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a b s t r a c t

The sediment core GL-1248, collected from the continental slope off northeastern Brazil, was used to
reconstruct mercury (Hg) variations in NE South American continental margin and understand its
variability in response to paleoclimate changes over the past 128 ka. Mercury concentrations in GL-1248
ranged between 14.95 and 69.43 ng/g, showing a glacial-interglacial pattern with higher (lower) con-
centrations in the glacial period (interglacial period). Parallel trends of Hg and XRF-Fe plots suggest that
following atmospheric Hg deposition onto the continent, Hg is incorporated with Fe compounds before
transportation and eventual immobilization at the NE Brazil continental slope. Peaks of Hg and Fe/Ca
ratio peaks occurred concurrently during certain Heinrich Stadials, indicating that Hg is transported from
the continent alongside fluvial sediments during periods of increased precipitation and erosion in NE
Brazil continent. Mercury concentrations varied with periodicities of 56 ka and 900 yr suggesting glacial-
interglacial changes and millennial-scale variability, respectively. Total Hg and total organic carbon are
poorly correlated, although the latter likely influenced Hg sequestration into marine sediments during
millennial-scale events between 60 ka and 30 ka. Altogether, our results suggest that the atmosphere is
the primary source of Hg to GL-1248 and glacial-interglacial climate variations were the major deter-
minant of atmospheric Hg deposition. Furthermore, increased precipitation during millennial-scale
events played a secondary role by enhancing Hg transport to the continental slope of NE Brazil.

© 2019 Published by Elsevier Ltd.
1. Introduction

Mercury (Hg) is a globally distributed metal of environmental
concern due to its toxicity to both wildlife and human health
(WHO, 1989). It is released into the environment via natural (vol-
canoes, geothermal vents, and rock weathering) and anthropogenic
(industrial activities, mining and coal burning) (Amos et al., 2013)
sources during pre-industrial and industrial times respectively.
Owing to its atmospheric residence time of up to 1.5 years (Nriagu
ografia Operacional e Paleo-
sidade Federal Fluminense,
azil.
Albuquerque).
et al., 1992; Santos et al., 2001), Hg can be transported from its point
sources to remote locations, as far as the Antarctic and Arctic
(Schroeder and Munthe, 1998; Horowitz et al., 2014; Steffen et al.,
2015). Its sources and post-depositional fluxes within all environ-
ments constitute the global Hg biogeochemical cycle. Irrespective
of its source, Hg stored in environmental reservoirs can be emitted
back into the atmosphere or remobilized to secondary locations.
Although several studies describe Hg depositional and post-
depositional processes, recent studies on Hg variations in envi-
ronmental archives highlight the role of climate in modulating Hg
deposition and accumulation.

Hg emissions from natural sources (mainly volcanic eruptions)
into the atmosphere are the largest and an essential component of
the global Hg cycle (Gworek et al., 2016), with concentrations in
natural archives varying over past climatic cycles (Jitaru et al.,
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Fig. 1. Map of the study area showing the Parnaíba basin (Brown line), NE Brazil and
the location of marine core GL-1248 (0�55.20S, 43�24.10W) in red dot. Blue dots
represent other cores discussed in the text namely: GeoB 16206-1/
1�34.750S43�01.420Wand GeoB 16224-1/6�39.380N52�04.990W (Zhang et al., 2015) and
GeoB 3104-1/GeoB 3912-1 (3�40.00S, 37◦43.00W) and GeoB 3911-3/4�◦36.80S,
36�38.20W (Jennerjahn et al., 2004). The gray dotted lines show the seasonal positions
of the Intertropical Convergence Zone (ITCZ) during boreal winter (JulyeAugust) and
boreal summer (MarcheApril) when it attains northernmost and southernmost posi-
tions respectively. Also shown are relevant surface currents namely the South Equa-
torial Current (SEC), the North Brazil Current (NBC) and North Equatorial Counter
Current (NECC) in Black solid lines with arrows (adapted from Stramma and England,
1999). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

O.A. Fadina et al. / Quaternary Science Reviews 221 (2019) 1058692
2009). Its dynamics in the environments are controlled by global
and regional climatic factors such as productivity, sea ice cover,
riverine discharge, sea level changes, and precipitation patterns.
Studies of sedimentary Hg profiles in environmental archives such
as lake sediments, peats, glacial ice, and marine sediments have
been used in paleoclimatic and paleoenvironmental re-
constructions (Nriagu et al., 1992; Engstrom and Swain, 1997;
Santos et al., 2001) in order to understand how natural processes
affect Hg cycling in the environment. For example, Vandal et al.
(1993) and Jitaru et al. (2009) recorded higher Hg deposition dur-
ing cold climates than in warm climates, thus highlighting the role
of high atmospheric dust loads on Hg deposition during the former.
In addition, several studies have identified organic matter (OM) as
the major driver of Hg accumulation in ocean sediments, a finding
supported by significant positive correlations between total organic
carbon (TOC) and Hg variations in the respective archives (Grasby
et al., 2013; Kita et al., 2013, 2016). To determine the effect of the
Intertropical Convergence Zone (ITCZ) on atmospheric Hg deposi-
tion, Kuss et al. (2011) and Soerensen et al. (2014) both compared
atmospheric and aquatic Hg concentrations across the latitudinal
transect of the Atlantic Ocean (Kuss et al., 2011; Soerensen et al.,
2014). Aquatic Hg concentrations were found to be higher in the
surface water below the Intertropical Convergence Zone (ITCZ)
compared to those of other latitudes, regardless of the low atmo-
spheric Hg concentration near the ITCZ location. Therefore, the
authors concluded that precipitation in the ITCZ favors Hg-wet
deposition into the surface water below the ITCZ.

In terms of the effects of forest fires on Hg emission, although
their impacts are evident only in specific instances (Corella et al.,
2017), forest fires are significant in the release of mercury (Hg)
stored in vegetation and soils into the atmosphere. Consequently,
high frequency and intensity of forest fires will likely result in
increased mercury emissions from soils (Amos et al., 2013). Mer-
cury emissions from volcanic activity and forest fires have been
registered in mountain lakes from the Northern Patagonian Andes
(Daga et al., 2016). In a study by Power et al. (2008), charcoal data
suggested that the recorded rise in atmospheric Hg concentration is
consequent to an increase in fire activity during the Last Glacial
Maximum at the tropical latitudes of South America. Similarly,
according to Cordeiro et al. (2011), warmer temperatures and the
high rates of forest fires of the late Holocene in the Brazilian
Amazon are key factors which lead to increased mercury deposi-
tion. Although several studies (e.g, Martínez Cortizas et al., 1999;
Jitaru et al., 2009; Outridge et al., 2007; Kirk et al., 2011), have
established that Hg profiles are driven by climate-modulated pro-
cesses, few studies in the southwestern Atlantic have addressed its
glacial-interglacial variations. Santos et al. (2001) showed that the
threefold increase in Hg deposition of a sediment core from Lake
Pata (northern Amazon) during the Holocene compared with the
Last Glacial Maximum (LGM) was due to the high temperatures and
the prevalence of forest fires during the Holocene. Other studies
also show that Hg fluxes were significantly higher during wet
climate episodes compared to dry ones (Lacerda et al., 1999;
Barbosa et al., 2004). In a recent study from Caço Lake, NE Brazil
(Lacerda et al., 2017), Hg fluxes for the last 22 ka were associated
with global changes in atmospheric dust and climate, as well as
global volcanism. A large number of published studies (e.g.
Outridge et al., 2007; Stern et al., 2009, Grasby et al., 2013, Kita
et al., 2013, 2016) have established significant positive correla-
tions between Hg and organic matter in environmental archives.
Notwithstanding, some authors (e.g. Roulet et al., 1998; Oliveira
et al., 2001; Fadini and Jardim, 2001), have identified uncharac-
teristic trends in Hg post-depositional process within South
American soils and sediments that links Hg variations to Iron (Fe)
-oxyhydroxides rather thanwith organic matter (Roulet et al., 1998;
Oliveira et al., 2001; Fadini and Jardim, 2001). Till date, studies on
Hg concentrations and fluxes over the changing climate in the
southwestern Atlantic are relatively short-termed, with the oldest
record terminating around 45 ka (Santos et al., 2001). As such, in-
sights into the effects of abrupt regional climate changes on mer-
cury deposition and accumulation over long timescales are lacking.
This study seeks to examine if Hg records from the continental
slope of NE Brazil are consequent global climate changes. Further-
more, the roles played by both global and regional climate oscil-
lations on Hg delivery at the study site will be discussed.

Here, we present reconstructed Hg deposition and accumula-
tion over the last 128 ka from a marine sediment core (GL-1248)
collected from the equatorial Brazil margin off the continental shelf
of NE Brazil. Alongside relevant geochemical proxies namely total
organic carbon, stable isotopes (d13Corg and d15Norg), and Fe/Ca ra-
tios, we are able to understand the various climate mechanisms
that control mercury atmospheric Hg deposition and post-
depositional processes. We examine the impact of concurrent
global and regional climate processes on Hg variations over the last
glacial-interglacial cycle.

