'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

Geochemistry, Geophysics,

Geosystems’

RESEARCH ARTICLE
10.1029/2024GC011555

Key Points:

e Hg concentrations in thermally
matured organic-rich deposits have
increased >2-fold

e Hg mobilization and recapture may
occur during thermal maturation, and
may result in stratigraphic increases in
Hg concentrations

e The thermal history of sediments must
be considered when using Hg as a
proxy for volcanism

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

A. O. Indraswari,
asri.indraswari @earth.ox.ac.uk

Citation:

Indraswari, A. O., Frieling, J., Mather, T.
A., Dickson, A. J., Jenkyns, H. C., & Idiz,
E. (2024). Investigating the behavior of
sedimentary mercury (Hg) during burial-
related thermal maturation. Geochemistry,
Geophysics, Geosystems, 25,
€2024GC011555. https://doi.org/10.1029/
2024GCO011555

Received 7 MAR 2024
Accepted 3 JUN 2024

© 2024 The Author(s). Geochemistry,
Geophysics, Geosystems published by
Wiley Periodicals LLC on behalf of
American Geophysical Union.

This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'

Investigating the Behavior of Sedimentary Mercury (Hg)
During Burial-Related Thermal Maturation

A. O. Indraswari'?
E. Idiz'

, J. Frieling' ©, T. A. Mather! ©, A. J. Dickson® ©, H. C. Jenkyns' ', and

lDepartment of Earth Sciences, University of Oxford, Oxford, UK, >Geoscience Study Program, Faculty of Mathematics
and Natural Sciences (FMIPA), Universitas Indonesia, Depok, Indonesia, 3Centre of Climate, Ocean and Atmosphere,
Department of Earth Sciences, Royal Holloway University of London, Surrey, UK

Abstract Understanding the behavior of mercury (Hg) in organic-rich sediments as they undergo thermal
maturation is important, for example, because enrichment of Hg in sedimentary deposits has become a widely
used proxy for volcanism from Large Igneous Provinces (LIPs). In this study, we evaluate the effects of such
processes on sedimentary Hg concentrations by investigating a common stratigraphic interval in three drill cores
with different levels of thermal maturity (immature, mature and post-mature) in Toarcian sediments
(Posidonienschiefer Formation) from the Lower Saxony Basin, Germany. We present Hg concentrations, bulk
organic geochemistry, and total sulfur data. Mercury concentrations in the mature and post-mature sediments
are increased >2-fold relative to the immature material, which is greater than any potential differences in
original Hg concentrations in the studied successions prior to burial. Organic-carbon and host-rock mass loss
during thermal maturation may have concentrated Hg in the mature sediments to some extent, provided Hg is
considered effectively immobile. The increased Hg, TOC-normalized Hg, and TS-normalized Hg are most
likely linked to the “closed system” behavior of Hg in sedimentary basins and the relatively low temperatures
(70-260°C) during maturation that resulted in limited Hg mobility. More speculatively, a certain degree of
redistribution of Hg within the mature sediments is suggested by its enrichment in distinct stratigraphic levels.
Regardless of the exact mechanisms at play, the elevated Hg concentrations in mature sediments amplify both
Hg/TOC and Hg/TS, implying that thermal effects must be considered when using normalized Hg as a proxy for
far-field volcanic activity.

Plain Language Summary This study examines how mercury (Hg) behaves in organic-rich
sediments that undergo thermal maturation, which is crucial for using Hg concentrations as a proxy for paleo-
volcanic activity. We analyzed three drill cores from the Lower Saxony Basin in Germany, each representing
different stages of thermal maturity (immature, mature, and post-mature). We measured Hg concentrations,
organic content, and sulfur levels in these sediments. We found that mature and post-mature sediments show
more than double the Hg concentrations compared to immature sediments. This increase is likely due to the loss
of organic matter and rock mass during maturation, which concentrates the remaining Hg. The relatively low
temperatures (70-260°C) during maturation kept Hg from moving significantly, resulting in higher
concentrations in mature sediments. There might be some redistribution of Hg within mature sediments, seen as
enrichment in certain layers. Overall, the study highlights that thermal maturation effects must be accounted for
when using Hg as a proxy for paleo-volcanic activity.

1. Introduction

Mercury (Hg) is a highly toxic metal. Thus, understanding its behavior in shallow- and deep-earth environments,
and how it cycles through ecosystems, is of considerable importance (UN Environment, 2019). A major natural
source of Hg in the environment is from volcanic exhalations (Pyle & Mather, 2003). Subsequent transport and
deposition as dissolved or sorbed species is ultimately followed by removal into biomass in both terrestrial and
aquatic settings (e.g., Fitzgerald & Lamborg, 2014; Grasby et al., 2019; Them et al., 2019). Consequently,
mercury in the geological record is commonly associated with organic matter in marine, lacustrine, and terrestrial
sediments (Fitzgerald & Lamborg, 2014; Grasby et al., 2019; Sanei et al., 2012). It is generally accepted that most
Hg will be finally sequestered in sediments containing organic matter (OM) as OM-Hg complexes and associated
sulfides. Indeed, field-data show that OM is a very effective scavenging ligand and likely the dominant carrier of
Hg in the water column and sediments (Benoit et al., 2001; Outridge et al., 2007; Wallace, 1982).
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1.1. Host Phases for Sedimentary Hg and Its Use as a Proxy for Paleo-Volcanic Activity

As volcanoes are amongst the largest natural sources of Hg in the atmosphere (Pyle & Mather, 2003), there has
been much recent interest in the potential for their presence in sediments to serve as a proxy for large-scale
volcanism, particularly in periods characterized by emplacement of large igneous provinces (LIPs) (Grasby
etal., 2019; Percival et al., 2015, 2021; Pyle & Mather, 2003; Sanei et al., 2012). To detect anomalous Hg loading
in sedimentary deposits, Hg concentrations are usually normalized with respect to total organic carbon (TOC) to
correct for increases associated with larger amounts of organic matter (e.g., Grasby et al., 2019; Sanei
etal., 2012). However, Hg can also be bound to sulfides and clay minerals, and in some environments, association
with such geochemical species may complicate the usual relationship found between sedimentary OM and Hg
(see e.g., Charbonnier & Follmi, 2017; Percival et al., 2018; Sanei et al., 2012; Shen, Algeo, et al., 2019; Shen
et al., 2020). Thus, several authors have argued that it is critical to examine the relationship of Hg not only with
TOC but also with clay (Al) and total sulfur (e.g., Grasby et al., 2019; Shen et al., 2020). Moreover, OM source
types (i.e., marine- vs. terrestrially derived OM) may also alter the Hg-OM relationship and thus may complicate
the interpretation of deep-time sedimentary Hg records (Grasby et al., 2017; Them et al., 2019; Wang et al., 2018).

Fine-grained organic-rich sediments (typically shales and coals) commonly contain labile organic matter
inherited from the original biomass (e.g., algal and vascular plant matter). Such sediments were often deposited
under reducing conditions that enhanced the preservation of OM by hindering its degradation and reminerali-
zation (see e.g., Bohacs et al., 2020; Dembicki, 2022; Tissot & Welte, 1984). These deposits commonly are source
rocks for petroleum as the labile organic matter can undergo transformation, converting to oil and gas as a result of
burial and exposure to thermal stress (Dembicki, 2022).

