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a b s t r a c t

During glacial/interglacial cycles, changes in the strength of the Atlantic Meridional Overturning Cir-
culation (AMOC) modified the intermediate and deep-water mass proportions and high latitude pro-
ductivity in the Atlantic Ocean. These factors influence the distribution and geochemical partitioning of
trace metals in the ocean. Mercury is a redox and productivity-sensitive trace metal, making it a potential
proxy of paleoenvironmental changes. Therefore, this work examines the effect of Atlantic Ocean cir-
culation changes during the last two glacial/interglacial cycles on the biogeochemistry of Hg. For this, a
high-resolution record of the total Hg concentration was determined in core GL-1090 collected from the
Southwestern Subtropical Atlantic that represents the last 185 thousand years. During the reported
glacial/interglacial cycles, Hg showed a distinct trend throughout Marine Isotope Stages with higher
concentrations during periods of enhanced penetration of northern component water into the south-
western Atlantic. This is supported by the similarity of mercury variability with benthic foraminifera
d13C, suggesting a strong influence of deep ocean circulation on the availability and accumulation of this
metal in deep-sea sediments. Mercury geochemistry and particle scavenging were correlated with
organic matter (OM) input at the core site. We also noted that mercury responded to redox variation in
sediment after Termination II, which can be explained by the increase in deep ocean ventilation due to
AMOC strengthening. This hypothesis was confirmed by the antiphase behavior of Hg and Total Organic
Carbon when compared with Mn/Al ratios and CaCO3. Our work, therefore, allows for a better under-
standing of the processes leading to long-term mercury removal to sediments.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Studies suggest that during the peak of glacial periods, such as
during the Last Glacial Maximum (LGM), the composition of deep
ocean water masses were dramatically distinct from modern-day
(Piotrowski et al., 2008; Skinner et al., 2014). Carbon isotopes
(d13C) from benthic foraminifera, sedimentary 231Pa/230Th, records
thiagofigueiredo@id.uff.br
of neodymium and silicon tend to indicate a more vigorous pene-
tration of a southern-sourced water mass in the deep Atlantic at
times of the glacial expansion with a coeval shallowing of the
northern-sourced component (Govin et al., 2009; Negre et al., 2010;
Lippold et al., 2012; Griffiths et al., 2013), although nutrient accu-
mulation in the deep ocean might overestimate the degree of such
shallowing (Gebbie, 2014; Howe et al., 2016a). The composition of
the deep ocean in terms of water mass distribution and nutrient
content also plays a critical role in atmospheric CO2 variability
(Lourantou et al., 2010; Sigman et al., 2010; Bereiter et al., 2012).
The progressive Atlantic Meridional Overturning Circulation
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(AMOC) slowdown throughout the glacial period would weaken
the vertical mixing between water masses, mainly around the
Southern Ocean, enhancing water column stratification, prompting
the retention of sequestered carbon in the deep ocean and inten-
sifying CaCO3 dissolution (Yu et al., 2016; Farmer et al., 2019).

Mercury (Hg) is a trace-metal susceptible to abrupt climate
change (Martinez-Cortizas et al., 1999; Sanei et al., 2012;Grasby
et al., 2013a, b) because Hg and organic carbon cycling are linked.
This occurs due to a strong affinity of the Hg for reactive thiol
functional groups present in organic matter (Mason and Reinfelder,
1996; Ravichandran, 2004). In the surface waters of the oceans, Hg
can be absorbed via scavenging onto organic-rich particles and
transported into the deep ocean by the biological pump (Mason and
Fitzgerald,1991; Soerensen et al., 2010;Mason et al., 2012; Lamborg
et al., 2014). Therefore, a change in the organic carbon cycle will
lead to changes in biogeochemical reactions that influence Hg
partitioning in the environment (Sanei et al., 2012; Grasby et al.,
2013a, b). A parallel between Hg and biological production was
demonstrated in marine sediments from the Pleistocene (Gehrke
et al., 2009) and in the Dome C Antarctica ice core during the
LGM (Vandal et al., 1993). Kita et al. (2013) proposed a mechanism
by which Hg was adsorbed onto OM produced by deep-dwelling
species and accumulated in the thermocline when the photic
zone was stratified. Kita et al. (2013) went on to state that Hg
content and nannoplankton species may be used to determine the
extent of ocean stratification and concluded that the photic zone
was stratified, which lead to enhanced Hg accumulation in the
Caribbean Sea sediments during past interglacials.

Jitaru et al. (2009) noted that the most substantial atmospheric
fallout of Hg in surface snow in the Antarctic Dome C region could
not be solely attributed to increased biogenic oceanic emission
related to an increase in marine productivity and they suggested
that dust levels in the Antarctic atmosphere were sufficient to
contribute significantly to the irreversible scavenging of atmo-
spheric Hg. A similar correlation between Hg and global atmo-
spheric dust concentration was observed in northeastern Brazil
(Fadina et al., 2019). However, factors such as precipitation pat-
terns, runoff events, and sea-level changes also control the input of
Hg to the ocean in this region.