2. Material and methods

2.1. Regional setting and sediment core location

Marine sediment core GL-1248 (0�55.20S, 43�24.10W, 2264m
water depth, 19.29m long) was collected by Petrobras from the
continental slope off northeastern Brazil, a location under the in-
fluence of the North Brazil Current (NBC) and at a distance of about
280 km to the north of the mouth of the Parnaíba River (Fig. 1).
Located northwest to the core site at a distance of approximately
739 km is the mouth of Amazon River. The 6400 km long Amazon
River is the world's largest river in terms of discharge volume
(209,000m3/s), and accounts for approximately a fifth of global
freshwater discharge (Richey et al., 1990; Moura et al., 2016).
Comparing the average distances of both rivers to the core site, the
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Parnaíba River is in closer proximity and as such more likely source
of fluvial waters and terrestrial sediments to our core site. Its main
course has a length of approximately 1400 km (Ramos et al., 2014),
while the modern Parnaíba drainage basin area is approximately
344, 000 km2 (Marques et al., 2004). The Parnaíba River serves as a
transition zone between the Caatinga's semi-arid land in the east
area of the basin, and the more humid climate of Cerrado, in the
west (Rosa et al., 2003; Ramos et al., 2014). The Caatinga is a mixed
biome comprising of shrubs with areas of periodically dry forest
(Leal et al., 2005), while the Cerrado is characterised by varying
vegetation structure ranging from dense grassland with sparse
shrubs coverings and small trees, to densely covered woodlands
(Ratter et al., 1997). Dominant soil types in the basin include lato-
sols, plinthosols, podzols, lithic soils and quartz sands (Paula Filho
et al., 2015). The dominant vegetations in the region are the Caa-
tinga, the Cerrado, the semideciduous forest and the coastal vege-
tation. Two transitional areas namely the Caatinga/Cerrado and
Cerrado/Semideciduous forest have also been identified (Farias
Castro, 2003).

The climate in northeastern Brazil is tropical and semi-humid
with the raining season between the months of March through
May. The precipitation regime is mainly influenced by seasonal
Intertropical Convergence Zone (ITCZ) migrations (Hastenrath,
2012). In the boreal summer and fall when southeast (SE) trade
winds are intense, the ITCZ is displaced northwards (Hastenrath
and Merle, 1987). During boreal winter and spring when the
northeast (NE) trade winds are intensified, the ITCZ attains its
southernmost position, leading to enhanced precipitation in the
Parnaíba River catchment (Hastenrath, 2012).

The upper water column circulation off northeast Brazil is
mainly influenced by the NBC dynamics (Fig. 1). The NBC originates
from the northern branch of the bifurcation of the South Equatorial
Current (SEC) at 10⁰S (Stramma et al., 1995). The NBC transports
warm and salty waters to the North Atlantic and the strength of its
transport varies seasonally with the trade wind system. With an
intensification of the SE trade wind during the boreal summer, the
NBC flows north eastwards retroflecting at 6⁰-7⁰N (Johns et al.,
1998) and feeding the North Equatorial Counter Current (NECC)
which transports surface waters eastwards (Richardson and
Reverdin, 1987). Conversely, when the NE trade winds gain
strength during boreal winter, NBC transport reduces (Stramma
et al., 1995; Johns et al., 1998) leading to the weakening or total
absence of NECC thereby aiding NBC north-westward flow along
the South American continental margin (Hastenrath and Merle,
1987; Stramma et al., 1995).

2.2. Sediment core chronology

Chronology of core GL-1248 was fully described by Venancio
et al. (2018). The age model is based on 12 Accelerator Mass
Spectrometry (AMS) radiocarbon ages on 400e500 planktonic
foraminifera (Globigerinoides ruber and Trilobatus sacculifer) tests,
which were handpicked from the fraction larger than 150 mm for
the upper 6.30m of the core. The radiocarbon dating reached
43.674 ka at 6.30m depth. The chronology of the lower part of the
core (6.30 - to 16.66m core depth; z 44e129 ka), was obtained by
aligning the Ti/Ca record of core GL-1248 to the ice d18O record of
the North Greenland Ice Core Project (NGRIP) (NGRIP Members,
2004) using the extended Greenland Ice Core Chronology
(GICC05modelext). According to Venancio et al. (2018), the align-
ment is based on the assumption that Greenland stadials are
associated with increased precipitation over northeastern Brazil
and increased delivery of terrigenous material to the western
equatorial Atlantic, as supported by speleothem and marine re-
cords of the last glacial period (Jaeschke et al., 2007; Wang et al.,
2004; Zhang et al., 2015). The main Ti/Ca fluctuations of core GL-
1248 were matched with corresponding major changes in d18O
from the NGRIP record, with tie points being mostly located at the
midpoint of abrupt excursions on both records. Also, the start of the
Last Interglacial was defined by aligning the Ti/Ca record of core GL-
1248 with the Antarctic methane record from EPICA Dome C
(Loulergue et al., 2008) at approximately 129 ka on the AICC2012
timescale (Veres et al., 2013), similar to previous studies (Govin
et al., 2012). The basis for this tuning is that abrupt Greenland
warming events occurred simultaneously with methane increases
during millennial-scale events of the last glacial period and the last
deglaciation (Baumgartner et al., 2014; Chappellaz et al., 1993;
Huber et al., 2006). Radiocarbon ages and tie points defined for GL-
1248 with their respective 2s errors are summarized in
Supplementary Table 1.

2.3. Geochemical analysis

Core GL-1248 was sampled every 5 cm (323 samples) for bulk
analysis. Samples were decarbonated before total organic carbon
(TOC), and stable isotopes (d13C and d15N) analyses. Each sample
was encapsulated in tin (Sn) foil after carbonate removal by acidi-
fication with 1M HCl, 60mg of dried and pulverized sediment. The
bulk analysis was performed using a PDZ Europa ANCA-GSL
elemental analyzer at the Stable Isotope Facility of the University
of California, Davis (USA) within an analytical precision of ±0.09%.

Elemental intensities of core GL-1248 were obtained by scan-
ning the split core surfaces of the archive halves with X-ray fluo-
rescence (XRF) Core-Scanner II (AVAATECH Serial No. 2) at the
MARUM, University of Bremen (Germany). The XRF data were
measured downcore every 0.5 cm in the core by irradiating a sur-
face of about 10mm� 12mm for 20 s at 10 kV (Venancio et al.,
2018).

For the determination of total Hg concentrations, 2 g of sedi-
ment was freeze-dried and lyophilized using TERRONE® lyophi-
lizer for 24 h. Following homogenization, about 30 mg of each
sample was analyzed using Zeeman Mercury Spectrometer RA-
915 þ according to the procedure described by Sholupov et al.
(2004). Total Hg analysis was carried out at 5 cm interval and in
triplicates for quality control, with Relative Standard Deviation
(RSD) of �5% as the acceptable level of precision. The analytical
method was further validated through the analysis of the certified
reference material (PACS-2) purchased from the National Research
Council Canada (NRCC). A total of 10 replicates were analyzed,
having a recovery of 100% for elemental mercury. The detection
limit was 0.5 ng/g for 10e400mg of sediment. Analysis for total Hg
concentrations was carried out at the Department of Geochemistry,
Federal Fluminense University, Niteroi, Brazil.

Iron (Fe) oxy-hydroxides were extracted using the citrate-
dithionate-bicarbonate (cdb) buffer method as described by
Lucotte and d'Anglejan, (1985), and then analyzed by Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) on a
Shimadzu, model ICPE-9000. Quality control was assessed by
analysis of blank reagents and using six (6) samples prepared in
duplicate and analyzed at random positions within a batch and the
analytical precision of these measurements is better than ± 8%.

2.4. Mineralogical analysis

Mineralogical characterization was carried out on pulverized
representative samples from two (2) depths within each marine
oxygen isotope stage (MIS), using a Bruker D8 Advance X-ray
powder diffractometer (XRD) with Cu Ka radiation at the Institute
of Physics, Federal Fluminense University, Niteroi, Brazil. Dif-
fractograms were collected using 2q between 3� to 70� with a step-
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size of 0.02� and 1.0s scanning time. For mineral identification,
generated patterns were compared with tables from Brindley and
Brown (1980) and data from the Mineralogy Database (http://
webmineral.com/), similar to the methodology adopted by
Silveira et al. (2016).
2.5. Time series analysis

In order to verify the presence of periodicities in our data, a
spectral analysis on GL-1248 Hg results using the REDFIT algorithm
(Schulz and Mudelsee, 2002) of the PAST software package
(Hammer et al., 2001) was performed. For this analysis, a setting of
two segments tapered with a Welch spectral windowwas selected,
the oversampling factor was set to 4. Subsequently, the primary
data set of Hg, in addition to other indicators such as TOC (discrete
samples) and Fe/Ca ratio (XRF), and secondary data from other
sources were analyzed using cross wavelet-spectral and cross-
coherence techniques (Grinsted et al., 2004). Wavelets are two-
dimensional transformations that present information about the
distribution of events with relative energy to the whole time series,
isolating the scale (frequency) of individual events (Grinsted et al.,
2004; Salmond, 2005). The cross-wavelet is a bivariate version of
the spectral analysis for comparing two sets of data (eg, Davis,
2002). Torrence and Webster (1999) and Grinsted et al. (2004)
provide detailed explanations of the cross-wavelet, in particular
the coherence and the cross-phase angle using the Morlet wavelet
based on a continuous wavelet transform. In this technique, Monte
Carlo simulations are used to provide a distribution of frequency-
specific probability (global spectrum of wavelets) that can be
tested by wavelet coefficients. Although discrete Hg data of this
study and other paleo-proxies are not regularly spaced in time
(along the core), Prokoph and El Bilali (2008) have shown that
uncertainty in geological time scales due to stratigraphic error
which adds non-stationary to paleoclimatic records can be mini-
mized with a good interpolation process. In this work, the data of
Hg, TOC, Fe/Ca and other paleo-proxies were interpolated with a
resolution of 50 yr, using the nearest neighbors' interpolation
technique, which preserves all the original features of discrete data.
Fig. 2. Hg variation and paleoenvironmental proxies of the core GL-1248. (a) d15Norg
in ‰ (olive green line) (b) d13Corg in ‰ (navy blue line) (c) Carbon-Nitrogen ratio
(orange line) (d) Fe/Ca ratios (green line) (e) Total organic carbon (TOC) in % (blue line)
(f) Total Hg concentration (red line) reported in ng/g (g) Sedimentation Rates (SR) in
cm/kyr (green line). MIS boundaries in the studied time interval are numbered from 1
to 5. The red symbols represent calibrated radiocarbon dates while the open circles
(black) are tie points with their respective 2s error bars. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
3. Results

