically lighter isotopes. Consistent D199Hg and D200Hg values
were observed in both samples during our experiment, implying no Hg isotope mass-independent fractionation (Hg-MIF)
under high-temperature and high-pressure conditions. While results of this imply that metamorphism may lead to the emis-
sion of isotopically lighter Hg from sedimentary rocks to the surface environment, the lack of Hg-MIF during metamorphism
provides important support for the use of Hg isotopes for paleoenvironment reconstruction.
� 2022 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Mercury (Hg) is a heavy metal of global concern for its
active redox chemistry, strong bioaccumulation, long-range
transport, and potent toxicity (Selin, 2009). As a result, the
biogeochemical cycle of this metal in the surface systems
(e.g., atmosphere, pedosphere, hydrosphere, biosphere)
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has been extensively studied (Selin, 2009). The deep cycle
of Hg in the crust and mantle, via plate tectonics (Deng
et al., 2021) and magmatism (Moynier et al., 2021; Yin
et al., 2022), control the budget and the environmental
impact of Hg in surface systems. Sedimentation, diagenesis,
and metamorphism link the surface Hg cycle to the deep Hg
cycle, however, the geochemical fate of Hg during these
processes remains poorly constrained.

Past studies have reported similar Hg levels (mostly 102

to 103 parts per billion (ppb) by weight) in sediments and
sedimentary rocks (Yin et al., 2015; Grasby et al., 2019;
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Shen et al., 2019a, 2020; Sun et al., 2022a), suggesting lim-
ited loss of Hg during sedimentation and diagenesis. Meta-
morphic rocks, however, commonly show much lower Hg
levels (mostly < 10 ppb, Deng et al., 2022), implying a sig-
nificant loss of Hg from sedimentary rocks during meta-
morphism. Hg is highly volatile and mobile under high-
temperature and high-pressure conditions (Deng et al.,
2022). Understanding the dynamics of Hg loss during meta-
morphism is critical, given that the lost Hg may continue to
cycle into surface systems. As the degree of metamorphism
is a function of pressures and temperatures (Baldwin et al.,
2003), experimental works involving different pressure and
temperature conditions are warranted to investigate the
dynamics of Hg loss during metamorphism.

Mercury isotope geochemistry is an important tool to
understand the geochemical cycle of Hg, as Hg can undergo
both mass-dependent fractionation (MDF, expressed as
d202Hg) and mass-independent fractionation (MIF,
expressed as D199Hg and expressed as D199Hg) (Kwon
et al., 2020). Hg-MDF occurs ubiquitously during various
physical, chemical, and biological processes (Blum et al.,
2014; Kwon et al., 2020). Kinetic processes under normal
temperature and pressure conditions, such as photodegra-
dation of MeHg and photoreduction of Hg(II) (Bergquist
and Blum, 2007; Chandan et al., 2015), gaseous Hg(0) dif-
fusion (Koster van Groos et al., 2014), microbial methyla-
tion and demethylation (Janssen et al., 2016) and
volatilization of Hg(0) (Zheng et al., 2007), commonly
result in the enrichment of lighter Hg isotopes (character-
ized by lower d202Hg values) in the product, leaving the resi-
due with higher d202Hg values. Hg-MIF mainly occurs
during specific photochemical reactions (Bergquist and
Blum, 2007). Large variations of >10‰ in both d202Hg
and D199Hg have been observed in natural samples, which
provide two-dimensional information on the sources (Yin
et al., 2019a) and processes of Hg in the environment
(Grasby et al., 2019).

A recent study by Deng et al. (2022) on metamorphic
rocks inferred a significant loss of Hg, no systematic
Hg-MDF and the absence of Hg-MIF during metamor-
phism; however, experimental work supporting these
hypotheses remains lacking. To fill this knowledge gap,
we conducted high-pressure and high-temperature experi-
ments on ancient and modern sediments to investigate the
dynamics of Hg loss and Hg isotope fractionation, and to
gain insights into the behavior of Hg during
metamorphism.

