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A B S T R A C T

Mercury (Hg) behaviour in sedimentary rocks is important to understand both in terms of its potential volatil-
ization during magmatic intrusions (e.g., those associated with large igneous province activity) and its redis-
tribution during thermal maturation associated with burial and, in some cases, hydrocarbon generation. Mercury
behaviour varies significantly across different lithologies, likely influenced by the amount and type of organic
matter present and sulfur chemistry. This study investigates the effects of lithology on Hg dynamics during
thermal maturation through pyrolysis experiments at isothermal conditions of 325 ◦C for various durations (24,
336, 500, and 840 h). To study Hg behaviour in different lithologies, representing different depositional envi-
ronments and OM-types (organic-rich vs organic-lean), we analysed a relatively Hg-rich sample from the Lower
Jurassic (Pliensbachian) Belemnite Marls, a marine carbonate-rich sequence exposed in southern England, and a
coal sample from the Eocene Tanjung Formation, Indonesia composed of terrestrial organic matter. Before and
after pyrolysis, we generated data on Hg concentrations, total organic carbon (TOC), hydrogen index (HI), and
oxygen index (OI) and compared our results with existing data from the Posidonienschiefer, a marine, highly
organic-rich, black shale of Toarcian age from Germany. Results indicate substantial Hg loss, with the coal and
Belemnite Marls samples losing over 80 % of their Hg in the first 24 h, compared to a 50 % loss in the Pos-
idonienschiefer. Thermal desorption profiles (TDPs) allow us to align the Hg losses in the isothermal heating
experiments with the initial Hg speciation in the sedimentary rocks. Both the Belemnite Marls sample and
Tanjung Formation coal are dominated by lower temperature Hg species, potentially bound to or associated with
organic matter. These findings enhance our understanding of the interplay between lithology, thermal matu-
ration, and Hg behaviour, which is critical for interpreting historical Hg cycling and the environmental impacts
associated with the formation of large igneous provinces (LIPs).

1. Introduction

Mercury (Hg) anomalies in the sedimentary record are increasingly
recognized as a valuable proxy for studying large igneous provinces
(LIPs) and their environmental impacts (Sanei et al., 2012; Grasby et al.,
2019; Percival et al., 2021). While this proxy has been mostly used as a
qualitative metric of LIP activity, under the right circumstances it might
be possible to use Hg to estimate carbon emissions during carbon-cycle
perturbation events based on Hg sedimentary contents, mercury cycle
models, and realistic Hg/C emission ratios (Fendley et al., 2024). A

proportion of both carbon and Hg emissions associated with LIPs is
potentially sourced from thermogenic release from intruded sediments
as well as the magmatic volatile load (Ganino and Arndt, 2009). This
proportion depends on the scale of the intrusions and the nature of the
intruded rocks. Specifically, the intruded rocks may vary not only in
both organic-matter and Hg content but also in their potential to
generate fluids and gases, and their potential for Hg release may depend
on its speciation as well as the feasibility of the fluids generated escaping
to the surface. There is growing interest in understanding how Hg and C
behave near intrusives within LIPs (Svensen et al., 2023a; Frieling et al.,
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2025): a comprehensive overview of Hg and organic-matter behaviour
with thermal maturation can be used to inform how intrusions into
specific rock-types or under particular environmental conditions may
influence Hg/C of thermogenic gases and refine Hg-based LIP emissions.

The volatiles produced and released along with Hg by these in-
trusives can range from hydrocarbon gases and CO2, to larger molecular-
weight hydrocarbons (Svensen et al., 2023b and references therein),
influenced by the temperature (i.e., distance from the intrusion) and the
bulk compositions of the intruded rocks. Close to the igneous intrusion,
the sediments may be exposed to very high temperatures and, with
increasing exposure temperature, the resulting products will gradually
become more enriched in dry gases (CH4 and CO2) as a result of cracking
of the sedimentary organic matter and generated heavier hydrocarbons
(Goodarzi et al., 2018). Furthermore, the behaviour of Hg during
subsidence-related (burial) thermal maturation has also gained atten-
tion, with a focus on understanding Hg in generated andmobilized fluids
(e.g., Bryndzia et al., 2023; Indraswari et al., 2024).

Mercury can be hosted in various sedimentary phases, for example,
organic matter (OM) and metal sulfides (e.g., pyrite, (meta-)cinnabar
HgS) (Grasby et al., 2019; Shen et al., 2019). Whether influenced by
magmatic intrusions or basin subsidence, sedimentary OM and other
components (i.e., water, clays) undergo transformation (thermal matu-
ration) in response to elevated temperature and pressure, which can
result in, for example, the redistribution of carbon and Hg between solid
and fluid phases (both hydrocarbon and non-hydrocarbon). The gener-
ated fluids provide a potential pathway for mobilizing and facilitating
Hg transport between geological rock reservoirs and the surface.
Although metals are often assumed to be closely associated with OM,
previous studies have observed only minor partitioning of elements such
as Mo, Zn, U, and Cd into the hydrocarbon fluids during maturation
(Dickson et al., 2020, 2022; Kendall et al., 2023). We have recently
found evidence via isothermal pyrolysis experiments that the same sit-
uation applies to Hg (Indraswari et al., submitted), which showed only
very limited (≤ 1 %) partitioning into a hydrocarbon phase during
maturation, at least for a highly organic-rich marine black shale.

The type and concentration of organic matter (OM) in sediments
strongly influences the quantity and composition of fluids generated and
expelled during thermal maturation (Tissot and Welte, 1984). This
principle may also extend to the behaviour of sediment-hosted mercury
(Hg). Recent studies, including artificial maturation experiments and
investigations of sedimentary rocks affected by igneous intrusions, have
explored the isotopic variations of Hg under thermal maturation (e.g.,
Liu et al., 2022; Chen et al., 2022). However, these studies have not

focused on the depositional environments of the samples that may have
had an influence on Hg behaviour during maturation through differ-
ences in both OM type and concentration as well as Hg speciation.
Consequently, the influence of varying depositional environments on
sedimentary Hg behaviour during thermal maturation remains poorly
understood. This knowledge gap is particularly important when
considering the heterogeneous nature of sediments exposed to LIP-
related metamorphism. This study aims to contribute to addressing
this gap by examining how different depositional settings affect the
thermal behaviour of Hg in sedimentary rocks.

Table 1 outlines the different depositional settings of samples pre-
vious researchers have used when looking at the effect of thermal
maturation, both burial- and intrusion-related, on Hg. The sediments in
question consist mainly of marine black shales (Liu et al., 2022; Chen
et al., 2022; Svensen et al., 2023a; Frieling et al., 2025), but also
lacustrine shales and calcareous mudstones (Liu et al., 2022), as well as a
recent soil (Chen et al., 2022) (Table 1). These studies all showed sig-
nificant Hg loss due to the high potential for sedimentary Hg species to
decompose, especially in a temperature range of 200–300 ◦C (Chen
et al., 2022; Liu et al., 2022; Svensen et al., 2023a; Frieling et al., 2025).
However, between different sample types, we find there are significant
differences in Hg behaviour (Fig. 1). This result is not unexpected as
different sediment types and depositional settings will likely cover a
range of variations in OM types, and organic and inorganic S-containing

Table 1
Summary of the depositional environments, redox conditions, and lithologies used in experimental studies examining the effects of thermal maturation, both burial-
and intrusion-related, on sedimentary Hg.

