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Abstract :

Temporal reconstruction of Hg deposition from sediment archives is relatively straightforward in organic-
rich or high sedimentation rate environments, such as lakes and ocean margins. To retrieve long-term
records at regional or global scales, deep-sea sediments are more appropriate, but such records are
scarce and their reliability has been questioned because of possible post-depositional Hg diagenetic
remobilization. Here, we investigated the accumulation of Hg in the Balearic Abyssal Plain (2850 m deep)
of the Western Mediterranean through a comprehensive characterization of the chemical and isotopic
composition (organic carbon, nitrogen, sulfur, major and redox-sensitive elements) of sediment trap
material and sediment cores. The analysis of material collected in the sediment traps, deployed at 250,
1440, and 2820 m, indicates that Hg is (i) partially re-emitted to the atmosphere and mobilized in the
twilight zone and that (ii) the Hg downward flux depends on the primary production in surface waters,
suggesting that organic matter (OM) acts as the main Hg-carrier phase. As the Hg concentrations of
material collected in the traps vary little with depth but the Hg:Corg ratio of the settling particulate matter
decreases with depth, Hg must be re-adsorbed onto the more refractory fraction of the settling OM.
Results of selective chemical extractions of the sediment indicate that Hg is very weakly coupled to the
iron cycle but strongly associated with sulfur, supporting the assumption that its vertical distribution was
only weakly altered by diagenetic remobilization. In addition, the distributions of S and 634S in the
sedimentary column exclude the possibility that local volcanism impacted on Hg enrichment of the
sediments. Accordingly, a reconstruction of Hg accumulation rates (Hg-AR) during the Late Holocene is
readily achieved. Biological mixing and smoothing of the sediment record, as revealed by the distribution
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of radionuclides in surface sediments, was considered in the interpretation of the Hg-AR record. The first
anthropogenic Hg signal recorded in the studied cores corresponds to the Iron Age and the Roman Empire
period, as Hg-ARs rose from the baseline (0.7 = 0.2 pg m-2 yr-1) to an average value of 2.2 £ 0.5 pg m-
2 yr-1. The Hg-ARs return to baseline values at the decline of the Roman Empire, display a small increase
during the Medieval Period (1.5 + 0.5 pg m-2 yr-1), increase abruptly at the onset of the Industrial Era,
leading to a ~10-fold increase in Hg deposition in the last 120 years (8.9 + 1.4 pg m-2 yr-1), and retreat
progressively over the past 50 years.
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1. INTRODUCTION

Aquatic sediments can provide a record of trace element deposition from atmospheric and
riverine sources, including evidence of natural and anthropogenic forcing (Bertine and Goldberg,
1977; Callender, 2003; Tribovillard et al., 2006). Historical reconstructions of trace element
deposition from sediment archives are relatively straightforward if the element is not subject to
strong diagenetic remobilization, of which Hg is a good example at least in organic-rich or high
sedimentation rate environments such as lakes and marine coastal zones (Edgington and Robbins,
1976; Smith and Loring, 1981; Fitzgerald et al., 2018; Guédron et al., 2016). Natural sources of
Hg to sediments are mainly from atmospheric and submarine volcanism, wildfires, and low-
temperature volatilization from soils and some continental rocks (Fitzgerald and Lamborg, 2005;
Mason et al., 2012). Anthropogenic Hg sources include high-temperature processes (fossil fuel and
biomass burning, municipal waste incineration, etc.), mining activities, deforestation/erosion,
industrial processes, and past domestic uses (Outridge et al., 2018; UN-Environment, 2019).
Variations of Hg accumulation rates (Hg-AR) from natural and anthropogenic sources have been
reported in sediment cores. The volcanic origin of Hg in sediments of the Triassic-Jurassic Muller
Canyon (Nevada, USA) (Thibodeau et al., 2016; Thibodeau and Bergquist, 2017) and Permian
Buchanan Lake (Canada) (Sanei et al., 2012) was well illustrated, whereas seafloor hydrothermal
activity was revealed by elevated Hg concentrations in Holocene sediments of the northwestern
Pacific (Lim et al., 2017). The impact of climate on Hg deposition, in response to changes in
precipitation or biological productivity, has been identified in lakes and marine sediments
(Outridge et al., 2007; Grasby et al., 2013; Kita et al., 2013, 2016; Guédron et al., 2018). Sediment
records of anthropogenic Hg deposition in freshwater lakes as well as near-shore and ocean margin

environments are numerous and have been used to document increases in global or local sources



(Cossa et al., 2001; Muir et al., 2009; Hare et al., 2010; Mucci et al., 2015). Several studies
underscore the rapid increase in Hg deposition starting at the beginning of the Industrial Era, i.e.,
after AD 1850 (Azoury et al., 2013; Fitzgerald et al., 2018; Cooke et al., 2020). Enhanced Hg-ARs,
linked to pre-industrial human activities, have been documented in strata of a Mediterranean lagoon
sediment core dated to before ~AD 1850 (Elbaz-Poulichet et al. 2011). These authors highlighted
two periods of increasing Hg deposition: the Middle Age, probably due to deforestation and
biomass burning, and the XVI-XVII" Centuries, most likely associated with the increase in Hg
mining activities resulting from the development of the Hg amalgamation process for the recovery
of'silver and gold. Evidence of (pre-)historical anthropogenic Hg emissions has also been identified
in lake sediments (Thevenon et al., 2011; Guédron et al., 2016; Cooke et al., 2009; Corella et al.,
2017), including those associated with mining and metal treatment during the Bronze and Iron
Ages (Elbaz-Poulichet et al., 2020). These results bolster the adequacy of aquatic sediments as

geochronological records of Hg deposition.

