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A B S T R A C T

Recent studies have looked into the impact of exposure to extremely high temperature, such as typifies contact 
metamorphism, on mercury (Hg) distributions in sediments, and observed significant Hg loss with increasing 
temperature. By contrast, sediment cores of Lower Jurassic organic-rich Posidonienschiefer (also known as 
Posidonia Shale) from the Lower Saxony Basin, Germany seemingly showed Hg enrichment after maturation 
related to basin subsidence and burial under more typical geothermal gradients. To investigate the apparent 
differences in Hg behaviour, we conducted a series of artificial maturation experiments on immature Pos
idonienschiefer samples, analysing Hg concentrations within rock residues and bitumen generated during early 
maturation stages. Thermal desorption profiles were used to track Hg speciation changes in the matured sedi
ment. Our results show a progressive decrease in Hg concentrations in sediments with increasing thermal 
maturity throughout the experiments, which dominantly relates to released gaseous Hg with only a fraction of 
the Hg being partitioned into the bitumen (≤1% of the total initial Hg). Further experiments showed that gaseous 
Hg in closed vessels was rapidly (≤1 h) and efficiently (≥95 %) reabsorbed into the sediment during cooling. We 
speculate that our experiments may simulate some of the processes that drive Hg mobilisation and recapture 
occurring in contact aureoles, such as the rapid release and recapture of gaseous Hg. However, the Hg speciation 
changes that occur in our experiments and during natural burial maturation clearly differ. Specifically, the 
changes in Hg speciation in the natural system with burial-related maturation suggest that under those condi
tions organic matter associated Hg may instead transition into more thermally stable phases.

1. Introduction

Understanding the processes associated with Hg behaviour during 
thermal evolution of sediments is key to understanding Hg more broadly 
in the subsurface and in mobile fluids, (e.g., in hydrocarbon reserves, 
Bryndzia et al. (2022)). It also pertains to the use of Hg concentrations in 
the sedimentary record as a proxy for large igneous province (LIP) 
volcanism (e.g., Sanei et al., 2012; Percival et al., 2015, 2021; Grasby 
et al., 2019; Indraswari et al., 2024) and aids in reconstructing Hg 
emissions from volcanic activity, especially those resulting from contact 
metamorphism of intruded sediments (Svensen et al., 2023a; Fendley 
et al., 2024; Frieling et al., 2025).

Sediments rich in labile organic matter undergo chemical changes in 
response to burial-related heating in basins, often resulting in the 

production of hydrocarbons, through the process of thermal maturation 
(Tissot & Welte, 1984; Peters et al., 2004; Dembicki, 2022). Organic 
matter (OM) has been widely recognised as the dominant carrier of Hg in 
the water column and sediments (Wallace, 1982; Benoit et al., 2001; 
Outridge et al., 2007), although other phases, such as metal sulfides (e. 
g., pyrite, (meta-)cinnabar HgS) and clay associations, may be important 
in the rock record (Percival et al., 2018; Shen et al., 2019, 2020; Frieling 
et al., 2024). Because of its high affinity with OM, Hg concentrations are 
typically normalised to total organic carbon (TOC) to account for in
creases linked to higher OM content when identifying anomalous Hg 
loading in sedimentary deposits (e.g., Grasby et al., 2019; Sanei et al., 
2012). As Hg is commonly associated with organic matter upon depo
sition, which is transformed during thermal maturation, this process 
may result in re-distribution of Hg between solid and fluid phases, and 
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potentially mobilises Hg that may facilitate transport out of the host 
rock. Previous studies have shown that thermal maturation of sediments 
with labile organic matter produces fluids, both hydrocarbon and non- 
hydrocarbon, into which metals such as Mo, Zn, U, and Cd have minor 
partitioning (Dickson et al., 2020, 2022). Similarly, only limited con
centrations of Hg have been found in crude oils and hydrocarbon gases 
with most values falling between 1 and 20 ppb (Wilhelm et al., 2007; 
Wilhelm and Bloom, 2000), with some exceptions (e.g., 593 ppb in 
condensate liquids in Thailand; Wilhelm et al. 2007). These Hg con
centrations are below those typically found in bulk average shale (~62 
ppb, Grasby et al. 2019). As a result, the Hg/TOC ratio of hydrocarbons 
(≤0.24 ppb/%, given that hydrocarbons contain 82–87 % carbon by 
weight, Berkowitz, 1997) is significantly lower than that of average 
shales (72 ppb/% Hg/TOC; Grasby et al., 2019). However, we note that 
the shale average is partly derived from datasets representing periods of 
large igneous province (LIP) volcanism, during which Hg concentrations 
may be elevated (e.g. Grasby et al., 2019). Although metallic Hg has 
been encountered during the production of gases from well-established 
hydrocarbon fields (e.g., the Rotliegend reservoirs from the Netherlands 
and Northern Germany), the association of Hg in hydrocarbon fluids that 
are generated and expelled from organic-rich sediments is still not well 
understood (see e.g., Grotewold et al., 1979; Zettlitzer et al., 1997).

Thermal maturation of labile sedimentary OM can occur due to 
increasing temperature with increasing burial depth, with average 
temperature gradients for sedimentary basins typically ranging between 
20 ◦C km− 1 and 40 ◦C km− 1 (Gluyas & Swarbrick, 2021). Through the 
process of thermal cracking, sedimentary OM (kerogen) is broken down 
into lower molecular weight hydrocarbon phases, such as oil and gas, 
often beginning at around 100–120 ◦C at geological heating rates (Tissot 
& Welte, 1984; Peters et al., 2004; Dembicki, 2022). The kerogen be
comes more thermally mature as it experiences continued burial and 
exposure to higher temperatures within the basin and can eventually 
end up as a carbon-rich graphitic residue, having lost most of its labile 
OM as separate hydrocarbon phases. This transformation of OM during 
maturation raises intriguing questions regarding the fate of Hg, which 
has a high affinity with OM, particularly whether Hg remains associated 
with the original phase in which it was deposited.