2. SAMPLES AND METHODS

2.1. High-pressure and high-temperature experiments

A black shale sample and a soil standard reference
material (SRM), representing ancient and modern sedi-
ments, respectively, were selected in this study. The black
shale sample (named WH) was collected from the Neo-
proterozoic Cryogenian Datangpo Formation, South
China, and has a high TOC content (1.91 wt%) (Zhou
et al., 2021). The soil SRM (GSS-4, yellow soil) was pur-
chased and consisted mainly of clay minerals, with low
TOC content (0.62 wt%). Prior to the experiment, the
WH black shale sample was cleaned, air-dried, pulver-
ized, and powdered to 200 mesh. The GSS-4 soil sample
is a powdered SRM and therefore did not undergo addi-
tional processing.

High-pressure and high-temperature experiments on the
two samples were performed on a DS 6 � 1400 t hinged-
type Large Volume Press (LVP) at the Institute of Geo-
chemistry, Chinese Academy of Sciences (IGCAS). The
LVP has a large-capacity sample chamber (Ren et al.,
2019), enabling loading of enough sample materials to fur-
ther conduct Hg concentration and isotopic composition
analyses. The LVP uses six independent pistons to extrude
the cube pressure transmitting medium, resulting in a very
wide high-pressure range (0–2.0 GPa). The anvils have a
length of 44.5 mm (Ren et al., 2019). The specific experi-
mental assembly is shown in Fig. 1. The external pressure
transmission medium is pyrophyllite, and the internal pres-
sure transmission medium is pyrophyllite and boron
nitride. Pyrophyllite is calcined at 600 �C, and boron nitride
is the sample tube. The graphite tube is used to heat the
sample. The temperature of the sample is observed in situ

by a thermocouple inserted into the center of the sample.
The temperature gradient from the sample center to the
thermocouple was <10 �C (Yin et al., 2019b), which ensures
uniform heating of the sample. The hexagonal boron
nitride tubes are very stable under high-pressure and
high-temperature conditions and are not easy to react with
other materials (Kostoglou et al., 2015). The hexagonal
boron nitride exhibits a layered porous structure (Weng
et al., 2016). The use of hexagonal boron nitride tubes fab-
ricates a semi-open system (Yin et al., 2019b), allowing for
Hg loss during heating.

Briefly, about 2.0 g of sample powder was pre-
compressed and loaded into a hexagonal boron nitride tube
and sealed on both ends with boron nitride discs. The
hexagonal boron nitride tubes have a Hg blank of 5–
10 ng, according to early analyses by a DMA80 direct Hg
analyzer, much lower than that in the loaded samples
(>700 ng and >1000 ng for WH and GSS-4, respectively;
see Section 3). The hexagonal boron nitride tubes were
placed into external pressure transmitting medium made
of pyrophyllite in the LVP, and then experienced controlled
pressures (0.3–1.4 GPa) and temperatures (50–700 �C). The
LVP oil pressure boosting rate is 10 MPa/h, the heating
rate is 20 �C/min, and the relationship between oil pressure
and chamber pressure refers to the calibration curve of Ren
et al. (2019). A stepped method was used to raise pressure
and temperature to the target values, and the target pres-
sures and temperatures were maintained for 18 h to ensure
sufficient Hg loss from the samples. The experimental con-
ditions are shown in Table 1. Before doing the experiments,
we tested that the Hg concentrations of the samples
remained consistent when the time was >12 h. The in situ

pressure condition of some of the samples we studied is
lower than 0.5 GPa. The experimental device of solid pres-
sure transmission medium may have low accuracy in this
pressure range, but our experimental assembly is credible
through the detailed pressure calibration by Ren and Li
(2022).



Fig. 1. Model diagram of experimental setup and sample chamber components (after Song et al., 2021).

Table 1
Sample information and specific experimental conditions during high-temperature and high-pressure experiments.