In regions of deep-water mass convection, there is greater de-
livery of Hg toward intermediate and deep depths with subsequent
exportation of this metal toward low latitudes regions (Cossa et al.,
2011, 2018; Lamborg et al., 2014; Zhang et al., 2014). Based on
modeling results there is a robust interocean gradient between the
North Atlantic and the North Pacific Oceans with Hg concentration
increasing by a factor of 2e3 in the later (Zhang et al., 2014) with
the increase attributed to continuous input from the reminerali-
zation of sinking particles as the water ages in transit from source
regions in the North Atlantic to the North Pacific (Zhang et al.,
2014). The interocean gradient of Hg is similar to other biologi-
cally essential components such as nitrate, phosphate, silicate, and
CO2 (Zhang et al., 2014).

Despite knowing the carbon cycle and oceanic currents play an
important role in Hg distribution and accumulation in the Atlantic
Ocean, it is not clear what factors controlled the long-term deep-
water Hg accumulation during periods when carbon cycling and
ocean circulation were changing the low-latitudes of Atlantic such
as over glacial/interglacial cycles. Therefore, we present a high-
resolution record of Hg for the last two glacial-interglacial transi-
tions from core GL-1090 (Southwestern Subtropical Atlantic -
Santos Basin) using amultiproxy approach to determine controlling
mechanisms for Hg accumulation during global climatic
transitions.
2. Material and methods

2.1. Study area

Core GL-1090 was collected by the PETROBRAS Brazilian oil
company in the Southwestern Subtropical Atlantic (24.92 ◦S, 42.51
◦W, 2225 m water depth, 1914 cm long) (Fig. 1a). The upper-ocean
circulation in the subtropical Southwestern Atlantic is dominated
by the southward flowing Brazil Current (BC). The BC originates at
~10 �S latitude from the southern branch of the bifurcation of the
South Equatorial Current, which is also the source of the
northward-flowing North Brazil Current (Peterson and Stramma,
1991; Stramma, 1991). The intermediate and deep water of the
Southwestern Atlantic (600 m and 3000 m) are influenced by
Antarctic Intermediate Water (AAIW) and the North Atlantic Deep
Water (NADW). The AAIW in the South Atlantic is formed from a
surface region of the circumpolar layer, in the northern Drake
Passage and the Malvinas Current loop, flowing northward be-
tween 600 and 1200 m (Stramma and England, 1999). The AAIW
has a salinity ranging between 34.2 and 34.6 with thermohaline
limits between 3� and 6 �C (Stramma and England, 1999). The main
AAIW salinity minimum at 25�W extends northward from the
Subantarctic Front at 45�S (Talley, 1996). The AAIW is also a vertical
oxygen maximum in the South Atlantic Subtropical Gyre, reaching
an oxygen maximum at the equator along the western boundary
and a maximum at only about 20�S in the central and eastern
Atlantic (Talley, 1996; Stramma and England, 1999).

The production of NADW is one of the critical variables that
determine the Earth’s response to climate change, acting to mod-
erate the global redistribution of heat and salt (Dickson and Brown,
1994). The NADW originates in the northern North Atlantic. From
about 35�N to 50�S, the NADW is found circulating between 2000
and 4000 m water depth. After 50�S, the thickness of the NADW
decreases, reaching a depth of 1000 m in approximately 60�S
(Johnson, 2008). It has high salinity and oxygen content with low
nutrients (M�emery et al., 2000). Because of the depth of the core
(2225 m), there is no significant influence of Antarctic Bottom
Water (AABW) for this site in the modern circulation. The inter-
mediate and deep water masses in this region can also be depicted
by their distinctive signatures of the carbon isotope (d13C) of the
dissolved inorganic carbon (DIC - d13CDIC) (Eide et al., 2017a, 2017b).
The southern sourced waters masses AAIWand AABW tend to have
a lower (<0.75‰) d13CDIC that reflects the incomplete nutrient
consumption in their formation areas. Otherwise, northern
component water NADW splits the southern sourced waters and
transports a high (>1.0‰) d13CDIC signal until ~ 35 �S (Fig. 1b).

2.2. GL-1090 sampling and age model

For this study, core GL-1090 was sub-sampled at approximately
5 cm resolution. The age model was obtained through a combina-
tion of calibrated AMS 14C ages and benthic foraminifera d18O tie
points aligned to two reference curves (Lisiecki and Raymo, 2005;
Govin et al., 2014). Age modeling was based on the software Bacon
v.2.2, which reconstructs Bayesian accumulation histories for
sedimentary deposits (Blaauw and Christeny, 2011). Details
regarding the GL-1090 age model and sedimentation rates (SR) are
provided by Santos et al. (2017).