1.2. The Presence of Hg in Hydrocarbon Reserves

Mercury, in various chemical forms, is commonly found in coals, petroleum and their combustion products in
highly varying concentrations (Wilhelm & Bloom, 2000). For example, Hg concentrations range from 7 to 30,000
ppb in fuel oils (Mukherjee et al., 2009; Wilhelm, 2001). However, the presence of Hg in hydrocarbon fluids that
are generated and expelled from such source rocks is still not well studied. In fact, there are divergent views as to
whether or not the primary depositional environment and OM type is the main driver of Hg enrichment (Bryndzia
et al., 2023; Li et al., 2019; Liu, 2013) or whether enhanced mercury concentrations in oil and gas deposits are
mainly caused by secondary geological processes, such as interaction of hydrocarbon reservoirs with metal-rich
hydrothermal fluids and formation waters (Filby, 1994) and adjacent volcanic rocks (Zettlitzer et al., 1997). High
Hg concentrations have also been observed in hydrocarbon reservoirs associated with deep-faulted basement and
mantle degassing (Liu et al., 2020). The intricate interplay between hydrocarbons and mercury (Hg) within a
sedimentary basin is crucial to understand, as hydrocarbons have the potential to redistribute Hg across the basin,
potentially disrupting the environmental-proxy relationship established by Hg distribution.

1.3. Effects of Thermal Maturation

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™' and
40°C km™"' (Gluyas & Swarbrick, 2021). As sediments become buried, the organic matter initially undergoes
diagenesis, which eliminates functional groups and moieties that are primarily oxygen- and nitrogen-containing,
resulting in a resistant macromolecular residue (kerogen) and sulfur (Tissot & Welte, 1984). This kerogen can be
further broken down into lower molecular weight hydrocarbon species, such as oil and gas, through the process of
thermal cracking (Dembicki, 2022; Peters et al., 2005; Tissot & Welte, 1984). As the kerogen becomes more
thermally “mature” it progresses through the stages of oil and gas generation and, depending on the type of
kerogen, potentially loses up to 60% of its organic-matter mass due to secondary migration of the generated
products away from the host rock (Dembicki, 2022; Lewan et al., 1979; Raiswell & Berner, 1987; Tissot &
Welte, 1984). With sufficient burial and extended exposure to high basinal temperatures, the original kerogen
ultimately ends up as a carbon-rich graphitic residue, having lost most of its labile organic matter as expelled H-
rich hydrocarbon species.

Thermal maturation may play a key role in altering the geochemical signature of metals in sediments (e.g., Mo, V,
and Ni) due to the close association of these geochemical species with sedimentary OM and the transformations
that it undergoes (Chappaz et al., 2014; Dahl et al., 2017; Lewan & Maynard, 1982). For example, thermal
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maturation has been shown to lead to progressive enrichment in both the concentration of metals and their TOC-
normalized values in sedimentary rocks for Mo, Zn, U and Cd (Ardakani et al., 2020; Dickson et al., 2020, 2022).
Such increases can be attributed to the progressive loss of mass caused by the migration of bitumen formed during
thermal maturation and only minor partitioning of metals into mobilized organic fluid phases, rendering them
effectively immobile in sedimentary strata (Dickson et al., 2020, 2022). Compared to these metals, we do not
know how Hg might be expected to transfer into a hydrocarbon fluid phase, especially because data on processes
influencing trace elements in hydrocarbons are limited (Bryndzia et al., 2023). The accompanying generation of
H,0, CO,, and H,S from both the organic and inorganic phases in such rocks might also play a role in causing
additional loss of mass (Abarghani et al., 2020; Dickson et al., 2020). However, it is difficult to directly measure
metals bound to kerogen since the primary method to isolate this organic component is by digesting the mineral
matrix using strong acids such as HF and HCI, which can also leach metals from the kerogen itself. Consequently,
the mechanistic behavior of metals, including Hg, in OM-rich sediments as they undergo thermal maturation, is
still not well understood.

1.4. Behavior of Hg During Maturation

Previous studies have investigated various factors influencing sedimentary Hg concentrations (Grasby
et al., 2019; Shen et al., 2020), including the effects of contact metamorphism associated with igneous intrusions
(Svensen et al., 2023), and by the use of artificial maturation experiments in the laboratory (Chen et al., 2022; Li
et al., 2016; Liu et al., 2022). Mass-independent Hg-isotope fractionation signatures are commonly used to
determine original depositional pathways of Hg in sedimentary records (e.g., Dal Corso et al., 2020; Thibodeau
et al., 2016). Recent studies by Chen et al. (2022) and Liu et al. (2022) suggested that mass-dependent isotope
fractionation may occur during heating, but mass-independent fractionation signatures appear to be mostly
retained.

Despite efforts to study the behavior of Hg in experimental settings, the behavior of Hg in sediments exposed to
gradual maturation due to burial in sedimentary basins has not been systematically tested using natural samples.
Conditions imposed on sediments in existing (experimental) maturation studies may differ from sediments
matured through burial in two critical aspects that may influence Hg mobility. First, the conditions of deeply
buried sediments are difficult to replicate in laboratory experiments, for example, near-impermeable (clay-rich)
strata may behave as a closed system, which could limit the mobility of hydrocarbons and Hg. Second, the
temperatures experienced by the sediments in most maturation experiments (maximum temperature of 610°C in
Liu et al. (2022) and 700°C in Chen et al. (2022)) as well as sediments sampled from the thermal aureoles of
igneous intrusions might be much higher than those experienced during natural burial conditions (60-225°C;
Tissot & Welte, 1984). These considerations require critical attention because most sedimentary Hg species (OM-
bound Hg, pyrite and metacinnabar) can be mobilized at temperatures known to be relevant for post-depositional
sediment alteration and resulting oil and gas generation (e.g., Liu et al., 2022; Rumayor et al., 2013; Saniewska &
Betdowska, 2017). Indeed, thermal desorption studies and laboratory maturation experiments also showed release
of several relevant Hg-species even with short-term exposure to low (~150°C) temperatures (Reis et al., 2012,
2015; Saniewska & Betdowska, 2017). Moreover, Hg is clearly enriched in some but surprisingly low in other
hydrocarbon fluids (e.g., Mukherjee et al., 2009; Wilhelm, 2001), which might reflect variable release and
mobility, which is a function of the original concentration of Hg in the source rocks and its host phase.
Extrapolating these observations over geological timescales, we may therefore hypothesize that mature sedi-
mentary strata should contain ubiquitously low Hg concentrations. The extensive geological records of Hg,
including those in mature sediments, show this is clearly not the case. For example, the outcrop section of the
Lower Jurassic Fernie Formation is overmature (T,,,, > 500°C) (Them et al., 2017), albeit enriched in Hg
(maximum concentration of 232 ppb), which was identified as a signal of Karoo-Ferrar LIP volcanism (Them
et al., 2019). The high Hg concentrations found in thermally mature sections suggests that additional processes
must play a role in shaping the Hg records of buried strata that were exposed to burial-related maturation, and that
these effects are not captured in current experiments (e.g., Chen et al., 2022; Liu et al., 2022).