Deep-sea sediments are of particular interest in this context since, given their slow
accumulation rates, they can potentially provide an entire record of Holocene deposition even in
short cores. Episodic depositional events (e.g., mass-wasting) or/and changes in redox conditions
in response to a gradual or sudden modification of the sedimentation regime may, however, modify
the sedimentary records of multivalent elements (Thomson et al., 1998; Crusius and Thomson,
2003). Mercury remobilization was documented at the oxic/suboxic boundary in deep-sea
sediments where oxidation of pre-existing sulfides occurred (Mercone et al., 1999). Furthermore,
chemical gradients across or near the sediment-water interface (SWI) can trigger a post-
depositional redistribution of trace elements. Mercury enrichment at, or slightly below, the

sediment-water interface (SWI) as well as downcore-decreasing concentrations were observed in



Arctic deep-sea sediments (Gobeil et al., 1999). Whereas increased anthropogenic Hg deposition
was considered, the authors underlined that these profiles resulted from early diagenetic
rearrangements of Hg in response to its affinity for authigenic Fe-oxyhydroxides that accumulate
in the oxic layer. The effect of diagenetic remobilization was promoted by active bioturbation and
low sedimentation rates, sedimentary conditions that are common to abyssal environments. In
pelagic sediments of the Sea of Japan, Hg distributions display peaks near the SWI as well as in
buried, brown “oxidized” sediment layers, also suggesting redox-driven diagenetic Hg
redistribution (Kota, 2004). Conversely, in the sediment of the trench system and adjacent abyssal
plain off the Kuril Islands, Hg burial is governed by atmospheric deposition and biological
productivity. A Hg profile at this site, recording the last 120 years of deposition, features a
maximum Hg flux corresponding to the second part of the XX™ Century (Aksentov and Sattarova,
2020). Irrespective, biological mixing (bioturbation and bioirrigation) can smooth the sediment
records resulting from marked changes in Hg deposition rates. To sum up, records of Hg
accumulation in deep-sea sediments have been shown to reflect the chronology of paleo and (pre-

)historical Hg deposition, but post-depositional Hg redistribution cannot be ruled out.

High-resolution vertical profiles of Hg concentrations were determined in three ~30-cm
sediment cores recovered from the Balearic Abyssal Plain (BAP), covering the Late Holocene
Period, in the Western Mediterranean (Fig. 1). These data, combined with analyses of settling
particulate material collected at various depths in the water column, allowed us to interpret the Hg
sedimentary records in terms of post-depositional dynamic and depositional chronology. Results
show that post-depositional remobilization of Hg is minor and that, despite significant biological
mixing, the Hg accumulation rates record the impact of the Iron Age, the Roman Empire, and the

onset of the Industrial Era.



2. MATERIAL AND METHODS

2.1. Sampling

Undisturbed sediment cores (24-33 cm long) were obtained from three stations (A, B, C),
roughly 25 km apart from each other, in the BAP (also called Algero-Balearic or Algero-Provencal
Basin) of the Western Mediterranean Basin during a cruise onboard the R/V Urania in March 2001
(Fig. 1, Table 1). Cores were collected using a Wuttke-type multicorer and treated on-board
immediately after recovery. Each core was sliced at 0.5 cm intervals over the first 5 cm, at 1 cm

intervals from 5 to 20 cm, and at 2 cm intervals from 20 cm to the bottom.

At station C, three sediment traps (Technicap®, 0.125 m? diameter) were deployed along a
mooring line at 250, 1440, and 2820 m depth, allowing the collection of 14 samples from each trap
between April 2001 and April 2002 (Heussner et al., 1990; Zadiga et al., 2007a). The samples were
frozen immediately upon recovery, then freeze-dried, homogenized, and sub-sampled for various
subsequent chemical analyses. Detailed descriptions of the cores and trapped material are given in

the project final report (ADIOS, 2004).
2.2. Chemical analyses

Total Hg analyses were performed using an automatic atomic absorption spectrophotometer
(AAS; Altec®, model AMA-254), according to the protocol described by EPA (2007). Briefly,
weighed aliquots of freeze-dried sediment were introduced into the analytical system where they
were heated to 550°C. The volatilized Hg was carried by a stream of oxygen to a gold trap onto
which Hg was concentrated by amalgamation, before being thermally dissociated and analyzed by
atomic absorption spectrometry. The detection limit was 7 ng g-!, calculated as 3.3 times the

standard deviation of the blanks. We used a marine sediment certified reference material (CRM)
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(MESS-2 from the National Research Council of Canada) to ensure the accuracy of the analyses;
the mean value obtained (92 + 2 ng g'!) was always within the range of the certified value: 92 + 9
ng g'!. The reproducibility, defined as the coefficient of variation of six replicate analyses of the
same CRM was 1.8 %. The analytical uncertainty (EURACHEM/CITAC, 2000) is ~10 %. Labile Fe
(and associated Hg) concentrations were estimated upon partial dissolution of the sediment with
buffered ascorbate (pH 8.0) and dilute HCI (0.5 M) solutions according to protocols described by
Kostka and Luther (1994). The ascorbate extraction is believed to dissolve only amorphous oxides,
whereas the HCI extraction dissolves carbonates, crystalline Fe-oxyhydroxides, and acid volatile
sulfides (AVS). It should be noted that the 0.5 M HCI extraction does not dissolve HgS (Mikac et
al., 2000). To avoid losing the Hg? formed during the ascorbate extraction, the sample was not
stirred continuously during the 24 h extraction, as the original protocol prescribes, but gently mixed
a few times, and the resulting solution was analyzed immediately after the extraction and
centrifugation.