3.1. Age model and sedimentation rates

The age model for the upper 6.3m core depth of GL-1248 based
on 12 AMS radiocarbon ages terminated at about 44.0± 0.7 ka. The
alignment of Ti/Ca ratio from the XRF data of the lower part of the
core (6.3e16.65m) with d18O record fromNGRIP extended till 128.7
ka. As described by Venancio et al. (2018) sedimentation rates (SR)
from core GL-1248 exhibit large fluctuations. Within Marine Oxy-
gen Isotope Stage (MIS) 5 (5a, 5b, 5c and 5d), SR vary considerably
with the highest average SR occurring in MIS5a (25.7 cm/ka).
Although the glacial period startedwith low SR inMIS 4 (mean¼ 13
cm/ka), it increased significantly in MIS 3 to an average value of
32.1cm/ka. While the SR in MIS 5e are relatively constant with an
average of 6.93 cm/ka, SR in MIS 1 are irregular and have a higher
average of 16.28 cm/ka. At the interval 2.18me1.7m core depth,
unusually low SR (3 cm/ka) for the region and period (see Zhang
et al., 2015) were recorded. An implication of this is the possibil-
ity of the presence of a hiatus. Although no significant lithological
changes were observed, SR and other data are not reported for this
interval (MIS 2; 1.7m�2.18m core depth; z 14e29 ka).
3.2. Total organic carbon (TOC), carbon/nitrogen ratio (C:N), d13C
and d15N

The result obtained from the bulk analyses shows the variation
of TOC, C/N, d13Corg, and d15Norg in GL-1248 since the Last Inter-
glacial period (Fig. 2). Two major periods can be identified from
the TOC concentrations which ranged from 0.42% to 1.22%,
increasing and decreasing in glacial periods (as well as cold sub-
stages of MIS 5) and interglacial periods (and warm sub-stages
of MIS 5) respectively. C/N ratios follow the same glacial-
interglacial pattern shown by TOC concentrations, displaying
values between 4.5 and 12.75. d13Corg fluctuated throughout the
studied periods between �24.21 per mil (‰) and �19.16 per mil
(‰) although the values were fairly constant within MIS 3
around �21.74‰. d15Norg (org) followed a similar pattern ranging
between 4.48 per mil (‰) and 7.52 per mil (‰) with an average of
5.91 per mil (‰).

http://webmineral.com/
http://webmineral.com/


Fig. 3. The continuous wavelet power spectrum of Hg signal (top) and TOC (bottom).
The thick black contour designates the 5% significance level against red noise and the
Cone of Influence (COI) where edge effects might distort the picture is shown as a
lighter shade. The wavelet show significant millennial periodicities in both TOC and Hg
records. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)

Fig. 4. Time series analysis performed with REDFIT (Schulz and Mudelsee, 2002) on
GL-1248 Hg concentrations. The two periodicities that exceed the 95% (dashed green
line) or 99% (solid green line) are labeled. The AR (1) red noise model (solid red line)
and the bandwidth (black line; upper right corner) are displayed. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

O.A. Fadina et al. / Quaternary Science Reviews 221 (2019) 105869 5
3.3. Major element composition and Fe-oxyhydroxide (Fecdb) profile

The Fe/Ca ratios of core GL-1248 (Fig. 2d) show a clear trend of
high values with frequent peaks in the glacial period and low values
in the interglacial periods. A remarkable observation is the inter-
ruption of the baseline trend of Fe/Ca in MIS 5 by peaks, which
occurred in MIS 5d and 5b. Peaks in the Fe/Ca ratios during MIS 4
and MIS 3 are coincident with millennial-scale events (Fig. 7).

Fecdb concentrations in our sediment core ranged from 0.01 to
0.45% and follow the Hg profile of higher concentrations in the cold
periods of MIS 4 and 3 than during the interglacial periods (Fig. 5b).
Also, higher Fecdb percentages occurred in the cold substages of MIS
5 (5d and 5b), similar with the mercury concentrations.

3.4. Hg concentrations

Mercury (Hg) concentrations in the sediment core ranged from
14.29 ng/g to 69.43 ng/g (average¼ 42.67 ng/g) having the highest
concentration occurring at 6.4 ka within the current interglacial
period (Fig. 2f). Sedimentary Hg concentrations were particularly
high in glacial phases (MIS 4 andMIS 3), as well as in MIS 5d and 5b
(MIS 5 cold sub-stages). In comparison, low concentrations were
recorded in interglacial sediments and MIS 5 warm stages (MIS 5c
and 5a).

3.5. Mineralogy

The mineralogical spectrum of all representative samples
(n¼ 16) of core GL-1248 revealed a moderately varied array of
minerals during the last 128 ka. The identified minerals in the
marine sediment include kaolinite, goethite, feldspars, calcite,
aragonite, quartz and halite (Supplementary Fig. 4). From the
powder x-ray diffraction mineral identification of all samples, an
alteration between continent and marine sourced minerals during
glacial period (and cold substages) and interglacial periods (and
warm substages) respectively was observed (Supplementary
Table 1).

3.6. Time series analysis

When the discrete wavelet analysis is applied to the time series
of Hg and TOC (Fig. 3), the millennial-scale signals can be identified
throughout the series with greater intensity (5% significance level
against red noise), especially during MIS 3 and MIS 5. Although
with a lower significance, signals with longer periods in orbital
scale (>23 k) presented strong spectral energy throughout the se-
ries time span.

Spectral analysis on the Hg concentrations from core GL-1248
revealed two significant periodicities (Fig. 4). The first one is
centered at 56 ka and the second one at 900 yr. Both are significant
over a 99% confidence level.

4. Discussion

4.1. Primary source of sedimentary mercury in marine sediment
core GL-1248

Sedimentation rates of marine sediment core GL-1248 vary
significantly over the studied period with high sedimentation rates
up to 67.42 cm/ka during MIS 3 and lower sedimentation rates with
averages of 16.28 cm/ka and 14.87 cm/ka during MIS 1 and MIS 5
respectively. Considering the proximity of our core to the adjoining
continent and its location offshore Parnaíba River mouth (Fig. 1),
marine sediments arriving and accumulating at the site are likely
predominantly controlled by continental input from the Parnaíba
Basinwhich are conveyed to the study site by fluvial transport. This
conjecture is supported by the findings from a study by Lacerda
et al. (2013) which showed that the distribution of metals (Al, Ba,
Cu, Fe, Mn, Ni and Zn) in outer shelf sediments in NE Brazil at the
Potiguar Basin are controlled by continental inputs from the
proximal continent. In another study on the source of terrigenous
materials to the NE South American continental margin, Zhang
et al. (2015) showed, using neodymium (Nd) isotopic composi-
tions of marine sediment cores GeoB16224-1 and GeoB16206-1,
that terrigenous sediments deposited off NE Brazil, nearby our



Fig. 5. Fe-Hg relationship across the studied period shown by: (a) linear regression
between Fe counts (XRF) and Hg indicated by the trendline (red line), equation cor-
relation coefficient (R2¼ 0.74). (b) Profile of Hg concentration (running averages
shown in black line) and Fecdb in GL-1248 (green line). (c) Plot of Hg concentration in
ng/g (red line) and running average of Fe counts (blue line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

O.A. Fadina et al. / Quaternary Science Reviews 221 (2019) 1058696
core location (Fig. 1), are not affected by Amazonian source. This
latter finding is crucial to this study as it eliminates the Amazon as a
potential source of Hg to GL-1248 since it has been established that
the Amazon soils are a major link in the global Hg biogeochemical
cycle due to their capacity to trap approximately 21% of global at-
mospheric Hg (Fostier et al., 2015). Thus, mercury in marine sedi-
ment core GL-1248 originates from the input of fluvial sediments
transported by the Parnaíba River from the Parnaíba Basin offshore.

Mercury concentrations recorded in marine sediment GL-1248
(range¼ 14.29e69.43 ng/g; average 42.67 ng/g) over the last 128
ka are relatively lower than pre-industrial concentrations from
Madeira River, southwest Amazonia (50e280 ng/g)[Lacerda et al.,
1987], and Tapajos River, one of the major tributaries of the
Amazon (10e140 ng/g) [Padberg, 1990]. In the southeastern part of
Brazil, the Paraiba do Sul River, Pfeiffer et al. (1989) presented
values between 300 and 550 ng/g. Although the reported Hg con-
centrations are quite dissimilar across respective locations, they are
comparable considering that the concentrations were recorded
where no Hg-bearing geology exists (Wasserman et al., 2003;
Lacerda et al., 2017), and date back to prehistoric times, therefore
suggestive of the atmosphere as being a major source of the
recorded Hg concentrations. Aula et al. (1994) measured Hg con-
centrations reaching 100 ng/g in the Tucuruí reservoir region,
northern Brazil and concluded that the enrichment is a result of
atmospheric Hg deposition. Similarly, Lacerda et al. (1999) using a
record covering the last 30 ka from remote Amazonian lakes, which
have no local Hg sources, attributed the Hg accumulation recorded
to atmospheric inputs. In general, changes in Hg concentrations are
linked to variations in atmospheric Hg sources or atmospheric
conditions (Lacerda et al., 1999; Santos et al., 2001; Barbosa et al.,
2004). These findings broadly support the outcome of a recent
study from Caço Lake, NE Brazil (Lacerda et al., 2017), where the
authors concluded that the atmosphere is the dominant source of
Hg to the lake sediment. On account of the conclusion in these
studies stating that the atmosphere is the major source of Hg to the
South American continent, and the finding by Zhang et al. (2015)
that Parnaíba Basin is the origin of terrigenous sediments depos-
ited off NE Brazil, it is important to summarize the main post-
depositional process related to Hg and the mineralogy of soils in
Parnaíba Basin.