There are several previous studies investigating how thermal matu
ration has influenced sedimentary Hg concentrations (Table 1) (Li et al., 
2016; Liu et al., 2022; Chen et al., 2022; Svensen et al., 2023a; Indras
wari et al., 2024). The various studies yielded insights for Hg and hy
drocarbon systematics but particularly for Hg release associated with 
LIP volcanism. LIP-associated Hg release has been proposed to result 
from a combination of emissions from the magma itself and, in some 
cases, crustal rocks such as coals and shales that were heated directly by 
the LIP intrusions or by associated thermal anomalies affecting whole 
basins as a result of crustal thinning (Jones et al., 2019; Svensen et al., 
2023a, 2023b). The observations from artificial maturation (pyrolysis) 
experiments at various temperatures, as well as from field studies of 
contact aureoles, show that rapid heating linked to igneous intrusion in 
general can cause significant, and potentially complete, Hg loss from 

sediments (Liu et al., 2022; Svensen et al., 2023a). Quantifying these 
processes is important in terms of the use of the Hg proxy and what it 
tells us about LIP-driven perturbations of the global carbon cycle 
(Svensen et al., 2023a; Fendley et al., 2024; Frieling et al., 2025). As a 
consequence, most previous studies have focused on replicating thermal 
conditions relevant to contact metamorphism and thermal anomalies 
from igneous intrusions, involving steep heating rates to a very high 
final temperatures (up to a maximum temperature of 750 ◦C) (Table 1).

In contrast to igneous intrusions, thermal maturation related to basin 
subsidence generally occurs in a lower (maximum) temperature regime 
(70–260 ◦C) and over much longer periods of time (commonly millions 
of years), resulting in the conversion of whole stratigraphic sequences of 
organic-rich sediments (Tissot & Welte, 1984; Gluyas & Swarbrick, 
2021). The associated conversion of the organic matter (kerogen) into 
large volumes of hydrocarbon (oil and gas) and non-hydrocarbon (CO2, 
H2S, N2) fluids may have a significant role in the release, mobilisation 
and further sequestration of Hg: processes that are not well understood 
to date. The contrast between apparent increases in Hg with maturation 
during burial (Indraswari et al., 2024) and Hg loss in most pyrolysis 
experiments and field observations from contact aureoles may be 
attributed to the different experimental conditions (open vs closed, 
isothermal vs non-isothermal) and the high temperatures (up to 700 ◦C) 
the samples were subjected to in the laboratory or in contact meta
morphic aureoles (Fig. 1).

To improve understanding of the impact of maturation and re- 
distribution of Hg between solid and fluid phases, we performed 
isothermal artificial maturation experiments to more closely simulate 
the process of organic-matter transformation and hydrocarbon genera
tion (Lewan et al., 1979), especially in the initial-to-peak generation 
stages where significant liquid hydrocarbons are mobilised. These ex
periments were designed to investigate the effects of kerogen conversion 
and the specific physicochemical conditions that influence sedimentary 
Hg behaviour (Fig. 1). In natural settings, kerogen cracking and con
version to hydrocarbons is a function of heating time and temperature 
(Burnham, 2017), occurring over millions of years at slow heating rates. 
However, such timescales are impractical for laboratory studies. 
Therefore, elevated temperatures are widely employed in artificial 
maturation experiments to accelerate reaction kinetics while preserving 
the fundamental pathways of organic matter transformation (e.g., 
Lewan, 1979). In our study, the applied time–temperature conditions 
follow established protocols shown to reproduce the chemical evolution 
of kerogen and hydrocarbon formation observed in natural systems (e. 
g., Dickson et al., 2020). The maturation experiments in this study aimed 
at producing hydrocarbons generally require a compromise between 
practical (fast) heating times (weeks) combined with the lowest tem
peratures that still result in appreciable OM conversion (≥300 ◦C).

We performed isothermal pyrolysis experiments at 325 ◦C, using 
established protocols (see Dickson et al. 2020) for periods of up to 5 
weeks, using sediment samples rich in immature labile organic matter, 
reaching conditions that simulate levels of early thermal maturation 
stages in sedimentary basins. Mercury concentrations and Hg/TOC 

Table 1 
Summary of temperature conditions of previous studies of the relationship between thermal maturation and sedimentary Hg concentrations.

Author(s) Method Temperature Maturation Time Final maturity reached 
(max %Ro)

Hg concentration final condition 
(maximum change %)

Liu et al., 2022 Experimental 240–610 ◦C 10–28.5 h up to 3.27 % − 99
Chen et al., 2022 Experimental, high pressure 

(0.3 GPa)
50–700 ◦C 18 h Unknown − 76

Svensen et al., 
2023a

Observations from contact 
aureoles

215–750 ◦C 
(modelled 
temperature)

up to millennia for 
thick sills 

up to 5 % − 100 (dyke)
− 90 (sill)

Indraswari et al., 
2024

Observations from burial 
natural cores

70–260 ◦C 
(modelled 
temperature)

90 Ma 3.5 % +302

This study Experimental 325 ◦C 24–840 h ~0.88 % − 62
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values from bulk immature samples were measured before the pyrolysis 
experiments. We then measured both these parameters in bulk and 
solvent-extracted residues as well as Hg thermal desorption profiles 
(Frieling et al., 2024) to track changes in Hg speciation. The differences 
between the parameters measured in the original immature samples and 
the matured pyrolysis samples were examined to determine the change 
in the bulk Hg concentrations and Hg/TOC values. Finally, Hg has been 
hypothesised to be recaptured into secondary host phases or reprecipi
tate with sulfides at lower temperature after mobilisation (Bryndzia 
et al., 2022; Frieling et al., 2025; Indraswari et al., 2024). We therefore 
also performed a small number of experiments whereby closed pyro
lysed samples were left to cool for a short while (1–60 min) before 
opening to test whether Hg recapture had occurred.