The activities of 21°Pb in these cores were measured by alpha spectrometry of its daughter
product 21°Po (see details in Angelidis et al., 2011). An additional set of 2!°Pb activities were also
obtained to refine the age-depth model between 13 and 20 cm in core B. They were acquired
indirectly from the freeze-dried sediments by measuring the decay rate of its daughter isotope 2!°Po
by alpha spectrometry at the GEOTOP-UQAM Geochronology Laboratory. Uncertainties were
estimated as two standard deviations (2s) for counting statistics, which is 4-8 % of the value
obtained. A detailed description of the method can be found in Genovesi et al. (2011).

The total sulfur (S) and sulfur isotopic ratio (3*S:32S) of the solids were measured on an
Isoprime model Vislon isotope ratio mass spectrometer coupled to an Elementar Vario PyroCube
elemental analyzer running in continuous flow mode at the Geotop-UQAM Light Stable Isotope

Geochemistry Laboratory. The freeze-dried and crushed sediment samples were weighted in tin
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cups to obtain similar amounts of SO, for all samples and reference materials. The elemental
analyzer was calibrated against known amounts of sulfanilamide. Two internal reference materials
(IAEA-S2 & TAEA-S3; 8%4S = +22.62 + 0.16 %o, and 84S = - 32.49 £ 0.16 %o, respectively) were
used to normalize the isotope ratios to the Vienna-Canyon Diablo Troilite (VCDT). A third
reference material (IAEA-S1; 8°*S=-0.3 + 0.00 %o0) was analyzed as an unknown to assess the
exactness of the normalization. Results are reported in delta units (8) in %o vs VCDT. The overall
analytical uncertainty (2s), based on the propagation of uncertainties of the normalization of the
internal reference materials and the samples, is better than + 0.2 %o, but it does not account for the
homogeneity nor the representativity of the sample. Total sulfur concentrations and 3**S values
were corrected for the porewater sulfate contributions, using porosity values (Suppl. Info., Table
S1) and assuming [SO,4*] was 0.0282 mole kg'! and a 21 %o VCDT value for the modern ocean
834S-SO4* (Rees et al., 1978).

Major elements were analyzed by X-ray fluorescence spectrometry and results were published
earlier (Angelidis et al., 2011). Total organic carbon (C,,) content and its isotopic composition
(8!3Cqg) were measured, after decarbonatation (Suppl. Info., SL2), by Cavity Ring-Down
Spectrometry (Picarro Inc.®) coupled to a Combustion Module (Costech Inc.®) (CM-CRDS) using
previously reported analytical methods, calibration and sample preparation (Guédron et al., 2019
and references therein).

2.3. Age model and Hg accumulation rate calculation

The Hg-ARs within the 3 cores were obtained after computation of an age-depth model based
on the 2!9Pb activity data and the four radiocarbon ages reported in core C by Zuiiiga et al. (2007b).
The age-depth model was derived using the IntCal20 calibration curve (Reimer et al., 2020) with

consideration of the marine reservoir [R(t) = 390 = 85 y BP] age of the Mediterranean Sea (Siani



et al., 2000). Details of the derivation of the age-depth model can be found in Suppl. Info. (SI.3).

Hg-ARs were computed with consideration of the sediment compaction following the equation:
Hg-ARs = 10*¥[THg]*SR*(1-9)*d (1)

where [THg] is the Hg concentration (ng g!, Fig. 5a), SR the sedimentation rate (cm yr-!, Suppl.
Info., SI.3), ¢ the porosity of the sediment (Suppl. Info., Table S1), and d the average grain

sediment density, 2.65 g cm™ according to Hamilton et al. (1976).

3. RESULTS
3.1. Sediment traps

The Hg and C,,, concentrations of the particulate material collected by the sediment traps at
Station C are reported in Table 2. Year-long Hg records displayed similar seasonal variations,
irrespective of the trap/sampling depth, with the highest concentrations in spring and autumn, and
the lowest in summer (Fig. 2). Interesting to note are the relatively high Hg concentrations during
the Saharan dust events identified in July and November 2001 (ADIOS, 2004). Most striking are
the nearly constant, mean particulate Hg concentrations throughout the water column (averaging
128 + 23 ng g'!, n =42) whereas mean C,,, concentrations decreased by a factor of ~3 between 250
and 2820 m depth (Table 2). In other words, the Hg concentrations in settling particles remain the
same during their transit through the water column while particulate organic carbon is
remineralized or dissolved. Accordingly, the Hg:C,,, molar ratios increased from 0.06 to 0.15 x

10-¢ between 250 and 2820 m.
3.2. Sediment cores

3.2.1. Sedimentary facies and geological settings
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Several cores sampled at stations A, B, and C in the BAP during the same cruise (ADIOS,
2004) were described in two previous publications: one includes a description of their sequence
stratigraphy and sediment lithology (Zudiga et al., 2007b), whereas the other focusses on their trace
element (Cu, Cd, Pb, Zn) composition (Angelidis et al., 2011). All the cores cover the Late
Holocene Period and consist mainly of yellowish-brown, calcareous pelitic muds. They comprise
five units (Fig. 3) referred to as Ul to U5 from the bottom to the top: two foraminifer—pteropod
oozes (U1 and U4), two pteropod ooze layers (U2 and US5), and a turbidite deposit (U3). According
to Zuniga et al. (2007b), U3 is a zeolite-rich turbidite that likely originated from pyroclastic
deposits derived from the Sardinian continental margin. For the three cores investigated in this
study, U1 extended from the bottom of the cores to 14-16 cm below the sediment surface, whereas
U5 occupied the top centimeter. The position of the other units in the sedimentary column varied
slightly depending on the core: U2 was a 1-cm thick unit located between 13 and 16 cm from the
surface, U3 was ~6-cm thick and found between 6 and 15 cm from the surface (7-13 cm, 9-15 cm,
and 8-14 cm, for cores A, B, and C, respectively), and U4 was 6-8 cm thick and sat between 1 and