Sample ID Rock type Temperature (�C) Pressure (GPa) Time (hour)

WH-CS* Black shale 20 / /
WH-1 Black shale 100 0.3 18
WH-2 Black shale 150 0.3 18
WH-3 Black shale 200 0.3 18
WH-4 Black shale 250 0.3 18
WH-5 Black shale 300 0.3 18
WH-6 Black shale 400 0.3 18
WH-7 Black shale 450 0.3 18
WH-8 Black shale 500 0.3 18
WH-9 Black shale 700 0.3 18
GSS-4-CS* Soil 20 / /
GSS-4-1 Soil 50 0.3 18
GSS-4-2 Soil 100 0.3 18
GSS-4-3 Soil 300 0.3 18
GSS-4-4 Soil 400 0.3 18
GSS-4-5 Soil 500 0.3 18
GSS-4-6 Soil 600 0.3 18
GSS-4-7 Soil 200 0.5 18
GSS-4-8 Soil 200 0.8 18
GSS-4-9 Soil 200 1.1 18
GSS-4-10 Soil 200 1.4 18
GSS-4-11 Soil 500 0.5 18
GSS-4-12 Soil 500 0.8 18
GSS-4-13 Soil 500 1.1 18
GSS-4-14 Soil 500 1.4 18

* Experiments were during at standard atmospheric pressure and room temperature of 20 �C.
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2.2. Hg concentration and isotopic composition analyses

After the experiments, the samples were powdered again
into 200 mesh using an agate pestle and mortar for Hg con-
centration and isotopic composition analyses. Total Hg
(THg) concentration and Hg isotopic composition of the
samples were measured at the IGCAS.

Hg concentration was measured using a DMA-80 direct
mercury analyzer (detection limit: 0.01 ng/g), which yielded
Hg recoveries of 90 to 110% (n = 2) for the initial GSS-4
sample, which has a valid Hg concentration of
590 ± 50 ppb. Duplicate analysis of the initial WH black
shale yielded uncertainty of <10% (2SD, n = 3).

A double-stage tube furnace coupled with 40% mixed
acid (HNO3/HCl = 2/1, v/v) trapping solutions was used
for preconcentration of Hg from the samples for isotope
analysis (Zerkle et al., 2020). The preconcentrated solutions
were diluted to 0.5 ng/mL Hg in 10% acid and measured
using a Neptune Plus multi-collector inductively coupled
plasma mass spectrometer, following a previous method
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(Yin et al., 2016). Hg-MDF is expressed in d202Hg notation
in units of‰ referenced to the NIST-3133 Hg standard (an-
alyzed before and after each sample):

d202Hgð‰Þ ¼ ½ðHg202=198HgsampleÞ=ðHg202=198HgstandardÞ � 1� � 1000

ð1Þ
Hg-MIF is reported in D notation, which describes the

difference between the measured dxxxHg and the theoreti-
cally predicted dxxxHg value, in units of ‰:

DxxxHg � dxxxHg� d202Hg� b ð2Þ
where b is 0.2520, 0.5024 and 0.7520 for D199Hg, D200Hg
and D201Hg, respectively (Bergquist and Blum, 2007).
Duplicate or triplicate analyses for some of the samples
were performed (Table 2). The NIST-3177 secondary stan-
dard solution was measured with the sample solutions. Our
results of NIST-3177 (d202Hg: �0.58 ± 0.07‰, D199Hg:
�0.02 ± 0.05‰, D200Hg: �0.01 ± 0.06‰, D201Hg: �0.02
± 0.05‰; 2SD, n = 8) and the initial GSS-4 soil SRM
(d202Hg:-1.60 ± 0.07‰, D199Hg:-0.48 ± 0.09‰, D200Hg:
�0.10 ± 0.05‰; D201Hg:-0.41 ± 0.12‰; 2SD, n = 3) agrees
well with previous studies (Bergquist and Blum, 2007;
Zerkle et al., 2020; Deng, et al., 2021; Wang et al., 2021;
Sun et al., 2022b).

3. RESULTS

The Hg concentrations and isotope composition are
summarized in Table 2 and shown in Figs. 2–4. The mass
loss of Hg from sedimentary rocks was small (<5%) during
the experiment. In this regard, the concentration change of
Hg can be used to reflect the mass loss of Hg during the
experiments. Under the confining pressure of 0.3 GPa
(Fig. 2a), the concentration change of Hg in the WH black
shale is small (375–333 ppb) when the temperature is
�250 �C, but quickly increases with rising temperature
when the temperature is >250 �C (333–89 ppb). The
concentration change of Hg in the GSS-4 soil was also
small (563–545 ppb) when the temperature was �400 �C,
but increases rapidly when the temperature is >400 �C
(545–265 ppb) (Fig. 3a). When the temperature was consis-
tent, i.e., under 200 �C and 500 �C (Fig. 4a), the concentra-
tion loss of Hg in the GSS-4 soil decreased with the increase
of pressure (0.5–1.4 GPa).