Age Formation
/Member Name

Environment of
deposition

Oxygenation
regime

Potential for
sulfide

production

Kerogen
Type

Lithology Initial
bulk TOC

(%)

Initial
Total Hg
(ppb)

Reference

Mesoprotero-
zoic

Xiamaling
Formation Marine Suboxic

Moderate to
high

Oil-prone
(II) Black shale

4.09 326.8

Liu et al., 2022

13.35 107.3

Permian Talung Formation Marine
Suboxic-
anoxic Moderate

Oil-prone
(II)

Calcareous
mudstone 5.56 238.7

Eocene
Shahejie
Formation

Lacustrine Anoxic
Moderate to

high
Oil-prone (I/

II)
Black shale

3.45 272.4
4.83 178.1

Proterozoic
(Cryogenian)

Datangpo
Formation

Marine Anoxic High Oil-prone (I/
II)

Black shale 1.91 375
Chen et al.,

2022
Recent –

Limestone-
weathered soil Unknown

Unknown,
likely low Unknown

Contaminated
soil 0.62 563

Lower Jurassic Posidonienschiefer Marine Euxinic High Oil-prone
(II)

Black shale 8.85 74.6
Indraswari

et al.,
submitted

Lower Jurassic Belemnite Marls Marine Dysoxic Moderate Inert (IV) Calcareous
mudstone

0.85 325.4
This study

Eocene Tanjung Formation Terrestrial/
Coastal swamps

Dysoxic Low but non-
zero

Oil and gas-
prone (II/III)

Coal 24.73 44.2

Fig. 1. Mercury fraction remaining relative to the original concentration in
different materials in response to artificial heating of less than 25 h (previous
studies used heating durations of ≤25 h). Fitted lines are sigmoidal curves to
represent cumulative Hg loss. Fraction of Hg remaining = (1 / (1+ b × ecx)),
where x is peak exposure temperature, b and c are fitted constants.
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species (sulfides, sulfates, thiols) and Hg compounds defined based on
sequential extraction and thermal mercury release characteristics
(OM-bound, pyrite-bound, (meta-)cinnabar) – all factors that we hy-
pothesize play an important role in the sequestration, release and
mobilization of Hg in response to thermal maturation.

It is also worth noting that in themajority of existing studies using Hg
signals as LIP, the most prominent Hg signals are often found in TOC-
lean lithologies rather than in organic-rich shales (see e.g., Grasby
et al., 2019). This observation further motivates our multi-lithology
approach in the present study, which aims to expand the mechanistic
understanding of Hg mobility beyond typical black shale contexts and to
improve the interpretation of Hg signals across a wider range of depo-
sitional environments.

In order to address the role of the depositional environment and
organic-matter variability on Hg behaviour during thermal maturation,
and to complement a previous study carried out on a Jurassic marine
organic-rich marly sediment (Posidonienschiefer) with Type II kerogen
(Indraswari et al., submitted), we performed pyrolysis experiments on
two additional types of samples. We selected a carbonate-rich organ-
ic-lean marl sample from the Lower Jurassic Belemnite Marls sequence
that has atypically elevated Hg contents (>300 ppb). The organic matter
is Type IV kerogen (non-source rock) and the sediment was deposited in
a shallow-marine epicontinental basin. Although the Belemnite Marls
sequence has significant variability in both TOC content and quality
(Lang et al., 1928; Weedon and Jenkyns, 1990, 1999; Hesselbo and
Jenkyns, 1995), the organic-lean and Hg enriched material we selected
provides an end-member so far unrepresented in maturation experi-
ments (Fig. 1). The second sample, from the Eocene Tanjung Formation,
is a terrestrial coal deposited in a tidally influenced lower coastal plain
(Type II/III Kerogen) with moderate Hg but high organic carbon. As in
our previous study (Indraswari et al., submitted), we conducted artificial
maturation experiments under isothermal conditions at 325 ◦C for 24,
168, 336, 500, and 840 h. These new datasets were compared with
existing pyrolysis data from the Posidonienschiefer (Indraswari et al.,
submitted) and published data on Hg in artificially and naturally
matured marine shales, lacustrine shales and marine carbonate-rich
mudstones (Liu et al., 2022; Chen et al., 2022; Frieling et al., 2025).

The heating temperature used in the experiments is particularly
significant, as the primary range for Hg loss, between 200 and 300 ◦C, is
also where the greatest variability in Hg behaviour has been observed
during pyrolysis analysis (see e.g., Fig. 1 and Frieling et al., 2025). While
these temperatures are lower than the magmatic temperatures of in-
trusions, they are highly relevant to the thermal conditions experienced
by surrounding sedimentary rocks during contact metamorphism, where
temperatures of ~200–300 ◦C are commonly reached in distal aureole
zones (e.g., Svensen et al., 2004, 2007). To build on previous studies that
typically used shorter durations of around 24 h, we conducted longer
term isothermal analyses. These extended experiments provide valuable
insights into how Hg loss progresses under stable temperature condi-
tions, a closer (albeit still limited) representation of situations that occur
near igneous intrusions or in deeply buried sediments. While our ex-
periments are not intended to directly replicate LIP-related contact
metamorphism, they provide important constraints on how lithological
variability may control Hg release potential. These insights are broadly
relevant not only for refining models of Hg emissions during LIP events,
but also for understanding Hg cycling during sediment burial and
diagenesis more generally. We specifically focus on how different
environmental conditions during deposition may have influenced sedi-
mentary Hg behaviour during thermal maturation by examining the
differences in redox state, availability of sulfur (which affects the pres-
ence of specific sulfide minerals) and organic-matter type. In contrast to
earlier work, our study systematically compares three distinct sediment
types (i.e., marine calcareous, marine euxinic, and terrestrial coal) to
directly assess how variations in initial Hg speciation, shaped by depo-
sitional redox conditions and organic matter type, influence Hg release
during thermal maturation. This comparison across different lithologies

provides novel insights that extend beyond the commonly studied
organic-rich marine shales, offering broader implications for under-
standing Hg cycling across various depositional settings.

2. Materials & methods

2.1. Sample material

We conducted maturation experiments for two new samples
(organic-lean Belemnite Marls sample and organic-rich Tanjung For-
mation coal) and compare these to material used in previous studies
looking at the effect of thermal maturation on Hg (Table 1). Compara-
tive material includes the marine mudrocks of the Lower Jurassic Pos-
idonienschiefer (Indraswari et al., submitted), the Proterozoic
Xiamaling Formation, the Permian Talung Formation (Liu et al., 2022),
Cryogenian Datangpo Formation (Chen et al., 2022), lacustrine shales
from the Eocene Shahejie Formation (Liu et al., 2022), and highly
contaminated recent GSS-4 soil standard reference material (Chen et al.,
2022) (Table 1).