2.3. Total organic carbon (TOC) and calcium carbonate (CaCO3)

For Total Organic Carbon (TOC) analyses, sediment samples of
60 mg were dried, pulverized, and encapsulated in tin foil after
removal of carbonate via acidification with 1 M Hydrochloric Acid
(HCl). The analyses were performed using a PDZ Europa ANCA-GSL



Fig. 1. A: Position of core GL-1090 collected by the Petrobras Brazilian oil company (Santos Basin, 24.92◦S, 42.51◦W, 2225 m water depth, 1914 cm long) in the Southwestern
subtropical Atlantic Ocean. B: Pre-industrial distribution of the carbon isotope (d13C) of the dissolved inorganic carbon (DIC - d13CDIC) (Eide et al., 2017a; b) for a transect between
0 and 60 �S. Acronyms refer to Antarctic Intermediate Water (AAIW), Antarctic Bottom Water (AABW), and North Atlantic Deep Water (NADW).
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elemental analyzer at the Stable Isotope Facility of the University of
California, Davis (USA) with an analytical precision of ±0.09%.

Carbonate content was analyzed through the acid-soluble
weight loss method (Chaney et al., 1982) . The difference in
weight before (Weight 1) and after the attack with HCl (Weight 2)
provides a rough estimate of the carbonate content [%
CaCO3 ¼((Weight 1 � Weight 2) � 100)/Weight 1].
2.4. Major elements composition

Titanium (Ti), Aluminum (Al), Iron (Fe), Manganese (Mn) and
Calcium (Ca) intensities were obtained by scanning the core surface
of the archived half with the X-ray fluorescence Core Scanner II
(AVAATECH Serial No. 2) at the MARUM, University of Bremen
(Germany). The X-ray fluorescence data were measured every
0.5 cm for GL-1090 by irradiating a surface of approximately
10 mm � 12 mm for 20 s at 10 kV (Venancio et al., 2018). To reduce
the dilution effect from sedimentary carbonate, the Fe counts were
presented as elementary Fe/Ca ratios, following Govin et al. (2012).
Mn was normalized to Al to assess terrigenous contribution over
the Mn signal in GL-1090.
2.5. Mercury total concentration

Mercury total concentrations were performed using Zeeman
atomic absorption spectrometer RA-915þ with PYRO-915 attach-
ment, following analytical methodology by Sholupov et al. (2004).
Freeze-dried sediment (approximately 200 mg) was weighed and
placed in a first combustion chamber that reached 680e740 �C. A
carrier gas (air) then took the vaporized Hg compounds to a second
combustion chamber where the vaporized compounds, including
Hg and other interfering compounds, were further decomposed,
producing carbon dioxide and water. The rest of the background
absorption was eliminated using the Zeeman spectrometer
correction. The validation of the method was performed by
frequent and simultaneous analysis of sediment standard PACS-2
(n ¼ 10) from the National Research Council e Canada (NRCC).
The Hg recovery was 100% with Relative Standard Deviation (RSD)
of <5% as the acceptable level of precision. The detection limit was
0.5 ng g�1 for 10e400 mg of sediment, and the overall error on Hg
was ±5% (1SD).
3. Results

3.1. Age model and sedimentation rates

According to the age model established by Santos et al. (2017),
GL-1090 covers the last 185 thousand years, making it possible to
identify the last six Marine Isotope Stages (MIS). The average of the
sedimentation rate determined from the GL-1090 core was 13 cm/
kyr, however, the rates varied considerably. The highest values
were found in MIS 4, which reached 24 cm/kyr (Fig. 2f), and the
lowest sedimentation rates were observed at approximately 125 ka
(MIS 5e) and 11 ka (MIS 2/MIS1) with rates of 2.2 cm/kyr and 2 cm/
kyr, respectively (Fig. 2f).

3.2. Total organic carbon and calcium carbonate

TOC concentration ranged from 0.13% to 1.05% with a mean of
0.52% (SD ± 0.1). The lowest value (0.13%) was observed in the
transition between MIS 6 and MIS 5e (Fig. 2b). Relative enrichment
of TOC occurred during MIS 3, as well as during MIS 5 where the
values ranged, respectively, from 0.46% to 0.83% with a mean of
0.60% (SD ± 0.08) and from 0.13% to 0.67% with a mean of 0.54%
(SD ± 0.09) (Fig. 2b). However, the MIS 5 sub-stages presented
significate oscillations in TOC percentage, mainly between the
transition periods (Fig. 2b). In MIS 4, TOC values were relatively low
for the entire period with a mean of 0.45% (SD ± 0.05). In the
transition between MIS 3/MIS 2, TOC values tended to decrease
until the MIS 2/MIS 1 transition, after which the highest values of
TOC were observed (Fig. 2b).

Carbonate content ranged from 6.6% to 58.3%, reaching the
highest percentages during the transition between MIS 6/MIS 5
(58.3%) and the Holocene (54.3%) (Fig. 2c). The lowest values
occurred during MIS 4 and ranged from 18.13% to 29.92% (Fig. 2c).
After MIS 4, carbonate content increased significantly and
remained high until MIS 1 (Fig. 2c).