The Tropical soils of northeastern Brazil are notable for their
high content of iron oxides mainly goethite and ferrihydrite; an
amorphous Fe-oxyhydroxide precursor of hematite formation
(Bigham et al., 2002). From the XRD result (Supplementary Table 2),
goethite is present in all samples and we assume that other iron
oxides (and oxyhydroxides) are also present but in uncrystallised
amorphous state thus unidentifiable by the XRD. Fe-oxyhydroxides
are important cementing agents and because of that, they play a
pivotal role in metal adsorption processes in tropical soils (Selim,
2013). A positive correlation between deposited atmospheric Hg
and Fe-oxyhydroxide (Fecdb) has been reported in tropical soil
profiles (Roulet et al., 1998; Oliveira et al., 2001). This geochemical
association of Hg with Fecdb in soils is supported by evidences of
strong correlations between Fecdb and Hg profiles reported in soils
and sediments originating from French Guiana (Roulet and Lucotte,
1995), Tapajos River (Roulet et al., 1996) and Rio Negro Basin (Fadini
and Jardim, 2001). Other studies have also identified Fe-
oxyhydroxides as an effective Hg-carrier phase (Laurier et al.,
2003; Grimaldi et al., 2015) either by complexation with goethite
(Forbes et al., 1974) or adsorption (Kinniburgh and Jackson, 1978;
Schuster, 1991). In Fig. 5c, the profile of Fe counts covary with Hg
concentrations in core GL-1248, and have a correlation coefficient
of 0.74 (p< 0.01) (Fig. 5a) thereby suggesting that the Fe minerals in
the sediment are significantly important in the accumulation of Hg
in marine sediment GL-1248. Furthermore, the similar variations of
Hg and its carrier-phase, Fecdb (Fig. 5b), suggest that iron oxy-
hydroxides are the principal factor controlling Hg profile in GL-
1248. Although grain size distribution in sediments significantly
influences trace/heavy metal concentration (Lim et al., 2017), Hg
concentration in GL-1248 is poorly correlated (R2¼ 0.024) with
both its clay and silt contents. The cross wavelet transform
(Supplementary Fig. 1) show that Fe and Hg are in phase
throughout the record, thus reinforcing that Fe-compounds in the
marine sediment primarily determine the Hg variations. Altogether
the described Hg-Fe (and Fecdb) relationships suggest that Hg in GL-
1248 is transported alongside fluvial terrigenous sediments from
NE Brazil continent to the core site. The Hg-bearing Fecdb particles
are eroded from the Parnaíba Basin and transported by Parnaíba
River until they are immobilized in the continental slope. The
strong positive correlation between Hg and Fe-oxyhydroxides
corroborates the outcome of aforementioned studies (Roulet and
Lucotte, 1995; Roulet et al., 1996; Fadini and Jardim, 2001) that
link Hg variations with Fecdb profiles in tropical soils. A similar
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significant finding is that the peak of Hg concentration occurred
concomitantly with Fe signal during the Mid-Holocene
(Supplementary Fig. 5). This observed peak may be linked to the
findings of Cruz et al. (2009), who reported using d18O ratios in cave
speleothems from NE Brazil that significantly wetter conditions
persisted during the Mid-Holocene, similar with paleoclimatic re-
cords from the north of NE brazil (Montade et al., 2015) that
attributed the development of rainforest in the region to the
reduction of dry season between 17.5 ka and 15 ka. As such, the
synchronous Hg-Fe peaks could be attributed to abrupt terrigenous
material delivery, and it further confirms the association between
Hg and Fe profiles in tropical soils, as well as the continental source
of Hg records in GL-1248 sediments. However, the possible influ-
ence of fires on Hg concentration during the Holocene cannot be
ruled out. Although the link between high Hg deposition and high
frequency of forest fires in the Holocene has been raised by Santos
et al. (2001), other authors have described the fire regime of the
Holocene as unstable (Carcaillet et al., 2002; Cordeiro et al. 2008).
In the study by Cordeiro et al. (2008), the authors recorded highest
accumulation rates of charcoal particles, an indicator of paleo-fires,
during the driest period of the Holocene, i.e., early and Mid - Ho-
locene. Owing to the divergence in the findings of Cordeiro et al.
(2008) from Eastern Amazon and Cruz et al. (2009) from NE
Brazil, both suggesting dry and wet conditions respectively in the
Mid-Holocene, the influence of forest fires on our Holocene Hg
concentration needs to be interpreted with caution. However, it
could be argued that the discrepancy is due to the site locations.
Also, unlike other studies which explicitly discuss forest fires using
high-resolution Holocene records, this study presents a lower
resolution for the Holocene that is relatively fragmentary to allow
definite conclusions.

4.2. Glacial-interglacial controls on Hg concentrations

As shown in Fig. 6, high Hg records during glacial periods are
coincident with elevated dust deposition recorded in both
Greenland (Ruth et al., 2007) and Antarctica (Lambert et al., 2008)
ice cores. The similarity in dust plots from the two extreme loca-
tions supports the notion that high atmospheric dust loads are
characteristic of glacial periods. Elevated Hg concentrations in the
cold substages of MIS 5 (i.e. MIS 5d and 5b) are also concurrent with
minor increases in dust concentrations above their minimum
concentrations in the same substages (Fig. 6). Another possible dust
source that can impact Hg deposition in glacial-interglacial time-
scales at our site is the Saharan dust (Kumar et al., 2014; Williams
et al., 2006). We compared the Hg concentrations of core GL-1248
with dust fluxes from core MD03-2705 located on the coast of Af-
rica (Skonieczny et al., 2019) and observed a good match between
both datasets (Supplementary Fig. 2). Saharan dust fluxes increase
during MIS4 and cold substages of MIS5, similar to our Hg con-
centrations from the western equatorial Atlantic. This gives further
support to the influence of atmospheric dust concentrations on Hg
deposition at our site. On a global scale, cold and dry climatic stages
have been identified as periods with high dust levels that enhance
rapid Hg sequestration from the atmosphere (Cordeiro et al., 2011).
Jitaru et al. (2009) showed that Hg deposition in surface snows over
the last 670 ka was notably higher during cold climates, as a
consequence of high atmospheric dust loads. In a study by Vandal
et al. (1993), the triple increase in Hg concentration in Dome C
core from Antarctica between 27 and 17 ka, compared to both older
and younger periods in the same record, was attributed to
increased oceanic productivity. Comparing the findings of Vandal
et al. (1993) with the core GL-1248, although both Hg and TOC
concentration plots in this study exhibit similar variations by of
higher records in glacial periods compared to interglacial periods, it
is important to note that the total organic carbon include incursions
of terrestrial organic carbon to the study site. Despite the former
being mainly of marine origin, the influx of terrestrial organic
matter has the capacity to dilute marine organic matter (Machado
et al., 2016). Consequently, Hg and TOC concentrations are poorly
normalized and have a correlation coefficient of 0.18
(Supplementary Figs. 3a and 3b), thus implying that TOC is unlikely
a major driver of Hg records in GL-1248. This finding is contrary to
previous studies that have suggested a strong positive relationship
between Hg and organic matter in sediments (Vandal et al., 1993;
Outridge et al., 2007; Stern et al., 2009, Grasby et al., 2013, Kita
et al., 2013, 2016), due to the fact that organic matter scavenges
Hg within the water column through sorption, and subsequently
deposits it in marine sediments (Hermanns et al., 2012). The
outcome is however consistent with results on Hg-OM relation-
ships from sites located in NE South America, where authors
observed better correlations between Hg and iron (Fe) minerals
rather than with organic matter (Roulet and Lucotte, 1995; Marins
et al., 1998; Roulet et al., 1998;Wasserman et al., 2003; Selim, 2013).
Therefore, it can be conceivably hypothesized that increasing (and
decreasing) trends in Hg concentrations over glacial (and inter-
glacial) periods in GL-1248 are in response to the changes in at-
mospheric Hg deposition onto the NE Brazil continent, which is
controlled by the global variation in atmospheric dust loads. Like-
wise, the non-correlation between Hg and TOC in the marine
sediments and existence of strong correlation and parallel trends of
Hg and Fe concentration plots (Fig. 5) confirm the geochemical
association reported by several authors which suggest that Fe
compounds act as the carrier-phase of atmospheric Hg deposited
onto tropical soils.