Unlike most metals, there is evidence from thermal desorption analyses on chemical species of Hg that sediments
exposed to temperatures during the burial typical of evolving sedimentary basins could mobilize some Hg
compounds. Slow release of many Hg-species during exposure to moderate heating over geological timescales
may lead to much more pronounced Hg loss from sedimentary strata, in line with sediments affected by much
higher temperatures (e.g., Chen et al., 2022; Liu et al., 2022). While simultaneous mass loss of the host rock may
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Figure 1. (a) Location of the Lower Saxony Basin (LSB) in the Early Jurassic epicontinental seaway of northern Europe (ca. 182 Ma) (after Dickson et al., 2022).
Modern shorelines are shown as dashed lines. TOC—total organic carbon—contents in wt% are indicated by gray shading. (b) Map of the study area (modified from
Kockel et al., 1994 and after Hooker et al., 2020). (c) Schematic block diagram showing locations of cores in this study, synthesized from Baldschun et al. (1996).

Shaded layer shows approximate maximum paleodepth of the top of the Posidonienschiefer (after Hooker et al., 2020).

offset some of the Hg release in a similar fashion to other (immobile) elements (see also §1.3), the majority of
records showing high Hg concentrations in mature sediments suggest that its near-complete loss is very unlikely
to have occurred (e.g., Bian et al., 2022; Grasby et al., 2019; Them et al., 2019). The combined effects on Hg of
prolonged exposure to the pressure and temperature regimes that typically exist during maturation therefore
remain elusive.

Our study explores the influence of thermal maturation on sedimentary Hg using three cores (A, B and C)
covering a wide range of thermal maturities from Toarcian sediments of the Lower Saxony Basin, Germany. By
investigating Hg concentrations, bulk OM characteristics and total sulfur (TS) concentrations in a strati-
graphically constrained interval from a single basin, we examined the role of thermal maturation as a key factor in
post-depositional Hg mobility in sediments. We focus on the Posidonia Shale or Posidonienschiefer Formation
(hereafter referred to simply as the Posidonienschiefer).

2. Geological Setting and Samples

The Lower Saxony Basin (LSB) is located in northwestern Germany (Figure 1) and is a 300-km long and 65-km
wide E-W-oriented basin formed during the breakup of the supercontinent Pangea through extension and sub-
sidence (Betz et al., 1987; Brink et al., 1992; Bruns et al., 2013). The Lower Toarcian Posidonienschiefer (also
known as Lias Epsilon Formation) is a well-studied, distinct organic-rich unit preserved in the LSB, bracketed by
marls and carbonate-rich units of the overlying Lias Delta Formation and underlying Lias Zeta Formation (Littke
et al., 1991). It is a prolific source rock for petroleum produced from several significant fields within the LSB
(Kockel et al., 1994).

Deposition of the Posidonienschiefer within a restricted basin with high productivity and highly reducing con-
ditions led to preservation of algal and bacterial biomass over a significant stratigraphic interval, resulting in 20—
40 m of sediments with high amounts of total organic carbon (TOC) and elevated hydrogen indices (HI) (Cel-
estino, 2019). A stratigraphically related organic-rich interval was also deposited and preserved in various other
fault-bound basins in northwest Europe and elsewhere (Jenkyns, 1985, 1988; Littke et al., 1988, 1991; Rullkotter
et al., 1988; Schmid-Rohl et al., 2002; Schwark & Frimmel, 2004). Extensive basin-wide sulfidic conditions and
persistent euxinia in the water column during deposition, including indicators of free H,S in the photic zone, is
evidenced by the presence of aryl isoprenoids and other diagnostic carotenoids reported in the Posidonienschiefer
from the LSB (Blumenberg et al., 2019) and from other NW European basins (Celestino, 2019; French
et al., 2014; Schwark & Frimmel, 2004; Song et al., 2017). Further evidence of such basin-wide highly reducing
and sulfidic conditions is found in the elevated concentrations and isotope ratios of redox-sensitive metals (Mo,
Cd, U, Zn) and Fe-speciation data reported by Celestino (2019) and Dickson et al. (2020, 2022) in the Pos-
idonienschiefer from samples from the LSB as well as from other basins in Europe (Montero-Serrano et al., 2015;
Rohl et al., 2001).
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Since its deposition in the Early Jurassic, the Posidonienschiefer has been buried to varying depths due to dif-
ferential subsidence within the fault bounded LSB, followed by basin inversion during the Paleogene (Betz
et al.,, 1987). As a result, the thermal maturity of the OM contained within the Posidonienschiefer varies
significantly over relatively short horizontal distances of tens of kilometers. This variation in maturity, combined
with a correlatable interval with very similar organofacies and depositional environmental conditions, makes the
Posidonienschiefer in the LSB an ideal candidate for testing the impact of thermal maturation on the concentration
of metals such as Hg in organic-rich sedimentary rocks.

Three cores (A, B and C) containing approximately 30-m-thick stratigraphically equivalent sections of the
Posidonienschiefer as well as sections of the Lias Delta Formation and Lias Zeta Formation were studied from
different parts of the LSB (Figure 1). These cores have been the focus of a variety of previous studies, including
the impact of maturity on the stable-isotope compositions and concentrations of the redox-sensitive and/or
chalcophilic trace metals Mo, Zn, Cd and U (Dickson et al., 2020, 2022), and for chemostratigraphy and basic
organic and inorganic geochemical parameters (Celestino, 2019; Celestino et al., submitted). Core-to-core cor-
relation of the Posidonienschiefer interval that post-dates the sediments recording the Toarcian Ocean Anoxic
Event (T-OAE, see Celestino, 2019; Celestino et al., submitted) was achieved using distinct basin-wide che-
mostratigraphic trends in the TOC and trace-metal records. We utilize the interval of the Posidonienschiefer that
was deposited after the T-OAE (Jenkyns, 2010) to avoid the Hg-cycle perturbation that characterizes this major
paleoceanographic event (Celestino, 2019; Celestino et al., submitted; Fantasia et al., 2018; Percival et al., 2015;
Them et al., 2019).

The thermal maturity of each core was previously established by organic petrography yielding vitrinite reflec-
tance (%Ro) measurements of 0.5%-0.7%, 1.5%, and 3.5% for cores A (immature), B (mature), and C (post-
mature), respectively (Gorbanenko & Ligouis, 2014, 2015). Cores B and C represent an upper end-member with
extremely high maturity, whereas core A represents maturity levels more commonly used in Hg studies and
encompasses the hydrocarbon formation window. The present-day depths and subsurface temperatures for the
three cores do not represent peak burial and temperatures experienced in the past by the cores due to the sig-
nificant inversion history of the LSB. The maximum burial depth and exposure temperature data were obtained
from a basin modeling study by Bruns et al. (2013), which used a calculated average temperature gradient during
maximum subsidence in the central part of the LSB of ~47°C/km (Senglaub et al., 2006), and determined
maximum burial depths of ~1,500, ~4,300, and ~5,600 m, respectively, for cores A, B, and C. The calculated
peak burial temperatures for the cores are 70°C (core A), 200°C (core B), and 260°C (core C) and were acquired
by multiplying the maximum burial depth with the basin temperature gradient.

