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ARTICLE INFO ABSTRACT

Associate Editor: Jiu Bin Chen Volcanism is a dominant natural source of mercury (Hg) to the atmosphere, biosphere, ocean and sediments. In
recent years, sedimentary Hg contents have emerged as a tool to reconstruct volcanic activity, and particularly

Keywords: activity of (subaerially emplaced) large igneous provinces in geological deep time. More specifically, Hg has
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Redox
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Large igneous provinces

shown potential as a useful proxy to illuminate the previously elusive impact of such large-scale volcanism on
marine and terrestrial paleo-environments. While Hg is now widely applied as volcanism tracer, non-volcanic
factors controlling sedimentary Hg content are generally not well constrained. Part of this uncertainty stems
from our inability to directly observe a natural unperturbed “steady-state” environment as a baseline, as the

Oxidation
Organic matter modern Hg cycle is heavily influenced by anthropogenic activity. Here we focus on the effects of ambient redox
Pyrite conditions in the water column and shallow sediments (early diagenesis), quantify their influence on the

geological Hg record and thereby contribute to constraining their potential impact on the use of Hg as a proxy for
deep-time volcanic activity. Constraining these factors is of critical importance for the application of Hg as such a
proxy. Many periods in the geological past for which records have been generated, such as the Mesozoic Oceanic
Anoxic Events, are marked by a variety of high-amplitude environmental perturbations, including widespread
deoxygenation and deposition of organic-rich sediments. We estimate the impact of redox changes and early
diagenesis on the geological Hg record using a suite of (sub)recent-Pleistocene and Upper Cretaceous sediments
representing oxic to euxinic marine conditions. Our sample set includes a transect through an oxygen minimum
zone and cores that record transient shifts in oxygenation state, as well as post-depositional effects — all unrelated
to volcanism, to the best of our knowledge. We find substantial alterations to the Hg record and the total organic
carbon and total sulfur content, which are typically assumed to be the most common carrier phases of Hg in
marine sediments. Moreover, these biases can lead to signal alteration on a par with those interpreted to result
from volcanic activity. Geochemical modifications are ubiquitous and their potential magnitude implies that the
factors leading to biases in the geological record warrant careful consideration before interpretation. Factors of
particular concern to proxy application are (1) the disproportionate loss of organic carbon and sulfur relative to
Hg during oxidation that strongly modulates normalized Hg records, (2) the evasion of Hg in anoxic and mildly
euxinic sediments and (3) sharp focusing of Hg during post-depositional oxidation of organic matter. We suggest
that paired analyses of additional redox-sensitive trace elements such as molybdenum, and organic-matter
characteristics, particularly the type of organic matter, could provide first-order constraints on the role that
redox and diagenetic changes played in shaping the Hg record as part of checking the attribution of enrichments
to volcanic activity.
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1. Introduction

In recent years, sedimentary mercury (Hg) has rapidly gained
widespread attention due to its proposed use as a proxy for volcanic
activity, particularly the volcanism associated with (subaerial)
emplacement of large igneous provinces (LIPs) in the geological deep
past (>>106 years) (e.g. Sanei et al., 2012; Grasby et al., 2013; Percival
et al.,, 2017; Kender et al., 2021). This approach is based on the pre-
dominance of volcanically derived Hg prior to the emergence of
anthropogenic fluxes (Pyle and Mather, 2003; Fitzgerald et al., 2007;
Pirrone et al., 2010). Particular attention has been given to periods in
geological time during which subaerial LIPs are thought to have been
highly active, based on other sedimentary proxies (such as Os isotopes
and (trace) metal enrichments; e.g., (Cohen et al., 2004; Snow et al.,
2005; Du Vivier et al., 2014)) as well as direct dating of volcanogenic
deposits (e.g., Sprain et al., 2019). These periods of (subaerial) LIP ac-
tivity have also been studied for their high-amplitude environmental
perturbations, including global warming, increased weathering, loss of
biodiversity, changes in terrestrial vegetation, soil erosion, extensive
water-column anoxia—euxinia and ocean acidification.

To make accurate inferences about volcanic LIP activity from Hg
enrichments in stratigraphic records, the influence of other sedimentary
changes on Hg and its carrier compounds needs to be resolved in
appropriate detail. For example, it is well established that particulate
and dissolved organic matter (OM) concentration is an important factor
in governing the Hg levels in seawater (Wallace, 1982) and sediments
(Fitzgerald et al., 2007; Gehrke et al., 2009). This relationship is due to
the very high affinity of Hger for OM and particularly organic sulfur
functional groups (thiols) (see e.g. review of Ravichandran, 2004 and
references therein), which commonly leads to strong correlations be-
tween total organic carbon (TOC) and Hg (Outridge et al., 2007; Gehrke
et al., 2009). While there are some indications that, under extremely
high productivity regimes, dilution of Hg by organic matter might play a
role (Machado et al., 2016), such a mechanism appears to be uncommon
in modern aquatic and sedimentary environments where Hg concen-
trations and Hg sequestration are positively correlated to (algal) OM
abundance (profiles), although this relation is not necessarily linear
(Wallace, 1982; Sanei and Goodarzi, 2006; Fitzgerald et al., 2007;
Outridge et al., 2007; Bowman et al., 2016; Biester et al., 2018; Schiitze
et al., 2021; Cossa et al., 2022).

To eliminate variation induced by changes in OM content, normal-
izing Hg contents against TOC in sedimentary records has become
common practice in the deep-time literature (e.g. Percival et al., 2015;
Percival et al., 2017; Grasby et al., 2019; Jones et al., 2019; Shen et al.,
2019b; Kender et al., 2021; Tremblin et al., 2022; Zhao et al., 2022). The
basis for this approach lies in the evidenced assumption that Hg in the
sedimentary record tends to be primarily bound to OM (including thiols)
and only secondarily to other potential scavenging compounds (e.g.,
sulfides that form compounds such as mercury sulfide (HgS) or Hg in-
clusion in pyrite, or adsorption to clays), especially in the presence of
abundant OM (e.g., Fitzgerald et al., 2007 and references therein). In the
absence of large Hg-cycle perturbations, the positive correlation be-
tween Hg and TOC, both at single sample localities (e.g., Percival et al.,
2015; Shen et al., 2020) and at broader scales (e.g., Grasby et al., 2019)
in the geological record, provides support for this generalization.
However, the relationship between Hg and TOC is in many instances not
straightforward and since normalized Hg is not stable across all envi-
ronments, the assumption that Hg/TOC (or otherwise normalized Hg)
remains stable (in the absence of large-scale volcanic emissions) does
not hold true for many deep-time records analyzed to date. Moreover, it
has been established that, for example, other sedimentary Hg carrier
phases such as sulfides (HgS) and (diagenetic) pyrite can be an impor-
tant Hg-host in ancient sediments, especially when depositional condi-
tions were strongly euxinic (Shen et al., 2019a, 2020; Wang et al., 2020).
Critically, the association with diagenetic pyrite is a clear indication that
Hg-speciation can change during diagenesis, which may complicate
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assessment of the original Hg signal. Through association with TOC,
clays and S, Hg might appear to behave in a similar way to bio-essential,
redox-sensitive and/or sulfide-forming trace metals (such as, for
example, Mo, V, Ni, Cd, Zn), that may change phase associations
following their deposition at the seafloor (e.g., Tribovillard et al., 2006;
Brumsack, 2006). Such processes complicate the direct use of water-
column or modern-sediment Hg speciation data to make inferences of
Hg cycling during early diagenesis and hamper understanding of the Hg
signal captured in ancient sediment samples.

To date, variability in pre-industrial marine sediments, and partic-
ularly in deep-time records, related to the processes controlling coupled
TOC, S and Hg burial, remains poorly understood. These processes can
be roughly divided into two categories. In the first category are pro-
cesses that influence Hg and/or TOC before they enter the sedimentary
record, such as the riverine flux of Hg and terrestrial OM, ocean-
—atmosphere exchange, and water-column processes (abundance of
marine OM, remineralization, scavenging efficiency). The second cate-
gory includes processes that take place during or shortly after the sedi-
mentary record is formed, particularly early diagenetic and soft-
sediment processes: redox behavior, remineralization and remobiliza-
tion. The cycling of Hg, the position of the redox front and its migration
ultimately determine the signal preserved in the sedimentary record
(Fig. 1).

The short-term processes that lead to the original Hg deposition in
the marine realm, as well as early diagenesis, potentially influence any
geological record of Hg and OM. Therefore, these processes warrant
careful consideration in terms of what their effects might be and how
they might be recognized. Because Hg, TOC and other Hg-binding li-
gands are unlikely to be uniformly influenced by early diagenesis, and
particularly by oxidation, TOC- or total S (TS)-normalized records will
be especially sensitive to these poorly constrained confounding factors.
We here focus on the short-term post-depositional diagenetic alteration
of Hg and its carrier phases (TOC and TS) and how such alteration might
have influenced the sedimentary record.

Before applying the knowledge of Hg redox behavior in modern
systems to the geological record, it is critical to recognize that this is
based on recent and often polluted (soft) sediments (e.g., Fitzgerald
et al., 2007; Gagnon et al., 1997). These sediments not only have
temporally and spatially highly variable and uncertain Hg influxes (e.g.,
Covelli et al., 2001; Leipe et al., 2013; Mason et al., 1994), but, even if
not heavily polluted, are also subject to ongoing oxidation and redox-
front migration. As these modern environments are continuously
being geochemically modified, also on time-scales beyond those that can
be observed in controlled environments (10 s to >1000 s of years), the
findings obtained from them cannot be directly applied to signals that
are recorded in ancient sedimentary Hg records. Syn-sedimentary
oxidation leads to progressive loss of sedimentary OM and S and, after
oxygen-depletion, increased sedimentary reduced S from sulfide min-
erals (e.g. Berner, 1984). The sedimentary organic matter and S are
themselves also interdependently altered during early diagenesis (Sin-
ninghe Damsté and De Leeuw, 1990; Zaback and Pratt, 1992; Van Kaam-
Peters et al., 1998; Werne et al.,, 2003; Raven et al.,, 2023). This
complication implies that an accurate assessment of the most likely
original binding spots for Hg, thiol groups, presents a major challenge
for investigation ancient sediment samples. Moreover, as TOC and S are
considered the most common Hg carriers in the geological record, the
diagenetic and redox processes acting on the host phases themselves add
a second layer of complexity to TOC- and TS-normalized Hg records.
Constraining the behavior of Hg and its relationship to the most common
carrier phases (TOC, S) under variable redox conditions and under-
standing how these signals are recorded in sediments is fundamental for
the use of (normalized) sedimentary Hg as a direct proxy for Hg-cycle
perturbations and volcanic activity.