In previous studies of marine sediment cores collected in the
coast of NE Brazil, Fe/Ca ratios was used as a proxy for terrigenous
vs. marine input (Arz et al., 1998; Jaeschke et al., 2007; Govin et al.,
2012). Higher Fe/Ca ratios are recorded during periods of increased
terrigenous sediment influx relative to carbonate fraction. In these
studies, elevated Fe/Ca values were reported within glacial periods
due to low sea level and/or to increases in precipitation (wet pha-
ses). The occurrence of wet phases in NE Brazil during the glacial
periods MIS 4 and MIS 3, when the mean SST reached
23.89± 0.79 �C, has been associated with Heinrich Stadials
(Jennerjahn et al., 2004; Nace et al., 2014; Zhang et al., 2015).
Further to the increase in terrigenous sediment delivery ensuing
from enhanced precipitation, the latter also favours atmospheric
Hg ‘wet’ deposition. Additionally, SST data from prior studies sug-
gest that the glacial periods experienced the most SST reduction
(Bard et al., 2000; Martrat et al., 2007), In like manner, notable SST
reductions in the North Atlantic during the cold sub-stages MIS 5b
and 5d are coincident with the extension of the Scandinavian ice
sheets (Svendsen et al., 2004). During these periods of low SST and
ice sheets enlargement, the relative sea-level is characteristically
low. Therefore, the river mouth is nearer the core site, and the
erosion of shelf sediments as well as enhanced deposition onto the
continental slope (Lacerda et al., 2013; Nace et al., 2014) enhances
the delivery of terrigenous materials to the core site. As shown in
Fig. 6, during MIS 4 and MIS 3 when the RSL was significantly low
with averages reaching �71.51m and �69.03m respectively, we
observe high Fe/Ca values suggesting increased incursion of
terrigenous materials offshore via Parnaíba River. This accords the
findings of previous studies, which suggest enhanced delivery of
terrigenous materials onto the continental slope of western South
Atlantic during the glacial periods. Contrarily, the near baseline Fe/
Ca ratios recorded in the interglacial periods signify lower terres-
trial material delivery. Although both MIS 1 and 5e are interglacial
periods, previous studies have suggested that the MIS 5e
(SST¼ 28.9ᵒC) interglacial experienced higher temperatures than



Fig. 6. (a) NGRIP ice core record of atmospheric dust deposition (Ruth et al., 2007) in black line (b) EPICA Dome C ice core record of atmospheric dust deposition (Lambert et al.,
2008) in orange line (c) Fe/Ca ratio from GL-1248 indicating periods of high and low terrigenous sediment delivery to the study site in green line (d) Relative sea level (m) from
Waelbroeck et al. (2002) in blue line. (e) Hg concentration in GL-1248 in red line. (f) Hg data from Antarctica (Jitaru et al., 2009) in purple line. High dust concentrations, low sea
levels and high amount of terrestrial load delivery to the core site are coincident with elevated Hg records in MIS 4 and 3 as well as in the cold substages of MIS 5 (5d and 5b). These
cold periods are highlighted in blue bars. (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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MIS 1 (SST¼ 28.3ᵒC) (Rama-Corredor et al., 2015). This difference in
SST between both interglacial periods has been attributed to pre-
cessional modulation (Martrat et al., 2014). As a result of the higher
SST during MIS 5e, ice sheet reduction ensued and the global sea-
level rose by up to 5m than the modern sea-level (Hodgson et al.,
2006; Rohling et al., 2007). The seal-level rise presumably posi-
tioned the core site farthest from the rivermouth, thus reducing the
amount of continental material and Hg delivery. Accordingly, it is
significant to mention that the least average Hg concentration in
this study was recorded in MIS 5e.

Carbon and nitrogen isotopic ratios (d13Corg and d15Norg) of
organic matter are proxies whose variability helps to understand
the source and quality of organic matter in sediments. d13Corg dis-
tinguishes between marine and continental sedimentary organic
matter, while d15Norg variations signify the changes in OM source
and quality, with elevated values denoting high degrees of organic
matter degradation during times of normal sedimentation, and vice
versa (Meyers, 1994; Jennerjahn et al., 2004). The high variability of
d13Corg values (fluctuating between �20‰ and �24‰) recorded in
the glacial period (Fig. 2b) reflects changes in the origin of organic
matter between marine and terrestrial sources. Jennerjahn et al.
(2004) studied sedimentary cores from the continental margin of
NE Brazil and observed decreases in d13Corg from �20‰ to values
between �23‰ and �24‰. The authors attributed the 3‰
reduction to a contribution of terrestrial organicmatter to the study
site. Seeing that our d13Corg values vary similarly with theirs
considering the proximity of the sediments cores in their study to
this present study (Fig. 1), we can infer that the d13Corg variation
indicates the influx (as a result of low sea-level as explained in the
previous paragraph) of terrestrial organic matter mainly produced
by C3 land plants. Supporting the findings of Jennerjahn et al.
(2004) in the same study who ascribed minimum (maximum)
d15Norg values to low (high) sedimentation rates in NE Brazil con-
tinental shelf, Zhang et al. (2015) have showed that in the glacial
periods when the sea level was low, most of the NE Brazilian shelf
was exposed and rapid sedimentation of river-transported terres-
trial material on the continental slope occurred. The findings sug-
gest that the minimum d15Norg values (average 5.8‰) recorded in
the glacial periods can be attributed to high sedimentation rates
ensuing from increased continental runoff, whereas maximum
d15Norg values occurred in the interglacial periods (average 6.05‰)
depicting average sedimentation conditions. Altogether, the d13Corg
and d15Norg variations in GL-1248 support the earlier hypothesis
that higher amounts of continent-derivedmaterials were deposited
on the continental slope of NE Brazil in the glacial periods as
opposed to interglacial periods. These results are consistent with
our XRD mineralogy results which follow the same glacial-
interglacial alteration in the origin marine sediment GL-1248



Fig. 7. Millennial-scale (MS) variability as shown by the comparison of Hg and Fe/Ca
ratio from GL-1248 with NGRIP data and other proxies from NE Brazil. (a) Speleothem
growth phases (pink rectangles) consequent to increased precipitation in NE Brazil
(Wang et al., 2004). (b) Hg record (orange line) from core GL-1248. (c) Fe/Ca (green
line) from core GL-1248 (d) Ti/Ca record from core GeoB3910-2 (black line) collected
off northeastern Brazil (Jaeschke et al., 2007) (e). TOC from GL-1248 (purple line). (f)
d18Oice from NGRIP on the GICC05 modelext time scale (gray line). Heinrich Stadials
(HS 6-3) and Younger Dryas (YD) are marked in gray bars. The pink coloured bars mark
the Dansgaard-Oeschger stadials 8, 11 and 12 respectively. (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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from a continental source during glacial period (and cold sub-
stages) to a marine source during interglacial periods (and warm
substages) [Supplementary Table 1].

In general, Hg concentration in core GL-1248 varied in response
to glacial-interglacial changes. To further support this, time series
analysis of Hg concentration (Fig. 4) show a peak centered in 56 ka
(half eccentricity) indicating glacial-interglacial variability. The
elevated Hg concentrations recorded in glacial periods are favored
by a combination of global (high atmospheric dust loads) and
regional (augmented wet deposition, precipitation, enhanced
erosion, and material transport and low sea level) climatic factors.
In contrast to glacial periods, the interglacial periods (MIS 1 and
MIS 5e) and the warm sub stage of MIS 5 (MIS 5c) witnessed
opposing climatic conditions. Since interglacial periods present less
atmospheric dust deposition (Jitaru et al., 2009) and high sea-level,
as well as low regional precipitation and nominal erosion, the
outcome of this contrasting climatic trend in the warm periods is
the lower Hg concentrations recorded in the core (Fig. 9 a and b).
However, inconsistent with these trends during interglacial periods
and warm substage MIS 5c, Hg peaks occurred at the end of MIS 5a.
These peaks are coincident with Fe/Ca peaks and they correlate
with Dansgaard-Oeschger (DO) stadials.

4.3. Millennial-scale events recorded by Hg concentrations

Several marine sediment cores collected offshore northeastern
Brazil show Fe/Ca and Ti/Ca peaks during Heinrich Stadials (HS)
(Arz et al., 1998; Jaeschke et al., 2007; Nace et al., 2014). Wang et al.
(2004) also observed speleothem growth phases, correlating with
HS1, HS5, and HS6, as a result of increased precipitation, at 10�S in
northeastern Brazil. Similarly, large pulses of terrigenous sediment
supply offshore NE Brazil, indicative of wet phases, have been
observed during the Younger Dryas (YD) (Jaeschke et al., 2007;
Deplazes et al., 2013; Nace et al., 2014; Zhang et al., 2015), although
Bouimetarhan et al. (2018) identified two distinct and dissimilar
wet conditions during the YD. In addition to the evidences on HS
and YD signals in the tropics, Dansgaard-Oeschger (DO) variability
has been recorded in sediments of the Cariaco Basin (Deplazes
et al., 2013) and NE Brazil (Venancio et al., 2018). Enhanced pre-
cipitation over northeastern Brazil during DO stadials coincide with
dry periods in Cariaco Basin (Jaeschke et al., 2007), thus signifying
an anti-phase response in precipitation patterns between both lo-
cations. Likewise, in a study by Wang et al. (2006), the authors
observed that the millennia-scale variations in the oxygen isotopic
record of speleothems from southern Brazil are anti-correlated
with records from eastern China. This anti-phase pattern in both
records was attributed to the seasonal north-south shift in the
mean position of the ITCZ. Tropical signals of millennial-scale
variability which ensued from north Atlantic cold events are
associated with the reductions in AMOC strength, and the accom-
panying southward ITCZ migration that prompted wetter condi-
tions and continental runoff in NE Brazil (Broccoli et al., 2006;
Stouffer et al., 2006; Montade et al., 2015; Mulitza et al., 2017). As a
consequence of increased precipitation, palynological records from
NE Brazil have shown tropical rainforest expansion during the wet
period of the YD (Bouimetarhan et al., 2018) and during HS1
(Montade et al., 2015). It is also noteworthy that during HS pre-
cipitation patterns have changed in eastern South America not only
due to a southward displacement of the ITCZ, but also because of an
intensification of the South American Monsoon System (SAMS) as
showed recently by Stríkis et al. (2018).