Two key factors postulated to have significant impact on the sequestration and concentrations of Hg (and other
metals) in sedimentary systems are redox conditions and type of organic matter (see Grasby et al., 2019; Frieling
et al., 2023 and references therein). Trace-metal, organic geochemical and organic petrographic data from pre-
vious studies on these 3 cores (Celestino, 2019; Dickson et al., 2020, 2022; Gorbanenko & Ligouis, 2014, 2015)
show persistent euxinic conditions and input of primarily marine-derived organic matter throughout the depo-
sition of the Posidonienschiefer in the LSB. Consequently, these two variables were not considered a significant
factor in our study of long-term maturation effects on Hg concentrations in the LSB cores (see discussion section
below, for a more detailed evaluation of these and other variables).

3. Methods

A total of 301 sediment samples from the Posidonienschiefer, 217 for core A, 49 for core B, and 35 for core C
(Table S1 in Supporting Information S1), were powdered and analyzed for Hg concentrations using a Lumex RA-
915 Portable Mercury Analyzer coupled to a PYRO-915+ pyrolysis unit at the University of Oxford (Bin
etal., 2001). Powdered samples of between 50 and 100 mg were introduced into a sample boat, heated to >700°C
and left for up to 120 s to fully volatilize 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 an Hg concentration of 290 + 9 ppb. The same standard was run every
10 samples to correct instrument drift. We calculated an external reproducibility of +8.7% based on the repeat
standard measurements (1 standard deviation (S.D.), n = 199).

Six different samples of Lower Saxony Basin oils sourced from the Posidonienschiefer (Stock & Littke, 2016)
were obtained from the Oil Museum in Germany. These fluids were analyzed for Hg concentrations using the
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same instrument (Lumex RA-915) used for sediments. An amount (about 0.2 g) of activated charcoal was spread
on the inner surface of a quartz boat of the Lumex pyrolyzer. Subsequently, a known mass of oil was added onto
the charcoal bed and analyzed. Each sample was measured 5 times. The instrument was calibrated before each run
using the same paint standard as the sediments above as well as an additional oil standard NIST-SRM2778
(National Institute of Standards and Technology—Standard Reference Material: Mercury in Crude Oil) with a
Hg concentration of 39 ppb. The standards were run every seven samples to correct for instrument drift. We
calculated an external reproducibility of +3.64% (1 S.D., n = 12) for the repeat standard measurements of Paint,
and +5.88% (n = 5) for the oil standard. Hydrogen and Oxygen indices (HI, OI) and TOC data from all three cores
have been published previously in Celestino (2019), Hooker et al. (2020), and Dickson et al. (2020, 2022). An
additional 39 new samples (15 for core A, 21 for core B, and 3 for core C) (annotated in Data Set S1) were
analyzed with a Rock-Eval 6, following the methods in Behar et al. (2001), at the University of Oxford. The in-
house standard SAB134 (Blue Lias organic-rich marl, 2.74% TOC) was measured every 8 to 10 samples. The
standard deviation of the in-house standard (SAB134) was ~0.03% TOC (1 S.D.).

Analyses of total sedimentary sulfur (%TS) were undertaken on 155 samples (57 for core A, 50 for core B, and 48
for core C). The samples were selected to cover the full range of Hg concentrations observed within the strati-
graphic intervals of interest to allow the relationship of Hg and S to be quantified. An aliquot of each sample was
wrapped in a tin capsule and combusted using an Elemental Cube Elemental Analyzer Vario El III at the
Department of Earth Sciences, Royal Holloway University of London. A sulfanilamide reference standard
(18.62% S) was analyzed at the start and end of each run and between every 10 samples to monitor instrument
drift. Within-run reproducibility calculated from the in-house shale standards (1.24% S) run as unknowns was
+0.12% S (1 S.D., n = 12).

4. Results
4.1. Bulk Sediment Chemistry and Maturity (TOC, TS, HI and OI)

The organic-rich intervals of the Posidonienschiefer (PS) in the three cores used in this study are all strati-
graphically above the sections that record the negative carbon-isotope excursion characteristic of the T-OAE
(Jenkyns, 2010; Celestino, 2019; Celestino et al., submitted). TOC values in all the cores are relatively
elevated in the Posidonienschiefer interval, ranging between ~5%—14%. The average TOC values in all the cores
are within a comparable range (8.3%-9.8%) despite the differences in maturities, and show a modest increase
from core A to core B and from core B to core C (Table 1). TOC variability within the Posidonienschiefer section
of each core is greater than the variability between the cores. The most notable trend up-section is seen in the
immature core A, where there is a decrease from ~14% at the base to a minimum of ~5% in the central section of
the Posidonienschiefer before increasing again to ~12% at the top. Hydrogen Index values for the same section in
core A are rather high (600-750 mg HC/gTOC), and show little variation, despite the changes in TOC con-
centrations (Figure 2). Oxygen Index values are low throughout the section, generally below 10 mg CO,/g TOC.
By contrast, in cores B and C, the HI values throughout the Posidonienschiefer are near 0 (Figures 3 and 4), in line
with their relatively high maturity and negligible to no remaining S2 or hydrocarbon generative potential.

Rock-Eval-determined T,,,, values are around 432-440°C for core A and attest to the immature (onset oil
window) stage of conversion of the kerogen, in keeping with the measured vitrinite reflectance (%Ro) data
(~0.5%—-0.7%: Gorbanenko & Ligouis, 2014, 2015). The calculated %Ro equivalents from the T,,, values
(Evenick, 2021) of the immature core A are also in this range. In cores B and C, where the Rock-Eval S2 peak was

max

too low for accurate T,,,, assessment, we relied on petrographically determined %Ro of 1.5% and 3.5%,
respectively, for these two cores following Gorbanenko and Ligouis (2014, 2015). In terms of kerogen conversion
and hydrocarbon generation, core A would be considered immature/onset of generation, core B is in the early dry
gas window and core C is post-mature.

Total sulfur (TS) concentrations range from ~2% to 4.5% for the immature core A, and ~2%-5.5% for the mature
to post-mature cores B, and C through the Posidonienschiefer (Figures 2—4). These ranges are comparable to data
from previous organic geochemical studies of the Posidonienschiefer (e.g., French et al., 2014; Littke et al., 1991;
Song et al., 2017) as well as organic petrography (Gorbanenko & Ligouis, 2014, 2015), which identified abundant
(framboidal) pyrite and established that both the iron sulfide and organic matter are the primary hosts for the
sulfur. Cores B and C show subtle but somewhat higher %TS values in the upper part of the section compared to
the lower halves, while the range remains fairly constant for the whole section in core A.
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Table 1 4.2. Sedimentary Hg, Hg/TOC and Hg/TS Analyses

TOC, Hg, TS, HI, OI, and Trace-Metal Data for Cores A, B, and C From the

Posidonienschiefer

Within the Posidonienschiefer interval of the three cores, Hg concentrations
fluctuate between 32 and 433 ppb, which are generally elevated above the