Understanding the role of chemical changes associated with early
diagenesis and (an)oxic degradation is particularly important because
many of the key intervals in geological deep time for which enhanced
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Fig. 1. Simplified diagram illustrating a selection
of pathways that influence aquatic (marine) sedi-
mentary mercury (Hg) and/or organic-matter
cycling (green circles). Blue and brown/orange
colors in middle panel indicate water and sediment,
respectively.

Left-hand panel: atmospheric deposition and
aquatic processes — (1) influx from rivers and at-
mosphere, (2) gaseous Hg exchange in the surface
layer (Mason and Sheu, 2002; Strode et al., 2007;
Mason et al., 2012), (3) uptake and remineralization
of organic matter in the upper water column, and
methylation-demethylation processes (MeHg) forma-
tion (Heimbiirger et al., 2010), (4) progressive OM
and Hg cycling and remineralization in the lower
water column. Note that ageing deep water accumu-
lates both C and Hg (Takahashi et al., 2002; Bowman
et al., 2015, 2016).

Middle panel - processes potentially influenced by
ambient oxygenation: (1) deposition of OM-bound
Hg from the water column (Wallace, 1982) (2) bio-
turbation, diffusion and biologically driven cycling of
OM and Hg near the sediment-water interface, (3)
potentially resulting in Hg evasion (with MeHg or
Mn/Fe (oxyhydr)oxides as intermediate phases)
(Gagnon et al.,, 1997; Mikac et al., 1999; Ham-
merschmidt and Fitzgerald, 2004), (4) (temporary)
binding to Mn/Fe (oxyhydr)oxides and sulfide min-

front migration

,—> Rapid burial

[—> Sediment accumulation

Oxygenation <—|—> Deoxygenation

Buried redox front ||

erals (Gagnon et al., 1997; Shen et al., 2020), (5) recalcitrant OM and Hg remaining after oxidation, (6) unaltered recording of Hg scavenged from the water column.
Right-hand panel - simplified reduction-oxidation (redox) front — controlling the position and intensity of processes depicted in the middle panel. The
redox front, here illustrated from the sediment-water interface down, migrates upwards with sediment accumulation and deoxygenation, downwards with (re)
ventilation and may be buried and fixed, for example when a mass-transport deposit such as a turbidite rapidly covers the sediment-water interface (SWI). The
position of the redox front influences many (trace-) element records and, combined with processes shown in the middle panel, such as Hg binding to Mn/Fe (oxyhydr)
oxides, sulfides and methylation, conceivably also shapes the sedimentary Hg record.

volcanic activity is proposed were also marked by high-amplitude var-
iations in primary productivity, (local) oxygenation and TOC contents in
accumulating sediment (Schlanger and Jenkyns, 1976; Jenkyns, 2010;
Ernst and Youbi, 2017). Some soft-sediment studies show that Hg could
have been enriched at, or actively moved away from, (extinct) redox
fronts, and microbial Hg methylation or Hg reduction could have
resulted in active evasion from sediments and the water column (Mer-
cone et al., 1999; Mikac et al., 1999; Fitzgerald et al., 2007, Fig. 1). We
here consider resolving the paired geochemical behavior of Hg itself,
and of its potential carrier phases, during early diagenesis. This
knowledge is fundamental for the reliable use of Hg and normalized Hg
as proxies for enhanced volcanism in geological deep time. Moreover,
global, regional and local biogeochemical models that include or focus
on the long-term (sedimentary) Hg cycle (e.g., Amos et al., 2013; Amos
et al., 2015; Fendley et al., 2019; Dal Corso et al., 2020) benefit greatly
from further data-driven constraints as to how Hg is sequestered on
geological timescales. Ultimately, well-constrained behavior might
facilitate inverse modelling of Hg fluxes and hence volcanic (Hg)
emissions.

We designed our study to elucidate various influences of changing
redox conditions on Hg, TOC and TS (and hence the most widely re-
ported host phases of Hg records in the natural environment). To bridge
the gap between soft-sediment processes and signals recorded in
geological deep time, we generated new Hg and TOC data for a total of
10 depositional settings, 6 (sub)recent-Pleistocene and 4 Late Creta-
ceous ones (Fig. 2), representing a wide range of (paleo-)redox condi-
tions and depositional environments (Fig. 2, Table 1). We relate these
measurements to published major- and trace-element chemistry and
associated inferred redox conditions. The redox conditions were
generally reconstructed using Mo concentrations (Tribovillard et al.,
2006; Lyons et al., 2009) and, in case of the recent sediments obtained
from the Arabian Sea, assessed using pore-water chemistry and oxygen
saturation of overlying bottom waters. We seek to eliminate major
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influences on the Hg flux other than locally produced marine OM,
changes in local oxygenation and inherited effects. To do so, we focus on
geological intervals without known substantial subaerial LIP activity or
nearby submarine LIP activity that may influence Hg records (Percival
et al.,, 2018), and localities without substantial or variable input of
terrestrial higher plant material that may have influenced Hg records
(Them et al., 2019; Dal Corso et al., 2020). The main objectives of this
study are to (1) establish whether variable oxidation leads to alteration
in Hg and normalized Hg, (2) subsequently quantify any observed biases
resulting from variable oxidation, and (3) resolve the origins of these
biases.

2. Materials & methods

Materials - site descriptions.

2.1. Site selection

We first study the influence of natural long-term (10 s to 1000 s of
years; Lengger et al., 2014) oxidation in a multi-core depth transect
through the Arabian Sea oxygen minimum zone (OMZ) where it in-
tersects the sea floor (Kraal et al., 2012). The three short (0-25 cm
depth) cores (Stations 1B, 6B and 10; see also Kraal et al. (2012))
represent anoxic, hypoxic and oxic conditions respectively, and with the
exception of Station 1B, where OM breakdown results from anaerobic
processes, the uppermost sediments are subject to continued aerobic
degradation. The observed differences between these sites can be
attributed to oxidation in the water column and sediment and make the
Arabian Sea OMZ an ideal testing ground for oxidation-induced sedi-
mentary signals, including those in Hg and its carrier phases (see e.g.,
Kraal et al., 2012; Koho et al., 2013; Lengger et al., 2014 and Supple-
mentary material 1.1) (Table 1a). In contrast to other records, where we
rely on redox-proxy data, bottom-water oxygen saturation data and
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pore-water chemistry (Kraal et al., 2012; Vollebregt et al., 2023) are
available to constrain the redox state of the Arabian Sea sediments.
Compared to the Arabian Sea multi-core data, the Baltic and Medi-
terranean Sea sediments cover transient redox variability, similar to
reconstructions for many deep-time Hg records, and allow us to test how
these changes in oxygenation shape the geological record of Hg and Hg
carriers. To this end, we analyzed gravity-core material from the Baltic
Sea, representing a time-series of the past 8 kyr (Supplementary material
1.2) (Jilbert and Slomp, 2013). These two cores, from the Faré Deep
(core F80) and Northern Gotland Basin (LL19), record oxic to euxinic
bottom-water conditions and several transitions from oxic to euxinic and
vice versa, within the same core (e.g., Jilbert and Slomp, 2013; van
Helmond et al., 2018). The Baltic Sea cores thus provide insight as to
how transitions in oxygenation might influence single sedimentary Hg
records and to what extent such signals are preserved in the geological
record (Table 1a). In addition, a multi- and piston-core composite site
64PE406-E1 in the Mediterranean Sea (Supplementary material 1.3),
containing several Mediterranean sapropels, orbitally-paced products of
run-off and productivity-driven anoxic phases (see e.g., Rohling et al.,
(2015) for a review of the Mediterranean sapropel records and their
origin). Sapropel S1 and S5 are used here to further assess the influence
of deoxygenation, post-depositional oxidation of organic-rich sediments
and paleo-redox fronts (Mercone et al., 1999; Hennekam & van der Bolt
et al., 2020; Sweere et al., 2021) (Table 1a). The post-depositional
oxidation history of the sapropels was based on the decoupling of
sedimentary Mo and Ba enrichment profiles. During organic-matter

Euxinic
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Fig. 2. Maps of site locations. A. Holocene-upper
Pleistocene sites: (1, 2 and 3 Stations 1B, 6B and 10,
Arabian Sea, (4 and 5) LL19, F80, Baltic Sea, (6)
64PE406-E1, Eastern Mediterranean Sea. B. Plate
reconstruction for 90 Million years ago (Ma) with
Cretaceous sites (7) ODP1261A Coniacian-Santonian
\ Oceanic Anoxic Event (OAE 3; ~86 Ma) 3, (8) Cen-
. omanian-Turonian (OAE 2; ~94 Ma) Tarfaya Basin
| core S57, Morocco, (9) Late Cenomanian, Furlo, Italy
] and (10) Cenomanian-Turonian (OAE 2) South Fer-
- riby, United Kingdom. Colored symbols depict
i 7 reconstructed bottom-water oxygenation from oxic
(white), hypoxic (light grey — lowered oxygen condi-
tions; [O2]aq < 63 umol LY, anoxic (dark grey —
oxygen-depleted conditions ~0 pmol L™1), ferrugi-
nous (orange — no oxygen and Fe?") to euxinic (red —
no oxygen and free HS™). Differently colored semi-
circles for a single site illustrate the approximate
range of oxidation regimes within the analyzed
sequence.

No O, and HS'
>0 umol L

oxidation, Mo is remobilized, while Ba is retained in the sediments
providing a proxy for the oxidized part of the sapropels (Thomson et al.,
1995; Reitz et al., 2006).