Consistent with these studies, abrupt increases in the Fe/Ca ra-
tios from core GL-1248 (Fig. 7d) are observed during certain
millennial-scale events. In addition, certain Hg peaks occur within
these periods and coincide with these Fe/Ca peaks of millennial-
scale events. Specifically, distinct rises in Hg concentrations
which are synchronous with Fe/Ca peaks are observed in Heinrich
Stadials 5a, HS5, HS4 and the Younger Dryas, as well as DO-12, 11
and 8 (Fig. 7). The observation of elevated Hg concentrations during
millennial-scale events is consistent with findings from numerous
studies which show that millennial climate change are strongly
correlated with active Quaternary volcanism (Bay et al., 2004;
Baldini et al., 2015), thus, it is anticipated that the atmosphere is
burdened with more Hg from volcanic eruptions during these
millennial-scale events. In like manner, the possible influence of
Sahara dust on GL-1248 sediment, and by extension its Hg con-
centrations, cannot be ruled out owing to the fact that Prospero
et al. (1981) showed that high quantities of dusts are transported
from the Sahara Desert to mainly South America. Combining the
findings of Moreno et al. (2002) which showed that Saharan wind
intensity increased during D-O and the Heinrich Stadials, with the
observation of high Hg concentrations during HS4 and the YD in
core GL-1248 which are synchronous to increases in Saharan dust
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flux (Supplementary Fig. 2), it is possible that Saharan dust may
play a role in Hg deposition at our site during millennial-scale
events. Correspondingly, Hg fluctuates with periods of 900 yr
(Fig. 4), thus reinforcing the evidence of millennial-scale variability
in our Hg records. However, different from glacial-interglacial
variations where sea level change was a major determinant of Hg
variations, changes in Hg concentration during stadials were not
influenced by sea level fluctuations since sea level changes are not
significant in the millennial timescale. In Fig. 8, we show a com-
parison of original Hg concentrations with the same Hg data but
extracting the effect of sea level variation. It is observed that
although millennial frequencies are present in both graphs, their
statistical power increases after filtering the sea level change. This
confirms the masking effect of sea level fluctuations on the
millennial-scale variability in our record.

The observed rise in our Hg record during millennial climate
variability could be explained by a sequence of climatemechanisms
which ensue from the southward positioning of the ITCZ during the
stadials (Broccoli et al., 2006; Stouffer et al., 2006). Noting that high
frequency of volcanism in this period will increase the background
levels of atmospheric Hg, increased precipitation duringmillennial-
scale events will boost atmospheric Hg deposition on the continent
(wet deposition). Furthermore, influx of fluvial sediments by the
Parnaíba River created by intensified fluvial erosion on the Parnaíba
Basinwill contribute to the increased transportation and deposition
of terrigenous materials at the continental slope of NE Brazil during
thesemillennial-scale events (Fig. 9c).While it could be argued that
direct atmospheric Hg deposition over the ocean is equally a
noteworthy contribution to our sedimentary Hg records, the
observed Fe-Hg correlation described in sub-sections 4.1 and 4.2
suggests that Hg in GL-1248 is essentially from a continental
(secondary) source. It is important to note that despite the evi-
dences of millennial-scale variability in Hg records of GL-1248
sediment core, discrepancies in the magnitudes of both Hg and
Fe/Ca peaks are evident during these events (Fig. 7d and f). For
Fig. 8. The continuous wavelet power spectrum of Hg signal without relative sea level
(RSL) influence (upper panel) and original Hg signal (lower panel). The thick black
contour designates the 5% significance level against red noise and the cone of influence
(COI) where edge effects might distort the picture is shown as lighter shade. The upper
panel show an increase in statistical power (color scale) in periodicities related to
millennial-scale variability (periods in ka are marked in the left y-axis) after the
removal of RSL influence, which shows the masking effect of RSL changes on the
millennial-scale variability in our Hg record. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
example, the Fe/Ca peaks are well-defined in HS5a to HS3 (Fig. 7d),
whereas only HS4 is distinct in Hg records (Fig. 7f). Following the
idea that Hg is transported alongside eroded continental material
fromNE Brazil via the Parnaíba River to the core site, in the absence
of other mechanisms controlling Hg variation in sediments, the
amount of Hg delivered at the study site should be consistent with
continental material delivery as indicated by the Fe/Ca ratios. Thus,
both records should present a similar trend in the magnitude of
their peaks. With the lack of this expected comparable trend, it
could be argued that the observedmillennial-scale events in our Hg
record are unlikely to be solely related to precipitation and erosion
intensification, due to ITCZ southward displacement. Surprisingly,
enhanced organic matter deposition shown by increasing TOC
values occurred during millennial-scale events with their ampli-
tudes varying similarly with those of Hg (Fig. 7b). In the cross
wavelet transform of TOC and Hg time series (Supplementary
Fig. 1), an in-phase relationship between the two parameters
evident by right pointing arrows occasionally between 90 ka and 60
ka in the 6 ka band. Furthermore, arrows between periods 30 ka
and 75 ka point upwards and indicate a dominance of TOC over Hg.
The implication of this is that both TOC and Hg show some corre-
lation at the mentioned intervals. These observed changes in total
organic carbon concentrations duringmillennial-scale events are in
line with earlier findings (Jennerjahn et al., 2004; Sachs and
Anderson, 2005; Menviel et al., 2008). Since TOC variations influ-
ence Hg sequestration into marine sediments, it is possible that the
sedimentary Hg records during these periods are somewhat in-
clusive of the sequestration of “free” Hg (unbound to Fe-
compounds) by the total organic carbon in the water column, fol-
lowed by immobilization in marine sediment, a finding that is
supported by various studies (Outridge et al., 2007; Stern et al.,
2009, Grasby et al., 2013, Kita et al., 2013, 2016). Hence, it can be
hypothesized that, although TOC is not a major driver of sedi-
mentary Hg variations throughout the studied period in marine
sediment GL-1248, the likelihood of its influence in certain periods
cannot be dismissed. This is further supported by the fact that the
correlation coefficient (R2) generated from the plots of TOC and Hg
is not 0 (i.e. R2 s 0), rather they are poorly correlated (R2¼ 0.18)
(Supplementary Fig. 3b). These findings suggest that Hg variations
in GL-1248 during millennial-scale events are modulated by
changes in fluvial transport and slightly influenced by TOC.

5. Conclusions

Mercury concentrations in GL-1248 collected from the conti-
nental slope off northeastern Brazil varied over the last glacial-
interglacial cycle. The atmosphere is the main source of Hg accu-
mulation in the western South Atlantic. Fe-oxyhydroxides, a major
component of tropical Brazil soils, was the major carrier-phase of
Hg in the soils, during transportation until immobilization at our
core site, although total organic carbon might have aided Hg
sedimentation during millennial-scale events (Fig. 9). Changes in
global atmospheric dust concentrations and climate over the
studied timescale contributed significantly to atmospheric Hg
deposition in Parnaíba basin. Mercury records show that atmo-
spheric Hg deposition was higher in the glacial periods than in
interglacial periods (Conceptual models shown in Fig. 9a and b).
Regional factors such as precipitation pattern, runoff events and sea
level changes control Hg remobilization from the continent to its
secondary location, the study site. Peaks of Hg are correlated with
peaks of Fe/Ca ratios fromNE Brazil confirming that Hg delivered at
our site was transported with fluvial materials during continental
runoff events corresponding to millennial-scale variability (Fig. 9c).
We showed that (1) the atmosphere is the primary source of our
sedimentary Hg records and factors such as volcanism, variation in



Fig. 9. Conceptual model showing the processes controlling mercury deposition and accumulation in the study area. ①Volcanic emission ②Deposition (continent) ③Deposition
(ocean) ④ Complexation with Fe-minerals ⑤ Runoff/erosion ⑥Immobilization/sedimentation. (a) Modern condition. During the interglacial period when atmospheric dust load
concentration is low, minimal atmospheric Hg is deposited onto the NE Brazil continent. (b) Glacial condition. The glacial period is characterised by high atmospheric dust loads, as
such, high amounts of Hg is deposited onto the NE Brazil continent. Consequent to the variations in amounts of Hg being deposited from the atmosphere to the continent in 9a and
9b, more Hg-bearing terrigenous materials were immobilized in the continental slope in the glacial period compared to the interglacial period. (c) Millennial-scale stadial con-
ditions. Intensified precipitation during millennial-scale events complemented atmospheric Hg deposition by wet deposition. Enhanced erosion in the NE Brazil continent during
these events contributed to the increased transport and deposition of terrigenous materials to the continental slope.
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atmospheric dust concentrations, seal-level changes and precipi-
tation patterns influence its deposition as well as transportation,
and (2) due to Hg post-depositional processes and remobilization,
Parnaíba Basin served as the secondary source of Hg reaching the
marine sediment core location. The findings of this study suggest
that Hg delivered at the continental slope off northeastern Brazil is
consequent to both global and regional climate phenomena, the
latter being millennial-scale variability and superimposed by the
former (glacial-interglacial variations).

Acknowledgment

We are grateful for funding from CAPES-ASpECTO project (grant
88887.091731/2014-01) and PALEOCEANO-CAPES (23038.001417/
2014e71). A.L.S. Albuquerque is a CNPq (National Council for the
Development of Science and Technology, Brazil) senior researcher
(grant 302521/2017-8). We profoundly thank R. Kowsman (CEN-
PES/Petrobras) and Petrobras Core Repository staff (Maca�e/Petro-
bras) for supplying the sediment used in this study. CAPES currently
financially support Igor M. Venancio with a scholarship (Grant
88887.156152/2017-00 and 88881.161151/2017e01). This study was
financed in part by the Coordenaç~ao de Aperfeiçoamento de Pessoal
de Nível Superior - Brasil (CAPES) - Finance Code 001.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.quascirev.2019.105869.

References

Amos, H.M., Jacob, D.J., Streets, D.G., Sunderland, M., 2013. Legacy impacts of all-
time anthropogenic emissions on the global mercury cycle. Glob. Bio-
geochem. Cycles 27, 410e421. https://doi.org/10.1002/gbc.20040.