3.3. Major element content

The Fe/Ca ratio increased significantly during MIS 6 and early
MIS 4 and remained high the entire period (Fig. 2d). Abrupt vari-
ations were also observed in MIS 5e/MIS 5d and MIS 5b/MIS 5a
transitions (Fig. 2d). The lowest values were found early in MIS 3 up
until approximately 16 ka, where there was an abrupt increase



Fig. 2. Distribution of Hg concentration and paleoenvironmental proxies in core GL1090. (a) Hg (ng g�1) (b) TOC (%), (c) CaCO3 (%), (d) Fe/Ca ratio and Ti/Al ratio, (e) Mn/Al ratio, and
(f) sedimentation rates (SR) in cm/kyr. Marine Isotope Stages (MIS) boundaries were numbered from 1 to 6 and separated by light grey and white bars.
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(Fig. 2d). The Ti/Al ratios showed significant variations in the late
MIS 6, MIS 3, and MIS 2, with the most significant variations
occurring during MIS 2 (Fig. 2d). The Mn/Al ratios were low and
relatively constant throughout most of the core (Fig. 2e). However,
during the MIS 6/MIS 5 and MIS 2/MIS 1 transitions, there were
abrupt oscillations (Fig. 2e).

3.4. Mercury content

Mercury concentrations ranged from 12.9 ng g�1 to 84 ng g�1,

and the meanwas 27.34 ng g�1 (SD ± 8) for all periods (Fig. 2a). The
highest Hg values were observed at the MIS 6/MIS 5e transition
(129 ka, 83.63 ng g�1) and in the LGM (21 ka, 54.80 ng g�1) (Fig. 2a).
The lowest Hg concentrations occurred during MIS 5e when the
value decreased to 13 ng g�1. Mercury exhibited a similar pattern to
TOC and CaCO3 (Fig. 2a, b, and c), with an exception in the late MIS
6. During MIS 4, Hg, TOC, and carbonate tended to decrease (Fig. 2a,
b, and c). The opposite behavior was observed in the Fe/Ca ratios
(Fig. 2d) and sedimentation rate (Fig. 2f).

4. Discussion

4.1. Sources and transport of mercury in Southwestern Subtropical
Atlantic through glacial/interglacial cycles

Enhancement of the Hg atmospheric input on a global scale has
been attributed to an increase of dust load during cold climatic
stages and continental runoff (Jitaru et al., 2009; Lacerda et al.,
2017; Fadina et al., 2019). However, Hg records in GL-1090 cannot
be explained by the mentioned processes. First, Hg in GL-1090 core
presented a different pattern concerning Hg records in the Ant-
arctic zone and northeastern Brazil (Fig. 3b) (Jitaru et al., 2009;
Fadina et al., 2019). Second, Hg in GL-1090 did not accompany the
increase of the dust concentration in the Antarctic zone (Fig. 3a and
b). Although Hg in GL-1090 showed an increase during LGM, this
variation was low when compared to dust and Hg concentration
oscillation in the Antarctic zone (Fig. 3a and b). Third, Fe/Ca ratio
and Hg concentration in GL-1090 displayed an inverse pattern
(Fig. 3b and c) with Hg concentration negatively correlated to the
major elements (Table 1). Therefore, overall Hg distribution in
Southwestern Subtropical Atlantic, as recorded in core GL-1090,
does not appear to be influenced by increased continental runoff
as described by Fadina et al. (2019) for the Brazilian equatorial
margin (Fig. 3b).

The Hg/TOC ratio was used to remove the variations in the
scavenging effect on the Hg content in the sediments. In this way, it
is possible to assess the processes related to the provenance of this
metal (Grasby et al., 2013a, b, 2017). An abrupt variation was
observed during the MIS 6/5 transition (130 ka) (Fig. 3d). A similar
configurationwas observed, but with less intensity, during the LGM
(Fig. 3d). This variation in the Hg/TOC ratio could be associated with
changes in the provenance of Hg, as suggested in Grasby et al.,
(2013a, b, 2017).

The Ti and Al are derived from aluminosilicates, which are pri-
marily delivered to the oceans via riverine discharge (Arz et al.,
1998; Perez et al., 2016). Considering that the distribution of Ti
(heavy minerals) in deep-sea sediments is affected by changes in
the grain size variation, it has been suggested that variations of the
Ti/Al ratio predominantly indicate changes in weathering in source
regions (Govin et al., 2009; Muratli et al., 2010).

The Ti/Al ratio from GL-1090 increased in the late MIS 6 and
during the LGM. Thus, the rough variation in Hg/TOC could be
associated with rapid and episodic events of the terrestrial/riverine
Hg transport to this region (Fig. 3c and d). A possible source of Hg to
the GL-1090 area would be sediment suspend from the Plata River
discharge. According to Govin et al. (2009), Ti/Al values from Plata
River sediment have similar values of the surface sediments off
south Brazil and Uruguay between 24�S and 38�S. Using Pb isotope
Mahiques et al. (2008) established that Plata Pluma water reaches
up to 28�S. Therefore, the GL-1090 area would be under the influ-
ence of Plata Pluma water and might explain the Hg peak in LGM.
However, for late-MIS 6, the Hg/TOC ratio variations are temporally
more significant, and Hg/TOC peak was not coupled with Ti/Al
ration. Thus, it indicates that other factors such as post-depositional
changes could have affected sedimentary geochemistry of Hg in
Southwestern Subtropical Atlantic during this period.