Under a confining pressure of 0.3 GPa, the d202Hg val-
ues shifted positively with increase of temperature for both
samples (Figs. 2b and 3b). For the WH black shale, the shift
was small (0.27‰) when the temperature was �250 �C but
increased dramatically (�1.34 to �0.79‰) when the
temperature was >250 �C. For the GSS-4 soil, the shift
was also small (�1.60 to �1.39‰) when the temperature
was �400 �C, but increased from �1.39 to �1.01‰ when
the temperature was >400 �C. When the temperature was
consistent, i.e., under 200 �C and 500 �C (Fig. 4b), negative
shifts of d202Hg with the increase of pressure (0.5–1.4 GPa)
can be observed in the GSS-4 soil. Notably, the overall shift
of d202Hg under 200 �C (0.04‰) was smaller than that
under 500 �C (0.24‰).
During all the experiments, for both samples, the
D199Hg (Figs. 2c, 3c, and 4c) and D200Hg (Figs. 2d, 3d,
and 4d) values under different temperature or pressure con-
ditions were consistent, taking the analytical uncertainties
of D199Hg (±0.05%, 2SD) and D200Hg (±0.05%, 2SD) into
account.

4. DISCUSSION

4.1. Loss of Hg during high-pressure and high-temperature

processes

Mercury compounds are highly volatile and mobile, and
can be released from rocks under high-temperature condi-
tions (Smith et al., 2008; Meier et al., 2016; Sotiropoulou
et al., 2019). In this study, under 0.3 GPa, the concentration
of Hg from the WH black shale and GSS-4 soil decreased
with rising temperature, implying temperature is an impor-
tant factor leading to Hg loss during metamorphism. The
small concentration change of Hg in the WH black shale
when the temperature is �250 �C (375–333 ppb, Fig. 2a)
and in GSS-4 soil when the temperature is �400 �C (563–
545 ppb, Fig. 3a) suggests the releasing temperature is dif-
ferent in different types of samples. Hg exists in multiple
phases in soil and sediments, including organic matter-
bound, clay minerals-bond, and other phases (e.g., sulfides)
(Ravichandran, 2004; Grasby et al., 2019; Shen et al., 2020).
Different Hg phases in sedimentary rocks have different
temperatures during mercury pyrolysis release (Reis et al.,
2012; Rumayor et al., 2015). Organic-bound Hg has a
low pyrolysis temperature of 200–300 �C, whereas clay-
bound Hg has a pyrolysis temperature of 400–700 �C (Su
et al., 2021). In this study, the concentration change of
Hg in the WH black shale increases rapidly after 250 �C,
which could be due to the release of organic matter-
bound Hg, given that this sample is organic-rich (TOC:
1.91 wt%). A positive correlation (p < 0.01, R = 0. 89)
between Hg and TOC has been reported for the WH black
shales (Zhou et al., 2021), suggesting Hg is mainly in an
organic-bound form. The concentration change of Hg in
GSS-4 soil is more significant when the temperature is
>400 �C, suggesting clay mineral-bound Hg is the dominant
Hg phase in this sample. Organic matter-bound Hg is
minor in the GSS-4 soil, given its low TOC content
(0.62 wt%).

Under consistent temperatures of both 200 �C and 500 �
C, slightly lower Hg concentrations (493 ± 28–545 ± 13 pp
b, Fig. 4a) were observed in GSS-4 soil at high pressures
(0.5–1.4 GPa), compared to the accepted value for GSS-4
soil under normal temperature and pressure conditions
(590 ± 50 ppb). Although THg analysis can yield uncer-
tainty of up to 10%, the concentration loss of Hg in GSS-
4 soil seems to decrease with rising pressure (Fig. 4a),
implying that pressure is another important factor control-
ling the loss of Hg during metamorphism and more Hg
tends to be lost under low-pressure conditions, consistent
with the fact that volatilization potential is highest under
low-pressure conditions (Huber et al., 2006).



Table 2
Hg concentration and Hg isotopic composition of the two studied samples under different temperature and pressure conditions.