2. Materials & Methods

2.1. Sample material

This study used one sample (ca. 25 g) from immature, organic 
matter-rich Lower Jurassic Posidonienschiefer from the Lower Saxony 
Basin (drill Core A in Indraswari et al., 2024). The immature sample 
material was taken at a relative depth of 34.65 m in core A, homoge
nised, and divided into ~ 1 g sub-samples for the experiments. The 
Posidonienschiefer, a well-known hydrocarbon source rock, is thought 
to have been deposited in an anoxic marine environment, locally euxinic 
in nature (Röhl et al., 2001; Schmid-Röhl et al., 2002; Frimmel et al., 

2004; Schwark & Frimmel, 2004; Gorbanenko & Ligouis, 2014, 2015; 
Song et al., 2017; Celestino, 2019). The selected sample has a total 
organic carbon (TOC) value of 8.85 wt% and a hydrogen index (HI) of 
701 mgHC/g TOC. Rock-Eval derived Tmax values of 437 ◦C (vitrinite 
reflectance equivalent of 0.5 % Ro), puts them in the immature to 
earliest stage of hydrocarbon generation.

2.2. Solvent extraction

To obtain an accurate estimate for the amount of generated hydro
carbons during artificial maturation, all sediment aliquots were solvent- 
extracted prior to pyrolysis to remove any pre-existing bitumen fraction 
that might complicate quantification of the newly generated bitumen. 
The newly generated hydrocarbon fraction was isolated by a second 
solvent extraction using the same procedure after pyrolysis. The solvent- 
extractable organic-matter fraction from the sediments was obtained via 
microwave-sonication using an Analytix Advanced Microwave Diges
tion System at the University of Oxford following methods described in 
O’Connor et al. (2019). Sediment powders (~1 g dry mass) from both 
the original bulk samples and the post-pyrolysis residues were extracted 
using 20 mL of 9:1 (volume/volume) dichloromethane (CH2Cl2, here
after DCM): methanol (hereafter MeOH). 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. After centrifugation, the extracted rock residues were 
separated from the extracts and dried under a gentle N2 stream. The total 

Fig. 1. (A) The context of this study compared to other previous studies looking at the effect of thermal maturation on sedimentary Hg, focusing on the influence of 
experimental temperature. (B) As panel A, for heating time. Mercury loss, retention, and enrichment represent the observed effects on sedimentary mercury (Hg) 
after experiments or geological processes, relative to its initial concentration in the sediment.
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lipid extracts (TLE, will hereafter be referred to as ’bitumen’ throughout 
this paper) were then set aside and dried under N2 and weighed. The 
bitumen was re-dissolved and homogenised in DCM:MeOH (9:1) prior to 
Hg analyses. The extraction typically yielded between 8 and 10 mg of 
bitumen per gram of sediment. After two microwave extraction cycles, 
no significant additional yield (≤ 1 mg) was observed, indicating that 
the extraction process had reached its optimal efficiency.

2.3. Pyrolysis experiments

The pyrolysis experiments were performed in glass Carius tubes 
using established procedures (Tannenbaum & Kaplan, 1985; Lu & 
Kaplan, 1989; Dickson et al., 2020). Carius tubes were initially sterilized 
at 500 ◦C in a furnace overnight before soaking in hot 10 % HNO3 and 
rinsed with hot ultra-pure 18.2 MΩ cm water. The dry extracted rock 
residues (~1 g) were loaded into clean Carius tubes. Each Carius tube 
was connected to a vacuum extraction line and flame-sealed after the 
internal pressure was reduced to 10-2 atm. While the pressure used in 
these experiments is not representative of the conditions that these rocks 
would experience in a real geological setting, a low pressure was 
selected specifically to minimize oxidation and combustion, and also 
because pyrolysis reactions produce gases, which could lead to tube 
rupture if high pressure were allowed to build up. The tubes were then 
loaded into stainless steel containment vessels for heating.

The experiments were carried out under isothermal conditions, with 
each sub-sample subjected to heating at 325 ◦C for either 24 h (1 day), 
168 h (7 days), 336 h (2 weeks), 500 h (3 weeks) or 840 h (5 weeks) 
(Fig. 2). We selected an isothermal temperature of 325 ◦C based on 
established artificial maturation protocols, which aim to replicate the 
thermal breakdown of labile organic matter (kerogen) into bitumen and 
gas within feasible laboratory timescales. This temperature and 
approach are consistent with previous work (e.g., Dickson et al., 2020), 
where isothermal heating enables better control of reaction kinetics and 
product characterization. Each experiment was performed in triplicate 
to assess reproducibility. The experimental conditions are shown in 
Table 1. Upon removal from the furnace, Carius tubes were taken from 
their stainless-steel jackets and broken open immediately to allow the 
gaseous component to escape. Microwave-sonication extraction was 
then carried out (described in §2.2) to remove any solvent-extractable 
organic matter (bitumen) evolved during pyrolysis. The extracted rock 
residues were dried under a stream of N2 to remove any remaining 
solvents and re-homogenised before Hg and Rock-Eval measurements 
were made (for details see §2.5 and 2.6).

2.4. Cooling and reabsorption experiments

To assess the reabsorption or uptake of generated volatile Hg com
pounds as a result of cooling to ambient temperature, four sample ali
quots were heated in the furnace for 24 h and then left to cool in a fume 
hood for variable amounts of time (1, 4, 16, and 60 min) before being 
opened (Fig. 2). For each sub-sample, the temperature of the tube at the 
time of opening was measured using an infrared thermometer. The 
specific conditions for cooling time and opening temperature are 
detailed in Table 3. After opening, microwave-sonication extraction, Hg 
measurements, and Rock-Eval analysis were performed as described 
above.

2.5. Total organic carbon and Rock-Eval analysis

The amount, composition and thermal maturity of the organic matter 
in bulk rocks and solvent-extracted bulk rocks was characterised prior to 
pyrolysis using a Rock-Eval 6 at the University of Oxford (cf., Behar 
et al., 2001) (Fig. 2). After pyrolysis and subsequent solvent-extraction, 
sub-samples of residues were measured in Rock-Eval in duplicate, and 
the precision of the measurements was monitored using in-house stan
dard SAB134 (Lower Jurassic organic-rich marl from St. Audries Bay, 
Somerset, UK, 2.7 wt% TOC) for every 8 to 10 samples. The standard 
deviation of the in-house standard over the period of analysis (SAB134) 

Fig. 2. Overview of the experimental procedures and analytical approaches in this study modified from Dickson et al. (2020).