Core typical mean values of Hg found in sedimentary rocks (62.4 ppb from the
A B C compilation in Grasby et al., 2019). In the correlated Posidonienschiefer in-
Hg (ppb) Mean 8588 20949 23437  tervalsof cores A, B, and C, the ranges of Hg concentrations are 53-154 ppb
Std. Dev. 2176 7677 67.39 (Figure 2), 28-397 ppb (Figure 3) and 32-433 ppb (Figure 4), respectively.
The mean Hg concentration increases from 85 ppb (core A) to 203 ppb (B)
TOC (%) Mean 981 8.33 940 and 225 ppb (C) (Table 1, Figure 5). Cores B and C have, on average, ~2.3—
5wl Bey. = 2.21 2:L0 152 2.6-fold higher Hg than core A. Notably, the Hg concentrations in cores B and
TS (%) Mean 3.32 3.61 3.64 C show larger variability than core A and have clear maxima in the central and
Std. Dev.  1.26 0.81 0.98 upper part of the core before decreasing again toward the top of the Pos-
Hg/TOC (ppb/%) Mean 9.08 25.13 25.72 idonienschiefer (Figure 6). In cores B and C, Hg concentrations show
Std. Dev.  2.08 10.35 781 remarkably similar patterns (Figure 6) with close correlation in the trends
He/TS (ppb/%) Mean 2719 5607 6570 (peaks and troughs) between the two cores. In both the B and C cores, overall
i e 750 1608 96E Hg concentrations are higher in the upper half of the section compared to the
lower. This trend in Hg mimics the subtle differences in %TS (Figures 2—4)
Hydrogen Index™ (mgHC/gTOC) ~ Mean 2l ! . between the upper and lower halves of cores B and C noted in the previous
Std. Dev. 36 1 3 section (§4.1).
Oxygen Index* (mgCO,/gTOC) Mean 6 11 12 . .
. N ; Hg/TOC values in core A are in the range of 5-15 ppb/TOC%, 10-56 ppb/
TOC% in core B, and 12-45 ppb/TOC% in core C. Hg/TOC ratios in core A
Cd* (ppm) bz L7 1.8 vary over a narrow range around an average of ~10 ppb/TOC% throughout
Std. Dev. 1.1 0.6 the Posidonienschiefer (Figure 2) whereas, in cores B and C, these values are
Zn* (ppm) Mean 178 217 overall higher and show significantly more variation in ranges (Figures 2—4).
Std. Dev. 97 80 As with the Hg and TS concentrations and TOC/TS values, the Hg/TOC
U* (ppm) Mean 5.7 16.1 ratios in cores B and C (Figure 6) again have persistently higher values in the
Std. Dev. 24 118 upper halves of the section compared to the lower.
Mo* (ppm) Mean 70.45 101.9 The Hg/TS ratio in core A is relatively constant throughout the organic-rich
Std. Dev.  39.9 523 Posidonienschiefer section (~20-40 ppb/TS%), while cores B and C have

Note. Symbols * indicate data from Hooker et al. (2020) and * from Dickson

et al. (2022).

higher ratios (~38-90 ppb/TS% and ~42-90 ppb/TS%, respectively) and
show more variability (Table 1 and Figures 5 and 6). Cores B and C have
higher Hg/TS ratios in the upper half of the sections, with the former showing
a decrease in the uppermost part (Figure 6). Overall, as with the Hg con-
centrations, the Hg/TS profiles for core B and C are quite similar in their
changes up-section.

The Hg versus TOC shows a weak correlation (R* = 0.395) in core A and essentially none in cores B and C
(R? = 0.065 and 0.032, respectively) (Table S2, Figure S2 in Supporting Information S1). Compared to Hg-TOC,
Hg correlates only slightly better with TS for core B (R* = 0.139, 0.363, 0.010, for core A, B, C, respectively) (see
Table S2 and Figure S2 in Supporting Information S1). There is a weak general trend of higher Hg with higher TS
when the data from all three cores are taken together, with the higher maturity ones showing the most elevated
values of Hg and TS (Figure S2 in Supporting Information S1). However, individual correlations between Hg,
TOC and TS each explain less than 50% (R < 0.5) of the observed variance, likely signaling that Hg is hosted by
both TOC and sulfide phases and/or that neither strongly controls Hg variability. This pattern is expected because,
for high-TOC and high-TS sediments, the Hg supply is often limiting (e.g., Fendley et al., 2024; Frieling
et al., 2023; Schuster et al., 2018).

4.3. Hg Analyses of Oils

The results of Hg measurements in LSB oils are shown in Table 2. The mean concentration of Hg in
Posidonienschiefer-derived oils is 3.4 + 1.1 ppb (1 S.D.), which is at the lower end of the range of Hg reported in
fuel oils (7-30,000 ppb; Wilhelm & Bloom, 2000). The amount of Hg found in produced oils is also significantly
lower than the Hg concentration in the sediments, both mature and immature.
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Figure 2. Stratigraphic log of the studied core A (immature, vitrinite reflectance, %Ro ~0.5%—-0.7%) showing the total organic carbon (TOC), hydrogen index (HI), total

sulfur (TS), Hg concentration, Hg normalized by TOC, Hg normalized by TS, and Mo concentration. Dashed lines showing average Hg concentration (62.4 ppb) and
Hg/TOC (71.9 ppb/%) in shale from Grasby et al. (2019).
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Figure 3. Stratigraphic log of the studied core B (mature, vitrinite reflectance, %Ro ~1.5) showing total organic carbon (TOC), hydrogen index (HI), total sulfur (TS), Hg
concentration, Hg normalized by TOC, and Hg normalized by TS. Dashed lines showing average Hg concentration (62.4 ppb) and Hg/TOC (71.9 ppb/%) in shale from
Grasby et al. (2019).

INDRASWARI ET AL. 8 of 19

BSUBD1T SLOWLLOD A 8.0 3|ealjdde 8y Aq paueAob afe SSPIe YO ‘38N JO s3I 10} AkeiqiT8uluO 8|1 UO (SUORIPUOD-pUR-SWRI/LL0D B |1 Ae1q 1 PU1|UO//STRY) SUORIPUOD PUe SWIS | 8U) 89S *[202/L0/0] Uo AreidiTauluo AB|IM 19 L Ad SSSTTOOOKZ02Z/620T OT/I0p/Li00 A8 1M Arelq i puljuosgndnBe//sdny wouy papeojumod ‘9 ‘v20z ‘22025eST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

G

eochemistry, Geophysics, Geosystems 10.1029/2024GC011555

Core C (Post-mature, %Ro ~ 3.5% )
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Figure 4. Stratigraphic log of the studied core C (post-mature, vitrinite reflectance, %Ro ~3.5) showing total organic carbon (TOC), hydrogen index (HI), total sulfur
(TS), Hg concentration, Hg normalized by TOC, Hg normalized by TS, and Mo concentration. Dashed lines showing average Hg concentration (62.4 ppb) and Hg/TOC
(71.9 ppb/%) in shale from Grasby et al. (2019).
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5. Discussion

5.1. Mercury Enrichment: Differences in OM Type and Original Depositional Environmental Conditions
Between Cores?

In all three cores in our study, Hg concentrations in the organic-rich section of the Posidonienschiefer are higher
than in the underlying Lias Delta and the overlying Upper Toarcian unit (Lias Zeta) (Figures 2—4). Increased Hg
concentrations are coincident with the much higher TOC (measured and calculated original values) in the Pos-
idonienschiefer and are marked by a change from the marls and carbonate-dominated lithologies stratigraphically
above and below, differences that reflect very pronounced changes in depositional redox and sedimentary con-
ditions (Dickson et al., 2022) as well as type and preservation of organic matter.