Lastly, we analyze four Upper Cretaceous successions to test whether
the signals found in the oxic to sulfidic unconsolidated sediment are
transferred to the rock record — on which sedimentary Hg studies tar-
geting deep-time volcanic activity are based (Table 1b). For this pur-
pose, we selected one Coniacian-Santonian black shale record from
Ocean Drilling Program (ODP) Hole 1261A, Demarara Rise, equatorial
Atlantic (Marz et al., 2008) (Supplementary material 1.4) recording
cyclic alternations from ferruginous to sulfidic bottom-water conditions,
and three upper Cenomanian to lowest Turonian successions (Furlo,
Italy, South Ferriby, UK and Tarfaya core S57, Morocco) marked by
high-amplitude variations in oxygenation (e.g., Poulton et al., 2015;
Owens et al., 2017; Clarkson et al., 2018 and Supplementary material
1.5-1.7). The Cenomanian-Turonian successions might have been
affected by contemporaneous LIP activity, but because the LIPs in
question are thought to have been largely subaqueously emplaced and at
substantial distance from the studied sites, the Hg-cycle perturbation is
thought to be geographically confined even during periods of intense
volcanism (Scaife et al., 2017; Percival et al., 2018).

2.2. Methods

2.2.1. Hg analyses
Prior to analyses, all samples were ground to fine powder, either by
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Table 1a
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Overview of studied Holocene and upper Pleistocene localities. For a more detailed description of each record refer to Section 1 of the supplementary text.

Site Murray Ridge, Arabian Sea Northern Faro Deep, Eastern Mediterranean
Gotland Basin, Baltic Sea
Baltic Sea
Locality Station 1B Station 6B Station 10 LL19 F80 64PE406-E1
No. on map 1 2 3 4 5 6
Period Holocene Holocene Holocene Holocene Holocene Holocene-late Pleistocene
Environmental Open marine, Open marine, upwelling Open marine, upwelling Restricted, Restricted, Open marine (~1760 m
setting upwelling zone zone (~1500 m water zone (~3000 m water marginal sea marginal sea water depth)
(~900 m water depth) depth) (~170 m water (~190 m water
depth) depth) depth)
Oxygenation regime  Anoxic Hypoxic Oxic Oxic/hypoxicto  Oxic/hypoxicto  Oxic to euxinic

(s)

Accumulation rate Moderate (1-10 cm/ Moderate (1-10 cm/kyr)

kyr)
Data from literature TOC, TS, trace elements (part), pore-water chemistry, Fe-speciation
Key references (Kraal et al., 2012; Lengger et al., 2014; Vollebregt et al., 2023)
Data generated Hg Hg Hg

Study aim

records

Moderate (1-10 cm/kyr)

Resolve Hg & TOC accumulation in permanent strongly oxygen-depleted to oxic
conditions, and relation to oxygenation in other sites with similar export flux (St.
1B, 6B and 10). Excludes temporal & spatial variability as a factor in shaping Hg

euxinic euxinic
Very high (>50 Very high (>50
cm/kyr) cm/kyr)
TOC,TS, trace elements
(Jilbert and Slomp, 2013; van

Helmond et al., 2018)

Moderate (1-10 cm/kyr)

TOC (part), trace elements
(Rush et al., 2019; Hennekam
et al., 2020; Sweere et al.,
2021)

Hg, TOC (part)

Isolate post-depositional
oxidation including buried
redox fronts.

Hg Hg
Resolve Hg & TOC accumulation
during transitions from oxic/dysoxic
to euxinic conditions and vice versa,
includes temporal variability. LL19
and F80 together provide control on
potential spatial variability.

Isolated factors
Potential processes
reflected in

Hg sequestration
with organic matter

Oxygenation
Hg sequestration with
organic matter,

Hg sequestration with
organic matter,

Transient variability in oxygenation
Hg sequestration with organic
matter and sulfur, Hg focusing with

Post-depositional oxidation
Hg sequestration with
organic matter and sulfur, Hg

sedimentary and/or sulfur, Hg subsequent slow break- subsequent break-down sulfides, Hg evasion focusing with sulfides, Hg
signals evasion down of organic matter of organic matter and evasion, Hg focusing on
and impact on Hg/TOC impact on Hg/TOC redox fronts
Table 1b

Overview of studied Cretaceous localities. For a more detailed description of each record refer to Section 1 of the supplementary text.

Site Demarara Rise, Equatorial ~ Morocco Italy United Kingdom
Atlantic

Core/Locality ODP1261A Tarfaya S57 Furlo South Ferriby

No. on map 7 8 9 10

Period Coniacian-Santonian OAE 2 interval Cenomanian (pre-OAE 2) OAE2 interval

Environmental setting Open marine (semi-
restricted)

Ferruginous to euxinic
Low-moderate (~1 cm/ kyr)

TOC, TS, trace elements

®)

Oxygenation regime(s)

Sediment accumulation rate

Data from literature (paired

data only)

Key references (Marz et al., 2008)
et al., 2015)

Data generated for this study Hg, TOC

Study aim

Hg, TOC (part)

traced to individual processes

Open marine, upwelling zone

Ferruginous to euxinic
Low-moderate (~1 cm/kyr)

(Tsikos et al., 2004; Poulton

Open marine Marginal sea

Hypoxic to euxinic
Very low-low (<1 cm/kyr)

Oxic to hypoxic/anoxic
Very low («1 cm/kyr)

(Jenkyns et al., 2007; Owens
et al., 2017)
Hg, TOC

(Jenkyns et al., 2007; Pogge Von
Strandmann et al., 2013)
Hg, TOC

Test if geological deep time sedimentary successions record similar effects as seen in Holocene-Pleistocene records and if those effects can be

hand with an agate mortar and pestle or in a ceramic ball-mill. Mercury
(Hg) analyses were conducted with a Lumex 915+ device, attached to a
pyrolysis unit (PYRO-915) at the University of Oxford. For each sample,
approximately 50-200 mg of homogenized powdered sediment was
pyrolyzed at 700 °C and ~60% of samples were analyzed in duplicate to
assess reproducibility. Calibration of the Lumex 915+ unit was per-
formed using a paint-contaminated soil standard (NIST2587), which
contains 290 ppb (ng/g) Hg. Reproducibility, established from long-
term observations of this standard over the last 2 years (n = 390) was
on average 6% when >3 ng Hg was analyzed. Given an effective
maximum capacity of ca. 300 mg of the sample boats, this reproduc-
ibility estimate is valid for samples with >10 ppb Hg. A few samples
with very low Hg contents (<5 ppb), closer to the detection limit, have
analytical uncertainty >10%. With the exception of the Mediterranean
core (64PE406-E1), all Hg was analyzed on sample powders that have
also been analyzed for TOC, S and trace elements. For 64PE406-E1, we
utilize a combination of calibrated Mo concentrations from X-ray fluo-
rescence (XRF) scanning (Hennekam et al., 2020) and new and existing
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dedicated TOC measurements on the same powders that were analyzed
for Hg.

2.2.2. Determination of organic and inorganic carbon

For black shales and samples expected to be relatively rich in organic
carbon, total organic carbon (TOC), hydrocarbon yield of the organic
matter and inorganic carbon were assessed with a Rock-Eval 6 device
(Lafargue et al., 1998; Behar et al., 2001) at the University of Oxford. For
every 10 samples, at least one in-house standard of homogenized sedi-
ment with pre-determined values was analyzed to assess reproducibility
(2.72% TOC, standard deviation 1% of the measured value, n = 20). The
reproducibility of other parameters of interest (Tpax = 0.5% of measured
value, Hydrogen Index (HI) = 2.2%, mineral carbon = 2.4%) was based
on the same measurements of the in-house standard. The hydrogen
index (HI) and oxygen index (OI) are used as in, e.g., Behar et al., (2001);
briefly, the mass of released hydrocarbons (“S2”) and CO; (“S3”) during
standard pyrolysis in mg is multiplied by 100 and divided by TOC to
obtain HI and OI, respectively. Analyses of a decarbonated standard
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(~48% carbonate) suggest that TOC, S2, S3 and consequently HI and OI
were not significantly impacted by low-temperature decomposition of
carbonates (Hazra et al., 2022). As all tested samples are dominated by
marine organic matter (see Supplementary materials (S1.2-1.7)), we
interpret HI and OI primarily as indicator of organic matter degradation.
A subset of samples were previously analyzed for TOC using various
established practices. TOC results determined after an acid-washing
procedure (Marz et al., 2008) were here re-analyzed with Rock-Eval
(ODP Hole 1261A) to confirm reproducibility. Average TOC is slightly
higher (n = 39, 8.2 + 1.4%) for acid-washed than for bulk RockEval
analysis (7.5 + 1.3%), confirming that there is minimal influence of
methodology on the measured TOC content (Nieuwenhuize et al., 1994).

Organic-lean carbonates from the Furlo section were analyzed on a
Strohlein Coulomat 702 at the University of Oxford. Total carbon of the
bulk sediment was determined by analyzing 20-40 mg of untreated
homogenized powdered material, while a second 20-40 mg aliquot was
heated to 450 °C in a combustion furnace overnight to remove organic
carbon. During analysis, combustion of the untreated and furnaced
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sample at ~1300 °C releases all carbon from the sample, which is then
quantified via back-titration. The difference between the untreated
sample and furnaced sample indicates the TOC content, whereas the
heated aliquot represents the total inorganic carbon fraction (TIC).
Long-term analytical reproducibility based on an in-house pure car-
bonate standard was determined to be ~0.1% C, while the detection
limit is ~0.1% C. Total organic carbon measurements obtained from the
RockEval 6 and Coulomat at the University of Oxford are routinely cross-
checked with in-house standards.

A subset of samples (25) from the 64PE406-E1 multi- and piston core
were analyzed for TOC at Royal Netherlands Institute for Sea Research
(NIOZ). Samples were dried, homogenized, decarbonated with 2 M HCL
and subsequently dried and homogenized again, followed by measure-
ment on a Thermo-Interscience Flash EA1112 Series Elemental
Analyzer. Based on replicate analyses of standard materials the accuracy
is ~0.3% for TOC, with a detection limit of ~0.1%.
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Fig. 3. Hg, TOC and sediment and pore-water chemistry for the Holocene (~0-4 ka) Arabian Sea stations. A, C, E. Hg, TOC and Hg/TOC for Station 1B, 6B and 10,
respectively. Note that the TOC scale is on the top of each panel. B, D, F. Mn?" and Fe?" concentrations in pore waters. Bottom-water oxygen concentration (BWO)
and saturation (Oqsat) for each station (Koho et al., 2013). TOC and pore-water data were published in Kraal et al. (2012).
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2.2.3. Determination of Pb and Zn

For a small subset of samples (n = 18 from the Arabian Sea, sedi-
mentary lead (Pb) and zinc (Zn) content were determined by analyzing
the 1 M HCI total digestion extracts of Kraal et al. (2012) on an Induc-
tively Coupled Plasma Mass Spectrometer (Thermo Fisher Scientific
XSERIES 2 ICP-MS) at Utrecht University. The accuracy (recovery),
based on QCs, was 99% for both Pb and Zn. Average analytical uncer-
tainty based on sample replicates (n = 6) was 1.4% for Pb and 3.6% for
Zn.