Mercury data from GL-1090 was correlated with organic-rich
particles during the latest 185 ka (Table 1). This close relationship
between Hg and TOC could be confirmed by the Hg/TOC ratio,
which was steady most of the time. The Hg concentrations in ma-
rine sediments usually reflect the scavenging process by organic
particles that occurs in the surface ocean (Mason and Fitzgerald,
1991; Laurier et al., 2004; Zhang et al., 2014). It is estimated that
70% of Hg in thermocline/intermediate water is removed through
the scavenging processes by organic-rich particles (Zhang et al.,
2014). Lamborg et al. (2016) detailed the vertical transfer of Hg in
the ocean and found that the downward flux of this metal supports
regenerative scavenging, rather than reversible scavenging, with a
balance between adsorption, remineralization, and loss from the
water column by sinking.

Although particle sinking from the surface ocean has been
described as the primary mechanism for the transporting Hg to
deep waters (Mason et al., 1998; Mason and Sullivan, 1999; Laurier
et al., 2004; Zhang et al., 2014), GL-1090 data suggest that Hg was
not driven by local marine productivity. In MIS 4, the low values in
Hg concentration and TOC % did not reflect the high surface pro-
ductivity found by Costa et al. (2016). In contrast, during LGM,
paleoproductivity proxies in GL-1090 (Lessa et al., 2017) and GL-74
(21�15022.500 S, 40�02036.200 W; water depth of 1279 m, 1975 cm
long) (Portilho-Ramos et al., 2015) demonstrated low productivity
with an increase only in MIS 5.

According to Laurier et al. (2004), there is a difference in deep
Hg concentration between the North Atlantic and the North Pacific
Ocean. This occurs due to removal processes involving the Hg in the
deep ocean as water moves from the Atlantic to the Pacific Ocean.
The inter-ocean Hg fractionation and distribution (Laurier et al.,
2004) was also observed by Cossa et al. (2011) in which Hg con-
centration measured in Circumpolar Deep Waters (CDW) (depths
ranging from 500 to 3000 m, far to the East 140�E and South
46e62�S) was lower than Hg concentration measured in NADW.
Biogeochemical modeling showed by Zhang et al. (2014) predicted
that the progressive increase in Hg concentrations during the
transit of deep water from the North Atlantic to the North Pacific
was similar to the behavior of biologically active tracers. This sup-
ports the idea about the scavenging of Hg in deep waters during
their transport poleward.

The d13C of C. wuellerstorfi is widely used as a deep-water
paleocirculation and paleoproductivity proxy, since carbon iso-
topic composition from benthic foraminifera exhibits a consistent
correlationwith the isotopic composition of the DIC from the water
mass (Curry and Oppo, 2005; Tessin and Lund, 2013). Thus, more
negative values would be related to the presence of water masses
containing a higher amount of respired carbon. The Hg curve had a
similar pattern to the d13C of Cibicides wuellerstorfi from GL-1090
(Santos et al., 2017) (Fig. 4a and d). This relation might explain
the source of the metal in GL-1090, which was derived from the
global atmospheric pool and followed regenerative deep carbon
cycle during its transit as propose by Mason et al. (1998); Laurier
et al. (2004); Fitzgerald et al. (2007); Cossa et al. (2011); Lamborg
et al. (2016); Cossa et al. (2018).



Fig. 3. Relationship between the Hg/TOC ratio and eolian and continental proxies. a) EPICA Dome C ice core record of atmospheric dust deposition in the black line (Lambert et al.,
2008). b) Hg (ng g�1) from GL-1090 core in black circles, marine core GL-1248 (0�55.20S, 43�24.10W) in dark yellow circles (Fadina et al., 2019) and Hg concentration from Antarctica
(Jitaru et al., 2009) in dark pink circle. c) Fe/Ca ratio (red line) and Ti/Al ration (dark blue line) from GL-1090. d) Hg/TOC ratio (black circle) from GL-1090. Light yellow bars represent
the additional input of Hg and the relation to change in the diameter of the particle. The light blue bars represent the increase of terrestrial material, and its the relation with Hg
loading. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
Spearman rank correlation coefficients for Hg (ng g�1), TOC (%), and major elements
in GL-1090. Correlations significant at the 95% confidence level are in bold text.