2.1.1. Depositional setting of the Belemnite Marls
The Belemnite Marls comprise a cyclically bedded alternation of

light and dark marls and rare concretionary limestones packaged in
decimetre-scale couplets and metre-scale bundles. The sequence is of
Pliensbachian (Early Jurassic) age and was deposited in the Wessex
Basin of southern England. The samples were collected from outcrops on
the Dorset coast (Lang et al., 1928; Weedon and Jenkyns, 1990, 1999).
Key sedimentary components are varying amounts of calcium carbon-
ate, partially coccolith-derived, clay minerals (dominantly illite),
organic matter and pyrite. The sequence is rich in body fossils such as
belemnites, ammonites, bivalves, brachiopods and crinoids, signifying
that the depositional environment was fully marine (Sellwood, 1970,
1972). The presence of Chondrites burrows throughout the section, sig-
nals relatively low oxygen (dysoxic) conditions (Bromley and Ekdale,
1984; Buatois and Mángano, 2016; Baucon et al., 2020). The burrowing
mixed light-coloured sediment into dark and vice versa, and together
with the local presence of black laminated shale in the succession, in-
dicates the primary nature of the sedimentary cyclicity, attributed to
astronomical (Milankovitch) forcing (Weedon and Jenkyns, 1990,
1999).

The specific sample used in this study is from sample BM-15, taken
from the 15.09 m level in the section (Top 113c Bed) according to the
numbering system of Lang et al. (1928) and stratigraphic log of Weedon
and Jenkyns (1999). This specific layer is a light marl that is carbonate-
rich and relatively poor in organic matter, with TOC of 0.85 % and
CaCO3 of 52.72 %. In general, the light marls in the sequence have mean
TOC of 0.94 % and CaCO3 of 58.8 % (Weedon and Jenkyns, 1990).

2.1.2. Depositional setting of the Tanjung Formation
The Tanjung Formation, deposited in the Barito Basin during the

Middle Eocene to Early Oligocene in the Sundaland margin, is charac-
terized by thick, laterally extensive planar coals formed in fluvial-tidal
and marginal marine environments (Witts et al., 2012; Anggara et al.,
2024). The coals in the Tanjung Formation contain mixed fresh- and
brackish-water palynomorph assemblages and were interpreted as
estuarine (non-deltaic) coastal swamp deposits due to their lateral
continuity and stability (Witts et al., 2012). The coal is mainly composed
of huminite macerals, with significant amounts of cutinite and resinite,
along with inorganic constituents such as clay (kaolinite), pyrite, and
carbonate minerals (Fikri et al., 2022; Anggara et al., 2024). The specific
sample used in this study is from sample BT 110 fromWitts et al. (2012)
containing TOC of 24.73 % and has vitrinite reflectance of 0.37 %.
Anggara et al. (2024) performed proximate and ultimate analyses of
Tanjung Formation coals (n = 35). The proximate analysis, which
measures moisture, fixed carbon, volatile matter, and ash content,
revealed an average volatile matter of 44.6 %, fixed carbon of 40.1 %,

A.O. Indraswari et al.
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and low moisture content (4.2 %). The ultimate analysis, which de-
termines the chemical composition of coal (i.e., percentages of carbon,
hydrogen, nitrogen, oxygen, and sulphur) on a moisture- and volatile
matter-free basis, showed high carbon (80 %), hydrogen (6.3 %), ni-
trogen (1.5 %), and total sulfur (1.6 %) contents. Vitrinite reflectance of
0.52–0.59 % Ro (Fikri et al., 2022), indicated that the coals are at the
subbituminous A or high volatile bituminous C stage, and immature
with respect to hydrocarbon generation (Tissot and Welte, 1984). Patria
et al. (2024) observed that framboidal pyrite in Tanjung Formation coals
predominantly exceeded 5 μm in size and interpreted redox conditions
in the water column during deposition as dysoxic, with some sulfide
production in pore-waters.

2.1.3. Depositional setting of the Posidonienschiefer
All data for the Toarcian (Lower Jurassic) Posidonienschiefer in this

study are taken from Indraswari et al. (submitted) that used one sample
from a relative depth of 34.65 m in core A. This sample is thermally
immature (0.5 % Ro, Tmax 437 ◦C) and rich in organic matter. The
Posidonienschiefer is a prolific hydrocarbon source rock in the Lower
Saxony Basin of Northern Germany. This sequence is interpreted to have
been deposited in an euxinic (free H2S in the water column) marine
environment based on the size distribution of framboidal pyrite, with
limited terrestrial detrital and organic-matter input (Röhl et al., 2001;
Schmid-Röhl et al., 2002; Frimmel et al., 2004; Schwark and Frimmel,
2004; Gorbanenko and Ligouis, 2014, 2015; Celestino et al., 2024). The
selected sample has a total organic carbon (TOC) value of 8.85 % and a
hydrogen index (HI) of 701 mgHC/g TOC.

2.2. Methods

Experimental setups follow those detailed in Indraswari et al. (sub-
mitted). In short, aliquots of ~6 g each of the Belemnite Marls and
Tanjung Formation coal were solvent-extracted and subsequently ana-
lysed for Hg concentrations and Rock-Eval measurements before py-
rolysis (outlined below). Each of the ~6 g solvent-extracted samples of
Belemnite Marls and Tanjung Formation coal were divided into six sub-
samples, resulting in a total of 12 sub-samples. Each sub-sample weighed
approximately 1 g and was loaded into clean glass tubes to be heated in
the furnace following Tannenbaum and Kaplan (1985), Lu and Kaplan
(1989), and Dickson et al. (2020). Each glass tube was flame-sealed after
removing atmospheric air to ~10− 2 bar using a vacuum extraction line.
The removal of air in the vessels to 10− 2 bar was to prevent combustion /
oxidation of the organic matter at the high temperatures of the pyrolysis,
as under natural maturation conditions in the earth, there is little or no
oxygen to react with in the sediments. Each sub-sample was put into a
stainless-steel jacket and heated in the furnace isothermally at 325 ◦C for
either 1 day, 7 days, 2 weeks, 3 weeks, or 5 weeks. After heating ac-
cording to the designated time, each sub-sample was opened instantly to
let the gaseous component out. The sediments, after heating, were
solvent-extracted again to isolate the bitumen that evolved during
thermal maturation. After centrifugation, the bitumen and solvent-
extracted residues were separated and dried under N2. The extracted
rock residues were subsequently re-homogenized before Hg and Rock-
Eval analyses. The bitumen generated during pyrolysis was extracted,
dried under nitrogen and weighed, then re-dissolved and homogenized
in dichloromethane (DCM): methanol (MeOH) (9:1, volume/volume)
prior to Hg analyses.