Differences in the original organic-matter concentration of the cores are evident, given that the mature and post-
mature cores B and C have residual TOC values that are still in the same range as the immature core A, despite
having undergone significant conversion of labile organic matter into hydrocarbons. Reconstructing original TOC
for these two mature/post-mature cores using the method of Jarvie (2012) yields calculated original TOCs in cores
B and C before thermal maturation of around ~16% and ~19%, respectively, which is significantly higher than the
average TOC value in core A (~10%). This pattern of higher initial OM concentration in cores B and C could be

Hg (ppb) Hg/TOC (ppb/%) Hg/TS (ppb/%)
50 100 [ Core A (%Ro ~ 0.5-0.7%)
45 90 - [ core B (%Ro~ 1.5%)
40 20 | @ Core C (%Ro ~ 3.5%)
35 70 +
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25 50
20 40 |
15 30 - i
+ 10 + a0
5 10
0 ot

Figure 5. Differences between cores A, B and C in the mean (horizontal lines in the box), interquartile range (boxes) and data within 1.5 interquartile range (black lines
with bar ends) of TOC (%), Hg (ppb), Hg/TOC (ppb/%), and Hg/TS (ppb/%) in the Posidonienschiefer.
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Figure 6. Hg concentrations, Hg/TOC, and Hg/TS in cores A, B, and C. Hg concentrations in cores B and C reached a
maximum amount of ~400 ppb at a relative depth of 34 m, up to 4 times the Hg concentrations in core A at the same depth.
The Hg/TOC and Hg/TS ratios in core A diverge from those for cores B and C around a relative depth of ~50 m, with values
increasing to 4 times the values of core A. Dashed lines showing average Hg concentration (62.4 ppb) and Hg/TOC (71.9
ppb/%) in shale from Grasby et al. (2019). The Hg/TOC profile in the Posidonienschiefer shows homogeneity, especially in
core A.
the result of their more distal position relative to the paleo-shoreline (Figure 1; Dickson et al., 2022) with higher
productivity and subdued siliciclastic input relative to the supply of organic matter.
With HI values around 600-750 and oxygen index (OI) values under 20 in core A (Figure 2), the Pos-
idonienschiefer is a Type I/II kerogen (Figure S1 in Supporting Information S1, Espitalié et al., 1977) with a
primary algal organic-matter-dominated maceral assemblage confirmed by organic geochemical and petrographic
studies on these cores (Blumenberg et al., 2019; Celestino, 2019; Gorbanenko & Ligouis, 2014, 2015). These
features are comparable to those in Toarcian sediments from other sections in the LSB and adjoining NW Eu-
ropean basins (e.g., Littke et al., 1988, 1991; Schwark & Frimmel, 2004;
French et al., 2014; Song et al., 2017). Analysis of the residual organic matter
Table2 o o ) in cores B and C (Celestino, 2019) indicated that they also contained original
Average and Standard Deviation for Hg in Oils Derived From the . . .
Lo . organofacies that were comparable to those in core A; therefore, there is no
Posidonienschiefer - O o i ) o
- - evidence that depositional conditions favoring high productivity and preser-
Sample Average Hg concentration (ppb) nreplicates o tion of organic matter in the Posidonienschiefer varied significantly across
066.02 40+19 5 the basin.
066.05 26£09 5 Another factor resulting in the differences of TOC, and therefore organic-
066.06 28+2.1 5 matter-related Hg, could be varied redox conditions in the paleogeographic
066.09 52+19 5 locations of the three cores. Although the basin was generally characterized
066.18 3.0+£29 5 by anoxia and extensive euxinic depositional conditions, the presumed greater
066.21 25+19 5 paleo-water depths of cores B and C and subtle variations in the intensity of
euxinia and/or vertical extent of the euxinic water column may have resulted
Mean 34x1.1
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in higher TOC preservation efficiency and observed differences in TS and redox-sensitive and/or chalcophilic
trace elements at the time of deposition. However, trace-element concentration profiles, iron-speciation data and
organic petrography (Celestino, 2019; Dickson et al., 2020, 2022; Gorbanenko & Ligouis, 2014, 2015)
demonstrate persistent anoxic/sulfidic conditions. Molybdenum concentration profiles for cores A and C
(Figures 2 and 4) show remarkably similar trends up-section, implying that equivalent changes in depositional
redox conditions through time affected both cores, despite the geographic distance between them. The similarity
in Mo profiles between the cores and previous studies on the effects of maturation on concentrations and stable
isotopes of Mo, Cd, U, and Zn in cores A and C (core B was not analyzed for Mo) found no evidence for sig-
nificant differences in depositional redox conditions (Dickson et al., 2020, 2022). Hence, it is unlikely that redox
conditions favoring preservation of the biomass varied significantly between the three core locations and within
each Posidonienschiefer section, at least not to the extent that it could have appreciably influenced Hg deposition
(Celestino, 2019; Dickson et al., 2020, 2022; Frieling et al., 2023; Gorbanenko & Ligouis, 2014, 2015).

The clay content differences between cores A, B, and C could be a possible alternative explanation related to Hg
loading difference as well as TOC and TS. While clay is another commonly invoked Hg host phase (Shen
et al., 2020), its importance as an Hg host phase seems limited to organic- and sulfur-lean sediments (e.g., Shen,
Yu, et al., 2019). The higher original TOC in Cores B and C suggest that the organic-matter at these localities was
less diluted, indicating that these depositional settings may have received less detrital matter, not more.
Collectively, differences in clay content appear an unlikely explanation for causing any primary differences in Hg
loading.

5.2. Carrier-Phase Depletion

It is generally accepted that Hg is hosted in both organic matter and sulfide minerals in organic-rich sedimentary
rocks such as the Posidonienschiefer (e.g., Frieling et al., 2023; Grasby et al., 2017; Them et al., 2019). None-
theless, the weak relationships between Hg concentrations and TOC or TS exhibited in the Posidonienschiefer
sections may be a function of variable amounts of Hg being hosted in these two phases. Both elevated TOC and
TS values are typical in sediments rich in labile organic matter, which may also contain substantial amounts of
Hg. As discussed previously, labile organic matter can undergo transformation as a result of thermal stress (burial)
and form mobile hydrocarbon and non-hydrocarbon phases that can be expelled from the sedimentary section
where they are formed, resulting in an overall decrease in the amount of original TOC and consequent rock-mass
loss (Dembicki, 2022; Lewan et al., 1979; Raiswell & Berner, 1987; Tissot & Welte, 1984). Although it is
difficult to know precisely how much of the original organic-carbon of the Posidonienschiefer sediments in our
study has been lost during maturation, using the reconstruction method of Jarvie (2012), we estimate that up to
50% of the original TOC in cores B and C may have been reduced as a result of kerogen conversion and hy-
drocarbon expulsion. Consequently, loss of organic carbon may have resulted in a significant (relative) enrich-
ment in trace elements if these were retained in the host rock and not removed in a mobile fluid phase.