3. Results
3.1. Natural long-term oxidation — Arabian Sea

At the three Arabian Sea stations, Hg contents are highest at the top
of Station 1B (the shallowest water station), with a maximum of 150
ppb, and lowest (23 ppb) for the lowermost sample of the Station 6B core
(Fig. 3). Station 10 (greatest water depth) shows rather stable Hg con-
tents (50-90 ppb). The elevated Hg contents at the top (<10 cm) of the
anoxic station (1B) seem to suggest some influence of anthropogenic
pollution. There are, however, several reasons why we consider
anthropogenic contamination unlikely even at the top of the Station 1B
core. For example, the elevated Hg does not appear in similar fashion at
the other locations, and the average accumulation rates (~5-10 cm
kyr~!) would imply significant Hg perturbation prior to the industrial
revolution (Koho et al., 2013). Furthermore, there is a complete absence
of anomalous values in other commonly Hg-pollution-associated heavy
metals such as Pb and Zn (Supplementary data). Lastly, there is no clear
evidence for a trend break in Hg or Hg/TOC similar to the youngest part
of the Baltic Sea cores (Fig. 3A, C); in the Arabian Sea Station 1B and 6B
Hg content gradually decreases with depth. Hg overall correlates posi-
tively with TOC when all data from the three stations are combined (R?
~ 0.3, p < 0.001; Supplementary Fig. 1A), and the correlation coeffi-
cient increases when the two deeper water stations are considered
individually (Station 6B, R? ~ 0.7, p < 0.001) and Station 10, R? ~ 0.45,
p = 0.004). A negative correlation [R? ~ 0.7, p < 0.001) with TOC is
found at the shallowest water Station 1B, which may be related to
preferential (ongoing) Hg loss (paragraph 4.1.1), paired with a slight
increase in TOC at the bottom of the core, that may be related to higher
productivity at the time of deposition. The TOC profile here does not
reflect organic-carbon loss, which is minimal compared to the particle
flux (see also paragraph 4.1.1), which leads us to believe that the
negative correlation with Hg is in part forced by small variations in the
TOC flux.

Mercury and Hg/TOC for the shallowest water station (1B) show a
strong decreasing trend with depth, as Hg reduces from 150 to 60 ppb
whereas TOC increases from ~5.5% to 7.5% (Fig. 3A). These opposing
trends result in a strong negative correlation. Mercury at the interme-
diate station (6B) shows a similar, albeit much shallower, trend (Fig. 3C)
but clear depth-dependent patterns in Hg/TOC are not recorded here or
at Station 10 (Fig. 3C, E). Dissolved Mn (assumed to be Mn?") and Fe
(assumed to be Fe2+) constrain redox conditions for the Arabian Sea
Stations. At Station 1B, the absence of dissolved Mn and presence of
dissolved Fe shows that reduction of Fe-oxides is presumably the pri-
mary pathway for the (microbial) degradation of organic matter
throughout the studied interval (Fig. 3B) (Kraal et al., 2012). Kraal et al.
(2012) also determined that Mn-oxide reduction is more prevalent at
Station 6B and becomes the dominant anaerobic pathway for (micro-
bial) degradation of organic matter at Station 10 (Fig. 3D, F).

Across the site transect, average Hg/TOC increases markedly with
oxygenation; we find Hg/TOC of 15 + 6 ppb/% (mean, standard devi-
ation, n = 17) at the shallowest (anoxic) site (Station 1B) (Fig. 3A), rising
to 32 + 5 (n = 18) at the intermediate (6B) (Fig. 3C) and 96 + 12 (n =
18) at the deepest, most oxic site (10) (Fig. 3E). Arguably, the lowermost
(i.e., greatest core depth) recovered sediments, where trends with depth
are minimal in Hg and TOC, are most representative of the burial signal.
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Focusing on the lowermost 10 cm of each core, we find a further
decrease in Hg/TOC in the anoxic site to 8.7 &+ 0.9 (n = 6), whereas Hg/
TOC at the other sites remains virtually unchanged from top to bottom of
the analyzed interval.

3.2. Influence of transient changes in oxygenation: Baltic Sea soft
sediments

The Holocene sediment cores F80 and LL19 from the Baltic Sea (See
Table 1, see Supplementary text 1.2 for details on age-depth models and
previous studies using F80, LL19) show identical trends in TOC-
normalized Hg and Hg content throughout. In the pre-industrial
(<1750 calendar years common era (CE), based on the detailed age
model of Jilbert and Slomp (2013), sedimentary Hg content did not
exceed 40 ppb, whereas it reached a maximum well above 200 ppb
around ~1980 CE. Core F80 seems to record a subtle increase in Hg and
Hg/TOC from about 1100-1200 CE, suggesting that, for example, small-
scale early industrial activity or deforestation around the Baltic Sea may
have influenced Hg influx at our sites, as is also supported by the Pb
record in the study by van Helmond et al. (2020). The pre-industrial
Holocene Hg and TOC contents in our cores are very similar to those
obtained during earlier work in the Baltic Sea that focused mainly on the
recent centuries and effects of modern anthropogenic Hg pollution
(Leipe et al., 2013).

Before the main period of anthropogenic Hg emissions (<1750 CE),
Hg loading in the oxic-anoxic sediments, based on correlation with TOC,
appears to be almost completely controlled by their TOC contents
(Supplementary Fig. 2A, C). In some anoxic-sulfidic intervals, TOC
spikes above 10%, whereas the more oxic intervals generally have 1-2%
TOC (Jilbert and Slomp, 2013). Hg/TOC averages ~3.8-5.5 ppb/% in
the anoxic to sulfidic intervals and averages 6.4 (F80) to 8.6 (LL19) in
the more oxic intervals (Figs. 4, 6B, C). The non-sulfidic intervals at F80
show elevated Mo and lower Hg/TOC compared to the same intervals in
LL19 (Fig. 4). This pattern may signal continued oxygen deficiency at
F80 even during the most oxic phases, which is supported by sedimen-
tary Re content data (van Helmond et al., 2018). Prior to the emergence
of overwhelming Hg pollution (1750 CE), negative correlations between
both Hg and Hg/TOC and redox-sensitive elements (Mo, U, Cd etc.) are
ubiquitous. Such redox-sensitive elements are usually also enriched or
proportional to the TOC values, whereas the rise in Hg is smaller than
that in TOC (Fig. 4). This relationship implies that the correlation of
other TOC-bound elements with Hg is generally positive and that the
correlation of these elements with Hg/TOC is negative, as also indicated
by the decreasing Hg/TOC with TOC. The negative correlation between
sulfide-bound elements (Mo) and Hg/TOC weakens with increasing Mo,
which suggests a non-linear connection between anoxic and especially
sulfide-enriched (pore) waters and decrease in Hg/TOC (Fig. 4E, F).

3.3. Influence of post-depositional oxidation: Mediterranean Sea soft
sediments

The sapropels S1 and S5 in sediments from the Eastern Mediterra-
nean Sea show increased Hg contents compared to background sedi-
mentation (Fig. 5). However, (slightly) subdued or stable Hg/TOC
values appear in the anoxic intervals (high Mo, high Ba; for details on
oxygenation during sapropel deposition see, e.g., Hennekam et al., 2020;
Clarkson et al., 2021; Sweere et al., 2021), similar to the Arabian and
Baltic Sea records. Background Hg contents in the oxygenated (low Mo,
low Ba) sediments are ~10 ppb, increasing to relatively stable values
around ~50 ppb (S1) and ~100 ppb (S5) within the sapropel layers. The
profiles also show second-order variability both below and above the
sapropel layers. For example, the top of both S1 and S5 is marked by a
clear spike in Hg contents (up to ~100 ppb in S1 and ~230 ppb in S5),
approximately double the Hg contents observed in the lower part of the
sapropels. These spikes are not paralleled by an accompanying increase
in TOC, which remains stable around the average of the sapropel



J. Frieling et al.

Geochimica et Cosmochimica Acta 351 (2023) 78-95

CorelLL19 Core F80
| ° nE ; |
TOC (wt%) TOC (wt%)
int. eux. int. eux.
0 2 4 6 8101214  oxjc-anoxic | [euxinic 0 2 4 6 8101214  oxic-anoxic | euxinic
1000 oS 1 I 1000 -| '.:(‘ — B ==
wo= —
0 4 0 4
-1000 4 -1000 4
o -2000 4 4 -2000 ~ZZ 4
U e (=1 :
E3 £ ?> >‘ Sy N =———
° = 1
& -3000 - 4 - -3000 % A
k5 = . |
3 - {:(3 :
-4000 - 4 -4000 . N
S — = =
f‘ RS =
5000 4 . 4 -5000 4
-6000 z 4 6000 4
7000 - R -7000 J
r—rr T 111 | B e e e—_— T T T T T 1 T T T 1
0 20 40 60 80 100 0 100 200 300 0 20 40 60 80 100 0 100 200 300
Hg (ppb) Mo (ppm) Hg (ppb) Mo (ppm)
¢ 15 ! ] 1 1 | F 15 | 1 1 |
7| LL19 Pre-industrial 7| F80 Pre-industrial
Y 10 H° o 10
O ]
t . t .‘
3 g 3 Y
85 W, o5 g s M e
- 1 . L L = 1 e L
2 . . FH > ) 0§l:::o e e
. o0
0 - 0 -
T T T T T T T T T T
0 100 200 300 400 0 100 200 300 400
Mo (ppm) Mo (ppm)

Fig. 4. Hg, TOC, and trace-element records for Baltic Sea cores LL19 and F80 for the Holocene (~0-8 ka). A. Hg, TOC and Hg/TOC for core LL19, North Gotland
Basin. B. Molybdenum (Mo) contents for LL19 (data from van Helmond et al. 2018). C. Pre-industrial (<1750CE) Hg/TOC vs Mo for core LL19. D. Hg, TOC and Hg/
TOC for core F80, Faro Deep. E. Mo contents for F80 (data from van Helmond et al. 2018). F. Pre-industrial (<1750CE) Hg/TOC vs Mo for core F80. Abbreviation —
int. eux. = intermittent euxinic conditions. Note that the top of the interval (>1500 CE) is marked by progressively increasing Hg and normalized Hg due to pollution.

interval (values around 1.5-2% in S1 and 5-6% in S5), above back-
ground values of ~0.5-1%. In general, the preserved Hg/TOC ratios are
more variable (Figs. 5C, 6D) in background sediments than in sapropels.
However, whether Hg/TOC values of the background deposits are
higher than those of the sapropels, as suggested by the trends across the
onset of sapropel S5, cannot be confidently determined with the avail-
able data.