2.2.1. Solvent extraction
Solvent extraction of the sediments before and after pyrolysis was

undertaken using an Analytix Advanced Microwave Digestion System at
the University of Oxford, followingmethods described in O’Connor et al.
(2019). Before pyrolysis, existing free hydrocarbons were solvent-
extracted from ~6 g sub-samples using 120 mL of DCM:MeOH (9:1, v/
v). The microwave temperature settings were configured to gradually
rise from room temperature to 70 ◦C in 10 min, isotherm at 70 ◦C for 10

min, and then decrease to 25 ◦C over 20 min. The sub-samples were then
centrifuged and the sediments were separated from the solvent. The
sediments were dried under a N2 stream and divided into glass tubes for
the pyrolysis experiment. After pyrolysis, each sub-sample of ~1 g was
solvent-extracted using 20 mL of dichloromethane (DCM)/methanol
(9:1, v/v). After centrifugation, the bitumen and solvent-extracted res-
idues were separated and dried under N2 to be analysed for Hg con-
centrations and Rock-Eval measurements.

2.2.2. Rock-Eval analysis
Analysis using the Rock-Eval 6 at the University of Oxford (Behar

et al., 2001) was performed on solvent-extracted samples prior to py-
rolysis and solvent-extracted sub-samples after pyrolysis. This analysis
returns data on the total organic carbon (TOC), pyrolysable carbon in
the rocks (S2, in mg HC per g rocks), hydrogen index (HI), and oxygen
index (OI) in the sub-samples before and after pyrolysis. HI values are
calculated as (100× S2)/TOC (mg HC per g TOC). The HI is then used to
determine the thermal maturity parameter as a simplified trans-
formation ratio (TR), defined as [(HIoriginal– HImeasured)/HIoriginal]. The
reproducibility of the measurements was monitored using in-house
standard SAB134 (Lower Jurassic organic-rich marl from St. Audries
Bay, Somerset, UK, 2.7 % TOC and HI 660 mgCO2/gTOC) for every 8 to
10 samples. The standard deviation of the in-house standard over the
period of analysis (SAB134) was ±0.1 % TOC and ± 15 mgHC/gTOC for
HI.

2.2.3. Mercury analysis for sediments and bitumen
Mercury (Hg) concentration analyses for solvent-extracted sediments

before and after pyrolysis were conducted with a Lumex RA 915 M de-
vice, attached to a pyrolysis unit (PYRO-915+) at the University of
Oxford (Bin et al., 2001). Powdered sub-samples of 50 ± 5 mg in sample
boats were rapidly heated from ~20 to ~700 ◦C, during which Hg was
released. Before each run, the instrument was calibrated using NIST-
SRM2587 (National Institute of Standards and Technology – Standard
Reference Material: Trace Elements in Soil Containing Lead from Paint),
with a mercury (Hg) concentration of 290 ± 9 ppb. The long-term an-
alyses of the SRM2587 standard indicate reproducibility of Hg concen-
tration within ±5 % of the measured value. The manufacturer-specified
detection limit for the Lumex RA 915 M is ~0.05–0.1 ng Hg for solid
samples weighing 100–200 mg (0.5–1 ng g− 1 or ppb by weight).

Mercury concentrations in bitumen were also analysed using a
Lumex RA-915 M, following methods similar to those used for oil
analysis as detailed in Indraswari et al. (2024; submitted). After pyroly-
sis, the solvent-extractable fractions (bitumen) were isolated (§2.2),
dried under a nitrogen (N₂) stream, and the solvent-free weight of each
bitumen sub-sample was recorded. Before Hg analysis, the bitumen was
redissolved and homogenized in 9:1 (v:v) DCM:MeOH. A 250 μL aliquot
of the diluted bitumen was pipetted into a quartz boat, dried under ni-
trogen, and weighed. A food-grade activated charcoal bed was added to
minimize oil smoke interference in Hg analyses. Mercury concentrations
in the activated charcoal were also analysed to correct bitumen data for
trace Hg present in the charcoal bed, with repeat measurements (n= 15)
showing an average concentration of 0.44 ± 0.06 ppb (standard error of
the mean), equating to 0.044 ± 0.006 ng Hg for a 100 mg charcoal bed.
Finally, duplicate measurements of Hg concentration in each bitumen
sub-sample were taken, with the trace Hg from the charcoal bed sub-
tracted to obtain accurate Hg estimates in the bitumen fraction.

2.2.4. Thermal desorption profiles (TDPs) for mercury
Thermal desorption profiles (TDPs) for sedimentary Hg from solvent-

extracted sediments before and after pyrolysis were obtained using a
Lumex RA-915 M set up with a PYRO-915+ at the University of Oxford,
according to the procedures described in Frieling et al. (2024). These
TDPs allow us to examine whether changes in Hg speciation occur in the
sediment residues during maturation. The desorption profiles were ob-
tained concurrently with the total mercury concentration measurements

A.O. Indraswari et al.
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within the pyrolysis chamber in Mode 1 (stable temperature of
~700 ◦C). The weight of each sample was held constant at 50 ± 5 mg to
avoid the effects of variable sample mass.

In addition to the standard desorption procedure, we conducted a
preliminary assessment to ensure that the Tanjung coal sample did not
undergo self-ignition during heating. Saniewska and Bełdowska (2017)
reported that samples with high organic matter content (Loss on Ignition
(LOI) > 20 %, approximately > ~ 9.4 % TOC) may spontaneously
combust between 225 and 250 ◦C. Given that one of the samples is coal
which has a high TOC, we gradually heated it from 150 ◦C to 300 ◦C in
25 ◦C increments, holding each step for 5 min, using a Lumex 915Lab at
the University of Oxford. The temperature of the combustion cell was
continuously monitored throughout. No anomalous temperature in-
creases were observed, indicating the sample remained stable and was
suitable for subsequent Hg measurements.

3. Results

3.1. Organic-matter maturation

3.1.1. Initial conditions
We conducted new measurements on sub-samples of the Belemnite

Marls and the Tanjung Formation coal. The untreated sub-sample of
Tanjung Formation coal has a high hydrogen index (HI) of 290 mg HC/g
TOC and a low oxygen index (OI) of 16 mg CO2/g TOC. By contrast, the
original untreated Belemnite Marls sub-sample has a lower HI value of
100 and a higher OI value of 125.

3.1.2. Effects of maturation on OM characteristics
The effect of artificial thermal maturation on the three different

samples is shown in Table 2 and the modified van Krevelen diagram
(Fig. 2A). The maturation of all samples with increasing heating time is
demonstrated, as expected, by the reduction in the HI, as a result of
transformation of kerogen into bitumen and gas. Compared to the
original HI values for the samples, the decrease in HI is 55 % for the
Posidonienschiefer, 36 % for the Tanjung Formation coal and 68 % for
the Belemnite Marls. However, it is important to note that the original HI
of the Belemnite Marls is already quite low prior to maturation and the
longer experiments result in S2 peaks near the analytical limit for
quantification (0.2 mg HC/g). The Posidonienschiefer experienced the
largest relative TOC loss, with a 32 % reduction from its original TOC of
8.85 wt% to 6.07 wt% (Fig. 2B). The loss of TOC in Tanjung Formation
coal is minimal, with a 3 % relative reduction from its initial TOC value.
In the Belemnite Marls, all sub-samples showed variations within
analytical error (Table 2, Fig. 2B).