Sample
ID

THg
(ppb)

d199Hg
(‰)

SD d200Hg
(‰)

SD d201Hg
(‰)

SD d202Hg
(‰)

SD D199Hg (‰) SD D200Hg (‰) SD D201Hg (‰) SD N*

WH-CS 375 �0.22 0.02 �0.82 0.07 �1.13 0.07 �1.61 0.18 0.18 0.06 0.01 0.04 0.09 0.07 3
WH-1 359 �0.22 0.10 �0.67 0.07 �0.96 0.08 �1.41 0.04 0.14 0.09 0.04 0.05 0.09 0.05 2
WH-2 293 �0.23 0.03 �0.71 0.00 �1.01 0.04 �1.45 0.03 0.13 0.04 0.02 0.02 0.09 0.05 3
WH-3 334 �0.23 �0.65 �0.85 �1.42 0.13 0.06 0.21 1
WH-4 333 �0.18 �0.63 �0.90 �1.34 0.15 0.05 0.11 1
WH-5 281 �0.12 0.16 �0.55 0.16 �0.77 0.15 �1.18 0.16 0.18 0.12 0.04 0.08 0.12 0.03 2
WH-6 259 �0.11 �0.45 �0.61 �1.01 0.15 0.06 0.15 1
WH-7 187 �0.12 0.06 �0.56 0.07 �0.81 0.08 �1.15 0.15 0.17 0.02 0.02 0.01 0.05 0.04 2
WH-8 176 �0.02 0.07 �0.37 0.09 �0.52 0.09 �0.84 0.12 0.19 0.04 0.06 0.03 0.12 0.00 2
WH-9 89.1 �0.05 0.09 �0.35 0.08 �0.53 0.02 �0.79 0.06 0.15 0.07 0.04 0.05 0.06 0.03 2
GSS-4-CS 563 �0.89 0.04 �0.91 0.01 �1.61 0.05 �1.60 0.03 �0.48 0.05 �0.10 0.02 �0.41 0.06 3
GSS-4-1 546 �0.83 �0.75 �1.53 �1.48 �0.46 �0.01 �0.42 1
GSS-4-2 530 �0.82 0.09 �0.83 0.16 �1.53 0.14 �1.48 0.12 �0.44 0.06 �0.08 0.10 �0.42 0.05 2
GSS-4-3 541 �0.78 �0.76 �1.46 �1.46 �0.41 �0.03 �0.36 1
GSS-4-4 545 �0.83 �0.73 �1.40 �1.39 �0.48 �0.04 �0.36 1
GSS-4-5 377 �0.72 0.07 �0.66 0.11 �1.34 0.13 �1.28 0.10 �0.40 0.05 �0.02 0.06 �0.38 0.05 2
GSS-4-6 265 �0.68 0.04 �0.54 0.04 �1.14 0.05 �1.01 0.08 �0.42 0.02 �0.03 0.00 �0.38 0.01 2
GSS-4-7 526 �0.72 �0.66 �1.35 �1.28 �0.40 �0.01 �0.39 1
GSS-4-8 554 �0.71 �0.60 �1.34 �1.25 �0.39 0.03 �0.40 1
GSS-4-9 545 �0.76 �0.60 �1.42 �1.35 �0.41 �0.01 �0.40 1
GSS-4-10 555 �0.75 �0.68 �1.44 �1.32 �0.42 �0.02 �0.45 1
GSS-4-11 472 �0.71 0.03 �0.61 0.04 �1.29 0.09 �1.18 0.09 �0.41 0.05 �0.02 0.01 �0.41 0.02 2
GSS-4-12 467 �0.68 �0.54 �1.17 �1.07 �0.41 0.00 �0.37 1
GSS-4-13 511 �0.82 �0.76 �1.53 �1.47 �0.44 �0.02 �0.42 1
GSS-4-14 523 �0.77 �0.72 �1.48 �1.42 �0.42 0.00 �0.41 1