Intriguingly, Hg/TOC for S1 is higher (~25 ppb/%) than for S5 (~17
ppb/%), which may be linked to more intense deoxygenation during S5
(Sweere et al., 2021) (see also Mo content in Fig. 5B and 5E). In the
oxidized part of S1, where high Ba is considered to follow the original
extent and intensity of the sapropel (e.g. van Santvoort et al., 2002) (ca.
28-23.5 cm depth, 8.3-6.5 ka), Hg spikes and Hg/TOC remains at a
relatively elevated level. This pattern contrasts with TOC, of which a
substantial part has been removed during post-depositional oxidation:
the oxidized part of S1 records 0.8% TOC, whereas the unoxidized part
records 2%. A similar effect appears to occur at the upper 3-4 cm of S5
(ca. 122 ka).
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3.4. Influence of transient oxygen variability: The deep-time sedimentary
record

3.4.1. Coniacian-Santonian, Ocean Drilling Program (ODP) Site 1261A
The Coniacian-Santonian sediments at Demarara Rise ODP Leg 207
Site 1261 Hole A (Shipboard Scientific Party, 2004) (Fig. 7) show
generally high to very high TOC (4-12%) and moderate Hg content
(20-140 ppb), compared to geological averages (~60 ppb for shales,
~30 ppb for limestones, Grasby et al., 2019). We find no obvious cor-
relation between Hg and TOC or Hg and S (Supplementary Fig. 3), and
see a pronounced cyclicity in Hg, Hg/TOC and Hg/TS. Hg/TOC ratios
vary between ~5 ppb/% in some parts of the sulfidic intervals (as
determined by Marz et al. 2008), and locally spike up to 15 ppb/% in the
anoxic non-sulfidic intervals (shaded bands in Fig. 7) and directly above.
Both the carbonate content and the carbonate-free TOC are lowest in the
anoxic non-sulfidic sediments. Although Hg and TOC only weakly
correlate, the HI and OI are negatively and positively correlated to Hg
and that leads to a correlation of HI and OI with Hg/TOC (Fig. 7, 8D),
suggesting organic-matter characteristics play an important role in
shaping Hg and Hg/TOC. The negative correlation between Hg and Hg/
TOC, marking Hg depletion relative to both (carbonate-free) Mo and
TOC, are also observed here, similar to the Baltic Sea sites (Figs. 4E, 4F,
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7E). The carbonate-corrected aluminum (Al) content is remarkably
constant, suggesting stable Al accumulation rates throughout the
analyzed interval. We find that Hg/Al follows the same pattern as Hg: a
crucial observation that shows Hg burial was not constant and not
driven primarily by Hg associated with an increased influx of siliciclastic
material. As the higher Hg contents coincide with sediments containing
evidence for ferruginous conditions (based on Fe-speciation data (Marz
et al., 2008)), suggesting that Hg scavenging under such conditions was
more efficient compared to euxinic conditions and/or that the sediments
deposited under euxinic conditions lost (more) Hg.

3.4.2. Cenomanian, pre-OAE 2 level, Furlo, Italy

We here focus on organic-matter characteristics because paired
trace-element records are not available for the selected samples, the bulk
of the succession being represented by organic-lean white pelagic car-
bonates of the Scaglia Bianca (carbonate content 90-95%) and the
remainder being represented by thin (centimeter-scale) black and green
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shales and black cherts, with variable but generally much lower car-
bonate content (0-80%). Overall, these sediments also show large dif-
ferences in TOC and Hg content, and notably Hg/TOC (Fig. S5). The
latter could be partly a consequence of TOC and Hg often being difficult
to measure reliably in the carbonates (see also Supplementary text S2).
In the more organic-rich facies, where such analytical issues do not play
arole, Hg/TOC ranges from 17 to >400, compared to 30 to 350 obtained
by Percival et al. (2018). The overall correlation between Hg and TOC in
the shales and cherts is strong (R2 ~ 0.7, p < 0.001, Fig. S5D) while,
after normalizing Hg to TOC, only a weak correlation with HI remains
(R% = 0.2, p = 0.02), indicating that the type and/or preservational state
of organic matter here has no dominant influence on Hg/TOC (Fig. 8A).

3.4.3. Cenomanian-Turonian (OAE 2), S57 core, Tarfaya, Morocco

The TOC content of the S57 core samples from Tarfaya, Morocco, is
consistently high (average 7%) and never drops below ~1% in the
studied core interval (50-60 m core depth) (e.g., Tsikos et al., 2004;
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Fig. 6. Summary of observed Recent to upper
Pleistocene Hg/TOC in the Baltic, Arabian and
Mediterranean Sea cores. A. Hg/TOC for the
Arabian Sea stations, going from anoxic (1B) to oxic
(10). B. Hg/TOC for the Holocene Thermal Maximum
(HTM; ca. 5000 — 2000 BCE) and Medieval Climate
Anomaly (MCA, ca. 500 - 1200 CE) euxinic and pre-
industrial (PI) oxic background intervals for core
LL19. C. As panel B but for core F80. D. Hg/TOC for
Site 64PE406-E1, Eastern Mediterranean, split by
oxidation regimes: sapropels “S1”, “S5”, their oxidized
tops, “OS1” and “0S5”, and background.
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Percival et al., 2018). The TOC and Hg data used here are from Percival
et al. (2018) and oxygenation for the sample levels is estimated based on
Fe speciation and lipid biomarkers (Poulton et al., 2015). We here record
high HI values, above 500 and average ~660, indicative of immature
marine organic matter. Hg and TOC are well correlated across the entire
analyzed interval (Percival et al., 2018). Hg/TOC values are generally
low, averaging ~23 (min 9.5, max 88) and correlate moderately well
(R? ~ 0.4, p < 0.001) with the OI but not significantly with HI (R* ~ 0.1,
p = 0.11), suggesting that either preservation or a (small) refractory
organic-matter pool plays a role in shaping Hg/TOC relationships.
Across the ferruginous—euxinic cyclic variations, only small changes in
Hg/TOC are observed, and correlation between Hg/TOC and OI in this
interval is somewhat weaker than across the entire interval previously
analyzed for Hg and TOC (Percival et al., 2018).

3.4.4. Cenomanian-Turonian (OAE 2), South Ferriby Black Band, UK
Hg contents across the South Ferriby Black Band range from 40 ppb
in the pelagic white chalk to 350 ppb in the black-shale interval that is
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the hallmark of OAE 2. A weak and insignificant correlation (R?=0.16,
p = 0.1, Fig. S4B) with TOC is found but the negative correlation of Hg/
TOC with HI (R2 = 0.55, p = 0.02) and the positive correlation with OI
(R? = 0.88, p < 0.001) are stronger (Fig. 8C). TOC in the pre-event
carbonate-rich sediments is ~0.2%, reaching a maximum of 6-7% in
the Black Band itself (Jenkyns et al., 2007). Hg/TOC ratios decrease
from values above 200 ppb/wt % in the organic-lean carbonates below
the Black Band to an average of ~45 ppb/wt % in the black shale.
Minimum Hg/TOC coincides with the highest TOC contents and HI/OI
indicates that the best-preserved (marine) organic matter shows lowest
Hg/TOC (Fig. 8C).
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and D, OI is also given inflated by a factor 10 to illustrate variability.
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4. Discussion
4.1. Hg and Hg/TOC trends with (de)oxygenation

4.1.1. Influence of oxic to anoxic conditions: different starting conditions,
different outcome?

The Holocene Arabian Sea sediments provide insight into the effects
of exposure to a range of oxygen concentrations and progressive OM
breakdown on time-scales that cannot be (easily) observed in controlled
environments (10 s-1000 s of years). We find only relatively minor
differences in absolute Hg contents between the OMZ and more
oxygenated sites (Fig. 3), especially below ~10 cm core depth.
Intriguingly, the anoxic site (Station 1B, Fig. 3) has higher Hg contents at
the top of the core that stabilize at a much reduced level in the lower part
of the core. While this Hg trend appears to be similar to the widely
documented anthropogenic contamination, the combination of the
sediment age and chemical signatures of this and nearby sediment cores
imply it is difficult to explain the signal with anthropogenic Hg loading
(see section 3.1). Rather, we here consider the scenario that down-core
Hg decrease at Station 1B hints at disproportionate Hg loss during
sediment accumulation.

For the anoxic Station 1B (Fig. 3A) we can assume that Hg and TOC
arrived at the sea floor in a condition that is closely representative of the
export particle flux from the anoxic waters below the photic zone, with
only minor alteration due to very short (~1 year) residence time in
oxidizing conditions (Lengger et al., 2014). This supposition is sup-
ported by TOC contents at the anoxic site (6.5-7.5 wt%) that do not
appear to differ much from the organic-carbon fraction in the export
particle flux (~8 wt%) (Honjo et al., 1999). Even if only a small fraction
of OM appears to be broken down, this fraction seems to contain a large
proportion of the total Hg, or it may imply a significant portion of Hg
deposited under these anoxic conditions is only weakly bound at time of
deposition and/or can be released without noticeable changes to TOC.

The available primary and export productivity estimates across the
region suggest all these stations started from a similar particle flux
composition (Haake et al., 1993; Honjo et al., 1999; NASA Ocean
Biology (OB.DAAC), 2014) and, without oxidation, should record
similar TOC to that is observed in the particle flux and Station 1B
(6.5-8%). Assuming these equal starting conditions, we calculate that a
significant fraction (80-90%) of organic carbon has been lost at Stations
6B and 10, which now average only 1.2 and 0.6 wt% TOC, respectively
(Fig. 3C, E). The loss of organic carbon is, however, not clearly reflected
in further decreasing Hg contents compared to Station 1B. The absolute
Hg content at the intermediate water depth Station 6B (Fig. 3C) is
approximately half that of the stratigraphically lowermost sediments at
the anoxic Station 1B (Fig. 3A), while the deep-water, well-ventilated
Station 10 (Fig. 3E) shows contents similar to those found at the anoxic
Station 1B (Fig. 3). The stabilized profiles of Hg and TOC suggest that the
lower intervals (10-20 cm depth) of all three Arabian Sea cores repre-
sent signals that are potentially stored in the geological record.