3.2. Mercury (Hg) and Hg/TOC in residues and bitumen

All three samples (the Posidonienschiefer, the Belemnite Marls, and

the Tanjung Formation coal) show systematic Hg loss with increasing
pyrolysis times, but to different degrees. The original untreated Belem-
nite Marls sub-sample has an initial total Hg (HgT) concentration of
325.4 ppb and the sub-sample heated after 840 h lost ~83 % of its HgT
(Table 2, Fig. 3). The original untreated Tanjung Formation coal sub-
sample has an initial HgT concentration of 44.2 ppb and the 840-h
sub-sample shows a loss of 93 % of the initial HgT. The previously
analysed original untreated Posidonienschiefer sub-sample has an initial
HgT concentration of 74.6 ppb (Indraswari et al. submitted) with 63 %
initial HgT loss after 840 h heating. Because of the different rates of
change of TOC and HgT in the sample sets through the pyrolysis ex-
periments, we also observe a distinct decrease in HgT/TOC in all samples
(Table 1 and Fig. 3B). The Belemnite Marls sub-samples showed a
reduction in HgT/TOC from ~383 ppb/% (0 h heating) to ~67 ppb/%
(840 h heating) whereas the Tanjung Formation coal started with 1.79
ppb/% Hg/TOC in the non-heated sub-sample and ended up with 0.22
ppb/% Hg/TOC in the sub-sample heated after 840 h. The Pos-
idonienschiefer started with an initial HgT/TOC of 8.43 ppb/% in the
original sub-sample and declined to 4.70 ppb/% after 840 h of pyrolysis.

Clear differences between the sample types appear when examining
the rate of HgT loss over heating time. The rate of HgT loss, especially
after the first 24 h of isothermal heating, is similar for the Belemnite
Marls and the Tanjung Formation coal, with the Belemnite Marls having
24% of HgT retained in the sediment residue and the Tanjung Formation
coal 29% (Fig. 3C, Table 3). By contrast, the Posidonienschiefer retained
64 % of HgT after 24 h heating, signifying a much slower Hg release.
Continued isothermal heating of the Posidonienschiefer resulted in
progressive Hg loss but at a reduced rate compared to that of the first 24
h (Fig. 3C) reaching a minimum of 30 % at 500 h. The Tanjung For-
mation coal also still continued to release Hg after the first 24 h (~10 %
HgT retained after 500–840 h heating) while the Belemnite Marls
experienced only a more subtle decrease (17 % of the original HgT after
840 h of heating) (Fig. 3C).

The amount of bitumen produced after heating for each sub-sample
varies (Fig. 4A). There is an observed trend of increasing bitumen mass
produced in the more mature sub-samples for the Posidonienschiefer
and Tanjung Formation coal. On the other hand, the Belemnite Marls,
with a high proportion of inert OM (type IV kerogen), produced no
bitumen during heating. In the earlier stage of maturation level (TR <

0.3), the Posidonienschiefer generated a slightly higher amount of
bitumen (~15 mg bitumen/g sediment, Indraswari et al., submitted)
compared to the Tanjung Formation coal (~13 mg bitumen/g sediment,
Table 3). However, at the higher maturity level (TR ~0.4), both the
Posidonienschiefer and the Tanjung Formation coal generated a similar
amount of bitumen: 22–23 mg/g sediment (Fig. 4A).

The results of Hg concentration measurements in the bitumen from
the Tanjung Formation coal corresponding to its transformation ratio
are shown in Fig. 4B. These results plotted together with the ones from
the Posidonienschiefer (Indraswari et al., submitted) show the absence

Table 2
The geochemical measurements from Tanjung Formation coal and Belemnite Marls analysed in this study (also shown in Figs. 1 and 2). HI: Hydrogen Index. OI: Oxygen
Index. TOC: Total Organic Carbon. TR: transformation ratio, change in Hydrogen Index during pyrolysis, defined as [(HIoriginal– HImeasured)/HIoriginal]. Tmax: tem-
perature of maximum hydrocarbon yield during pyrolysis. S2: pyrolysable carbon in the rocks.

Sample Heating time
(hour)

HI (mg HC/g
TOC)

OI (mg CO2/g
TOC)

TOC
(%)

TR Tmax

(◦C)
S2 (mg HC/g

rock)
Total Hg
(ppb)

Hg/TOC (ppb/
%)

Tanjung Formation
coal

0 290 16 24.7 0 428 68.76 44.2 1.79
24 240 7 24.3 0.17 432 58.29 12.7 0.52
336 208 5.5 24 0.28 439 49.78 10.8 0.45
500 187 4 24.3 0.36 446 45.44 3.6 0.15
840 226 5 24.3 0.22 437 54.47 5.4 0.22

Belemnite Marls

0 100 125 0.85 0 432 0.85 325.4 382.76
24 75 63 0.81 0.25 433 0.61 78.7 97.16
168 65 51 0.82 0.35 437 0.53 65.9 80.37
336 75 54 0.8 0.25 437 0.6 74.7 93.38
500 56 53 0.79 0.44 439 0.44 60.8 76.96
840 32 45 0.82 0.68 439 0.26 55.3 67.44
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Fig. 2. A. Modified van Krevelen diagram showing the maturity evolution of samples in this study. B. S2-TOC plot showing S2 decrease as samples mature for all
samples. Number labels by points show heating time in hours.

Fig. 3. A.Total Hg (HgT) concentration remaining in the residue after pyrolysis. B. HgT/TOC in the residue. C. Fraction of HgT and HgT/TOC of the original HgT
concentration and original HgT/ TOC in the residue. Note that the y-axes in A and B are logarithmic. The Posidonienschiefer data is from Indraswari et al. (2025).

Table 3
Distribution of Hg in the residues and bitumen from the Tanjung Formation coal analysed in this study (also shown in Fig. 4). HI: Hydrogen Index. TOC: Total Organic
Carbon. Tmax: temperature of maximum hydrocarbon yield (S2) during pyrolysis. TR: transformation ratio (change in Hydrogen Index during pyrolysis). Extracted
Residue: pyrolysed bulk-rock residue after solvent extraction. Bitumen: the total solvent-extractable organic matter. The gas loss is calculated using the difference: Hg
loss as gas = 100 % − %Hg in bitumen − %Hg in the sediments. N.D.: not determined. No measureable amount of total lipid extract (TLE) could be obtained from the
Belemnite Marls.