9 cm from the surface (Fig. 3).
3.2.2. Elemental distribution in the sedimentary column

At station B, the elemental composition of one core was determined to detail the chemo-
stratigraphy of the sedimentary column (Fig. 4). Two notable features appear (i) high Ca/Fe values
in U2 and U5, and (i1) a spike in Si/Al at the U2-U3 boundary (Fig. 4a, f). The first feature is
coincident with a positive excursion of the CaCO; content (Suppl. Info., Fig. S3) which reflects the
abundance of pteropods in units U2 and U5, whereas the Ca/Fe distinguishes turbidites from
pelagites because of the higher Fe and lower Ca contents of turbidites in the BAP (Rothwell et al.,

2006). On the other hand, high Si/Al and K/Al (Fig. 4f and Suppl. Info., Fig. S3) clearly indicate
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the presence of a lithogenic layer that characterizes the turbiditic layer (U3) (Zuniga et al., 2007b).
Below the turbidite unit, several parameters abruptly increase, namely N, (and associated Corg/Nior
decrease), '3C,, S, and 334S (Fig. 4c, e, g, and h), whereas, HCl-extractible Fe and Mn decrease
sharply (Fig. 4i and j). The Cor:Nio molar ratios (<8) and 8'3Cey (>-25%0) indicate that the
sedimentary organic carbon is mostly of marine (algal) origin (Meyers, 1994; Mackie et al., 2007).
The 3%*S values in units U1, U2, U4, and U5 are close to the modern seawater value (~21 %o), with
lower values (<10 %o) in unit U3 (Fig. 4g). The sharp, positive gradient of Feyc; and Mny(
concentrations at the interface of the U2-U3 units suggests that some Fe and Mn remobilization
has occurred at this level despite the current oxic or suboxic redox conditions throughout the core
(En > 180 mV, ADIOS, 2004). This gradient most likely developed (temporary suboxic or anoxic
conditions in response to the respiration of fresh OM at the SWI) in response to the turbidite (U3)
depositional event, which buried the former SWI, as previously suggested by Zuiiga et al. (2007b).
The S and &%*S sediment profiles (Fig. 4g and h) exhibit a slight decrease within the turbidite unit,
a distinctive characteristic of the hosting zeolite mineral, an alteration product of volcanic material

(Zuiiiga et al., 2007b). A magmatic origin argues for low &**S values (Liotta et al., 2012).
3.2.3. Mercury distribution in the sedimentary column

Mercury profiles in the three sediment cores are shown in figure 5a. The Hg concentrations
varied from 9 to 100 ng g'!, with the highest values observed within the first 2 cm of the SWI and
the lowest values at the bottom of the cores. The three Hg profiles exhibited the same vertical
distribution patterns, characterized by an exponential decrease of Hg concentrations from the
surface to the bottom of the cores, interrupted by a broad bump between 12 and 22 cm. These
bumps reach 64, 89, and 58 ng g in cores A, B, and C, respectively. Mercury concentrations

covary with Core (R?=0.52, n =81, p<0.01). Notwithstanding the bumps (between 12-22 cm) over
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which the Hg:C,,, molar ratios reach their highest value, the ratios decrease from ~1 x 10 at the

sediment surface down to 0.17 x 10 at the bottom (Fig. 5¢).

Vertical profiles of Hg-AR exhibited similar patterns for the 3 cores, with the lowest average
Hg-AR values (0.7 £ 0.2 pg'm2-yr'!) in the basal unit (depth > 23 c¢m in U1) (Fig. 5d). The Hg-
AR background in marine sediments is poorly documented (see review by Cooke et al., 2020), but
our minimum value is of the same order of magnitude as the background Hg-AR (ca. 1-2 pg-m-
2-yr'Yrecorded in various sediment archives (Lamborg et al., 2002; Serrano et al., 2013; de Simone
et al., 2016; Cooke et al., 2020). Above 23 cm in U1, Hg-ARs increase up to 3.20, 3.95, and 2.47
ug-m2-yr!in core A, B, and C respectively, followed by a rapid decline in U4 above the turbidite
(averaging 1.0 = 0.2 ug-m2-yr’! for the 3 cores). In U4, a low-amplitude “shoulder” is also visible
between 3.5 and 6 cm in cores A and C (Fig. 5c, insert). Finally, the highest Hg-ARs (8.9 + 1.4
ug-m2-yr!) are observed in the surface unit (U5), which includes the last ~120 years of deposition

and is affected by mixing processes (Angelidis et al., 2011).

4. DISCUSSION
4.1. Mercury transfer from the atmosphere to the sediment

Despite the semi-enclosed nature of the Mediterranean Sea, the main Hg input to the open
surface waters is, by far, from atmospheric deposition (e.g., Zagar et al., 2014). Little is known
about the contributions of continental and hydrothermal inputs, except that mass-wasting events
may reach the BAP (e.g., Cattaneo et al., 2020) and that hydrothermal fluxes, mostly located in the
Tyrrhenian Sea, are rapidly transferred to the atmosphere (Bagnato et al., 2017). According to the

data presented in Table 2, only 35 % of the atmospheric deposition flux (~34 ng m d-! according
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to Gencarelli et al., 2014) is found in large particles collected in the 250-m deep sediment trap.
Hence, these observations suggest that a significant (~65 %) amount of the Hg is re-emitted to the
atmosphere, in agreement with results of global air-sea exchange oceanic budgets and models (e.g.,

Mason et al., 2012).