4.1.2. Effects of local (transient) changes in oxygenation
Complementing the data from the Arabian Sea sediments, the Baltic
Sea and Mediterranean sites allow us to test whether the observed trends
hold for single localities experiencing different oxygenation regimes,
which is situationally more similar to the geological record. These sites
may also help reveal the potential influence of euxinic conditions and
sulfate reduction in bottom and pore waters, which are generally
considered to be negligible in the Arabian Sea (Kraal et al., 2012). In
addition, the Mediterranean sapropel S1 records strong post-
depositional OM oxidation (‘burn-down’) and influence of halted
redox fronts, whereas the extremely high sediment and organic-matter
accumulation rates in the Baltic Sea sites largely prevent oxygen pene-
tration into the sediments, stifling aerobic organic-matter breakdown
even during relatively well-ventilated bottom-water conditions.
Overall, the various Holocene and upper Pleistocene cores provide
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data sets comparable to those typically generated on core and outcrop
material that records ancient (de)oxygenation events (e.g., Turgeon and
Brumsack, 2006; Jenkyns, 2010). Here, we generally find low to mod-
erate (10-100 ppb) Hg contents, which are strongly correlated with
TOC, suggesting that sedimentary Hg is predominantly TOC-bound.
However, some caution is warranted because sedimentary sulfur is
also strongly correlated with Hg and TOC and the presence of a
considerable sulfide S-associated Hg fraction might only be revealed
through Hg-speciation analyses. Importantly, based on correlation with
TOC, the organic-matter flux in the Baltic Sea cores controls the Hg
burial flux despite very high sedimentary, organic-matter and sulfide
(TS > TOC) accumulation rates. This also implies Hg availability is
unlikely to have been a limiting factor in Hg drawdown efficiency in the
material we examined, and, by extension, most of the ancient sediment
samples analyzed to date.

When looking in more detail, we find that, despite the strong
Hg-TOC and Hg-TS correlations, the Hg increase in the anoxic and
sulfidic intervals in the Baltic and Mediterranean Sea cores does not
entirely match the TOC or TS increases, resulting in lowered Hg/TOC at
high TOC contents (Figs. 4, 5) and a similar effect can be seen in Hg/TS
(Supplementary Data). Published data from Holocene—upper Pleistocene
oxic-anoxic marine localities, the Japan Sea and Peruvian Margin (Shen
et al., 2020), show similarly lowered Hg/TOC in sediments deposited
under anoxic and euxinic conditions. However, on the strongly sulfidic
end of the spectrum, the Baltic Sea core material shows the Hg/TOC-Mo
correlation becomes rather insensitive at high Mo contents (Fig. 4E,F),
which suggests a breakdown of the relationship during the most sulfidic
episodes. This feature of the geochemistry appears consistent with the
observation that, for strongly pyritized sediments (Shen et al., 2020), the
relationship of Hg/TOC with low-oxygen and especially sulfidic condi-
tions may be reversed, and may be marked by higher Hg, either as HgS
or Hg inclusions in pyrite (Figs. 4, 5), commonly assumed to reflect a
shift from TOC-bound to S-bound Hg deposition. However, previous
studies (Shen et al., 2020) showed that TS-associations are also rare in
sub-recent sediments deposited under strongly sulfidic conditions that,
paired with the observation of Hg associated with diagenetic pyrite,
hints at a mechanism where Hg may be (re)captured into pyrite during
(late stage) diagenesis.

Furthermore, the Mediterranean sapropel record we generated con-
firms the occurrence of Hg focusing near paleo-redox fronts and shows,
in specific cases, Hg/TOC, but notably also the Hg content itself to be
elevated as a result of oxidation and/or immobilization at the oxic-
anoxic boundary. This observation confirms the findings of Mercone
et al. (1999), who documented large Hg spikes associated with paleo-
redox fronts in oxidized sapropels and turbidites, which were hypothe-
sized to be associated with Fe-Mn (oxyhydr)oxide scavenging. The
occurrence of an ash layer at the top of sapropel S5 in some parts of the
Eastern Mediterranean (a crypto tephra in core 64PE406-E1) may be
argued to have added extraneous Hg in the analyzed interval. However,
we consider a dominant volcanic source for this Hg spike unlikely or
highly fortuitous: it remains extremely challenging to connect individual
eruptions, and non-LIP activity in general, to Hg emissions (e.g. Schuster
et al., 2002; Guédron et al., 2019; Edwards et al., 2021). Perhaps more
importantly, the placing of the S5 Hg spike coincides exactly with the
position where burn-down stopped (paleo-redox front) in sapropel S1
(Fig. 5), akin to previously studied turbidites and S1 in other Mediter-
ranean cores (Mercone et al. 1999) where tephras are not recorded.
Collectively, these data provide strong support for the findings of Mer-
cone et al. (1999) who hypothesized that Hg released during oxidation
of OM and pyrite may be focused around halted redox fronts.

The low overall Hg/TOC values observed in the Holocene anoxic
Baltic Sea (Fig. 4), Holocene-upper Pleistocene sapropels (Fig. 5),
Peruvian Margin sediments (Shen et al., 2020), and the anoxic Arabian
Sea site are noteworthy, especially considering various inter-site dif-
ferences. The Holocene data presented here from the Baltic and Arabian
Sea, with Holocene-upper Pleistocene sapropel data, in concert with
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published data from similar environments (Shen et al., 2020), show that
shorter oxygen exposure can result in decreased Hg/TOC, through
preferentially enhanced preservation of organic matter, inefficient Hg
burial and likely loss of Hg. Critically, we also find, based on our data
from Mediterranean sapropels and published data (e.g. Mercone et al.,
1999; Shen et al., 2020), that these relationships may reverse in (1) the
most oxygen-depleted, strongly sulfidic conditions that can directly (re)
capture Hg in pyrite or as HgS and (2) in cases where post-depositional
oxidation affects sediments deposited in anoxic-sulfidic conditions.
Evidently, this process complicates the interpretation of deep-time Hg
and TOC- and TS-normalized records, especially those for which no
accurate, paired, oxygenation reconstructions exist.

4.1.3. Transfer of soft-sediment signals into the geological record

The material from ODP Site 1261A recovered from Demerara Rise
records clear cyclic variability in sedimentary geochemistry, including
Hg, during the Coniacian-Santonian Ocean Anoxic Event 3. This vari-
ability confirms that the effects documented for soft sediments are also
preserved in the geological record. With deposition alternating from
euxinic to ferruginous (Marz et al., 2008), this sedimentary material was
deposited under redox conditions rather similar to the Holocene Baltic
Sea sites. The organic-matter content is very high throughout (5-15%;
Fig. 7) and the correlation between Hg and TOC is weak, as is the cor-
relation of Hg with S (both R? ~ 0.05). Both Hg and TOC show cyclicity,
but these cycles are not aligned or in anti-phase, implying other factors
than organic-matter flux determined Hg content.

When normalizing Hg to TOC, however, clearer trends with other
geochemical proxies start to appear. The sediments contain relatively
minor amounts of pyrite (Marz et al., 2008), also evidenced by low and
relatively stable TS/TOC ratios (average 0.23 + 0.02, n = 117). There-
fore, Hg/TS shows virtually identical trends to Hg/TOC (Fig. 7A, B).
These relationships also imply that it is unlikely that a large proportion
of Hg is metal sulfide-bound or present as HgS inclusions. Instead, the
negative correlation of Hg/TOC with HI might imply a mechanism
whereby the OM preservation state, in this case the extent of oxidative
degradation, controls the Hg/TOC. Counter-intuitively, the most
carbonate-lean (“black” shale) intervals have the lowest HI and highest
OI in this section, which may be explained by reduced accumulation
rates. Together with the stable carbonate-free Al fraction, the low HI and
high OI suggest lowered accumulation rates and, as a consequence, slow,
protracted, breakdown of sedimentary OM during the deposition of the
carbonate-poor intervals. The behavior of Hg relative to conservative
detrital elements such as Al across the oxygenation cycles mimics that of
Hg/TOC and Hg/TS. This parallelism provides further support for the
notion that the highest Hg preservation efficiency and perhaps accu-
mulation rates occurred during the ferruginous phases.

Combined with the evidence for alteration of Hg and TOC signals in
our Holocene core material, it seems likely that Hg and Hg/TOC signals
were mostly fixed during early sedimentary diagenesis with a substan-
tial influence of water-column and pore-water oxygenation, particularly
through OM degradation in oxic settings and inefficient Hg burial and
loss in anoxic settings. The observation that TOC is lost relative to Hg
aligns with observations on modern organic-rich substrates such as peats
and varved lake sediments (e.g., Biester et al., 2003; Rydberg et al.,
2008).

The effects of ambient redox conditions, as illustrated by organic-
matter preservation, also appear to be a common feature in all Creta-
ceous sites we studied. For example, when focusing on the Hg and TOC
of the shale and chert levels at Furlo (Fig. S5), we find a positive cor-
relation between Hg and TOC, but a weak negative correlation between
Hg/TOC and HI (Fig. 8A). A negative correlation between Hg/TOC and
HI and positive correlation between Hg/TOC and Ol is seen at Tarfaya
S57 (Fig. 8B), South Ferriby and ODP Hole 1261A (Fig. 8C,D). It is
noteworthy that HI at both Furlo and South Ferriby is generally low
compared to Tarfaya S57 and ODP Site 1261A (Fig. 8), and OI is
generally higher, although both parameters show substantial variability,
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signaling a larger contribution of refractory and generally more
degraded organic matter. In this light, the higher average and more
variable Hg/TOC observed at Furlo and South Ferriby is in line with
previous observations, indicating a primary control of OM preservation
and type on Hg/TOC, at least within single stratigraphic records, but
potentially also controlling differences between time-equivalent
successions.