Sample Heating time
(hours)

HI (mg HC/g
TOC)

TOC
(%)

TR TLE (mg/g
sediment)

Total Hg

Tanjung Formation
coal

0 290 24.7 0 0.16 44.2 ppb
Extracted Residues Bitumen Loss (as gas)

ppb
% of Total

Hg ppb
% of Total

Hg
% of Total

Hg
24 240 24.3 0.17 7.55 12.70 28.73 66.35 0.14 71.13
336 208 24 0.28 12.61 10.80 24.43 94.25 0.77 74.80
500 187 24.3 0.36 22.08 3.60 8.14 86.45 0.81 91.04
840 226 24.3 0.22 10.35 5.40 12.22 30.15 0.06 87.72

Belemnite Marls

0 100 0.85 0 – 325.4 ppb
Extracted Residues Bitumen Loss (as gas)

ppb
% of Total

Hg ppb
% of Total

Hg
% of Total

Hg
24 75 0.81 0.25 – 78.7 24.19 n.d. 0 75.81
168 65 0.82 0.35 – 65.9 20.26 n.d. 0 79.74
336 75 0.8 0.25 – 74.7 22.96 n.d. 0 77.04
500 56 0.79 0.44 – 60.8 18.69 n.d. 0 81.31
840 32 0.82 0.68 – 55.3 17.00 n.d. 0 83.00
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of a strong correlation between Hg concentration in the bitumen and
maturity level. When the proportion of the Hg mass in the bitumen is
calculated from the HgT, we find that the percentage of mercury that
partitioned into the bitumen after pyrolysis ranges from 0.05 % to 0.8 %
of the initial HgT in the Tanjung Formation coal, similar to what is
observed for the Posidonienschiefer (0.04 %–1 %) (Indraswari et al.,
submitted) (Fig. 4C).

3.3. Thermal desorption profiles (TDPs) of sedimentary mercury

The thermal desorption profiles (TDP) show Hg release over time
(seconds) as the sample is heated in the furnace during Hg concentration
analysis. Frieling et al. (2024) proposed that the relatively
low-temperature Hg release peak relates to Hg bound to organic matter
(OM) or OM-associated sulfides, and the later release as other Hg release
phases (which may include, e.g., red HgS (cinnabar)). We follow the

Fig. 4. A. Bitumen mass produced from heated samples in this study with respect to their transformation ratio. There is an observed trend of increasing bitumen mass
produced in the more mature samples for the Posidonienschiefer and Tanjung Formation coal sub-samples. The Belemnite Marls sub-samples did not generate enough
bitumen for Hg analyses. B. Mercury concentration in the produced bitumen from pyrolysis. C. Fraction of Hg (% of HgT) in the original samples partitioned to
the bitumen.

Fig. 5. Thermal desorption and Hg release intensity for samples before and after pyrolysis (number labels by lines show heating time in hours). While the exact
temperature for each time point cannot be directly calibrated due to variability in organic composition, from thermocouple run of 100 mg silica powder, we estimate
that Hg release begins at ~150 ◦C (around 20 s) and completes before ~540 ◦C (around 70 s) in Belemnite Marls sample. A. Hg release (in ng g− 1 s− 1) for the
Belemnite Marls sub-samples. B. as panel A for the Tanjung Formation coal. C. as panel A for the Posidonienschiefer from Indraswari et al. (submitted). D. Hg release
intensity for the Belemnite Marls sub-samples, normalized to the total Hg release (Area) from each sub-sample. E. As panel D for the Tanjung Formation coal. F. As
panel D for the Posidonienschiefer from Indraswari et al. (submitted). G. Fraction of low-temperature Hg (HgLT) and high-temperature Hg (HgHT) – defined by their
release stage with HgLT released first and HgHT released later in the TDP – compared to the heating time for the Belemnite Marls sub-samples. H. as panel G for the
Tanjung Formation coal. I. as panel G for the Posidonienschiefer.
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same methodological approach as Frieling et al. (2025), who used a
cut-off to separate the distinct low-temperature Hg phase (HgLT) from
the higher temperature Hg phases (HgHT) (note that HgLT+HgHT=HgT)
to illustrate how Hg speciation relates to Hg mobilization in the vicinity
of a contact aureole. Here we use a cut-off at 35 s. The Hg-TDP results
from the Posidonienschiefer, the Belemnite Marls, and the Tanjung
Formation coal used in this study show distinct behaviour in Hg release
as a response to isothermal heating in the experimental pyrolysis
(Fig. 5). Each curve in Fig. 5A, B, and C represents Hg release (in ng per
gram of sample material) per second and the curves in Fig. 5D, E, and F
show the fraction of Hg released per second, normalized to the total Hg
release for each sub-sample.

3.3.1. Belemnite Marls Hg behaviour
In the original untreated (i.e., prior to artificial maturation) Belem-

nite Marls sub-sample, a prominent Hg release peak occurs around 30 s
(Fig. 5A, darkest blue line), which is likely associated with OM based on
its position early in the TDP (Frieling et al., 2024)(). After 24 h of
heating, however, this Hg release peak is no longer prominent, and the
maximumHg release significantly decreases from 35 ng/g/s to 5 ng/g/s,
which corresponds with the reduction in Hg concentration observed in
the 24-h sub-sample (Fig. 3, Table 3). The concentration-normalized plot
of Belemnite Marls sub-samples heated for ≥24 h shows a delayed and
more prolonged Hg release (Fig. 5D), with a consistent release profile
across these sub-samples and only minimal further reduction in Hg
release (Fig. 5A, D). This sharp decrease in the early, lower temperature
Hg release phase (HgLT) indicates that this is the dominant phase that
was volatilized in the first 24 h of isothermal maturation, while the
sub-samples that were heated for longer show a later, more stable peak,
around 40 s and strongly reduced rate of Hg loss.

Before maturation, the Belemnite Marls sub-sample is dominated by
the low-temperature Hg phase, with 87 %HgLT and 13%HgHT (Fig. 5G).
After 24 h of heating, the proportion of HgLT to HgHT in the Belemnite
Marls sub-sample changed to 51:49. This ratio subsequently exhibited
slight fluctuations in the proportion, with HgHT making up 68 %, 58 %,
and 54 % after 336, 500, and 840 h of heating, respectively.

3.3.2. Tanjung Formation coal Hg behaviour
For the Tanjung Formation coal, the Hg release signals from the

untreated sub-sample show a single peak (Fig. 5B). The signals from the
heated (≥ 24 h) sub-samples are identical to the untreated sub-sample
but with lower overall Hg concentrations (Fig. 5B, E, Table 3). This
characteristic is further demonstrated in the normalized plots of the
Tanjung Formation coal sub-samples (Fig. 5E), which show identical and
overlapping curves, with all sHg released at broadly the same intensity
(max ≥0.1 fraction/s at second 30).

The proportion of Hg phases in the Tanjung Formation coal began at
95:5 HgLT:HgHT in the original untreated sample (Fig. 5H). Only a very
subtle change in the proportion of Hg phases was observed during
heating, as the proportion of HgLT and HgHT in the Tanjung Formation
coal sub-samples remained nearly stable at approximately 90:10 after
heating for 24 to 840 h.

3.3.3. Posidonienschiefer Hg behaviour
The original Posidonienschiefer sub-sample appears to yield a

dominant, single-phase Hg release peak. However, Hg release is more
prolonged compared to the main Hg release peak of the Belemnite Marls
and the Tanjung Formation coal (Fig. 5A, B, C), indicating the presence
of a HgHT phase. In contrast to the Belemnite Marls sub-samples that lost
most of their HgLT after heating, the heated sub-samples of the Pos-
idonienscheifer still show a main Hg peak release relatively early in the
TDP (<30s). The heated sub-samples of the Posidonienschiefer (≥ 24 h)
display more complex TDPs, featuring bimodal peaks and ‘shoulders’,
further supporting the presence of multiple Hg species (Fig. 5C, F).