Table 2 
Sub-sample information and specific experimental conditions during pyrolysis 
experiments.

Sub-sample 
ID

Rock 
type

Temperature 
(◦C)

Pressure 
(atm)

Heating time 
(hours)

PS-0 (Bulk 
rock)

Black 
shale

20 1 0

PS-1 Black 
shale

325 0.01 24

PS-2 Black 
shale

325 0.01 24

PS-3 Black 
shale

325 0.01 168

PS-4 Black 
shale

325 0.01 336

PS-5 Black 
shale

325 0.01 500

PS-6 Black 
shale

325 0.01 840
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was ± 0.03 wt% TOC.

2.6. Mercury analyses for sediments and bitumen

Mercury (Hg) analyses were conducted with a Lumex RA 915 M 
device, attached to a pyrolysis unit (PYRO-915+) at the University of 
Oxford (Bin et al., 2001). Powdered solvent-extracted and unextracted 
sediments of ~ 50 ± 5 mg were introduced into sample boats, heated 
from room temperature (~20 ◦C) to ~ 700 ◦C and left for up to 120 s to 
fully volatilise the Hg present. The instrument was calibrated before 
each run using NIST-SRM2587 (National Institute of Standards and 
Technology – Standard Reference Material: Trace Elements in Soil 
Containing Lead from Paint) with a Hg concentration of 290 ± 9 ppb. 
The long-term accuracy of the Hg concentration measurements, based 
on the SRM2587 standard, was ± 5 % of the measured value. The 
manufacturer-specified detection limit for the Lumex RA 915 M is ~ 0.1 
ng Hg.

Mercury concentrations of Lower Saxony Basin oils sourced from the 
Posidonienschiefer were previously measured by Indraswari et al. 
(2024) on samples obtained from the Lower Saxony Oil Museum (Stock 
& Littke, 2016). Mercury concentrations in the bitumen were analysed 
using a Lumex RA-915 M instrument using similar methods as those used 
to analyse the oils, as described in Indraswari et al. (2024). Following 
pyrolysis, the solvent-extractable fractions (bitumen) were isolated 
(§2.2), dried under a N2 stream and the solvent-free weight of the 
bitumen from each sub-sample was measured. Prior to Hg analyses, the 
bitumen was redissolved and homogenised in a mixture of DCM:MeOH 
(9:1). An aliquot of 250 µL of the diluted bitumen was pipetted into a 
quartz boat, dried with nitrogen (N2), and subsequently weighed before 
adding a food-grade activated charcoal bed to prevent generated smoke 
affecting the Hg analyses. Mercury concentrations in the activated 
charcoal were analysed to correct for trace amounts of Hg present in the 
bitumen. Repeat measurements of the charcoal (n = 15) showed an 
average concentration of 0.4 ± 0.07 ppb (standard error of the mean), or 
0.04 ± 0.007 ng Hg for a 100 mg charcoal bed. Finally, we analysed Hg 
concentrations in the bitumen for each sub-sample in duplicate and 
subtracted the trace amounts of Hg added by the charcoal bed to obtain 
an accurate estimate of Hg in the bitumen fraction.

2.7. Thermal desorption

Mercury thermal desorption profiles (TDPs) were generated for all 
sub-samples (n = 7) with duplicates and compared with TDPs from a 
selection of naturally matured samples in the Posidonienschiefer from 
Core B (n = 5) and C (n = 5) (Indraswari et al., 2024). The samples taken 
from Cores B and C are close stratigraphic equivalents to the bulk rock 
sample (PS-0) from Core A used in the pyrolysis experiments (all within 
± 1 m from a relative depth of 34.65 m). The TDPs were obtained using a 
Lumex RA-915 M set up with a PYRO-915+ at the University of Oxford, 
following methods described in Frieling et al. (2024). The desorption 
profiles were obtained concurrently with the total mercury concentra
tion measurements within the pyrolysis chamber in Mode 1 (rapid 
heating from ~ 20 to ~ 700 ◦C). Compared to traditional temperature 
ramp measurements this more rapid approach limits the influence of 
analytical noise, which allows us to assess and quantify Hg speciation 

changes for sediment samples with very low Hg concentrations (<5 
ppb). Results are directly comparable to previous studies that have 
applied the same approach (Frieling et al., 2024, 2025). The weight of 
each sample was held constant at 50 ± 5 mg to avoid the effects of 
variable sample mass.

3. Results

3.1. Organic-matter maturation

The results of the bulk organic geochemical measurements are shown 
in Fig. 3. The decrease in hydrogen index (HI) from 701 to 317 mgHC/ 
gTOC in the extracted residues (a 55 % loss) (Fig. 3A, B) highlights the 
increasing conversion of the kerogen as a result of maturation. The 
highest Tmax of 443 ◦C, and the HI of 323 mgHC/g TOC in sub-sample 
PS-6 (840 h heating time) makes it equivalent to the naturally 
matured Posidonienschiefer in the Harderode Well in the Hils Syncline, 
Northern Germany with a measured vitrinite reflectance of ~ 0.88 % Ro 
(Poetz et al., 2014). The maturity levels of the pyrolysis samples range 
from immature to the early/peak-oil window stages of kerogen con
version. A simplified transformation ratio (TR), defined as [(HIoriginal– 
HImeasured)/HIoriginal], was used to calculate the proportion of HI change 
from the original immature kerogen sample to that measured on the 
individual pyrolysed samples. The TR attains a value of 0.55 for the 
longest heated sample (840 h), showing that about 55 % of the labile 
organic matter in this sample, i.e., the fraction of organic matter that is 
susceptible to thermal transformation into hydrocarbons during matu
ration (Tissot & Welte, 1984), has undergone conversion into hydro
carbons compared to the original immature kerogen (Fig. 3B).