* Number of analysis, Hg isotope value is the average during this study.
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Fig. 2. (a) THg concentration vs temperature, (b) d202Hg vs temperature, (c) D199Hg vs temperature, and (d) D200Hg vs temperature diagrams
for the WH black shale under 0.3 GPa. The mass loss of sedimentary rocks was small (<5%) during the experiment, therefore, the
concentration loss of Hg can be used to reflect the mass loss of Hg during the experiments. The uncertainties displayed for d202Hg, D199Hg and
D200Hg are the largest values of standard deviation (SD) for sample replicates, NIST-3177 and GSS-4. THg concentrations are reported as
parts per billion (ppb) by weight.
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4.2. Significant Hg-MDF during high-pressure and high-

temperature processes

During our experiments, the d202Hg of the two investi-
gated samples progressively change towards higher values
with rising temperatures (Figs. 2b and 3b), indicating that
light Hg isotopes are preferentially lost from the samples.
The overall variations of d202Hg in our samples (WH:
�1.61 to �0.79‰ and GSS-4 soil: �1.60 to �1.01‰) are
relatively smaller than that observed during Hg biogeo-
chemical processes under normal temperature and pressure
conditions (0.5–3.0‰; Blum et al., 2014 and references
therein), which is consistent with previous observations of
other isotopes (e.g., Cd, Cu, Zn, Fe) that show small iso-
tope fractionation during high-temperature processes
(Hoefs and Hoefs, 1997). Interestingly, the d202Hg values
of the WH black shale show limited change when the tem-
perature is �250 �C, and change dramatically when the
temperature is >250 �C (Fig. 2b). Similar characteristics
can also be observed in the GSS-4 soil, but the turning
point of temperature is �400 �C (Fig. 3b). Previous
research suggests that Hg in sediment can be associated
with organic matter, sulfides, and clay minerals
(Ravichandran, 2004; Grasby et al., 2019; Shen et al.,
2020). Different Hg phases may have distinct Hg isotopic
signatures (Yin et al., 2013a; Grigg et al., 2018), which
may alternatively explain the temporal variation of
d202Hg in the two studied samples. Nonetheless, we suggest
that temperature can be an important factor in controlling
the magnitude of Hg-MDF during Hg loss.

In contrast, it seems that the increase of pressure can
restrain the loss of isotopically lighter isotopes, given that
our samples show very small variations of d202Hg
(200 �C: �1.28 to �1.32‰ and 500 �C: �1.18 to �1.42‰)
under high-pressure conditions (0.5–1.4 GPa) when the
temperatures were under both 200 �C and 500 �C (Fig. 4b).

4.3. No significant Hg-MIF during high-pressure and high-

temperature processes

To date, only a few processes are found to trigger Hg-
MIF. MIF of odd Hg isotopes (D199Hg and D201Hg) is
explained by the nuclear volume effect (NVE) and
magnetic isotope effect (MIE) (Blum et al., 2014). The
D199Hg/D201Hg slope has been used to distinguish MIF
due to NVE and MIE in natural samples (Kwon et al.,
2020). MIF via NVE is characterized by D199Hg/D201Hg
of 1.6–1.7 and is involved in the dark reduction of aqueous
Hg(II) (Zheng and Hintelmann, 2010), Hg-thiol complexa-
tion (Wiederhold et al., 2010) and liquid Hg(0) evaporation
(Estrade et al., 2009). MIF via MIE produces
D199Hg/D201Hg of 1.0–1.3 and is commonly observed



Fig. 3. (a) THg concentration vs temperature, (b) d202Hg vs temperature, (c) D199Hg vs temperature, and (d) D200Hg vs temperature diagrams
for the GSS-4 soil under 0.3 GPa. The mass loss of sedimentary rocks was small (<5%) during the experiment, therefore, the concentration
loss of Hg can be used to reflect the mass loss of Hg during the experiments. The uncertainties displayed for d202Hg, D199Hg and D200Hg are
the largest values of standard deviation (SD) for sample replicates, NIST-3177 and GSS-4.
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during aqueous Hg(II) photoreduction and MeHg pho-
todegradation (Bergquist and Blum, 2007; Zheng and
Hintelmann, 2009; Kwon et al., 2020). The mechanism of
MIF of even isotopes (D200Hg) remains unclear, however,
it is thought to relate to photo-oxidation of gaseous Hg
(0) (Sun et al., 2016).