The Hg flux associated with settling particles collected at 250 m varied from 1.9 to 24.0 ng
m2 d'! over the deployment period (Fig. 2); the range of this one-year-long record range is
predictably broader than the range of Hg fluxes recorded in the Central Pacific during 24-hour
sediment trap deployments (3.6 to 8.4 ng m2 d'! according to Munson et al., 2015). In the settling
particles collected at 250 m during the sediment trap deployment above the BAP, the biogenic
fraction was dominant (averaging 57 %). The concomitant, temporal variations of Hg
concentrations and biogenic contents of the material collected in this trap (Fig. 2) as well as the
positive correlation (R? = 0.60, p<0.01) between Hg concentrations and the monthly average
Chlorophyll-a concentrations in surface waters (data from Zuniga et al., 2007a) support the
hypothesis that the vertical transfer of Hg through the water column is governed by phytoplanktonic
uptake in the euphotic zone and the subsequent formation and settling of large biogenic particles
in response to zooplankton grazing and excretion. However, irrespective of depth, there is no
significant correlation between Hg and C,, concentrations in the trapped material. Biogenic
material present in the settling particles of the Western Mediterranean consists of OM, calcium
carbonates, and opal (Zufiiga et al 2007a), each component having a distinct affinity for Hg. In
addition, the downward Hg flux is modulated by the lithogenic contribution (8-67 % according to
Zudiga et al.,, 2007a) to settling particles in the Mediterranean, ballasting biogenic material,
especially during Saharan dust storms (Ternon et al., 2010). It is not surprising, owing to the

diversity of settling particle composition, that its association with Hg is not directly accounted for
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by the C,, proxy. Binding sites on OM are numerous and the stability of Hg complexes increases
from carboxylic to thiolic groups (Haitzer et al., 2003; Ravichandran, 2003; Skyllberg et al., 2006;
Liang et al., 2019). Using synchrotron-based X-ray Absorption Near-Edge Structure (XANES) and
Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy, it was discovered that, in
laboratory bacterial cell suspensions, all divalent Hg ions were complexed to cell-bound thiolic
functional groups (Mishra et al., 2017; Song et al., 2020). Complexation of methylmercury to
phytoplanktonic cells may occur through the same mechanism (Skrobonja et al., 2019). In the
absence of thiol and sulfur concentration data in the sediment trap material, the assumption that Hg
is strongly associated to organic planktonic material and their debris is likely sound. This does not
mean that the Hg concentration of settling particles is not, occasionally, affected by Saharan dust
inputs. Very high Hg concentrations (~2 pg g!) have been measured in small particles of African
dust collected in the Azores Islands as a result of emissions from open-pit Hg mines or the mined
rock formations in Algeria (USGS, 2001). However, these findings are not confirmed by recent
measurements performed on Saharan dust collected during a survey in the Canary Islands, where

they are <100 ng g! (Bailey, 2021). Additional results are needed to clarify this issue.

Mercury associated with particles collected in traps located at 1440 and 2820-m depth only
accounts for ca. 70 % of the total flux at 250 m. This implies that ca. one-third of the Hg is
remobilized from the settling material between 250 and 1440 m. This depth interval, the so-called
“twilight zone”, which hosts heterotrophic activity, is the locus of net microbiological Hg
methylation, with methylmercury (MeHg) accounting for up to 37 % of the THg (Cossa et al.,
2009). Since MeHg has more affinity for the dissolved phase than inorganic Hg, Hg methylation
is likely a critical mobilization process in the twilight zone. Below 1440 m, the Hg flux is invariant.

Accordingly, the Hg:C,,, ratio nearly triples between 250 and 2820 m (Table 2). This increase
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reflects the preferential removal of Hg from the surface ocean relative to C export, as observed in
the Pacific Ocean water column (Munson et al., 2015), and implies that Hg released upon the
remineralization of particulate OM during settling through the water column must re-adsorb onto
the residual particulate matter. Culture experiments have shown that Zn released from degrading
phytoplankton is rapidly scavenged back onto settling OM (John and Conway, 2014). Such a
process is likely relevant for Hg since conditional stability constants for Hg complexed to dissolved
and particulate OM are larger than those of Zn (e.g., Feyte et al., 2010). During the scavenging
process, the nature of the particulate Hg-OM binding sites probably changes as C, is degraded
during settling through the BAP water column, favoring the preferential binding of Hg to stronger
ligands, such as thiol groups (Feyte et al., 2012; Liang et al., 2019; Guédron et al., 2020). Owing
to the oxic conditions of the sediments, it can be expected that biogeochemical processes, similar
to those occurring in the water column, control the Hg behavior in the sedimentary column.
Nonetheless, the contrasting residence times in the two environments must be considered: the
settling time of particles through a 2850 m water column is on the order of weeks, whereas the

accumulation of a 30 cm thick sediment column is counted in thousands of years.
4.2. Diagenetic remobilization of mercury in the sediment column

Three main differences in the Hg and C,, geochemical behaviors are observed between
sediment and settling particles collected in the traps. First, except for units Ul and U2, a strong
correlation is found between the two parameters in the three cores (R? = 0.80, p<0.01, Suppl. Info.
Fig. S4). Second, the Hg:C,, ratio in the sediments decreases with depth, in contrast to the particles
that settles through the water column. Finally, whereas both Hg and C,,, exhibit their highest
concentrations in the first cm below the SWI (Fig. 5a and b) and the C,,, concentrations decrease

with increasing depth in the sediment (Fig. 5b) as a result of active microbial remineralization, the
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decreasing Hg:C,, ratio (Fig. 5c) reflects a faster decreasing rate of Hg deposition with depth. This
interpretation rests on the hypothesis that diagenetic Hg remobilization is limited, and supports a

rise in anthropogenic Hg deposition in surficial sediments.