4.2. Origin and magnitude of biases in Hg and Hg/TOC

Our new data reaffirm the observations on modern sediment that
inefficient Hg burial and possibly Hg loss occurs ubiquitously under
anoxic and weakly sulfidic conditions (see Section 4.1) and, most
importantly, that a signal of this process might be preserved in deep-
time records (e.g. Fig. 7). Such a process is an important consideration
for Hg studies that attempted to constrain volcanic activity during pe-
riods of extensive anoxia such as the Mesozoic OAEs (e.g., Percival et al.,
2015; Scaife et al., 2017; Percival et al., 2021b), or similar Paleozoic
events (e.g., Pisarzowska et al., 2020; Rakocinski et al., 2022), but also
more regional or local deoxygenation, as recognized during the Ceno-
zoic (e.g., Jones et al., 2019; Cramwinckel et al., 2022). The lowered
Hg/TOC also provides some constraints on a fraction of Hg that would
have been buried with the same amount of TOC assuming stable Hg/
TOC, a “Hg deficit” relative to more oxygenated conditions.

Although we stress that a true Hg deficit is difficult to quantify
properly without knowledge of the initial contents in the particle or
burial flux, we perform a rough calculation for the Arabian Sea,
assuming (1) a situation in which Hg flux to the sediment-water inter-
face is constant and (2) a situation in which the upper part of the Station
1B sediments is representative of the original Hg/TOC (~20 ppb/%)
ratio in the particle flux. Lower TOC (~8 > ~6%) in the upper part of the
section at Station 1B suggests that this part may have been deposited
under slightly less reducing conditions or documents lower productivity
compared to the lower part (Fig. 3). Even without correcting for better
ventilation and lowered TOC (situation 1), the difference in Hg contents
from top to bottom is substantial (Hg decreasing by 50% from ~130 ppb
near the sediment-water interface to 65 ppb below 10 cm depth, at
Station 1B). However, assuming the Hg/TOC in the upper part is most
representative of the particle flux (situation 2), the initial Hg contents in
the lower part of the Station 1B core might have been even higher (up to
ca. 170 ppb). As a consequence, we speculate that an even larger pro-
portion of Hg (>60%) could have been removed during early diagenesis.
While such Hg loss would not eliminate most Hg signals interpreted to
result from LIP volcanism (see e.g. Grasby et al., 2019; Charbonnier
et al., 2020 for a comparison of magnitudes), it appears likely that some
pulses of LIP-derived Hg emitted during periods of anoxia are missed or
systematically underestimated as a consequence.

We perform a similar calculation for the OAE 3 sediments, for which
we calculate the Hg deficit during the sulfidic episodes relative to the
ferruginous phases. Assuming the highest Hg/TOC values represent the
signal without the imprint of deoxygenation effects (around 15 ppb / %),
the Hg deficit for the samples with lowest Hg/TOC is ~65%. For the pre-
industrial, unpolluted Baltic Sea sediments, we can use the Hg/TOC
from the less reducing (stable) background (Fig. 4A, C). The calculated
relative Hg loss in these sediments ranges up to ~40 ppb, while only
~20-30 ppb is measured (up to 65% deficit). Intriguingly, while starting
from different background Hg/TOC (6.4 at F80 vs 8.6 ppb/% at LL19,
owing to the better ventilated nature of LL19), the calculated Hg deficit
(in ppb and %) for both cores is very similar.

Remarkably, despite these uncertainties, and age and other inter-site
differences between the Holocene Arabian Sea and Baltic sites and the
Cretaceous ODP Hole 1261A sediments, the calculated maximum Hg
deficit is very similar and typically does not exceed 65% of the total.
Whether this effect originates from relatively inefficient Hg scavenging
at higher TOC, or represents Hg loss during early diagenesis, as sug-
gested by the Arabian Sea St. 1B data, is more uncertain. If the sediment
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and organic-matter accumulation rates have impacted Hg scavenging
efficiency through dilution (i.e., Hg supply becomes limiting), we may
expect the highest accumulation rates (Baltic Sea) to show a greater Hg
deficit than other successions marked by order-of-magnitude lower
sediment accumulation rates (Arabian Sea and Site 1261A, Table 1a,
1b). However, the maximum Hg deficit (in %) appears remarkably
similar for all these localities. Paired with the Arabian Sea data, these
observations appear more consistent with partial Hg loss from sediments
as a result of early diagenetic processes, than with dilution-effects that
have the same expression in Hg/TOC.

When considering partial Hg loss, a maximum Hg deficit of ca. 65%
for anoxic-mildly euxinic deposition could imply that the processes
involved cannot easily (re)mobilize the remaining Hg: perhaps for this
fraction the Hg-species or (binding) location inhibits remobilization. We
find a strong correlation of Hg deficit to Mo enrichment and other metals
that are assumed to (co)precipitate with sulfides under anoxic condi-
tions, including the Arabian Sea station where the concentration of
sulfide is very low. This result also seems to argue against a strong
tendency to develop sulfide-enriched Hg or otherwise S-dominant Hg
sequestration under anoxic to mildly sulfidic conditions. We find no
indications that Hg is preferentially lost from or concentrated in sedi-
ments marked by continuous slightly hypoxic and oxic conditions.

The effects of oxygenation on Hg/TOC are even more pronounced
compared to Hg. For the Arabian Sea sites, and other sediments depos-
ited within and below OMZs in the ocean, the TOC contents alone may
span orders of magnitude depending on the bottom- and pore-water
oxygenation at the time of sediment deposition (e.g., Miiller and
Suess, 1979; Hartnett et al., 1998). This signal subsequently modulates
Hg/TOC. Order-of-magnitude changes, such as we find in the Arabian
Sea sites, do not commonly occur in one single succession because most
analyzed depositional settings will not have changed so dramatically.
However, both the Baltic Sea and ODP Site 1261 stratigraphic records
clearly show changes to Hg and Hg/TOC related to redox changes
(Figs. 4, 6). Hence, extreme caution should be taken when analyzing
successions across (de)oxygenation events, since signal amplification or
suppression in Hg/TOC is likely to have occurred and can span at least
an order of magnitude, on a par with many of the inferred volcanism-
related Hg/TOC fluctuations in the geological record (Charbonnier
et al., 2020). Likewise, the oxidation biases may have induced changes
that exceed the commonly used limit for interpreting Hg enrichment
factors (HgEF > 2 Shen et al., 2019a, 2019b; Zhu et al., 2021). A more
conservative approach is therefore warranted when interpreting Hg/
TOC or otherwise-normalized Hg records and perhaps even raw Hg data
and could, for example, utilize a series of criteria. The observations on
the potential impact of ambient redox conditions on Hg and normalized
Hg may warrant revisiting of Hg studies that are based on successions
where substantial changes in ambient redox were recognized (e.g. Per-
cival et al., 2018; Jones et al., 2019; Paschall et al., 2019; Rakocinski
etal.,, 2021; Bian et al., 2022; Zhao et al., 2022)). Crucially, we find that
any anomalously elevated Hg/TOC data should at least be accompanied
by substantially (at least > 3 fold background) elevated Hg (as suggested
previously; Percival et al., 2021) and, as such spikes might be associated
with post-depositional oxidation of anoxic facies, evidence for stable
redox conditions in the relevant stratigraphic interval that would sup-
port increased primary Hg loading.

4.3. Processes influencing Hg and Hg/TOC during early diagenesis

In our new data (Figs. 3-8) the TOC-normalized Hg (i.e., Hg/TOC)
unambiguously increases with oxidation although this effect seems to
result from multiple distinct processes affecting Hg and TOC separately.
Specifically, there appears to be a distinction in Hg burial efficiency
between oxygenated and anoxic to sulfidic conditions, whereby Hg may
experience inefficient scavenging or preferentially escape sediments
under anoxic to sulfidic conditions while there is no measurable change
in TOC content of the sediment (see Sections 4.1 and 4.2). The similar
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maximum Hg deficit between sites might signal that a certain part of the
Hg cannot be easily mobilized with processes that typically take place
under anoxic and mildly sulfidic conditions. For example, it has been
established that certain inorganic Hg species (HgS, dissolved Hg?")
appear relatively inaccessible to microbial Hg cycling, whereas the same
may not apply for organic Hg species (e.g. Mazrui et al., 2016; Zhu et al.,
2018). It might also be that redox conditions are preventing further Hg
loss through supplying sulfide to (re)sequester Hg (as HgS or within
pyrite) or that sulfate- and iron-reducing microbiota responsible for Hg
cycling are limited by sulfide concentrations (Benoit et al., 1999;
Hammerschmidt and Fitzgerald, 2004; Hammerschmidt et al., 2008). In
contrast to organic-matter dilution, these options require partial Hg
remobilization after initial scavenging in the water column or from
sediments, whereby ultimately up to ca. 50-65% less Hg (see Section
4.2) is buried. Below we explore processes that may result in preferential
Hg loss, with the proviso that we do not exclude the possibility that OM-
dilution effects also shape Hg/TOC.

Due to a general lack of geological data on Hg speciation, we cannot
identify which phases are most actively involved in sedimentary Hg
cycling, or confirm the occurrence of a specific process leading to Hg loss
in anoxic to sulfidic environments, in which loss of organic matter would
be minimal. There are, however, potential explanations for the slowly
decreasing Hg contents in the intervals of Fe-reduction (and SO3~
reduction, see 2.1) in the anoxic Holocene sediments of the Arabian Sea
(Fig. 3) and the lower Hg loading of TOC in the organic-rich, sulfidic,
Holocene sediments of the Baltic Sea (Fig. 4). For example, it has been
established that various sulfate- and Fe-reducing bacteria and archaea
are able to methylate Hg to counteract its toxicity (Fleming et al., 2006;
Gilmour et al., 2013). This distinct microbial behavior, also known from
other biotoxic elements (Li et al., 2021), and net release of MeHg to the
water column has been recognized in marine sediments (e.g. Mason
et al., 2006). Optimum Hg methylation rates were found to be around 1
uM sulfide in natural environments (Mason et al., 2006) although spatial
variability due to differences in microbial communities are likely (King
et al.,, 2001). While a direct flux of MeHg from sediments may not
appreciably increase Hg mobility, the more volatile dimethylmercury
(DMHg) may form from MeHg in the presence of sulfide (Craig and
Moreton, 1984; Jonsson et al., 2016). Another pathway for further
dispersal of Hg from MeHg occurs through (anaerobic) reduction of
MeHg and subsequent Hg0 formation (Mason et al., 1995; Yu et al.,
2012). Finally, (a)biotic reduction pathways of Hg?>" may lead to Hg®
formation directly and play a major role in upper water-column Hg
cycling (Soerensen et al., 2010) but likely also occur below the photic
zone (Poulain et al., 2004; Kritee et al., 2007). The geological relevance
of all these processes remains unknown.