Such significant loss of TOC as a result of thermal maturation would result in proxies such as Hg/TOC shifting to
higher ratios in mature and post-mature OM-rich rocks (Figures 5 and 6) compared to their immature equivalents
if Hg were not significantly remobilized and expelled. Previous studies on these cores demonstrated that this
process has also affected the concentrations of Cd, Zn, Mo, and U, which increased by as much as ~10% (Cd),
~20% (Zn), ~45% (Mo), and, although more uncertain, 185% (U) from core A to core C (Dickson et al., 2022)
(see Table 1). In addition to TOC loss, the expulsion of water from the dehydration of clays during burial and
maturation also would have contributed to the loss of rock-mass (Peters & Cassa, 1994). The combination of TOC
loss and host-rock mass loss from inorganic compounds would potentially result in a bias in both measured Hg
and normalized Hg relative to the original signal stored in the rock record. As an example of this pitfall, one might
infer a higher (>2 times) original Hg mass accumulation rate in cores B and C compared with core A if one did not
take the thermal maturity level of each core into account, especially since the thicknesses of the Pos-
idonienschiefer sections do not vary significantly.

5.3. Mobilization and Redeposition of Hg

The magnitude of change in Hg concentration compared to previously determined TOC loss (Dickson et al., 2020)
shows that the increase in Hg can be partially explained by mass loss during catagenesis if Hg is considered nearly
immobile. However, the notion that Hg is immobile during maturation appears at odds with previous findings
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from maturation experiments (Chen et al., 2022; Liu et al., 2022), and data from metamorphic aureoles around
igneous intrusions (Svensen et al., 2023) that showed progressive Hg loss with heating. Such distinct differences
in Hg mobility between our naturally matured materials and previous studies (e.g., Chen et al., 2022; Liu
et al., 2022; Svensen et al., 2023) might be explained by the fact (a) that our cores were deeply buried shale units
with very limited permeability and (b) that Hg in the LSB does not seem to partition strongly into evolved fluids
(Table 2). The oil contains <5 ppb Hg compared to the 50-150 ppb sedimentary Hg concentrations found in core
A, supporting very limited partitioning. Compacted low-permeability shale units might have behaved more akin
to a closed-system, whereby Hg released from its original host might have been re-sequestered by other phases
over time. The effective mobility of Hg might have been further limited by the relatively low geological
maximum temperatures (70-260°C) experienced by our material and the abundance of scavenging ligands (OM,
sulfur), that might have permitted re-capture in pyrite, as HgS or as secondary Hg-OM complexes.

In addition to the constant-sum effects and speculative release—recapture in a closed system, as discussed above,
other processes could also have played a role in elevating Hg concentrations in the mature cores. Such processes
could include, for example, internal (lateral or, more unlikely, vertical) redistribution of Hg as a fluid or gas phase
in the sediment column or capture of externally sourced Hg within the Posidonienschiefer. Even if net Hg
mobility in these sedimentary strata was effectively zero, some degree of Hg release from its initial host-phase
was expected during maturation. For example, the burial temperatures experienced by cores B and C (as much
as 200 and 260°C, respectively) would have allowed (partial) release of Hg from common known sedimentary
host phases such as OM and pyrite (Reis et al., 2012, 2015; Rumayor et al., 2013; Saniewska & Betdowska, 2017).
Mercury concentrations in core A are approximately stable within the Posidonienschiefer, whereas a distinct up-
section increase is observed in cores B and C (Figure 6). While this chemostratigraphic pattern might be explained
by Hg migration and (partial) re-capture in cores B and C, such a process is difficult to envisage in lithologies such
as the Posidonienschiefer that have extremely low matrix porosity and permeability, especially after burial to
depths of ~5,600 m (Bruns et al., 2013). Furthermore, the likelihood of 2 cores (B and C), which are separated by
10s of kilometers, resulting in similar Hg profiles after such a proposed redistribution seems very low.

5.4. Redistribution and Mobilization of Hg by Fractures and Veins

The maturation of organic matter and heating of sediments ultimately can lead to fluid overpressures and frac-
turing of low-porosity/permeability rocks (see Hooker et al., 2020 and references therein). For example, ac-
cording to Meissner (1978), the catagenesis of solid kerogen into liquid hydrocarbons, gas, refractory carbon
(e.g., graphite), and other by-products can increase local fluid pressures and result in hydraulic fracturing of the
host lithology, and in the formation of veins (e.g., Lash & Engelder, 2005; Mandl & Harkness, 1987). Shale layers
in highly mature to post-mature cores B and C contain abundant layer-parallel and oblique veins, mostly filled by
calcite cement, with traces of pyrite crystals (Hooker et al., 2020). These oblique and bedding-parallel fractures
containing so-called “beef” calcite may have played an important role in the primary migration of petroleum
fluids within and from the Posidonienschiefer (Leythaeuser et al., 1988). These calcite veins in the mature cores
also demonstrate that fluid passed through the stratigraphy at some point in the basin history and could have been
the means of transport for a volatile or dissolved Hg phase, either during thermal maturation or afterward.
However, Hooker et al. (2020) indicated that the potential for vertical migration of fluids through the fractures that
are filled with calcite is low, as well as the postulated porosity and permeability within the fracture fill itself.
Although we cannot indicate whether finer or larger scale fractures in the cores themselves or outside the core
intervals have indeed played a role in redistributing Hg, the observation of diverging up-section Hg trends within
some of the highly fractured intervals warrants caution.

5.5. Summary of Controls on Hg Concentrations in Cores A, B, and C

From the above discussions, we compiled a summary table of known syn- and post-sedimentary processes that
might have influenced sedimentary Hg concentration in cores A, B, and C (Table 3). For these high-productivity
anoxic conditions, Hg burial is effectively limited to the Hg supply from atmospheric and riverine sources
(Fendley et al., 2024; Frieling et al., 2023; Schuster et al., 2018). The Hg supply limitation during deposition is
also supported by the correlation, albeit weak, between Hg and Mo concentrations (Figure S4 in Supporting
Information S1, Bian et al., 2024). When the Hg supply is limiting, Hg concentrations can no longer increase at
the same rate as TOC, expressed as decreasing Hg/TOC with increasing TOC, for example, seen in the Hg/TOC
between the Lias Delta and Posidonienschiefer in core A (4-fold increase in TOC concentration but only 2-fold
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increase in Hg, Figure 2). In order to explain the observed differences (Figure 5), the local Hg supply to cores B
and C would have needed to be approximately twice as high as for core A. All three cores were in the same
latitudinal band with similar rainfall patterns and rates of wet and dry Hg deposition (e.g., Jiskra et al., 2021);
therefore, no major differences are expected between the cores in terms of the atmospheric Hg supply. Riverine
Hg supply could have been important locally, but because of the more distal position of cores B and C relative to
the paleoshoreline (cf. Zimmermann et al., 2018; Figure 1), this would likely have reduced the supply to B and C
relative to A, resulting in a lower, not higher, total Hg supply for more distal parts of the basin. Thus, the increase
in Hg concentration or changes in stratigraphic trends cannot be simply explained by differences in starting
concentrations. This observation suggests that other, perhaps unlikely, maturation-related effects such as redis-
tribution via fractures and veins may have to be considered.

