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Abstract

We present results of the atmospheric mercury deposition rate in the Amazon region during the last 43 000 years.
Lake sediment samples were collected from the Lagoa da Pata, a small and remote lake in northern Brazilian Amazon.
The samples were divided in sub-samples, for C, Hg, N and '*C-AMS analyses. Three main paleoclimatic events could
be identified. The mercury accumulation rates were found to be larger during the periods of the Holocene and Pleis-

tocene associated with high temperatures and frequency of forest fires.

© 2004 Elsevier B.V. All rights reserved.

PACS: 07.75.+h; 89.60.+x; 92.70.Gt; 92.70.Cp
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1. Introduction: '“C and Hg as tools for the study of
paleoclimatic phenomena

Atmospheric mercury can be related with the
frequency and intensity of natural fires. An in-
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crease in the Hg flux is a strong indicator of dis-
turbance in a forest ecosystem related to abrupt
changes in the water balance [1], and its changes
reflect changes in the ocean [2] and average re-
gional temperatures [3]. The overall mercury
deposition contains contributions from mining
and industrial activities, natural emissions due to
volcanic activity and Hg-ore deposits. In regions
where the geological background of mercury is
negligible, as at remote lakes of the Amazon re-
gion, the Hg accumulation rate archived in sedi-
ment cores may be a powerful tool for the
interpretation of the paleoclimatology and paleo-
ecology of the region. Due to the slow oxidation
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process of Hg’ leading to Hg?", Hg" has a long
residence time in the atmosphere, of the order of 1
year [4,5]. Therefore, the atmospheric mercury can
be transported large distances before it is depos-
ited in lakes, oceans, rivers and soils. As a conse-
quence, mercury has a global range, and,
therefore, it can also be a reliable tracer of more
general paleoclimatic conditions.

There are few available data on paleoclimatic
changes in the Amazon region, and they are not
enough to allow strong conclusions to be drawn
[6-10]. However, some few studies on atmospheric
mercury deposition and its correlation with forest
fires have suggested that average background
mercury deposition rates over the Amazon were
fairly constant in the past, more than doubled after
the last glacial maximum (LGM) and became even
higher in more recent periods [8,9].

Mercury flux or accumulation rate can be ob-
tained from the product of the sedimentation rate
(cmyr™'), bulk density (gcm~?) and mercury con-
centration (ngg~!). The sedimentation rate can be
obtained from the “C-AMS dating of samples
from the sediment cores.

In this paper we present results of the atmo-
spheric mercury deposition rate in the Amazon
region during the last 43 000 years, obtained from
one sediment core (called LPT3) from a remote
lake in northern Amazon. Two other sediments
cores from the same lake were also collected.
Some results from one of these cores (LPT4) were
published recently [9], while for the other core
(LPT6) only preliminary results are presently
available.

2. The Lagoa da Pata and the sample collection

Lake sediment samples were collected from the
Lagoa da Pata at the Morro dos Seis Lagos (Six
Lakes Hill), a small headwater lake located inside
the Pico da Neblina National Park, Sao Gabriel da
Cachoeira, northern Amazon State (0° 16’ N and
66° 41 W). Some of the previous studies in the
Amazon region were also performed based on data
from the same lake [6,8,9,11]. Fig. 1 shows the
location of the Lake, that is 400 m long, 5 m deep,

Fig. 1. Location of the Lagoa da Pata and the sediment cores
LPT3, LPT4 and LPT6.

surrounded by a dense tropical rain forest and
remote from human activities. The relative con-
finement of the Lagoa da Pata basin, its small size
relative to lake area, and the lack of any mercury-
bearing geological formation in the lake’s basin
suggest that atmospheric deposition is the most
significant source of mercury into Lagoa da Pata
sediments.