Variables Hg TOC Fe Al Ti Mn

TOC 0.55
Fe ¡0.69 �0.37
Al ¡0.63 �0.28 0.84
Ti ¡0.65 �0.31 0.88 0.96
Mn �0.18 0.01 0.12 0.28 0.25
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4.2. Deep ocean mercury cycle and regenerative organic and
inorganic carbon processes

Glacial periods are characterized by a strong chemical contrast
developed in d13CDIC between southern-sourced and northern-
sourced component deep waters (Sigman et al., 2010; Ziegler
et al., 2013). This likely occurred due to biological pump streng-
thing in regions of deep-water convection that resulted in the
d13CDIC increasing in the surface ocean. Additionally, the decrease in
NADW production following the advance of glacial climate resulted
in a decrease of the vertical mixing between water masses, which
enhanced storage of remineralized carbon in the deep-water and
produced a further CO2 drawdown and low d13CDIC (Lund et al.,
2011; Jaccard et al., 2016; Yu et al., 2016) (Fig. 4f). The d13C of C.
wuellerstorfi in core GL-1090 shows a very similar pattern with
other benthic d13C data from the South Atlantic (Jonkers et al.,
2015), which indicates that it reflects basin-wide process associ-
ated with changes in the South Atlantic ventilation (Fig. 4d).

A similar pattern between Hg concentration, TOC (%), and the
d13C of C. wuellerstorfi (Fig. 4a, b, and d) suggests that changes in
the deep South Atlantic circulation might have played a role in
regenerative organic matter cycle and consequently in the avail-
ability of Hg in the water column. This is further supported during
the MIS 5/MIS 4 transition when GL-1090 data are compared with
the εNd data (Fig. 4e).

The chemical composition of the rare earth elements and ƐNd in
oceans results from continental crust weathering and exchanges
with seawater along continental margins. (Frank, 2002; Pearce
et al., 2013). These processes produce an εNd signature that is
relatively less radiogenic for NADW (�13.5) (Piepgras and
Wasserburg, 1982), reflecting the ancient continental crust that
surrounds its source areas. This value differs from that of the
Southern Ocean (εNd ¼ �9 to �8) (Amakawa et al., 2013), which
reflects a mixture with more radiogenic Pacific Oceanwaters due to
young rocks derived from the mantle that surrounds the region.

The Hg concentrations, TOC (%) and d13C of C. wuellerstorfi,
showed an abrupt decline in their values from late MIS 5 to MIS 4,
while εNd had higher radiogenic values (MIS 4) (Fig. 4a, b, d and e).
It suggests a lower penetration of the northern component NADW
and a greater contribution of corrosives southern water masses
(Piotrowski et al., 2005; Griffiths et al., 2013; Jonkers et al., 2015).
The presence of more corrosives southernwater masses can also be
supported by the substantial reduction in the percentage of CaCO3
(Fig. 4c) observed in core GL-1090. This significant drop in CaCO3%
could be explained by the increase in the concentration of DIC in
deep waters, which enhanced deep waters corrosivity, dissolving
CaCO3 and rising the alkalinity (Sigman et al., 2010; Yu et al., 2016;
Farmer et al., 2019). This way, enhancement of water-column
stratification increased the remineralization of organic matter
intensifying the regenerative scavenging of Hg, as described by
Lamborg et al. (2016). The intensification of regenerative scav-
enging would increase the release and storage of Hg(II) species in
deep-water. This fact could explain the decrease of Hg concentra-
tion in sediment during MIS 4 (Fig. 5).
During the transition between MIS 4/MIS 3, an increase in Hg
concentrations was observed while the same trendwas observed in
TOC, CaCO3, and C. wuellerstorfi d13C (Fig. 4a, b, and c). MIS 3 is
considered an unsettled period with abrupt and repeated
millennial-scale oscillations, alternating between cold stadial and
warm interstadial events (Kissel et al., 1999; Gutjahr et al., 2010;
Hessler et al., 2011). In the North Atlantic, sedimentary records
indicate an increase in NADW advection and renewal of AMOC
convection during interstadial events (Henry et al., 2016;
Rasmussen et al., 2016). Therefore, this may suggest that during the
MIS 3, a vigorous NADWassociated with the interstadial conditions
decreased organic matter remineralization and allowed the depo-
sition of the Hg by organic-rich particles and accumulation in the
sediments (Fig. 5). The CaCO3 (%) increase and positive values for
the d13C of C. wuellerstorfi (Fig. 4c and d) reinforce the hypothesis
that the pattern of Hg for these periods was being influenced by
deep-water changes such as changes in position, extent and/or
physicochemical conditions of water masses in this region.

UnlikeMIS 4, Hg concentrations in sediment were higher during
the LGM/MIS 2 (Fig. 4a). Furthermore, it had the same pattern as
CaCO3 and TOC (Fig. 4b and c). Although εNd from TNO57-21(41,11
�S, 7,91 �E, water column depth 4981 m) and GeoB3808-6 (30.8� S,
14.7� W, 3213 m water depth) indicated the presence of corrosive
southern-sourced waters during this period, the εNd isotope from
GL-1090 had values ranging between �10 and �11 in the LGM
(Fig. 4e) (Howe et al., 2016b, 2018). The high values were attributed
to mixing from northern-sourced waters and southern-sourced
water, where the intermediate depths were mostly filled by
northern-sourced water (Howe et al., 2018). The increase in vertical
mixing in the GL-1090 region allowed organic carbon preservation
as well as carbonate precipitation. This could also explain the Hg
accumulation during LGM/MIS 2 (Fig. 4a).