It has been proposed that the vertical distribution of Hg in Arctic deep sediments may be
modulated by diagenetic remobilization and shuttling with the Fe cycle (Gobeil et al., 1999). In
order to explore this possibility, we analyzed the Hg associated with amorphous iron oxides or
ascorbate-extractable Fe (Fe,.) in the BAP sediments. The Fe, fraction accounts for 0.7 + 0.4 %
of the total Fe, whereas the associated Hg (Hg,s.) accounts for 0.9 = 0.7 % of the total Hg (Suppl.
Info., Table S2). In addition, Hg,,. and Fe,. are not correlated, except weakly in the first 5 cm of
the sediments (R? = 0.51, p<0.10). Thus, our results indicate that the Hg associated with the
amorphous iron oxide fraction is very small, implying that the amount of Hg diagenetically
recycled with Fe oxides in BAP sediments is very limited. This conclusion is consistent with results
of in situ experiments at a lacustrine sediment-water interface and modeling that show Hg to be
preferentially bound to functional groups of the OM rather than to the hydroxyl groups of Fe-
oxy(hydro)oxide surfaces (Feyte et al., 2010). The occurrence of the turbidite layer (U3), which
capped the underlying layers (U1 and U2), also brings complementary insights about the potential
redistribution of Hg resulting from a transitory redox change in the sediment column. The §*S
values below the turbidite fail to indicate the presence of significant sulfate reduction products
(Fig. 4h). Nonetheless, the sharp drop in Feyc; and My, concentrations (Fig. 41 and j) immediately
below the turbidite (U3) could be evidence of transient suboxic or anoxic conditions that developed
at the top of the pteropod ooze (U2), fueled by the rapid burial of fresh OM that had accumulated
at the former SWI. Under these conditions, reactive Mn and Fe in these sediments would have been

reductively dissolved and migrated from Ul to U3 where the Fe and Mn were oxidized and
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reprecipitated as authigenic oxides by the oxygen advected with the porewaters of the turbidite
(Fig. 41 and j). A similar process has been described in detail for cores collected in a coastal
environment subjected to a mass-wasting event (Mucci et al., 2003). In the BAP, the reductive
dissolution of iron oxides below the turbidite, which might have occurred after the U3 turbidite
deposition, is not accompanied by a decrease in Hg concentration as Hg concentrations peak within
Ul (Fig. 5a). In other words, despite the microbial decay of fresh OM and the transitory
development of reducing conditions that lead to the reductive dissolution of Fe oxides, Hg
remained mostly immobile or was rapidly re-adsorbed onto the solid sediment including OM, as in
the water column, through binding to reduced sulfur compounds. Indeed, the strong affinity of Hg
for reduced sulfur seems to modulate both (i) scavenging through the water column and (ii)
sediment sequestration following diagenetic remobilization. This hypothesis is supported by the
strong correlations between the distributions of Hg and sulfur in the sediment of Core B (Fig. 6).
Most of the variability in Hg concentrations in the deepest part (>23 cm) of the core, and in the
turbidite unit (U3) of the sediment, is explained by the sulfur content, as illustrated by their
respective correlations (R* = 0.65 and 0.74, p<0.10 and p<0.05). In these two layers, the Hg/S
varies only slightly, whereas, in Ul (<23 cm), U2, U4, and U5, the regression coefficient of the
Hg-S relationship is much higher (Fig. 6). It is interesting to note that in the turbidite (U3), in which
a volcanic contribution has been ascertained (see section 3), there is no Hg anomaly that could hint
at a geogenic origin (Fig. 6, insert). In other words, the distribution of Hg:S ratios through the core
fails to reveal possible Hg inputs of volcanic or hydrothermal sources. The higher Hg:S ratio, in
Ul (<23 cm), U2, U4, and U5 units (Fig. 6) could reflect the accumulation of fine cinnabar particles
emitted to the Mediterranean atmosphere from the Almaden mines (Spain) since the beginning of

their operation around 430 BC (Moreno et al., 2005).
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At this stage, we can conclude that the participation of Hg in the diagenetic Fe-cycle in these
abyssal sediments is limited and that a possible influence of local volcanism on Hg enrichment of
the sediments is ruled out. Thus, the vertical distribution of Hg in the BAP likely provides an
exploitable chronological record of Hg deposition during the Late Holocene Period, although
smoothing by biological mixing must still be taken into consideration in the interpretation of this

record.