Three lake sediment cores were collected with a
piston corer in different sub-basins of the lake, as
shown in Fig. 1, at water depths of ~5 m. Their
lengths were 73 (LPT3), 100 (LPT4) and 68 cm
(LPT6). The LPT3 and LPT4 cores, located at the
central part of the lake, show three very clear
lithologic units. These consist of upper and lower
organic rich layers of different colours which are
separated by an inorganic sandy layer representing
a short period of rapid accumulation. Fig. 3 shows
the lithology of the LPT3 core, where the vertical
dashed lines represent the limits of the inorganic
layer, between ~16 and ~40 cm depth. The LPT6
core consists of only two lithologic units, the upper
organic layer and the inorganic layer. As it will be
discussed in Section 4, this is due to a higher sed-
imentation rate for this core.
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3. Sample analyses, preparations and measurements

The sediment cores were sliced in 2 cm layers.
Samples were stored in acid-cleaned plastic bags
and frozen for transport. In the laboratory, the
samples were dried. Duplicate sub-samples of
about 1.0 g were digested with 50% aqua regia for
1 h at 70 °C in a closed system. Mercury was
analysed through CVAAS (cold vapour atomic
absorption spectrometry), in a Bacharach MAS-
50D mercury analyser system. Simultaneous
determination of mercury in reference standards
(Community Bureau of Reference — River Sedi-
ment BCR, with 60 ngg!) was performed, using
the same analytical procedure. The detection limit
of the method was 0.4 ngg™!.

The bulk density of each layer was obtained by
taking out 8 cm® of a wet sediment section and
drying it at 60 °C until a constant weight was
reached.

The other quantities measured in the present
work were water content (% H,O), total organic
carbon (% TOC) and nitrogen (N). Water, car-
bon and nitrogen contents in the total sediment
were measured with a CHN analyser (N2000-Fi-
sons Instruments), with 2.5% reproducibility for
carbon and 4.5% for nitrogen, in the Labora-
toire des Formations Superficielles — Institute de
Recherche pour le Development (IRD, France).
C/N ratio and carbon flux were also derived. The
% H,O and % TOC indicate the origin of the
material (clastic or organic); low values corre-
sponding to the predominance of clastic material,
originating from the edges of the lake, as a con-
sequence of torrential rains; high values indicat-
ing that of organic matter (primary production or
detritus organic matter from the basin). The C/N
ratio indicates the origin of the biogenic organic
matter (aloctone or autoctone), and variations of
the lacustrine hydric level [12]. The lithology of
the different facies of the sediment was logged.
For each of the three cores, 30 samples were
analysed.

Twenty-two of these samples were selected
for the determination of the chronology of the
cores. These were pretreated, graphitised and
dated by Accelerator Mass Spectrometry (AMS)
at the Australian National University (ANU).

Most of these samples were from the LPT4
core.

The chemical procedures for the sample prep-
aration, combustion and graphitisation methods
for the three cores were identical, and are de-
scribed elsewhere [9,13]. A conventional acid-
base—acid chemical pretreatment was used. Then a
bulk combustion of the total organic matter,
without microscopic selection, was performed. Sri
Lankan graphite and ANU sucrose samples were
prepared in the same way and used as a blank
correction and primary standard, respectively.
Measurements of 6'*C for most of these samples
yielded values around —34 %o, and this average
value was used for 6"C correction in “C age cal-
culations for all samples. Eventual deviations from
this average value lead to '*C age uncertainties
much smaller than the error bars dominated by the
approximately 2.0%. reproducibility of the ANU
system. Conventional radiocarbon ages (yr. BP)
were presented, rather than calibrated calendar
ages, in order to compare the results with the few
other available data for the same period in the
Amazon region [1,5-11,14].

4. Results
Fig. 2 shows the radiocarbon chronology of the
LPT4 core as a function of depth (black points).

This chronology is also used for the derivation of
the chronology of the LPT3 core, as it will be

20 b
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Fig. 2. Radiocarbon chronology, as a function of the depth, for
the LPT4 core (black points) and for the LPT3 core (open
points). During the period from 30000 to 15000 yr BP, corre-
sponding to a sedimentation hiatus, no sedimentation rate
could be derived. See details in the text.
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Table 1
Characteristics of the three sediment cores

Sediment 4C age at the base of the  Sedimentation rate before ~ Sedimentation rate after Depth range of the hiatus
core core (Kyr BP) the hiatus (cm Kyr™') the hiatus (cm Kyr™!) from 15 to 30 Kyr BP (cm)
LPT3 43.0 1.1 2.0 16-40

LPT4 41.5 2.0 1.6 31-57

LPT6 21.0 3.6

explained later in this paper. A good correlation
can be noticed in the whole range between 41 500
and 4500 yr BP, from the late Pleistocene to the
Holocene. Three different sedimentation regimes,
representing paleoclimatic processes that influ-
enced the characteristics of the deposited material,
are clearly observed from the chronology/sedi-
mentation rate and the other measured physical
and chemical properties.