While it is impossible to confidently identify the process responsible
for removal of Hg, our data appear consistent with a mechanism
whereby Hg methylation or other Hg reduction processes facilitate Hg
loss. Specifically, the negative correlation of Hg/TOC, and notably Hg/
Al, with elevated Mo contents, which is used as evidence for sulfidic
(pore-water) conditions at the time of deposition at ODP Site 1261, is
interesting and mimics the trends observed in the Baltic Sea sites.
Because sulfide is an important modulator of Mo sequestration, the
negative correlation between Mo and Hg/TOC tentatively supports a
role for Hg methylation by sulfate reducers in Hg loss. Intriguingly, the
negative correlations between Hg/TOC and Mo weaken at high Mo
contents (>50 ppm in the Baltic Sea sites, Fig. 4E, F and >100 ppm for
ODP Site 1261 Fig. 7D), which may be indicative of sulfide inhibition on
Hg cycling by sulfate- and iron-reducing organisms, and may be
accompanied with, or followed by, a switch to Hg sequestration by
sulfide or metal sulfide complexes when these species are abundantly
available (Ullrich et al., 2001; Rosati et al., 2018; Shen et al., 2020).
Alternatively, working either in tandem with or independently from Hg-
methylation, an influence of temporary adsorption of Hg?" with Fe or
Mn (oxyhydr)oxide in Hg cycling cannot be ruled out. The mobility of
Hg?" would likely remain a limiting factor under these conditions, in the
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presence of efficient scavenging ligands such as free sulfide and organic
matter.

At present, it is impossible to gauge exactly how processes leading to
Hg deficits or Hg loss have influenced deep-time records, but noticeable
Hg deficits relative to TOC and TS occur under ferruginous-mildly
euxinic conditions. A degree of Hg loss is consistent with the trends we
find from the Holocene Baltic Sea sites, Pleistocene Mediterranean
sapropel S5 and the Coniacian-Santonian OAE 3 sediments recovered at
ODP Site 1261. Crucially, the observed Hg deficit — up to ~65% relative
to stable Hg/TOC — occurs, in similar magnitude, both in deep-time and
modern sediments, suggesting that this phenomenon might be a rela-
tively common feature. Moreover, if Hg evasion is indeed a common
process in low-oxygen environments, questions are raised regarding the
potential for redistribution and redeposition of Hg. The redistribution
may lead to enhanced Hg burial in places with strongly sulfidic condi-
tions, or at the interface between anoxic and oxic waters. The negative
correlations of Hg and Hg/TOC with Mo and other redox-sensitive ele-
ments might be useful in identifying Hg deficits. Regardless of the pro-
cesses involved, the geological imprint of processes potentially leading
to Hg loss from sediments warrant careful consideration when inter-
preting the geological Hg record.

We see progressive TOC loss with increased oxygen exposure, espe-
cially under oxic or mildly hypoxic conditions. However, Hg is not
proportionally affected, resulting in progressively higher Hg/TOC with
long-term oxidation, and occasionally Hg focusing (e.g., Fig. 5, Mercone
et al. 1999). The early diagenetic changes examined here have echoed
effects in situations where ancient sediments, initially deposited under
anoxic conditions, have been subjected to surface weathering and
oxidation in more recent time (Charbonnier et al., 2020). There are a
couple of plausible mechanisms that would retain more Hg relative to
TOC during oxidation. Firstly, if Hg were mobilized (as Hg?") during OM
breakdown, even small amounts of remaining organic material, Fe/Mn
(oxyhydr)oxides, pyrite and other sulfides could immediately recapture
this Hg, whereas dissolved inorganic carbon would be generally more
mobile. Secondly, it is likely that a fraction of the sedimentary Hg would
be associated with more refractory OM (e.g., Them et al. 2019), which
could have had intrinsically higher Hg/TOC and was less easily mobi-
lized (Them et al., 2019; Charbonnier et al., 2020). A relative increase in
the refractory organic-matter fraction could hence cause a steeper Hg/
TOC relationship during extensive TOC degradation, whereas a relative
decrease in refractory organic matter would result in flattening of the
curves at higher TOC. Further detailed assessment of OM characteristics
through, for example, maceral analyses or palynology, or Hg content
data on specific types of OM, might help elucidate how preservation and
OM sources interact to shape Hg/TOC patterns in ancient sediments.
Even if some of those data types are available for some localities and
periods, it is typically not paired with Hg (e.g., Harding et al., 2011;
Kender et al., 2012; Jones et al., 2019; Kender et al., 2021), and these
aspects are thus under-explored. Broad geochemical characteristics of
OM (such as HI and OI, but also C/N ratios) might be used as first-order
estimates of the preservation state (Fig. 8) as well as the relative
contribution of refractory OM.

5. Conclusions

Differences in duration and intensity of sediment (de)oxygenation
and, more broadly, changes in redox conditions, both between and
within our Holocene-Pleistocene and Cretaceous sites resulted in
markedly divergent Hg contents and Hg/TOC (Figs. 3-8). The amplitude
of these changes is such that they warrant careful consideration when
interpreting the geological record for paleo-volcanic activity. Impor-
tantly, we find that separate processes affect both the Hg and TOC, and
contribute to the complexity and potential biases that may pose an
additional challenge in the interpretation of Hg and Hg/TOC records.
Through selecting sites with stable Hg loading throughout but with
spatially or temporally variable ambient redox conditions and evolution,
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we isolate the effects of the redox conditions on the Hg and normalized-
Hg records and how those effects might be stored in the geological
record.

Results from the Holocene Arabian Sea cores show that order-of-
magnitude differences in Hg/TOC can occur after oxidizing seemingly
similar starting material. Under oxygen-depleted conditions, there is
evidence that part of the Hg escapes the sediments during initial
diagenesis, for example after methylation by Fe-oxide- and sulfate-
reducing bacteria and methanogens. If this phenomenon were a com-
mon factor during early diagenesis, it might be expected that Hg spikes
would be suppressed in sediments deposited under such low-oxygen
conditions. Such sediments are also commonly characterized by high
burial efficiency of organic matter, arguably further reducing the Hg/
TOC ratio. Aerobic degradation, on the other hand, seems to predomi-
nantly affect sedimentary organic carbon, while Hg is mostly retained,
thereby inflating Hg/TOC ratios. Stratigraphic focusing of Hg was found
associated with the oxidized intervals of sediments that were deposited
under anoxic-sulfidic conditions. Under such circumstances, spikes in
Hg content are observed around buried redox fronts, which are
commonly associated with, but not unique to, turbidites (e.g., Mercone
et al. 1999) and sapropels (Fig. 5). These types of settings, as a conse-
quence, are particularly challenging targets for assessing paleo-volcanic
activity.

For many key intervals in geological deep time that have been
investigated for Hg and TOC, the potential influences of (de)oxygenation
have far-reaching implications. Such complicating factors could be
particularly important for periods associated with emplacement of
subaerial LIPs that are also commonly associated with the most extreme
carbon-cycle, climatic and environmental perturbations, including
(transient) expansion of low-oxygen areas in the ocean, in extreme cases
leading to oceanic anoxic events. It is noteworthy that some over-
whelmingly large Hg spikes occur during times of ocean anoxia, while
our results show that deoxygenation generally has a higher probability
of obscuring, rather than accentuating Hg/TOC spikes (e.g. Fig. 6).
Indeed, it appears that under anoxic and (mildly) euxinic conditions Hg
contents may be suppressed due to Hg evasion, perhaps as a result of
methylation and subsequent MeHg cycling in pore waters or in the water
column (Fig. 3, 4, 6, 7). We cannot rule out the possibility that oceanic
anoxia, such as occurred during the Mesozoic Era, in combination with
the nature of the LIP volcanism, may have played an important role in
reducing the perceived impact on the Hg cycle (e.g., Percival et al.,
2018). On the other hand, high-amplitude oxygen fluctuations are likely
to have led to increased variability in Hg and TOC and, in some cases, to
Hg focusing resulting from oxidation of previously anoxic sediments.

It also remains likely that S-driven Hg sequestration (within pyrite)
occurs in permanent and strongly euxinic conditions, potentially
amplifying Hg signals, but the sedimentary host phases and their po-
tential for amplified Hg sequestration in geological samples will remain
uncertain until a broad spectrum of dedicated Hg speciation data be-
comes available. We also highlight the need for studies focusing on
potential Hg host-phase shifts during diagenesis and especially paired
Hg and S behavior during alteration of the TOC and sulfur pools (sul-
furization and diagenetic pyrite formation). Lastly, the geological record
of MeHg remains largely untested but may allow unique insights into
how Hg is sequestered if major outstanding unknowns surrounding
preservation and processes contributing to methylation and demethy-
lation in sediments on geological time-scales can be constrained.

Regardless of the contributing processes, the magnitude of
geochemical change from early diagenesis to both the Hg and TOC re-
cords is such that the resulting signals, without prior knowledge of the
oxygenation history of a succession, could easily be misinterpreted as
evidence for enhanced, suppressed, or intermittent volcanic activity.
While the relative influence of oxygenation on any single record during
high-amplitude environmental changes remains difficult to quantify, we
calculate Hg deficits up to 65% in multiple records, while changes
associated with Hg focusing around paleo-redox fronts is potentially of a
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similar magnitude (~a doubling). Critically, we also show that Hg/TOC
might suffer order-of-magnitude alterations depending on the oxidative
evolution of the host sediment. As such, we recommend paleo-
oxygenation reconstructions through, for example, the use of (trace)-
element analyses or, more indirectly, organic-matter characteristics, be
employed as extensively as possible when interpreting Hg and (TOC-)
normalized Hg signals.
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Appendix A. Supplementary material

The supplementary materials contain a more detailed description of
each of the investigated sites (section 1) and a detailed description of the
results obtained from the Furlo locality (Italy) (section 2).
Figures included in the supplementary material show mercury versus
total organic carbon or total sulfur for the Arabian Sea cores used in this
work (Figure S1), the Baltic Sea material (2), ODP Hole 1261A (3),
Tarfaya core S57 and South Ferriby (4) and Furlo (5). All data that were
generated for this study or used in figures are available as supplemen-
tary data tables Supplementary material to this article can be found
online at https://doi.org/10.1016/j.gca.2023.04.015.
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