Our experiments were conducted in the absence of light
and yielded consistent D199Hg and D200Hg values for both
samples under different temperature and pressure conditions
(Figs. 2c, d, 3c, d, 4c, and d), suggesting the lack of MIF for
both odd and even Hg isotopes during the high-pressure and
high-temperature processes. The D199Hg/D201Hg ratio of�1
for the studied samples under different temperature and
pressure conditions (Fig. 5) is consistent with that observed
in natural samples (reviewed by Blum et al., 2014), which
again confirms no Hg-MIF during the experiment. The
results of this study agree well with a recent study by
Deng et al. (2022), which reported similar D199Hg values
in metamorphic rocks and their parent sedimentary rocks
and hypothesized no Hg-MIF during metamorphism. The
positive D199Hg values of the WH black shale agree well
with that observed in marine sediments (Yin et al., 2015,
2017), suggesting that Hg was sourced from seawater. The
negative D199Hg values of the GSS-4 soil agree well with pre-
vious results on soil and vegetation (Biswas et al., 2008;
Demers et al., 2013; Yin et al., 2013b), suggesting that Hg
originated from atmospheric Hg(0) deposition.
5. CONCLUSIONS AND IMPLICATIONS FOR HG

GEOCHEMICAL CYCLE AND PETROGENETIC

TRACING

Our results show that under high-temperature meta-
morphic conditions, lighter Hg isotopes are preferentially
lost from sediments, but the increase of pressure seems
to restrain the loss of isotopically lighter isotopes.
Although we caution that our experiments may not fully
represent slowly occurring metamorphic processes, our
results can provide insights into the behavior of Hg during
metamorphism. Various forms of metamorphism such as
regional and contact metamorphism, involving high-
pressure and high-temperature processing of sedimentary
rocks, may induce loss of isotopically lighter Hg from
the metamorphosed sediments, leading to Hg migration
in the crust and resulting in lower Hg contents and higher
d202Hg values in metamorphic basement rocks (Deng
et al., 2022). These results suggest that metamorphism
could be an important part of the Hg geochemical cycle,
as the lost Hg would either directly return to the surface
systems as gaseous Hg(0) form, increasing its lifetime to
cycle in the environment, or be involved in the metalloge-
nesis of economically important Hg-rich ore deposits as
soluble Hg(II) form. In the future, investigation of the loss
pathways of Hg (in gaseous or soluble forms), based on
experimental approaches or field observation, is warranted



Fig. 4. (a) THg concentration vs pressure, (b) d202Hg vs pressure, (c) D199Hg vs pressure, and (d) D200Hg vs pressure diagrams for the GSS-4
soil under 200 �C and 500 �C. The mass loss of sedimentary rocks was small (<5%) during the experiment, therefore, the concentration loss of
Hg can be used to reflect the mass loss of Hg during the experiments. The uncertainties displayed for d202Hg, D199Hg and D200Hg are the
largest values of standard deviation (SD) for sample replicates, NIST-3177 and GSS-4.

Fig. 5. D199Hg versus D201Hg diagram for WH black shale and GSS-4 soil samples.
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to fully access the ultimate fate of the Hg lost during
metamorphism.

Growing studies have used Hg concentrations and iso-
topic composition in sediments to understand the paleoen-
vironment, revealing key events in Earth’s history such as
large igneous provinces eruption, mass extinction, and
oceanic redox changes (Sanei et al, 2012; Grasby et al.,
2013, 2019; Shen et al., 2019a, 2019b,2022; Zerkle et al.,
2020). Our study makes an important contribution by
showing that there is very little Hg lost or isotope fraction-
ation at normal temperatures during burial and diagenesis
processes. This speaks to the fidelity of the sedimentary
record of Hg and points to the reliability of the records.
However, metamorphism involving high-temperature and
high-pressure processing may lead to changes in Hg concen-
trations and d202Hg values, so caution is required when
using these proxies for paleoenvironment reconstruction
when dealing with metamorphosed rocks. Fortunately,
Hg-MIF signals (D199Hg, D200Hg, and D201Hg) may still
be a useful proxy, given that no Hg-MIF occurs during
metamorphic processes. As such, our study may provide
important support for the use of Hg isotopes for paleoenvi-
ronment reconstruction, although more studies should be
conducted to fully consider the diversity of samples.
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