In the first regime, corresponding to the period
from ~41500 to ~26000 yr BP (Pleistocene), the
sedimentation rate is steady at 1.6 cm Kyr~!. This
region consists of organic-rich clay.

In the middle of the core there is a sedimenta-
tion hiatus between ~30000 and ~15000 yr BP,
corresponding to a sudden input of ~20 c¢cm of
clastic material, represented by a sandy facies
which exhibits lower carbon and water contents
and higher bulk density than the layers above and
below it. Probably this event was due to the
occurrence of torrential rains on a very local scale,
during the Last Glacial Maximum (LGM) at
~18000 yr BP. Therefore, from depths ranging
from 54 to 31 cm, the sedimentation rate could not
be calculated.

Finally, during the Tardiglacial and the Holo-
cene periods, the sedimentation rate has been
reasonably constant at 2.0 cm Kyr~!, correspond-
ing to an organic-rich clay region of the core and
high total carbon concentration.

The LPT3 core was taken from close to LPT4 at
the center of the lake, as shown in Fig. 1. The
analyses of the lithology of the different facies of
this sediment, the water content, total organic
carbon and C/N weight ratio showed strong sim-
ilarities with the LPT4 core. Therefore, just a few
samples were dated, and interpolation and
extrapolation of the age versus depth curves were
performed, with the aid of additional age data

obtained from the LPT4 core corresponding to the
well determined lithologic borders of the central
sandy facies. The radiocarbon-lithologic chronol-
ogy for the LPT3 core is also shown in Fig. 2 (open
points). The age corresponding to the basis of the
core is ~43 000 yr BP.

For the LPT6 core, taken from near the edge of
the lake, the lithology shows the presence of only
the two most superficial facies of the other cores.
From the dating, the sedimentation rate for this
core was found to be much higher than for the
other two cores, corresponding to a radiocarbon
age of ~21000 yr BP at the base of the core.
Consequently, the analysis of this core will be re-
stricted to a more recent period.

Table 1 shows the sedimentation ratios and
some characteristics of the three cores. The dif-
ference in the sedimentation rates obtained from
the three cores are believed to be due to their

3 ;
Depth e«"“ % Water Bulk Density Hg Concentration % TOC Ratioc/n  CAge
fem) (g.em) (ro.g™ (KaBP)
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Fig. 3. Results from the LPT3 lake sediment core. The dashed
lines are the borders of the sandy layer corresponding to an
erosional event. The mercury and carbon fluxes could not be
determined during this period. See details in the text.
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different locations in the lake, such as the signifi-
cant drainage of the lake basin at the LPT6
location.

Fig. 3 shows the lithology, % H,O, bulk density,
Hg concentration, % TOC, C/N ratio, mercury
and carbon deposition rates (fluxes) as function of
the core depth and '“C age for the LPT3 core. The
mercury and carbon fluxes were not calculated
during the period from ~30000 yr BP to ~15000
yr BP, corresponding to depths from 40 to 16 cm
associated with the sandy facies produced by the
sudden input of clastic material. In Fig. 3 this
period is referred as the ‘“erosional event”
responsible for this sedimentation hiatus.

5. Discussion

The present results for the LPT3 core are in
agreement with previous works, leading to the
identification of different climatic events in the
region, of which the most significant are discussed
below.

In the range from ~43000 to ~30000 yr BP
(Pleistocene), high carbon fluxes are observed. As
the carbon flux is probably associated with the
hydric level of the lake [12], our results suggest a
decrease in the level of the lake towards the Last
Glacial Maximum during this period. The C/N
ratio is roughly constant at ~25% during this
period, indicating the mixture of aloctone and
autoctone organic carbon. Clear peaks of both
carbon and mercury fluxes are observed at ~35000
yr BP, coincident with reported forest fire events
occurred in the Brazilian Central Plateaux [15]. It
is important to mention that the carbon concen-
tration has a peak at ~33000 yr BP, but as the
bulk density has a peak at ~35000 yr BP, the
carbon flux, obtained from the product of these
two quantities and the constant sedimentation
ratio, peaks at ~35000 yr BP.