4.3. Chronology of Hg fluxes and deposition
4.3.1. Modern deposition

Computed Hg-ARs for the first 2 cm (based on radionuclide profiles), which represent the last
120 years, averaged 9.8 £ 0.9, 8.3+ 1.0, and 8.5 + 1.8 ug m? yr'' in cores A, B, and C, respectively
(Figs. 5d and 7). Although the 2!°Pb profile shows a classical decrease with depth (Suppl. Info.,
Fig. S1), a previous study using artificial radionuclides (13’Cs and 23%24Pu; Garcia-Orellana et al.,
2009) divulges that the Hg signal has been smoothed by biological mixing. Even though they may
carry large uncertainties, estimated surficial (0-1 cm) Hg-ARs (8.6 + 1.9 ug m yr!) for the last 50
years in the three cores are consistent with those (8.4 ug m2 yr ') measured over the same period
in the Ligurian Sea (Heimbiirger et al., 2012). Although not directly comparable due to possible
diagenetic processes in the nepheloid layer, these values are also consistent with those derived from
the analysis of the sediment trap material recovered at 2820 m (3.1 £ 0.5 pg m yr'!, Table 2),
which integrates the Hg deposition between 2001 and 2002. These lower recent deposition rates
concur with the reported ~ 30% decrease of Hg concentrations in the western Mediterranean deep
waters between 1989 and 2012 (Cossa et al., 2020) as well as with the reduced Hg emissions from
utilities over the past two decades, that led to lower global anthropogenic emissions and associated

deposition to ecosystems (Zhang et al., 2016). Overall, the observed sediment-surface Hg-
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enrichment is consistent with the increasing global anthropogenic Hg emissions since the
beginning of the Industrial Era (i.e., ~AD 1850 according to Outridge et al., 2018). The
corresponding Hg-ARs are at least one order of magnitude larger than for the pre-Anthropocene

epoch (i.e., before 1000 BC) background value (0.7 + 0.2 ug m2 yr'!) in the three cores.
4.3.2. Pre- and historical Hg deposition

The first rise in Hg-ARs recorded in the 3 cores recovered in the BAP appears during the Iron
Age period (i.e., the upper part of U1, ~800 to 50 BC), as Hg-ARs increased from the baseline (0.7
+ 0.2 ug m? yr!) to an average value of 2.5 + 0.7 ug m2 yr! (t-test, p<0.01). Because atmospheric
circulation in the Mediterranean Basin is dominated by westerly winds (Ait Brahim et al., 2019;
Azuara et al., 2020), the most probable source of Hg is the Iberian Peninsula where intense mining
activities have been reported since the late Holocene period (Kassianidou and Knapp, 2005;
Martinez-Cortizas et al, 1999), accounting for about half of the registered global Hg production in
Europe (Hylander and Meili, 2003). Metal mining was also very active in Sardinia (Terpstra, 2021).
This peak in Hg-AR is synchronous with the first 209297Pb isotope anomaly (down to ~1.192)
reported by Angelidis et al. (2011, Fig. 7, Suppl. Info., Fig. S1), and is consistent with known lead,
silver, and cinnabar refining, smelting, and mining activities in Iberia during the Iron Age and
Roman Empire (Nriagu, 1983). These activities are also recorded in other Mediterranean coastal
sediments (Elbaz-Poulichet et al., 2011; Serrano et al., 2013), in a Spanish mire (Méartinez-Cortizas
et al., 1997; 1999), and remote alpine lake sediments (Elbaz-Poulichet et al., 2020; Thevenon et
al., 2011). In contrast to signals recorded in other archives, the dome-shaped Hg-AR record in the
BAP sediments during the Iron Age and Roman Empire (Fig. 7) likely results from smoothing by
biomixing of the geologically high-frequency variation of the anthropogenic signal. At the decline

of the Roman Empire, ca. AD 200, Hg-ARs return to baseline values, just before the turbidite is

19



deposited (U3) (~AD 300). The latter was laid down at the same period as the Mediterranean
megaturbidite was triggered by the AD 365 Crete earthquake and tsunami (Polonia et al., 2013).
From that time on to ~AD 1800, Hg-ARs increase slightly and gradually from, on average, 1.0 +
0.2 to 1.5+ 0.5 pg m? y! in the 3 cores. Surprisingly, no marked peak was found corresponding
to the Medieval Period (i.e., AD 500 to 1500), although this period is known for the massive
development of metallurgy throughout Europe, including the intense metallurgical activities during
the Islamic Period in Spain (AD 711 to 1492), a period documented by sharp increases in both Hg
and Pb-ARs in almost all European records (Fig. 7, references herein). We consider that given the
magnitude of the source, the low sedimentation rate, and the resolution of the BAP record,

biomixing may have smoothed the signal and obliterated these short-duration mining peaks.

5. SUMMARY AND CONCLUSIONS

Temporal reconstruction of Hg deposition from sediment archives is relatively straightforward
in organic-rich or high sedimentation rate environments since its diagenetic remobilization is
limited compared to the large excursions in Hg emissions and deposition over the past 2000 years.
Hg accumulation occurs mostly in areas, i.e., freshwater lakes or near-shore marine zones, close to
point sources. To retrieve historical records on regional or global scales, deep-sea sediments are
more appropriate. In addition, due to their slow accumulation rates, deep-sea sediments can provide
deposition patterns over long periods, at least covering the Holocene. Such records are scarce, and
their reliability has been questioned because of possible diagenetic remobilization, physical and
biological mixing as well as post-depositional Hg redistribution resulting from mass-wasting
processes (e.g., debris flows, submarine landslides/slumps, and turbidity currents). The sediment