3.2. Mercury and Hg/TOC in residues, organic extracts, and oils

The results of the pyrolysis experiments show a net loss of Hg, cor
responding to a decrease of ~ 65 % of the original yield in sub-samples 
with the greatest proportion of transformed organic matter (Fig. 4C). 
Similar to Hg concentration, the Hg/TOC values for the sub-samples also 
show a decreasing trend due to the relatively large variation of Hg 
concentration compared to more limited TOC change (e.g., ~65 % loss 
for Hg vs ~ 30 % loss for TOC, Fig. 3A), and particularly the pronounced 
Hg loss in the first 24 hrs. As organic-matter conversion progresses, the 
interpretation of Hg/TOC could become complicated because of pro
gressive Hg and TOC loss at different rates.

The results of Hg measurements in the bitumen from pyrolysis are 
shown in Table 4. Hg contents of Posidonienschiefer-derived oils range 
from 2.5 – 5.2 ppb (Indraswari et al., 2024), which is at the lower end of 
the range of Hg reported in oils globally (1 – 20 ppb; Wilhelm et al., 
2007; Wilhelm and Bloom, 2000). The Hg concentrations in the 
Posidonienschiefer-derived oils appear to show a strong correlation with 
the polar and heteroatomic fraction of Lower Saxony Basin oils analysed 
in Stock and Littke (2016) using saturate, aromatic, resin and asphaltene 
(SARA) chromatography analyses (Fig. 6). This relationship between Hg 
and polar and heteroatomic fraction of the oils suggests that the asso
ciation is mainly with the nitrogen, sulphur and oxygen (NSO) con
taining heteroatomic compounds in the heavy fraction, as previously 
observed by Wilhelm et al. (2006). These results, and the data from the 
Posidonienschiefer-derived oils in our experimental pyrolysis study, 
suggest that Hg can be mobilised in a liquid hydrocarbon fraction, 
particularly at the stage of peak oil generation where NSO and polar 
compounds are still present in abundance. Although the Hg concentra
tions in the bitumen from the artificially matured sediments are higher 
(average ~ 50 ppb) than the natural oils, these levels are still below the 
bulk value of the immature sediment (74.6 ppb). The greatest proportion 
of Hg (≥ 99 %) in the artificially matured sediments appears to be held 
in the sediment residue or escapes as released gases (Table 2; Fig. 5). The 
gas loss is calculated using the difference: Hg loss as gas = 100 % − %Hg 
in bitumen − %Hg in the sediment residue. To calculate these values, Hg 

Table 3 
Sub-sample information and specific experimental conditions during cooling 
and reabsorption experiments.

Sub-sample 
ID

Heating time 
(hours)

Cooling time 
(minutes)

Opening temperature 
(◦C)

R-0 24 0 280
R-1 24 1 211
R-4 24 4 63
R-16 24 16 16
R-60 24 60 16
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concentrations (in ppb) from the bulk rock sample, the heated sediment 
residue, and the extracted bitumen were used to determine the mass of 
Hg in each fraction. The remaining mass—assumed to be lost as 
gas—was then expressed as a percentage of the initial Hg content in the 
bulk rock sample.

3.3. Thermal Desorption Profiles from pyrolysis experiments and natural 
samples

Thermal desorption profiles (TDPs) of sub-samples from pyrolysis 
experiments reported here can be compared with averaged TDPs from 

Fig. 3. Bulk organic geochemical results. (A) Hydrogen Index (HI) versus heating time in hours showing decreasing hydrogen content/conversion of kerogen into 
hydrocarbons during maturation; (B) Transformation Ratio (TR) versus heating time in hours showing how much organic matter (kerogen) has undergone primary 
cracking into hydrocarbons. Number labels by points show heating time in hours.

Fig. 4. (A) Total Hg concentration and fraction of Hg remaining of the original Hg concentration of the sub-samples (dashed line, 74.6 ppb) in the extracted 
sediments after artificial maturation. (B) Total Hg concentration in the produced bitumen. (C) As panel A and B with TOC in the residue (dashed line, 8.85 %). (D) 
Hg/TOC in the residue (dashed line, 8.43 ppb/%). Number labels by points show heating time in hours.
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naturally matured samples, 5 samples from different depths (± 1 m from 
relative depth 34.65 m) each in the Posidonienschiefer from Cores B and 
C (Indraswari et al., 2024) and stratigraphically equivalent to the Core A 
used in all pyrolysis experiments. The TDPs of these two different sample 
sets (artificially and naturally matured) are presented in Fig. 7. It is 
important to note that the thermal maturity achieved in our pyrolysis 
experiments (%Ro ~ 0.5 % to ~ 0.88 %) did not reach the higher levels 
of maturity observed in Core B (%Ro ~ 1.5 %) and Core C (%Ro ~ 3.5 
%).

The original, bulk rock sample from Core A (PS-0, Fig. 7) display a 
dominant, single-phase Hg release early in the TDP. The position of this 
phase in the TDP suggests it might be associated with Hg bound to 
organic matter (OM) or OM-associated sulphides, as proposed by Friel
ing et al. (2024). By contrast, sub-samples with %Ro > 0.64 % exhibit 
more complex TDPs, indicating two-phase, or perhaps even more intri
cate, Hg release patterns, suggesting the presence of multiple Hg species 
(PS-5 and PS-6, Fig. 7A and 7B). The artificially matured sub-samples are 
distinguished from the immature original sediment by two key features: 
lower overall Hg concentrations (Table 2) and a shift from a single 
dominant release peak to release patterns with a more pronounced 

’shoulder’ and bimodal peaks (Fig. 7A and 7B).
The naturally matured samples from Cores B and C differ from the 

artificially matured sub-samples, exhibiting higher Hg concentrations 
and peaks that appear later in the TDP (Fig. 7C). A clear trend of delayed 
peak Hg release with increasing natural maturity is observed, pro
gressing from Core A (at 26 s) to Core B (33 s) to Core C (40 s) (Fig. 7C 
and 7D). Though the Hg concentrations in Cores B and C are relatively 
similar, delayed Hg desorption with increasing maturation suggests 
progressive changes in Hg speciation may occur with increasing matu
rity even beyond the oil/gas window. Indeed, limited hydrocarbon 
generation is expected during the maturation from Core B (%Ro ~ 1.5 
%, entering dry gas window) to Core C (%Ro ~ 3.5 %, overmature post- 
gas window) (Indraswari et al., 2024).