From the lithology of the clastic facies corre-
sponding to the interval ~30000 yr BP to ~15000
yr BP, it is evident that there was high remobili-
sation of sand and clay from the lake, due to the
occurrence of episodic torrential rains during the
LGM. This agrees with a study of pollen [14]
which suggests that during the LGM there was a

decrease of ~6 °C in the temperature of the region
and a drier period, with strong local seasonal
rains. Other studies, on a more global scale, of
surface ocean temperatures [16] and temperature
changes, lead to similar conclusions. Our results,
showing low values of water content and TOC,
strengthen these hypotheses. During this dry per-
iod the lake reaches its lowest level.

After the LGM, significant changes in the
sediment lithology and in mercury and carbon
fluxes have occurred. From ~15000 to ~10000 yr
BP (Tardiglacial), the mercury and carbon fluxes
were small, suggesting a low level of the lake.
During this period the rains increase but they are
still strong and intermittent [6], as also attested
by the changes in the lithology and increase in
% TOC and C/N ratio found in the present
work. Schoonmaker and Foster [17] suggest an
increase of the average temperature during this
period.

The Holocene is characterised as a period of
high and constant precipitation, with suggestions
of occurrence of a dry period in the Amazon re-
gion between ~7000 and 4000 yr BP [7,8],
favouring forest fires. Our results show increases
of Hg and carbon fluxes and C/N ratio in this
period, in comparison with the Tardiglacial, indi-
cating the deposition of Hg and aloctone organic
carbon, probably due to forest fire events pro-
duced either by natural fires or primitive agricul-
ture. The forest fires are important sources of
atmospheric Hg in Amazon, where the Hg accu-
mulated in soils is re-emitted [1]. Moreover, the
charcoal particles adsorb the Hg and reduce its
residence time in the atmosphere, leading to an
association of the deposited Hg with carbon flux
[18], as observed from our results. The stratigra-
phy of the three sediment cores studied in the
present work show that during this period the
hydric level was reduced, exposing the lake sedi-
mentation surface to atmospheric oxidation. Other
sources of atmospheric Hg during warm dry peri-
ods may be oceanic degassing, due to the increas-
ing ocean temperature (SST) [19] and events
similar to El Nino lasting tens or hundred years
[20].

From ~5000 yr BP to the present, the carbon
flux was constant, whereas the Hg flux
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Table 2
Average mercury flux for different periods, for the LPT3 core
Period 4C Age range (Kyr BP) Mercury flux (ugm?yr')
Pleistocene 43.0-30.0 1.3
(dry phase during the Pleistocene) (36.5-34.5) 2.5)
Tardiglacial 15.0-10.0 1.1
Early and medium Holocene 10.0-5.0 1.9
Late Holocene 5.0-present 1.1

decreased. These behaviours may be linked with
the occurrence of rains during this period, leading
to the deposition of organic matter from pro-
duction in the lake, whereas the Hg flux has its
origin from the atmosphere. The increase of the
temperature in this last period allowed the
breeding of swamps and some kind of palm trees
typical of high temperatures at the region, with-
out a significant change in the forest vegetation
[14].

Table 2 shows the average mercury flux during
the Pleistocene (before 30000 yr BP), the Tardi-
glacial (from 15000 yr BP to 10000 yr BP), early
and medium Holocene (from 10000 yr BP to
5000 yr BP) and late Holocene (from 5000 yr BP
to the present). Although there are significant
fluctuations in the mercury flux, it is clear that
the average flux during the medium Holocene
was much higher than in the other periods. This
high value of the mercury deposition rate seems
to be linked to drier periods and a higher fre-
quency of forest fires, since revolatilisation of
deposited Hg from soils and the ocean was most
likely the dominant source of atmospheric Hg in
this region. Another period with these charac-
teristics is ~35 000 yr BP, when the mercury flux
also shows a peak and significant fire events were
identified [15]. Nowadays, the mercury flux in the
Amazon region is hundred times larger than in
the Holocene [1,5,10], due to gold mining activ-
ities.
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