Arz, H.W., P€atzold, J., Wefer, G., 1998. Correlated millennial-scale changes in surface
hydrography and terrigenous sediment yield inferred from Last-Glacial marine
deposits off northeastern Brazil. Quat. Res. 50 (2), 157e166. http://doi.org/10.
1006/qres.1998.1992.

Aula, I., Braunschweiler, H., Leino, T., Malin, I., Porvari, P., Hatanaka, T., Lodenius, M.,
Juras, A., 1994. Levels of mercury in the Tucuruí reservoir and its surrounding
area in Par�a, Brazil. In: Watras, C.J., Huckabee, J.W. (Eds.), Mercury Pollution:
Integration and Synthesis. Lewis Publishers, Boca Raton, pp. 21e40.

Baldini, J.U.L., Brown, R.J., McElwaine, J.N., 2015. Was millennial-scale climate
change during the Last Glacial triggered by explosive volcanism? Sci. Rep. 5,
17442. https://doi.org/10.1038/srep17442.

Barbosa, J.A., Cordeiro, R.C., Silva, E.V., Turcq, B., Gomes, P.R.S., Santos, G.M.,
Sifeddine, A., Albuquerque, A.L.S., Lacerda, L.D., Hausladen, P.A., Tims, S.G.,
Levchenco, V.A., Fifield, L.K., 2004. 14C-MAS as a tool for the investigation of
mercury deposition at a remote Amazon location. Nucl. Instrum. Methods Phys.
Res. B 223/224, 528e534.

Bard, E., Rostek, F., Turon, J.L., Gendreau, S., 2000. Hydrological impact of Heinrich
events in the subtropical northeast Atlantic. Science 289, 1321e1324.

Baumgartner, M., Kindler, P., Eicher, O., Floch, G., Schilt, A., Schwander, J., et al., 2014.
NGRIP CH4 concentration from 120 to 10 kyr before present and its relation to a
d15N temperature reconstruction from the same ice core. Clim. Past 10 (2),
903e920. http://doi.org/10.5194/cp-10-903-2014.

Bay, R.C., Bramall, N., Price, P.B., 2004. Bipolar correlation of volcanism with
millennial climate change. Proc. Natl. Acad. Sci. U. S. A. 101 (17), 6341e6345.
https://doi.org/10.1073/pnas.0400323101.

Bigham, J.M., Fitzpatrick, R.W., Schulze, D., 2002. Iron oxides. In: Dixon, J.B.,
Schulze, D.G. (Eds.), Soil Mineralogy with Environmental Applications. Soil
Science Society of America Book Series, Madison, pp. 323e366.

Bouimetarhan, I., Chiessi, C.M., Gonz�alez-Arango, C., Dupont, L., Voigt, I., Prange, M.,
Zonneveld, K., 2018. Intermittent development of forest corridors in north-
eastern Brazil during the last deglaciation: climatic and ecologic evidence. Quat.
Sci. Rev. 192, 86e96. https://doi.org/10.1016/j.quascirev.2018.05.026.

Brindley, G.W., Brown, G. (Eds.), 1980. Crystal Structures of Clay Minerals and Their
X-Ray Identification. Mineralogical Society of Great Britain and Ireland, p. 518.

Broccoli, A.J., Dahl, K.A., Stouffer, R.J., 2006. Response of the ITCZ to northern
hemisphere cooling. Geophys. Res. Lett. 33 (1). http://doi.org/10.1029/
2005GL024546.

Carcaillet, C., Almquist, H., Asnong, H., Bradshaw, R.H.W., Carrion, J.S., Gaillard, M.-J.,
Gajewski, K., Haas, J.N., Haberle, S.G., Hadorn, S.P., Muller, D., Richard, P.J.H.,
Richoz, I., Rosch, M., Sanchez Goni, M.F.S., von Stedingk, H., Stevenson, A.C.,
Talon, B., Tardy, C., Tinner, W., Tryterud, E., Wick, L., Willis, K.J., 2002. Holocene
biomass burning and global dynamics of the carbon cycle. Chemosphere 49,
845e863. https://doi.org/10.1016/S0045-6535(02)00385-5.

Chappellaz, J., Bluniert, T., Raynaud, D., Barnola, J.M., Schwander, J., Stauffert, B.,
1993. Synchronous changes in atmospheric CH4 and Greenland climate be-
tween 40 and 8 kyr BP. Nature 366 (6454), 443e445. http://doi.org/10.1038/
366443a0.

Cordeiro, R., Turcq, B., Suguio, K., Oliveiradasilva, A., Sifeddine, A.,
Volkmerribeiro, C., 2008. Holocene fires in East Amazonia (Caraj�as), new evi-
dences, chronology and relation with paleoclimate. Glob. Planet. Chang. 61
(1e2), 49e62. https://doi.org/10.1016/j.gloplacha.2007.08.005.

Cordeiro, R.C., Turcq, B., Sifeddine, A., Lacerda, L.D., Silva Filho, E.V., Gueiros, B.,
Potty, Y.P., Santelli, R.E., P�adua, E.O., Pachinelam, S.R., 2011. Biogeochemical
indicators of environmental changes from 50 ka to 10 ka in a humid region of
the Brazilian Amazon. Palaeogeogr. Palaeoclimatol. Paleaeoecol. 299, 426e436.
https://doi.org/10.1016/j.palaeo.2010.11.021.

Corella, J.P., Wang, F., Cuevas, C.A., 2017. 700 years reconstruction of mercury and
lead atmospheric deposition in the Pyrenees (NE Spain). Atmos. Environ. 155,
97e107. https://doi.org/10.1016/j.atmosenv.2017.02.018.

Cruz, F.W., Vuille, M., Burns, S.J., Wang, X., Cheng, H., Werner, M., Edwards, L.R.,
Karmann, I., Auler, A.S., Nguyen, H., 2009. Orbitally driven eastwest antiphasing
of South American precipitation. Nat. Geosci. 2, 210e214. https://doi.org/
10.1038/ngeo444.

Daga, R., Ribeiro Guevara, S., Pavlin, M., Rizzo, A., Lojen, S., Vre�ca, P., Horvat, M.,
Arrib�ere, M., 2016. Historical records of mercury in southern latitudes over 1600
years: lake Futalaufquen, northern Patagonia. Sci. Total Environ. 553, 541e550.
https://doi.org/10.1016/j.scitotenv.2016.02.114.

Davis, J.C., 2002. Statistics and Data Analysis in Geology, third ed. Wiley, New York.
Deplazes, G., Lückge, A., Peterson, L.C., Timmermann, A., Hamann, Y., Hughen, K.A.,

R€ohl, U., Laj, C., Cane, M.A., Sigman, D.M., Haug, G.H., 2013. Links between
tropical rainfall and North Atlantic climate during the last glacial period. Nat.
Geosci. 6, 1e5. https://doi.org/10.1038/ngeo1712.

Engstrom, D.R., Swain, E.B., 1997. Recent declines in atmospheric mercury deposi-
tion in the upper Midwest. Environ. Sci. Technol. 312, 960e967. http://doi.org/
10.1021/es9600892.

Fadini, P.S., Jardim, W.F., 2001. Is the Negro river basin (Amazon) impacted by
naturally occurring mercury? Sci. Total Environ. 275, 71e82. https://doi.org/10.
1016/S0048-9697(00)00855-X.

Farias Castro, A.A.J., 2003. Survey of the vegetation in the state of Piaui. In: Gaiser, T.,
Krol, M., Frischkorn, H., de Araújo, J.C. (Eds.), Global Change and Regional Im-
pacts. Springer, Berlin, Heidelberg, pp. 117e123. https://doi.org/10.1007/978-3-
642-55659-3_9.

Forbes, E.A., Posner, A.M., Quirk, J.P., 1974. The specific adsorption of inorganic Hg(II)
species and Co(III) complex ions on goethite. J. Colloid Interface Sci. 49,
403e409. https://doi.org/10.1016/0021-9797(74)90385-3.

Fostier, A.H., Melendez-Perez, J.J., Richter, L., 2015. Litter mercury deposition in the
Amazonian rainforest. Environ. Pollut. 206, 605e610. https://doi.org/10.1016/j.
envpol.2015.08.010.

Govin, A., Holzwarth, U., Heslop, D., Ford Keeling, L., Zabel, M., Mulitza, S.,
Chiessi, C.M., 2012. Distribution of major elements in Atlantic surface sediments
(36�N-49�S): imprint of terrigenous input and continental weathering. Geo-
chem. Geophys. Geosyst. 13 (1), 1525e2027. https://doi.org/10.1029/
2011gc003785.

Grasby, S.E., Sanei, H., Beauchamp, B., Chen, Z., 2013. Mercury deposition through
the Permo-triassic Biotic crisis. Chem. Geol. 351, 209e216. https://doi.org/10.
1016/j.chemgeo.2013.05.022.

Grimaldi, M., Gu�edron, S., Grimaldi, C., 2015. Impact of gold mining on mercury
contamination and soil degradation in Amazonian ecosystems of French Gui-
ana. In: Brearley, F.Q., Thomas, A.D. (Eds.), Land-use Change Impacts on Soil
Processes: Tropical and Savannah Ecosystems. CABI, Wallingford, UK,
pp. 95e107.

Grinsted, A., Moore, J.C., Jevrejeva, S., 2004. Application of the cross wavelet
transform and wavelet coherence to geophysical time series. Nonlinear Process
Geophys. 11, 561e566.

Gworek, B., Bemowska-Kałabun, O., Kije�nska, M., Wrzosek- Jakubowska, J., 2016.
Mercury in marine and oceanic waters - a review. Water Air Soil Pollut. 227
(10), 371. https://doi.org/10.1007/s11270-016-3060-3.