Examining the distribution of Hg phases, the original Pos-
idonienschiefer sub-sample exhibits a higher proportion of HgHT

compared to the previously described samples, with a 77:23 ratio of
HgLT:HgHT (Fig. 5I). Similar to the Tanjung Formation coal, the pro-
portion of Hg phases in the Posidonienschiefer shows only subtle
changes after heating, at approximately 70:30 HgLT:HgHT.

4. Discussion

In this study, we analysed two very different distinct sedimentary
rocks, each representing different depositional environments and
organic-matter (OM) types, and compared to another recently studied
sample (Indraswari et al., submitted) from another depositional setting
and environment. The Belemnite Marls sample is an example of a
calcareous marine mudrocks, dominated by relatively inert organic
carbon, that contains pyrite due to low oxygen (dysoxic) conditions at
the sediment-water interface upon deposition and potentially sulfidic
conditions in pore waters after sulfate reduction (Schöllhorn et al.,
2020). The Tanjung Formation coal is a lignin-rich coal deposited in a
less reducing fresh-water-dominated environment, where sulfate and
particularly sulfides are scarce, and organic matter predominantly
consists of plant-derived material. As described in Indraswari et al.
(submitted), the Posidonienschiefer is a marine, highly organic-rich black
shale, formed under euxinic conditions where sulfide was abundantly
available in both the water column and sediment.

After isothermal heating of varying durations, distinct patterns of Hg
loss emerged across the three lithologies, with the rate of Hg release
being highest within the first 24 h of heating at 325 ◦C. The Belemnite
Marls and Tanjung Formation coal released more than 70 % of their HgT
during this initial period, whereas the Posidonienschiefer exhibited
slower Hg release, with only 40 % of HgT volatilized (Fig. 3). These
findings align with trends observed in similar experiments from previous
studies (Liu et al., 2022; Chen et al., 2022), which also showed varia-
tions in HgT release efficiency. For example, clastic marine shales
demonstrated less efficient HgT release curves compared to calcareous
marine and lacustrine shales (Fig. 1).

4.1. Is the rate of Hg release from sediments related to different primary
Hg speciation characteristics?

The mercury thermal desorption profiles (TDPs) of the samples allow
us to see distinct differences in Hg phase stability across the three
sediment types (Fig. 5A-F). These differences in Hg release rates can be
directly linked to the Hg speciation in the sub-samples before heating
and are illustrated as changes in the relative proportions of low-
temperature (HgLT) and high-temperature (HgHT) phases (Fig. 5G, H,
I). The rapid HgT release observed during the first 24 h of heating in the
Belemnite Marls and Tanjung Formation coal (Fig. 3C) corresponds
closely to the dominance of the HgLT in these sub-samples. Specifically,
the original sub-samples of the Belemnite Marls and Tanjung Formation
coal with 87 % and 95 % HgLT, respectively, make the sedimentary Hg
more susceptible to volatilization upon relatively modest heating. The
TDPs further illustrate the fact that the Belemnite Marls exhibit single-
phase release patterns dominated by the loss of HgLT in the first 24 h
(Fig. 5A). For the Tanjung Formation coal, the position of the Hg release
peak from the original sample suggests most Hg is present as Hg bound
to OM or OM-associated sulfides (Frieling et al., 2024). Moreover, the
plots of the Tanjung Formation coal indicate that this Hg phase remains
dominant throughout the heating experiment, despite a decreasing
concentration (Fig. 5B).

By contrast, the slower HgT release observed in the Pos-
idonienschiefer during the first 24 h (Fig. 3C) is consistent with its
higher proportion (> 20 %) of more thermally stable (HgHT) species
prior to heating (Fig. 5I) compared to the Belemnite Marls (~13 %,
Fig. 5G) and Tanjung Formation coal (<10 %, Fig. 5H). The HgHT
complexes, which may include, for example, cinnabar (desorption
temperature > 275 ◦C vs Hg-OM > 225 ◦C; Rumayor et al., 2015;
Saniewska and Bełdowska, 2017) are more thermally stable than Hg
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associated with organic matter, making them less prone to volatilization
during heating.

4.2. Sedimentary Hg speciation and primary depositional environment

The factors influencing Hg speciation in recent soft sediments have
been extensively studied, including sulfur availability (e.g., Benoit et al.,
1999; Fabbri et al., 2001), particle size variations linked to depositional
environments (e.g., Boszke et al., 2004; Xu et al., 2021), and the prox-
imity of depositional sites to pollution sources in modern settings (e.g.,
Wallschläger et al., 1998; Bindler et al., 2001). In this study, the samples
primarily differ in their depositional settings, allowing us to investigate
how the sedimentary environment may have influenced primary Hg
speciation and how this characteristic ultimately may have affected Hg
behaviour during heating.

The Posidonienschiefer, characterized by a high proportion of HgHT,
was deposited under euxinic conditions. In such environments, the up-
take potential of Hg by sulfides is significantly enhanced due to the
stronger chemical affinity of Hg2+ for sulfide (S2− ) compared to organic
matter (Ravichandran, 2004; Bower et al., 2008). These conditions
provide abundant sulfide, thereby enabling Hg and other metals to bind
and form sulfide minerals. This process may then result in a higher
proportion of sulfide-bound or sulfide-hosted Hg in strata such as the
Posidonienschiefer. If part of the Hg is present as cinnabar HgS, this may
explain the larger proportion of HgHT compared to the other successions
examined here. Similarly, the Belemnite Marls exhibit evidence of a
substantial quantity of HgHT, in the original sample that becomes more
significant after the isothermal heating process. While this may seem
unexpected as the depositional environments were quite different in
their oxidation regime, the presence of similar Hg phases could be
attributed to the potential for sulfate reduction and sulfide production in
pore waters in the Belemnite Marls sequence. Despite the dysoxic
bottom-water conditions, the Belemnite Marls commonly contain some
pyrite, likely deposited in sulfidic pore-waters. By contrast, the Tanjung
Formation coal, deposited in a less reducing and notably low-salinity
(fresh-water-dominated) environment, does not show a substantial
proportion of HgHT. Thus, we may speculate that there may have been
minimal sulfide available for Hg to bind with even in the more anoxic
pore waters, leading to Hg being almost exclusively associated with OM.
Despite the major differences in primary Hg speciation related to the
environment of deposition and potential for the formation of sulfide
minerals, both the Belemnite Marls and Tanjung Formation coal
released HgT at similar efficiency in the first 24 h of heating, which can
be attributed to the dominance (~90 %) of relatively low-temperature
fractions of Hg, likely OM-associated Hg, in both these original un-
treated samples.