Moreover, the samples from Core B exhibit a more prolonged Hg 
release compared to material from both Core A and Core C, resulting in 
lower amplitude peaks in area-normalised Hg (Fig. 7D). The variation in 
release duration and the shift towards later Hg release across the 
different sample sets (from Core A to Cores B and C) underscore the 
possibility that there may be appreciable and predictable Hg speciation 

Table 4 
Geochemical data from the Posidonienschiefer analysed in this study (also shown in Fig. 2). HI: Hydrogen Index. TOC: Total Organic Carbon. Tmax: temperature of 
maximum hydrocarbon yield 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.

Heating time (hours) HI TOC (%) Tmax (◦C) TR Bitumen (mg/g 
sediment)

Hg

0 701 8.85 437 0 0.44 74.6 ppb

Extracted Residues Bitumen Loss (as gas)

ppb % of total Hg ppb % of total Hg % of total Hg

24 653 8.65 436 0.07 3.16 48.00 64.34 ​ 128.95
0.36

​ 35.29

24 638 7.73 440 0.09 9.02 41.10 55.09 ​ 44.15
0.38

​ 44.53

168 603 7.99 440 0.14 11.58 41.45 55.56 ​ 11.10
0.04

​ 44.40

336 546 7.3 441 0.22 14.89 33.05 44.30 ​ 22.95
0.33

​ 55.36

500 364 6 443 0.48 22.58 22.55 30.23 ​ 40.95
1.00

​ 68.77

840 317 6.07 440 0.55 18.31 28.50 38.20 ​ 39.75
0.76

​ 61.04

Fig. 5. Distribution of Hg in pyrolysis experiments showing Hg loss in the 
samples heated for longer periods of time. Mercury in bitumen does not show a 
clear trend with maturation. The gas loss is calculated using the difference of 
mass balance: Hg loss as gas = 100 % − %Hg in bitumen − %Hg in the sedi
ment residue.

Fig. 6. Hg concentration in Posidonienschiefer-derived oils (data from 
Indraswari et al., 2024) showing a strong correlation with the polar and het
eroatomic fraction of the oils (data from Stock & Littke, 2016), suggesting, for 
the Lower Saxony Basin, that the association is mainly with the NSO com
pounds in the heavy fraction (as also observed by Wilhelm et al. (2006)).
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changes with increasing maturity.

3.4. Mercury behaviour during cooling – reabsorption experiments

Upon opening a sub-sample at the highest temperature at 280 ◦C (0 
min of cooling, inside the oven with the door open), a significant 
decrease in Hg concentration in the residue was observed, indicating 
substantial Hg loss as a gas phase (Fig. 8). Specifically, Hg concentra
tions remaining in the residue were 32 % and 26 % of the bulk rock sub- 
sample value when opened at 280 ◦C (0 min) and 211 ◦C (1 min), 
respectively. Subsequent openings after sealed cooling to 63 ◦C (4 min) 
and 16 ◦C (16 and 60 min at room temperature) showed Hg concen
trations returning to 38 %, 66 %, and 96 % of the original values, sug
gesting appreciable and ultimately near complete Hg recapture at lower 
temperatures, from a gas phase, into sediments.

In the TDPs from the reabsorption experiments, the Hg release peaks 
for PS-0 (bulk rock), R-4 (sub-sample opened after 4 minutes of cooling), 
and R-16 were consistently observed at 26 s (Fig. 8B). By contrast, the 
peak Hg release for R-0 and R-1 are more extended, similar to the arti
ficially matured sub-samples that were not allowed to cool down (§3.3). 
Regarding the Hg fraction release profiles (Fig. 8C), the curves for PS- 
0 (bulk rock), R-16 and R-60 were nearly identical, overlapping each 
other.

4. Discussion

4.1. Trends in Hg and processes driving Hg loss

We observed Hg loss across all isothermal maturation experiments, 

with the most pronounced decrease occurring within the first 24 h 
(Fig. 4A). Mercury concentrations in bitumen were found to be low (≤ 1 
% of total initial Hg) while Hg in the gas phase (Hg lost during opening 
inferred by difference, see §3.2) was significant (>35 % of total initial 
Hg) (Table 4, Fig. 5). This result indicates that, under these experimental 
conditions, most of the mobilised Hg is present in the gas phase rather 
than in the bitumen after maturation. The low solubility of Hg in liquid 
hydrocarbons (see Wilhelm et al., 2007; Wilhelm and Bloom, 2000) 
likely contributes to its limited partitioning into bitumen. Field data 
from hydrocarbon production systems (e.g., Grotewold et al., 1979; 
Zettlitzer et al., 1997) further support the presence of Hg in natural gas 
phases under reservoir temperatures.

The pyrolysis temperature used in our experiments (325 ◦C) would 
allow the decomposition of the most common sedimentary Hg host 
species, such as organic matter and sulphide, followed by subsequent 
release as gas from the sediments. Previous studies have shown Hg 
desorption from sediments occurring at temperatures as low as ~ 150 ◦C 
(Rumayor, et al., 2015a; Saniewska and Bełdowska, 2017). Other 
potentially relevant sedimentary Hg species that may decompose below 
the experimental pyrolysis temperature experienced by the sample 
include pyrite-bound Hg and HgS (Rumayor et al., 2015b, 2016).