Hammer, Ø., Harper, D.A. T.a.T., Ryan, P.D., 2001. PAST: Paleontological statistics
software package for education and data analysis. Palaeontol. Electron. 4 (1),
1e9 (1). http://doi.org/10.1016/j.bcp.2008.05.025.

Hastenrath, S., 2012. Exploring the climate problems of Brazil's Nordeste: a review.
Clim. Change. http://doi.org/10.1007/s10584-011-0227-1.

Hastenrath, S., Merle, J., 1987. Annual cycle of subsurface thermal structure in the
tropical Atlantic Ocean. J. Phys. Oceanogr. 17 (9), 1518e1538. https://doi.org/10.
1175/1520-0485(1987)017%3c1518:ACOSTS%3e2.0.CO;2.

Hermanns, Y.-M., Cortizas, A.M., Arz, H., Stein, R., Biester, H., 2012. Untangling the
influence of in-lake productivity and terrestrial organic matter flux on 4,250
years of mercury accumulation in Lake Hambre, Southern Chile. J. Paleolimnol.
49, 563e573. https://doi.org/10.1007/s10933-012-9657-7.

Horowitz, H.M., Jacob, D.J., Amos, H.M., Streets, D.G., Sunderland, E.M., 2014. His-
torical mercury releases from commercial products: global environmental im-
plications. Environ. Sci. Technol. 48, 10242e10250. https://doi.org/10.1021/
es501337j.

Huber, C., Leuenberger, M., Spahni, R., Flückiger, J., Schwander, J., Stocker, T.F., et al.,
2006. Isotope calibrated Greenland temperature record over marine isotope
stage 3 and its relation to CH4. Earth Planet. Sci. Lett. 243 (3e4), 504e519.

https://doi.org/10.1016/j.quascirev.2019.105869
https://doi.org/10.1002/gbc.20040
http://doi.org/10.1006/qres.1998.1992
http://doi.org/10.1006/qres.1998.1992
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref3
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref3
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref3
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref3
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref3
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref3
https://doi.org/10.1038/srep17442
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref6
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref6
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref6
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref6
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref6
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref6
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref8
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref8
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref8
http://doi.org/10.5194/cp-10-903-2014
https://doi.org/10.1073/pnas.0400323101
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref12
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref12
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref12
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref12
https://doi.org/10.1016/j.quascirev.2018.05.026
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref14
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref14
http://doi.org/10.1029/2005GL024546
http://doi.org/10.1029/2005GL024546
https://doi.org/10.1016/S0045-6535(02)00385-5
http://doi.org/10.1038/366443a0
http://doi.org/10.1038/366443a0
https://doi.org/10.1016/j.gloplacha.2007.08.005
https://doi.org/10.1016/j.palaeo.2010.11.021
https://doi.org/10.1016/j.atmosenv.2017.02.018
https://doi.org/10.1038/ngeo444
https://doi.org/10.1038/ngeo444
https://doi.org/10.1016/j.scitotenv.2016.02.114
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref22
https://doi.org/10.1038/ngeo1712
http://doi.org/10.1021/es9600892
http://doi.org/10.1021/es9600892
https://doi.org/10.1016/S0048-9697(00)00855-X
https://doi.org/10.1016/S0048-9697(00)00855-X
https://doi.org/10.1007/978-3-642-55659-3_9
https://doi.org/10.1007/978-3-642-55659-3_9
https://doi.org/10.1016/0021-9797(74)90385-3
https://doi.org/10.1016/j.envpol.2015.08.010
https://doi.org/10.1016/j.envpol.2015.08.010
https://doi.org/10.1029/2011gc003785
https://doi.org/10.1029/2011gc003785
https://doi.org/10.1016/j.chemgeo.2013.05.022
https://doi.org/10.1016/j.chemgeo.2013.05.022
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref33
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref33
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref33
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref33
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref33
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref33
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref33
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref34
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref34
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref34
http://refhub.elsevier.com/S0277-3791(19)30341-5/sref34
https://doi.org/10.1007/s11270-016-3060-3
http://doi.org/10.1016/j.bcp.2008.05.025
http://doi.org/10.1007/s10584-011-0227-1
https://doi.org/10.1175/1520-0485(1987)017%253c1518:ACOSTS%253e2.0.CO;2
https://doi.org/10.1175/1520-0485(1987)017%253c1518:ACOSTS%253e2.0.CO;2
https://doi.org/10.1007/s10933-012-9657-7
https://doi.org/10.1021/es501337j
https://doi.org/10.1021/es501337j


O.A. Fadina et al. / Quaternary Science Reviews 221 (2019) 105869 13
https://doi.org/10.1016/j.epsl.2006.01.002.
Hodgson, D.A., Verleyen, E., Squier, A.H., Sabbe, K., Keely, B.J., Saunders, K.M.,

Vyverman, W., 2006. Interglacial environments of coastal east Antarctica:
comparison of MIS 1 (Holocene) and MIS 5e (Last Interglacial) lake-sediment
records. Quat. Sci. Rev. 25 (1e2), 179e197. https://doi.org/10.1016/j.quascirev.
2005.03.004.

Jaeschke, A., Rühlemann, C., Arz, H., Heil, G., Lohmann, G., 2007. Coupling of
millennial-scale changes in sea surface temperature and precipitation off
northeastern Brazil with high-latitude climate shifts during the last glacial
period. Paleoceanography 22 (4). http://doi.org/10.1029/2006PA001391.

Jennerjahn, T.C., Venugopalan, I., Arz, H.W., Behling, H., P€atzold, J., Wefer, G., 2004.
Asynchronous terrestrial and marine signals of climate change during Heinrich
Events. Science 306, 2236e2239. http://doi.org/10.1126/science.1102490.

Jitaru, P., Gabrielli, P., Marteel, A., Plane, J.M.C., Planchon, F.A.M., Gauchard, P.A.,
Ferrari, C.P., Boutron, C.F., Adams, F.C., Hong, S., Cescon, P., Barbante, C., 2009.
Atmospheric depletion of mercury over Antarctica during glacial periods. Nat.
Geosci. 2 (7), 505e508. https://doi.org/10.1038/ngeo549.

Johns, W.E., Lee, T.N., Beardsley, R.C., Candela, J., Limeburner, R., Castro, B., 1998.
Annual cycle and variability of the north Brazil current. J. Phys. Oceanogr. 28 (1),
103e128. https://doi.org/10.1175/1520-0485(1998)028%3c0103:ACAVOT%3e2.0.
CO;2.

Kinniburgh, D.G., Jackson, M.L., 1978. Adsorption of mercury (II) by iron hydrous
oxide gel. Soil Sci. Soc. Am. J. 42, 45e47. https://doi.org/10.2136/sssaj1978.
03615995004200010010x.

Kirk, J.L., Muir, D.C.M., Antoniades, D., Douglas, M.S.V., Evans, M.S., Jackson, T.A.,
Kling, H., Amoureux, S., Lim, D.S.S., Pienitz, R., et al., 2011. Climate change and
mercury accumulation in canadian high and subarctic lakes. Environ. Sci.
Technol. 45 (3), 964e970. https://doi.org/10.1021/es102840u.

Kita, I., Kojima, M., Hasegawa, H., 2013. Mercury content as a new indicator of ocean
stratification and primary productivity in Quaternary sediments off Bahama
Bank in the Caribbean Sea. Quat. Res. 80, 606e613. https://doi.org/10.1016/j.
yqres.2013.08.006.

Kita, I., Yamashita, T., Chiyonobu, S., Hasegawa, H., Sato, T., Kuwahara, Y., 2016.
Mercury content in Atlantic sediments as a new indicator of the enlargement
and reduction of Northern Hemisphere ice sheets. J. Quat. Sci. 31 (3), 167e177.
https://doi.org/10.1002/jqs.2854.

Kuss, J., Zülicke, C., Pohl, C., Schneider, B., 2011. Atlantic mercury emission deter-
mined from continuous analysis of the elemental mercury sea-air concentration
difference within transects between 50⁰ N and 50⁰ S. Glob. Biogeochem. Cycles
25, GB3021. https://doi.org/10.1029/2010GB003998.

Kumar, A., Abouchami, W., Galer, S., Garrison, V., Williams, E., Andreae, M., 2014.
A radiogenic isotope tracer study of transatlantic dust transport from Africa to
the Caribbean. Atmos. Environ. 82, 130e143. https://doi.org/10.1016/j.atmosenv.
2013.10.021.

Lacerda, L.D., Turcq, Bruno, Sifeddine, Abdel, Cordeiro, Renato Campello, 2017.
Mercury accumulation rates in Caço Lake, NE Brazil during the past 20.000
years. J. South Am. Earth Sci. (77), 42e50. https://doi.org/10.1016/j.jsames.2017.
04.008.

Lacerda, L.D., Campos, R.C., Santelli, R.E., 2013. Metals in water, sediments and biota
of an offshore oil exploration area in the Potiguar Basin, northeastern Brazil.
Environ. Monit. Assess. (185), 4427e4447. http://doi.org/10.1007/s10661-012-
2881-9.

Lacerda, L.D., Ribeiro, M.G., Cordeiro, R.C., Sifeddine, A., Turcq, B., 1999. Atmospheric
mercury deposition over Brazil during the past 30,000 years. Ciȇnc. Cultura J.
Braz. Assoc. Adv. Sci. 51, 363e371.

Lacerda, L.D., Pfeiffer, W.C., Silveira, E.G., Bastos, W.R., Souza, C.M.M., 1987. Con-
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