Although we cannot examine the TDPs for previously published
maturation experiments, we postulate that the differences in Hg
behaviour between the sample types in the previous studies of thermal
maturation by Liu et al. (2022) and Chen et al. (2022) also reflect var-
iations in the availability of sulfur and the type of OM present during
deposition. The efficiency of Hg volatilization in sedimentary rocks
deposited in marine euxinic environments, such as the Proterozoic
Xiamaling Formation (Liu et al., 2022) and the Cryogenian Datangpo
Formation (Chen et al., 2022), aligns with our observations in the Pos-
idonienschiefer (green asterisk in Fig. 1). Similarly, the Permian Talung
Formation, which is a calcareous shale (Liu et al., 2022) exhibits the
efficiency of Hg loss comparable to that recorded in the Belemnite Marls
(Fig. 1). These findings suggest that depositional environments and early
diagenesis play a crucial role in determining the proportion of organic-
bound and higher temperature (potentially sulfide-mineral-associated)
Hg. We therefore consider it likely that the differences of Hg loss be-
tween these sample types in the studies by Chen et al. (2022) and Liu
et al. (2022) (Fig. 1) are, at least in part, explained by differences in
initial Hg speciation, which in turn is related to the depositional envi-
ronment from which the samples derive.

This study highlights that in sedimentary rocks with HgHT complexes
(sulfur-rich), Hg volatilization during heating can be substantially sup-
pressed compared to non‑sulfur-rich lithologies. As such, understanding
the sulfur content and speciation of the source rocks is critical when
attempting to calibrate or model Hg/C emission ratios, especially in the
context of LIP-driven volatile release.

4.3. Thermally induced organic matter transformation and Hg release

The nature of organic matter (OM) available as a potential host phase
for Hg has an influence on the type of products generated and released
during thermal maturation and may also affect the mobilization and
transport of Hg. The terrestrially sourced Tanjung Formation coal is
mainly a gas-prone source rock, although it also generates bitumen due
to its exceptional content of oil-prone liptinitic components (Davis et al.,
2007; Kusuma and Darin, 1989). By contrast, marine OM, rich in oil-
prone algal and bacterial biomass, such as the Posidonienschiefer, will
generate a significantly higher proportion of liquid products relative to
gas (Tissot and Welte, 1984). This observation is especially relevant in
the maturity range of our isothermal pyrolysis experiments that rather
simulate the early to peak oil-generative phases (0.6–0.9 % Ro) without
extending into the gas window. Hence, the mobilization of Hg during
thermal maturation of these different types of labile organic matter
(Tanjung Formation coal and Posidonienschiefer), may be impacted by
the relative amount of gas or liquid phases generated, with more effi-
cient transport in the gas. By contrast, the Belemnite Marls sub-samples
used in our study has little, if any, labile organic matter and is unlikely to
generate cracking products that would be involved in or facilitate the
transport of Hg. The trends of HgT loss we observe in the various
experimental heating intervals (after 24, 168, 336, 500, and 840 h) in
the Posidonienschiefer and Tanjung Formation coal (Fig. 3C) could
consequently be related to the variable production of bitumen and hy-
drocarbon gas from the two different types of OM. Crucially, the pro-
cesses that drive hydrocarbon formation and mobilize fluids in the
subsurface may be critical for Hg mobilization after release from its
original host phase. However, this hypothesis remains speculative, and
further research is needed to more fully understand the mechanisms by
which hydrocarbon formation and subsurface fluid mobilization
contribute to Hg mobilization after release from its host phase.

4.4. Relevance to contact aureoles and burial-related maturation

In the contact aureoles associated with LIP dykes, various types of
sedimentary rocks are intruded, ranging from organic-rich (e.g., Ecca
group in Karoo basin: Aarnes et al., 2011; Svensen et al., 2007, 2015) to
organic-lean sedimentary rocks (e.g., evaporites in Siberian Traps and
the CAMP: Svensen et al., 2009; Heimdal et al., 2018). The amount of Hg
volatilized and released from these contact aureoles is influenced by the
type of sedimentary rocks intruded. For example, this study suggests
that sedimentary rocks deposited in less reducing environments with
limited sulfide, release Hg more efficiently when heated compared to
those deposited under marine anoxic to euxinic conditions. This finding
implies that we must be cautious in using Hg release to back-calculate
carbon emissions, for example, as it requires careful consideration of
the Hg speciation composition influenced by sedimentary depositional
settings.

Similar factors apply to thermal maturation in natural systems
related to burial or subsidence. For example, our findings support the
proposal that the immobility of Hg in the naturally matured Pos-
idonienschiefer samples (Cores B and C) observed by Indraswari et al.
(2024) can be explained by the inefficiency of Hg volatilization, likely in
part due to the high proportion of HgHT in the immature core (Core A;
Fig. 5) that further increases with maturation in Cores B and C
(Indraswari et al., submitted).

In summary, our findings highlight the critical importance of un-
derstanding sedimentary Hg speciation distribution (e.g., high-

A.O. Indraswari et al.



Chemical Geology 690 (2025) 122884

10

temperature versus low-temperature species) in immature rocks to aid
the interpretation of the effects of thermal maturation in natural sys-
tems, both burial- and intrusion-related. These findings also underscore
the need to account for lithological differences when interpreting Hg
signal changes due to thermal maturation—especially in non-organic-
rich sediments, where most Hg anomalies interpreted as LIP proxies
have been observed. Expanding the geochemical framework to include
such lithologies is essential for improving paleoenvironmental re-
constructions and for accurately assessing Hg mobility across diverse
depositional environments.

5. Conclusions & outlook

In order to improve understanding of the behaviour or mercury
during thermal maturation of sedimentary rocks, we conducted pyrol-
ysis experiments involving isothermal heating at 325 ◦C for varying
durations (24–840 h) on two sedimentary rocks, each representing
different depositional environments and organic-matter (OM) types: the
calcareous marine mudrocks of the poorly oxygenated shallow-marine
Belemnite Marls and the Tanjung Formation coal from a coastal
swamp. These materials were analysed and compared with the marine
anoxic to euxinic Posidonienschiefer, which underwent the same
experimental treatment in a previous broader study (Indraswari et al.,
submitted). We observe significant variability in Hg release efficiency,
which we link to the initial Hg speciation (proportion of
high-temperature stable Hg (HgHT) vs low-temperature stable Hg (HgLT)
species) of the samples using thermal desorption profiles (TDPs). The
TDPs reveal distinct differences in the Hg speciation between the
Belemnite Marls sample (~13 %HgHT), Tanjung Formation coal (<10 %
HgHT), and the Posidonienschiefer (>20 % HgHT). The depositional
setting of the sediments appears to have influenced the initial Hg
speciation, possibly via the availability of sulfide during and after
deposition (in the water column and/or pore waters). These data
directly connect the thermal stability of Hg phases to their volatilization
potential after long-term exposure to heat. These results also suggest
that the thermal desorption profiles (TDPs) can potentially be used to
project the efficiency of Hg release under slow heating rates and
isothermal conditions such as occur in deep basins and around igneous
intrusions. Crucially, the differences in initial Hg speciation and
resulting Hg release efficiency largely explain differences in Hg behav-
iour during isothermal heating in our sample set and may explain the
significant differences in Hg loss observed within the sedimentary rock
types in previous experiments (Liu et al., 2022; Chen et al., 2022) as
well.
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