record of Hg deposition in the BAP of the Western Mediterranean - where sedimentation rates are
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low (< 5 cm yr!) - is disrupted by episodic submarine slumps, transient redox gradients, and
volcanic events. Nevertheless, our Hg sediment profiles, combined with analyses of sediment trap
material recovered at different depths in the water column, allowed us to interpret its geochemical
behavior through the water and sedimentary columns. Our results suggest that Hg deposited onto
the ocean surface is (i) partially re-emitted from the surface waters to the atmosphere, (ii) taken up
by plankton and sequestered mainly through complexation to thiolic functional groups of the
biogenic material, (iii) partially mobilized and methylated in the twilight zone, and (iv) exported
to the seafloor by the settling particulate organic matter. The vertical distributions of Hg, Coy,, and
S, as well as Fe speciation in the sediment, allow us to conclude that (i) a very limited amount of
Hg is sorbed to amorphous Fe oxyhydroxides and, thus, the record of Hg deposition was not
significantly affected by diagenetic remobilization, and (ii) hydrothermal or volcanic sources did
not alter the Hg distribution. Hence, it is reasonable to propose that, in the Western Mediterranean,
Hg is scavenged out of the water column and buried in the sediment as thiolate complexes, which
may be converted to f-HgS according to the thermodynamically favorable reaction proposed by
Manceau et al. (2015) for oxic soils. The formation of HgSe may further stabilize particulate Hg
under suboxic conditions, as reported in other Mediterranean abyssal sediments (Mercone et al.,
1999). We conclude that in the low C,, and low sedimentation rate BAP environment, Hg
sedimentary profiles in ~30 cm cores are exploitable as chronological records of Hg deposition
during the Late Holocene Period. In brief, owing to negligible diagenetic Hg remobilization and
despite significant smoothing of the temporal variations of the Hg-ARs, the abyssal sediments of
the Western Mediterranean preserve the imprints of major natural and anthropogenic Hg
deposition. The Hg-AR rose from background values of 0.7 £0.2 pug m? y'! pg m2 y! in sediments
deposited more than 5000 years ago, to 8.9 = 1.4 ug m2 y'! in sediments deposited over the last

century. The geochronological records highlight the imprints of the Iron Age, the Roman Empire,
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a gradual increase of Hg depositions during the Medieval Period as well as the large contribution

of the Industrial Era.

As a semi-enclosed sea, the Mediterranean receives Hg onto its surface waters and transfers it
at depth at a higher rate than in the Pacific Ocean (Munson et al., 2015 and section 4.1.) and,
consequently, its deep-sea sediments are more likely to provide a record of anthropogenic inputs.
In contrast, the deep surficial sediments of the Arctic Ocean, another semi-enclosed sea, fail to
show clear evidence of anthropogenic Hg contamination (Gobeil et al., 1999), although both
systems export Hg to the North Atlantic Ocean (Cossa et al., 2018a; 2018b). This discrepancy most
likely results from the relative strength of local Hg sources, the enhanced efficiency of Hg
ballasting by aggregation of the biogenic carrier phase with Saharan dust, as well as the absence of

significant Hg diagenetic rearrangement on the deep-sea Holocene sediments of the Mediterranean.
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TABLES

Table 1. Location, water depths of the multicore stations, and sediment core lengths in the Balearic Abyssal

Plain of the Western Mediterranean.

Station (core) Latitude N Longitude E Depth (m) Core length (cm)
A 39°28.30° 5°57.37 2850 22
B 39°29.51° 6°10.88’ 2854 32
C 39°18.81° 6°04.22 2854 30

Table 2. Mercury concentrations (mean + standard deviation) in material recovered from sediment traps
deployed at site C (Fig. 1, Table 1) between April 2001 and April 2002. Particulate organic carbon (POC)
data are from Zuiiga et al. (2007a). Water column depth above sediments: 2854 m. Average atmospheric

Hg deposition onto Mediterranean Sea surface waters is ca. 34 ng m? d! (Gencarelli et al., 2014).

Depth (m) Hg (ng g'!) Corg (%) Hg/Corg POC flux Hg flux
(molar ratio 10-%) (mg m2d!) (ng m2d!)
250 127 £30 134+5.2 0.057 9.9 122 £8.2
1440 126 + 19 6.7+£23 0.112 3.8 88=+55
2820 130 £ 20 51+£13 0.152 2.9 8.6+6.2
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FIGURE CAPTIONS

Figure 1. Sampling location of sediment cores A, B, and C in the Balearic Abyssal Plain of the

Western Mediterranean (see also Table 1).

Figure 2. Temporal variation of Hg concentrations in the material recovered from the sediment
traps moored at station C between April 2001 and April 2002. Average biogenic content

(organic matter, calcium carbonate, and opal) modified from figure 6 in Zufiiga et al. (2007a).

Figure 3. Information logs of sediment cores A, B, and C, showing geological units according to
Zuriiga et al. (2007b): Pteropod ooze layers (U2 and US5), foraminifer—pteropod oozes (Ul and
U4), and turbidite unit (U3) between 7-13 cm, 9-15 cm, and 8-14 cm, for cores A, B, and C,
respectively. See text for details. Note that several multicorer samplings were performed at each
site during the R/V Urania cruise in 2001. Hence, core B analyzed in this study is the same as
the one described by Angelidis et al. (2011), but different from core B described by Zufiiga et
al. (2007b).

Figure 4. Elemental composition of sediment core B.

Figure 5. Total mercury (Hg), Hg accumulation rate (Hg-AR), and Hg:C,., ratio profiles in

sediment cores A, B, and C.

Figure 6. Mercury (Hg) versus sulfur (S) concentrations in core B. The Hg:S ratio profile in

sediment core B is given in the insert.

Figure 7. Hg accumulation rates (Hg-AR) for marine, lacustrine, and mire sediment historical
records. Records are presented according to their geographical location from west to east
following the trade wind direction (westerlies) from bottom to top: Penido Vello mire (Spain,
Martinez-Cortizas et al., 1999), Portlligat Bay marine sediment (Spain, Serrano et al., 2013),
cores A, B, and C marine sediment from the Balearic Abyssal plain (this study), and two
headwater catchment lake records from the western (Robert, France, Elbaz-Poulichet et al.,

2020) and central Alpes (Meidsee, Switzerland, Thevenon et al., 2011).
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