4.3. Paleoredox change and AMOC recovery in Termination II

The penultimate deglaciation is recognized by Termination II (T-
II 129e135 ka) (Lourantou et al., 2010; Schneider et al., 2013), which
included a reported rise of ~100 ppmv in atmospheric CO2 (Fig. 6f)
(Lourantou et al., 2010 Schneider et al., 2013). This abrupt increase
in atmospheric CO2 is linked to the enhancement of North Atlantic
ventilation and vigorous strengthening of AMOC (Lourantou et al.,
2010; B€ohm et al., 2014; Deaney et al., 2017). After T-II, in early
MIS 5e, Hg concentration in GL-1090 showed an abrupt increase
reaching the highest value within the core (83.63 ng g�1) (Fig. 6a)
and decoupling from TOC (Fig. 6b and c). However, after 130 ka, Hg
and organic carbon had the lowest concentrations between 129 and
126 ka (Fig. 6a and b). The opposite trend was observed in Mn and
CaCO3, with both having the highest values in the core (Fig. 6c and
d).

The improvement of ventilation in the South Atlantic Ocean
after T-II has been linked to the formation of an oxidation front in
deep marine sediments. As a consequence, organic carbon origi-
nally supplied to the sediments was effectively degraded in a pro-
cess referred to as burndown. (Thomson et al., 1990, 1996; Kasten
et al., 2001; Wagner and Hendy, 2015). Evidence of this process
includes the dramatic drop in the sedimentation rate followed by a
decrease in organic carbon accumulation (Thomson et al., 1990,
1996; Kasten et al., 2001; Mangini et al., 2001; Wagner and Hendy,
2015). The sedimentation rate in GL-1090 dropped sharply (from
9 cm/kyr to 3 cm/kyr) at 130 ka, reaching the lowest value at 125 ka
(2 cm/kyr) (Fig. 6b). The TOC record also decreased with the lowest
value observed at ~127 ka (Fig. 6b). These findings are in agreement
with other studies that proposed the same mechanism (Thomson
et al., 1996; Mangini et al., 2001; Kasten et al., 2001; Wagner and
Hendy, 2015), indicating the burndown processes occurred after



Fig. 4. Relationship between paleocirculation proxies and mercury geochemistry during the last 185 thousand years. Plot (a) mercury distribution in GL1090, plot (b) total organic
carbon in GL1090, (c) CaCO3 in GL1090 (d) benthic d13C compilation the light green circles correspond the values in Santos et al. (2017) to GL1090, dark green diamonds of the RC11-
83 (40� 360S, 9�480E, water depth 4718 m)and red square of the GeoB2808-6 (30,8 �S, 14.7 �W, water depth, 3213 m) (Jonkers et al., 2015), plot (e) εNd data compilation, the dark
green circles of the TNO57-21(41,11 �S, 7,91 �E, water depth 4981 m) (Piotrowski et al., 2005), the pink circles of the GeoB3808-6 (30.8� S, 14.7� W, 3213 m water depth) (Jonkers
et al., 2015), dark blue circles of the MD99-2198 (12.09� N, 61.23�W; 1330 m water depth) (Griffiths et al., 2013) and the black circles of the GL-1090 core (24.92 ◦S, 42.51 ◦W,
2225 mwater depth, 1914 cm long) (Howe et al., 2016a, b; Howe et al., 2018). (f) CO2 compilation from Antarctic cores (Bereiter et al., 2012; Eggleston et al., 2016). The light grey and
white bars represent each MIS. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Conceptual model showing the relationship between the biological pump and Hg cycle during glacial maximum/cold stages and interglacial/warm stages. In (A) glacial
maximum/cold stages, it is characterized by intensification of regenerative scavenging of Hg. As a consequence, the water column beings more remineralized due to a more efficient
biological pump, associated with weak and shoal AMOC, and the reduction in vertical mixing. In (B) interglacial/warm stages, a slowdown in Hg regenerative scavenging due to the
resumption of NADW production is observed and, therefore, an increase of vertical mixing, decrease organic matter remineralization, greater removal of Hg to sediment.
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T-II in the Southwestern Subtropical Atlantic as well.
To further support the burndown process, an increase in the