5.6. Implications for the Use of the Hg Proxy in Mature Sediments

The Hg concentration of an average clastic sedimentary rock is 62.4 ppb according to the compilation in Grasby
et al. (2019), and Hg/TOC values from the global inventory from the same study average around 71.9 ppb/%.
Mercury concentrations in the Posidonienschiefer sections of much of core A and all of cores B and C are above
the reported global averages (Figures 3 and 4) and are well within the range of anomalous “Hg spikes” in the
geological record previously interpreted to result from LIP activity. However, because of the very high TOC, the
TOC-normalized Hg data in all the cores in this study are significantly lower (Figures 2—4, 6, and Figure S3 in
Supporting Information S1) than the range of recorded Hg/TOC values that are generally considered anomalous
and interpreted as volcanic signatures.

In this study, we inferred a rise in Hg/TOC with maturation that is not easily explained by differences in starting
Hg concentrations or by intra-basinal differences in depositional conditions. We consider this effect important for
workers utilizing Hg/TOC ratios as a proxy for volcanism, as maturity-related changes may alter an interpretation
where volcanic threshold values are used. Therefore, we consider it important to highlight the fact that maturation
can result in a higher Hg/TOC signal, which could then be misinterpreted as consistent with enhanced volcanic
loading. Very few published studies report the maturity level or exposure temperatures of their samples, but our
observations show that a cautious approach when using samples that have been substantially matured is war-
ranted. It is also worth noting that the effects of maturity become more important further back in the geological
record, increasing the likelihood of the bias but nonetheless in many cases represent valuable targets for study.

Our findings further highlight that it is important to note that the use of normalized Hg as a volcanic proxy must be
used with caution as Hg does not linearly scale with TOC due to a variety of (syn-)depositional processes (e.g.,
Fendley et al., 2024; Frieling et al., 2023, 2024; Grasby et al., 2019; Schuster et al., 2018). In addition, we must
consider similar processes acting on relatively low-TOC samples; maturation in such settings could easily lead to
values that (far) exceed the Hg/TOC shale value. As previously discussed, the variability in the Hg and Hg/TOC
and Hg/TS profiles between the three cores, and within the Posidonienschiefer section of each core is, at this
stage, difficult to explain without invoking unlikely factors such as Hg migration through low-permeability
shales. The loss of rock mass during thermal maturation, and variation in hydrocarbon production may explain
some of the variance in TOC and Hg/TOC ratios. However, the changes in Hg concentrations within the Pos-
idonienschiefer sections of each core are likely related to other processes that we do not fully understand as yet.
Redistribution of Hg cannot be ruled out; however, the similarity in profiles of cores B and C, and the extremely
low permeability of the current overall Posidonienschiefer lithology, make such a process difficult to envisage.
Regardless of the exact mechanisms, the change in the pattern of Hg concentration, and Hg/TOC and Hg/TS
ratios between the three cores (Figure 6) shows that thermal maturation can displace, introduce, or remove Hg
“spikes” in the geological record.

Assessing the extent of signal alteration caused by thermal maturation is more challenging as it requires extremely
detailed knowledge of the original depositional and paleoenvironmental conditions of the examined sequence. In
the current study, we have the advantage of evidence from the three cores with comparable biomass input and
preservation, persistent and comparable redox conditions and high sampling resolution to compare, in detail, the
correlated sections. Despite possible minor differences in initial Hg concentrations, we infer a clear rise in Hg/
TOC ratios (and potentially also Hg) with maturation that is important for the proxy to be used for assessing
anomalous Hg concentrations in the sedimentary record. Regardless of the precise mechanisms involved, the
increase in Hg/TOC from TOC loss alone implies that knowledge of the thermal maturation history of the material
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becomes critical for the interpretation of Hg records when analyzing sediments that have undergone significant
burial and exposure to different maximum temperatures.

For periods when all records are thermally mature, as would be progressively more likely with sediment deposited
further back in time, systematic changes might occur to Hg and normalized Hg values. These changes might
include potential Hg spiking through remobilization and recapture, concentration or other enrichment processes
(as explored here) or, after extreme heating, Hg depletion via mobilization and escape (Chen et al., 2022; Liu
et al., 2022). Together, these potential changes lead to much increased uncertainties in terms of estimating
volcanic (Hg) emissions from thermally mature sedimentary successions, although despite these challenges,
many still yield very important data and insights.

6. Conclusions

Understanding Hg behavior during the thermal maturation of sediments is important in terms of our broader
knowledge of its global cycling. It also further highlights how the thermal history of sediments is a necessary
consideration when looking for anomalous Hg enrichments with the intention to use Hg as a proxy for volcanism.
We have studied three cores with different levels of thermal maturity from the Lower Toarcian Posidonienschiefer
in the Lower Saxony Basin, Germany. In contrast with other studies that show progressive Hg loss with heating in
the thermal aureoles of sill intrusions or in laboratory experiments, maturation here appears to be associated with
higher Hg concentrations. Mercury concentrations recorded in mature core B and post-mature core C were +132%
to +157% higher than in immature core A. The very low Hg concentrations (<5 ppb) in Posidonienschiefer-derived
oils compared to the immature sediments (50150 ppb) support the conclusion that Hg did not effectively partition
into hydrocarbons during maturation and may be considered nearly immobile under these circumstances. At the
same time, thermal maturation and hydrocarbon generation-migration reduced the TOC concentration of the host
rock by up to ~50% at the high levels of maturity in Cores B and C. As a consequence, Hg/TOC ratios from those
mature sediments are considerably inflated relative to the immature material. Nonetheless, the observed increase in
Hg concentrations with maturation cannot be easily explained by TOC or host-rock mass loss alone.

In search of a mechanism that may have resulted in differences between the three cores, we therefore discuss a
suite of syn-depositional processes (i.e., atmospheric Hg and riverine Hg supply, distance from paleoshoreline,
and redox conditions) and post-depositional (i.e., maturation related) processes. None of the known syn-
depositional or post-depositional processes can satisfactorily explain the Hg increase from core A to core B
and C. As syn-depositional processes are unlikely to have resulted in all the observed differences between core A
and core B and C, we speculate that, to some degree, the pronounced difference in the variability of stratigraphic
signals of Hg between cores A and core B and C is related to maturation effects, including Hg redistribution.
Although the precise mechanisms of Hg mobilization and re-sequestration remain elusive, the calcite- and pyrite-
filled fractures and veins that occur in certain intervals of cores B and C may hint at Hg migration into specific
stratigraphic levels during or after hydrocarbon mobilization. Regardless of the exact mechanisms of Hg
enrichment, and inflation of Hg/TOC, our results show that thermal maturation effects mean that a cautious
approach is warranted when using (post)mature and especially fractured sedimentary successions as an archive
for far-field subaerial volcanic activity. Our data show that in a broader sense sediment maturation processes are
complex in terms of their contributions to Hg cycling and behavior.

Data Availability Statement

All data generated and used to conduct this study can be found in Indraswari et al. (2024).
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