Similar to previous experimental studies (Liu et al., 2022; Chen et al., 
2022), we observe Hg loss with heating. This loss likely begins with the 
thermal reduction of mercury species to elemental Hg0 during heating, 
which then volatilizes and escapes as gaseous mercury when the hot, 
sealed tubes are opened. The maximum Hg loss observed in this study 
(35–69 %) is lower than the Hg losses reported in Liu et al. (2022), 
which exceeded 99 % at their maximum temperature of 610 ◦C, and in 
Chen et al. (2022), which reached 76 % Hg loss at their maximum 

Fig. 7. Thermal desorption profiles of artificially matured sub-samples from pyrolysis experiments and naturally matured samples from Cores B and C. (A) Hg release 
rate per second for artificially matured sub-samples from Core A (PS-0) in pyrolysis experiments. (B) Fraction of total Hg released per second) for pyrolysis sub- 
samples. (C) Hg release rate per second for samples selected from Cores A, B, and C. (D) Average Hg release intensity normalised to total release for samples 
selected from Cores A, B, and C. Peak Hg release shifts from 26 s in averaged PS-0 (bulk rock sample from Core A used in this study) to 33 s in averaged samples from 
Core B and 40 s in averaged samples from Core C selected in this study (grey vertical lines on each peak), observed in both the total release and normalised plots.
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temperature of 700 ◦C. However, when examining similar temperature 
points, the findings become more comparable, with Hg losses ranging 
from 5–25 % at 300 ◦C (at 0.3 GPa) for Chen et al. (2022), and 30–65 % 
at 350 ◦C for Liu et al. (2022). Altogether, the experiments are, however, 
difficult to compare in detail even at similar temperature settings 
because they include a number of different conditions/set-ups used for 
the experiments (Table 1) and they used different lithologies containing 
possible different Hg phases with different thermal stability 
characteristics.

Besides the differences in temperature regime, we find that sample- 
specific Hg speciation is a likely candidate to explain the substantial 
differences in the behaviour for various shales in Liu et al. (2022) and 
Chen et al. (2022) for experiments conducted at the same temperature 
(experiments become more similar ≥ 450 ◦C because of complete Hg 
loss). Mercury speciation therefore can be a crucial factor in Hg mobi
lisation, as is the overall openness of the system and pressure (sealed 
tubes vs semi-closed anvil cell), that might impact Hg loss and reab
sorption potential. Further, we note that some materials of the matu
ration vessels used in previous experiments (gold tubes in Liu et al., 
2022; graphite in Chen et al., 2022) might be more conducive to 
absorbing Hg from a gas phase compared to the glass used in our ex
periments (e.g., gold-amalgamation used in direct Hg analysers: 
Schroeder, et al., 1985; Lee & Park, 2003). Altogether, we find the re
sults for Hg loss are broadly comparable to previous works and not 
unexpected given the temperature regime employed here.

4.2. Mercury partitioning into (hydrocarbon) fluid and gas phases

As kerogen cracks and forms bitumen and a mobile fluid phase, Hg 
associated with organic matter may selectively move to specific organic 
fractions (e.g., polar, asphaltene-fractions and natural gas condensates) 
(Wilhelm et al., 2006). Interestingly, Hg did not show a strong tendency 
to partition into the extractable (oil) phase, with the concentration of Hg 
in extracted hydrocarbons typically at or below the sediment average 
(Table 2). It follows that the Hg/TOC of the bitumen (≤ 1.5 ppb/%, with 
bitumen contains typically ca. 82–87 % C by mass, Berkowitz, 1997) is 
below that of the immature sediment used here (8.43 ppb/%). These 
data imply that only a very small fraction (≤1%) of the total Hg present 
in the sediment is hosted in the extracted bitumen. In contrast to the Hg 
in bitumen, Hg in the gas phase (potentially as Hg0) is lost from the 
artificially matured sub-samples upon opening the hot tubes and this 
process appears to be the dominant pathway for removal of mobilised 
Hg in these experiments. To what extent this experimental process 
replicates Hg dynamics in burial-driven thermal maturation is less 
certain, as temperature is likely to be a strongly controlling factor in Hg 
mobility and the majority of sedimentary Hg species would not be stable 
at the temperatures employed here (325 ◦C). However, the observations 
from our experiments may become more relevant near igneous in
trusions, which also produce hydrocarbons (e.g., Svensen et al. 2015) 
and mobilised Hg (e.g., Liu et al. 2022, Svensen et al. 2023a), both of 
which can migrate out of contact aureoles. The limited partitioning into 
liquid hydrocarbons or other solvent-extractable fractions in our ex
periments suggests that Hg would likely experience limited transport by 
hydrocarbons in contact aureoles, and that Hg transport might be 
dominated by the gas phase in such settings.

4.3. Mercury reabsorption from a gas phase

In a previous study of the same Posidonienschiefer sequences from 
the Lower Saxony Basin, we observed a 2- to 3-fold increase in Hg 
concentrations and Hg/TOC due to burial-related maturation of sedi
ments compared to the more immature stratigraphic equivalent section 
(Indraswari et al., 2024). We attributed the increase in Hg concentra
tions in the natural system to loss of rock mass, particularly TOC and 
water and perhaps subtly elevated original sedimentary Hg concentra
tions. In most sediments, loss of rock mass during maturation would be 

Fig. 8. (A) Mercury concentration and fraction of original Hg concentrations 
from reabsorption experiments with progressive cooling (filled diamonds). 
Number labels by points show opening temperature in ◦C. The top right point 
(filled dot) represents the bulk rock sub-sample (PS-0). (B) Thermal desorption 
profile for reabsorption experiments. (C) Average release intensity normalised 
to total Hg release. Grey vertical line in panel B and C shows peak Hg release of 
PS-0 (bulk rock), R-4, and R-16 at 26 s.
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relatively small but in organic-rich shales mass loss may have influenced 
a significant fraction of the total rock mass, which implies that, if Hg is 
effectively immobile during thermal maturation, Hg concentrations in
crease through the closed-sum effect. There is also the possibility that Hg 
was temporarily partitioned into a gas or fluid phase but ultimately 
remained in the host-rock, reabsorbed with residual organic-matter 
fractions or sulphides, its mobility being limited primarily by the very 
low permeability of the Posidonienschiefer.