oxygen content of the sediments in GL-1090was examined through
the CaCO3 and Mn content (Fig. 4d and e). The geochemistry of Mn
is dominated by the redox conditions, where Mn is oxidized and
precipitates as insoluble Mn(III) and Mn(IV) oxides in oxygenated
waters (Tribovillard et al., 2006). The Mn/Al ratio increased after T-
II having an opposite trend as TOC and sedimentation rates (Fig. 6e),
which supports higher preservation of Mn as oxidized solids.
However, since Mn is also from lithogenic sources, changes in Mn
may also be due to changes in lithogenic source regions. Oneway to
assess changes in lithogenic source regions is the Ti/Al ratio
(Muratli et al., 2010). The Ti/Al ratios exhibited a more significant
oscillation within the T-II interval (Fig. 6e), while Mn/Al ratio was
steady during the same period. This was followed by a rise of Mn/Al
starting at 129 ka that reached the greatest values at ~125 ka,
during which the Ti/Al did not exhibit significant variation (Fig. 6e).
Therefore, the Mn record in the T-II interval in GL-1090 likely re-
flects the changes in bottom-water oxygen content. This hypothesis
is reinforced by an increase of carbonate precipitation (Fig. 6d),
which would be related to the presence of less corrosive northern-
source waters indicating the resumption of the NADW formation
(Sigman et al., 2010; Yu et al., 2016; Farmer et al., 2019) This result
was in agreement with less radiogenic εNd from ODP 1063 (33�

410N, 57� 370W, water depth 4584 m) (Fig. 6f), (Deaney et al., 2017).
When organic matter is remineralized, it can cause the remo-

bilization of reduced trace metals phases (Tribovillard et al., 2006).
Once remobilized, trace metals can either diffuse downward into
sediment column or diffuse upward out of sediment into the water
column if concentration gradients decrease in those directions
(Mangini et al., 2001; Tribovillard et al., 2006; Wagner and Hendy,
2015). According to Gagnon et al. (1997), the degradation of organic
matter is one of the factors responsible for the release of inorganic
Hg to the sediment porewaters. Utilizing this mechanism, after T-II



Fig. 6. Mercury and paleoenvironmental proxy distribution during T-II interval. Plot (a) Hg (ng.g�1), plot (b) TOC (%) and sedimentation rates (cm/kyr), plot (c) Hg/TOC (%), plot (d)
CaCO3 (%), plot (e) Ti/Al ratio represented by the dark blue line and Mn/Al ration demonstrated by dark grey line, plot (f) CO2 (ppmv) from EPICA Dome C (EDC) and Talos Dome
represented by black circles (Schneider et al., 2013) and εNd from ODP 1063 (33� 410N, 57� 370W, water depth 4584 m) data represented by light green circle were obtained in B€ohm
et al. (2014), data represented by blue and red circles were obtained in B€ohm et al. (2014) and Deaney et al. (2017). Purple bar illustrates the T-II interval, and the blue bar represents
the oxidation front formation into fo MIS 5e. The light grey bar represents MIS 5e. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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(between 130 and 126 ka), the burndown of OM could have pro-
moted the release, migration, and precipitation of Hg in other
sediment layers, potentially explaining the Hg peak at the end of T-
II.

In marine sediments, the mobility of Hg is affected by dissolu-
tion and precipitation of the several components of the solid
sediment (Gobeil and Cossa, 1993; Gagnon et al., 1997; Fitzgerald
et al., 2007). Processes such as the remineralization of organic
matter, dissolution of authigenic and detrital FeeMn oxides, as well
as the oxidation of iron sulfides are responsible for releasing inor-
ganic Hg to the sediment porewaters (Gagnon et al., 1997). In anoxic
sediment, Hg can be re-adsorbed onto residual organic matter or
iron sulfides compounds, while in oxic layers, the adsorption occurs
onto FeeMn oxides and fresh organic matter (Gobeil and Cossa,
1993; Gagnon et al., 1997). In the oxic/post-oxic boundary,
Mercone et al. (1999) proposed the formation of HgSe (tiemmanite)
after the release of ionic species into pore water followed by the
oxidation of reduced Hg species. However, the results obtained for
GL-1090 do not allow any inferences about the partitioning of Hg.

5. Conclusions

Over the last 185 ka, the total Hg concentration record from core
GL-1090 indicated that Hg accumulation in South Atlantic Ocean
deep-sea sediments during glacial stages was closely linked to the
deep carbon cycle and directly related to the remineralization of
organic carbon. The absence of correlations with major elemental
ratios showed that terrestrial runoff had little to no influence on Hg
input. Furthermore, the strong relationship between Hg and
benthic d13C showed that the scavenging process of this metal
responded to physical and chemical conditions imposed by NADW
and a change in the position and extent of water masses promoted
the accumulation of reactive species of this metal in deep-sea
sediments as was observed in MIS 4. There was also the occur-
rence of an active oxic/post-oxic boundary due to increases in
bottom ventilation at ~130-125 ka. This was associated with the
AMOC recovery, which promoted efficient remineralization of
organic matter and the redistribution of Hg within the solid phase.
This conclusion was reinforced by an increase in the Mn signal and
calcium carbonate precipitation. Therefore, this work provides
strong evidence for the significant influence of global ocean cir-
culation on Hg accumulation in deep-sea sediments.
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