In our experiments at 325 ◦C, a substantial proportion of the original 
Hg was initially desorbed from sediments and moved into a gas phase. 
The simple reabsorption experiments conducted here serve to illustrate 
the fate of mobilised (gaseous) Hg during cooling, and to test whether 
the result may match the observations from burial or igneous heating. 
Remarkably, we find that a substantial part of the desorbed, gaseous, Hg 
is recaptured in the sediment after only a very limited time (minutes) at 
lower temperature. Moreover, most of the recaptured Hg is not 
extractable with organic solvents (Sup. Table S1), effectively excluding 
the possibility that it has been taken up into hydrocarbons or formed 
(thermogenic) methylmercury (Zettlitzer et al., 1997, Wilhelm et al., 
2006). Finally, a heating experiment where we exposed the sub-samples 
marked by Hg recapture overnight at 80 ◦C in an open vessel showed no 
concentration changes. This experiment excludes the presence of 
appreciable amounts of extremely volatile Hg species, such as condensed 
Hg0 (e.g., Windmöller et al. 1996). We therefore argue that volatilised 
Hg (likely gaseous Hg0) can be rapidly re-oxidised and efficiently 
reabsorbed into or onto organic particles and sulphides after cooling; an 
observation that seems to align with previous observations of retained 
Hg in thermally altered rocks around igneous intrusions (Frieling et al., 
2025).

4.4. The potential impact of Hg speciation and changes in Hg speciation: 
natural system vs artificial maturation

The response of sedimentary Hg to heating and maturation can vary 
significantly across different shales (terrestrial vs marine vs lacustrine 
organic matter), as demonstrated in Liu et al. (2022). These variations 
may, in part, be attributed to differences in the nature of the chemical 
species of Hg present in the shales. The results obtained from the 
naturally matured Core B and C samples (Fig. 7 C, D), as well as the 
experimental data (Fig. 7A, B), suggest that during burial-maturation Hg 
speciation evolves with temperature and time, ultimately leading to a 
more significant proportion of temperature-resistant species. This sug
gestion could imply that processes accompanying burial maturation, 
such as pyritization, may limit Hg mobility during and after hydrocar
bon formation.

While helpful in understanding Hg mobilisation and phase trans
formation at high temperatures, the controlled condition of artificial 
maturation experiments thus cannot fully replicate the complexities of 
natural burial maturation. These experiments lack the extended time
scales and pressures characteristic of natural burial maturation and are 
conducted at slightly higher temperatures than would occur in the hy
drocarbon window. These practical compromises required by artificial 
maturation experiments result in Hg behaviour that appears to differ 
from the transformations observed in natural burial maturation. The 
differences in TDPs between our experimental and natural Pos
idonienschiefer sub-samples (Fig. 7) highlight the fact that our experi
ments probably cannot fully mimic Hg phase changes that occur during 
burial maturation.

However, we propose that our experiments better simulate certain 
processes driving Hg mobilisation and recapture in contact aureoles, 
such as the rapid release and reabsorption of gaseous Hg. The TDPs from 
our reabsorption experiments in this study (Fig. 8C, D), where Hg is 
recaptured as a low-temperature phase, are similar to shales observed in 
contact aureoles (Frieling et al., 2025).

5. Conclusions & Outlook

Artificial maturation experiments, designed to simulate the natural 
process of thermal transformation of labile organic matter, demon
strated a drop of (up to) ~ 65 % in Hg concentration with increasing 
heating time, mainly due to the release of volatilised gaseous Hg. 
Importantly, low Hg in bitumen extracted from the sediments indicates 
that Hg does not have a significant tendency to partition into hydro
carbon fluids produced during thermal maturation. After heating, only a 
minor fraction (≤1%) of initial Hg in the bulk rock sediments was 
transferred to the bitumen. In comparison, 64–30 % of initial Hg was 
retained in the rock residue, and 35–69 % lost as volatilised gas. 
Although this study did not conduct detailed speciation of organic sulfur 
compounds, sulfur-containing moieties are known to have a strong af
finity for mercury. Future work could further characterize these species 
to better understand their role in mercury binding within hydrocarbon- 
bearing fluids and sediments.

Further, we studied the potential for Hg reabsorption during cooling 
using artificially matured sediments. These experiments showed that 
once mobilised, gaseous Hg in a closed system can be efficiently (≥95 %) 
reabsorbed back into the sediment within an hour during cooling to 
room temperature (16 ◦C).

While our experiments simulate some processes that drive mobi
lisation and recapture, we also find distinct differences between our 
experiments and burial-related naturally matured core shales. In 
particular, observed changes in Hg speciation with maturation suggest 
that, during burial maturation, mobilised Hg from organic matter may 
not reabsorb into a similar phase but, over time, progressively transition 
into more thermally stable phases. Using core material that represents 
various stages of burial-related maturation in the Posidonienschiefer 
(Lower Saxony Basin), we previously observed that Hg concentrations 
increased with maturity and loss of rock mass. Our new analyses suggest 
that the limited partitioning of Hg into bitumen and progressive trans
formation of Hg species into more thermally stable phases are processes 
that can limit Hg mobility both during and after hydrocarbon formation.

Together, the limited partitioning of Hg into bitumen and changing 
Hg speciation may explain the inefficient transport of Hg in the low- 
permeability and relatively low-temperature environments that 
generate hydrocarbons. However, our artificial maturation experiments 
perhaps more closely mimic the conditions in contact aureoles, partic
ularly the rapid volatilisation and reabsorption of gaseous Hg. While our 
closed-system setup likely maintained reducing conditions due to 
organic-matter breakdown, natural fluid migration may involve inter
action with more oxidising groundwater or meteoric fluids near the 
surface, potentially altering Hg mobility and retention. This complica
tion represents an important area for future investigation, and hydro
thermal vessel experiments could help better simulate redox gradients 
relevant to these (near-surface) processes.

In summary, our work demonstrates Hg behaviour in heated sedi
ments is determined by temperature and rate of heating as well as 
cooling and differential mobility in open and closed systems. Our data 
show a limited partitioning into bitumen that aligns well with generally 
low Hg concentration in natural hydrocarbons. These factors are rele
vant to deep burial but are particularly important for sediments affected 
by igneous intrusions. We find that special attention must be paid when 
using Hg concentrations or Hg/TOC ratios as proxies of large-scale 
volcanism in geological history, especially Hg emissions that are infer
red to result from reactions around igneous intrusions into sedimentary 
rocks.

7. Data Availability

Data are available through Figshare at https://doi.org/10.6084/m9. 
figshare.27257871.
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