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a  b  s  t  r  a  c  t

The  main  carrying  phases  of  mercury  (Hg)  were  analyzed  in a  120  cm sediment  core taken  at  the  Laguna
del  Plata  (LP),  a small  lake connected  to the  main  water  body  of  Laguna  Mar  Chiquita  (LMC)  during  high-
stands.  LMC  is considered  to be one  of  the  largest  saline  lakes  in the  world  representing  a sensitive  climatic
indicator  due  to its  frequent  lake level  variations  at  millennial  and interdecadal  scale  like  the last ones
that  started  early  in  the  1970s  and after  2004.  Total  particulate  Hg  (HgTP)  concentrations  vary  between
∼13  and  ∼131  �g kg−1 indicating  a system  with  low  pollution.  Selective  extractions  with  ascorbate,  HCl
and  H2O2 were  performed  in  the sediments  and  they  revealed  that  Hg  is associated  mainly  to  reactive
ydroclimatic variability
aguna del Plata
aguna Mar  Chiquita
vaporates
órdoba
rgentina
etal records in sediments

sulphides  in  the  base  of  the  core,  while  in  the middle  and  upper  part  the organic  matter  seems  to  be
the  main  Hg-bearing  phase.  The  highest  and  most  important  peak  was found  in sediments  accumulated
between  1991  and  1995.  More  than a  punctual  source  of  pollution,  this  peak  is  likely related  to two  erup-
tive  events  occurred  in the Andean  Cordillera  in  this  period:  the  eruption  of  Hudson  volcano  in  southern
Patagonia  that  occurred  in 1991  and  the one  of the  Láscar  volcano  in  northern  Chile  that  occurred  in  1993.
In  both  cases,  the  respective  ash  plumes  were  documented  to have  reached  the  Laguna  del  Plata  region.
. Introduction

Mercury (Hg) is mobilized naturally through geological and vol-
anic activities (Fitzgerald and Lamborg, 2003) but due to human
ctivities such as coal burning, industry and mining, the cycle
f mercury has been altered increasing long-term particle trans-
ort in the atmosphere and making deposition three to five times

arger than preindustrial deposition in the northern Hemisphere
Selin, 2009). This element can be transported in the atmosphere
n three forms: as elemental gaseous mercury Hg(0), divalent mer-
ury Hg(II) in small water droplets or particulate mercury Hg(P).
ecause divalent and particulate Hg are more soluble in water
han elemental Hg, they are the Hg predominant forms deposited

n the ecosystem through wet and dry deposition (Fitzgerald and
amborg, 2003; Selin, 2009). Particulate Hg may  account for more
han 90% of total Hg in freshwater systems, estuaries or coastal

∗ Corresponding author. Tel.: +33 620310431.
E-mail address: plc@lnet.fr (P. Le Coustumer).

009-2819/$ – see front matter © 2013 Elsevier GmbH. All rights reserved.
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zones (Fitzerald and Mason, 1997; Balcom et al., 2004; Schäfer et al.,
2006) and sediments can represent efficient Hg traps and archives
of past contamination (Gagnon et al., 1997; Castelle et al., 2007).

In countries such as Canada, France, Switzerland and China, the
highest Hg concentrations are observed at the beginning of the 19th
Century due to the demographic and industrial growth such as “the
golden age” (1860), or the Second World War  (1939–1945) among
others. These events were responsible for the release and accumu-
lation of this metal in sediments, and even with the implementation
of clean technologies and more strict environmental laws, con-
centrations are 2–3 folds higher than preindustrial times (i.e. Von
Guten et al., 1997; Johannessen et al., 2005; Castelle et al., 2007).
In South America, most of the high Hg concentrations are linked to
gold mining in countries such as Colombia, Bolivia and Peru where
high Hg levels were found in river and lake sediments, soils, fishes
and human hairs in (Olivero et al., 2002; Rodrigues Bastos et al.,

2006). Hg is used for separation of gold particles through amalga-
mation. During this process, a good amount of metallic Hg is also
lost to rivers and soils through handling under rough field condi-
tions and to volatilization. After amalgamation, the Au–Hg complex

dx.doi.org/10.1016/j.chemer.2013.11.002
http://www.sciencedirect.com/science/journal/00092819
http://www.elsevier.de/chemer
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s burned in retorts but in most areas, this operation is done in open
ir, releasing Hg vapour to the atmosphere. Furthermore, Hg rich
ailings are left in most mining sites (Diaz, 2000; Lacerda et al.,
004). In the southernmost part of the continent, where pristine
onditions are still conserved, Hg concentrations measured in sedi-
ents accumulated in lakes during the last century were attributed

o volcanic events, soil erosion and the influence of global Hg fluxes
Ribeiro Guevara et al., 2010; Hermanns and Biester, 2013).

In Argentina in particular, the occurrence of Hg in sediments
ccumulated in freshwater systems are scarce (i.e. Amin et al., 1996;
udson-Edwards et al., 2001; Ronco et al., 2001; Marcovecchio
t al., 2001; Ribeiro Guevara et al., 2002, 2005, 2009, 2010; Arribére
t al., 2003; De Marco et al., 2006; Botté et al., 2010). Most of
hese studies are concentrated in the Patagonia region and in
oastal areas of the Buenos Aires province. For example, De Marco
t al. (2006) analyzed total Hg concentrations in sediments and
iota in three estuarine systems on the shores of Buenos Aires
etween the years 1980 and 2005. The results indicate that total
g values decreased significantly (p < 0.001) in the last 25 years
ttributing this trend to the improvement in the industry practices.
n the Argentina Patagonia, where the population density is low,
ibeiro Guevara et al. (2010) concluded that the high Hg concen-
rations measured in lake sediments of pre-industrial time are due
o extended fire records and volcanic activity.

Even though aquatic ecosystems are globally exposed to Hg by
tmospheric inputs of increasing concern, few studies have been
ocusing on the sources, fate and history of freshwater systems
f the southern hemisphere (Downs et al., 1998; Lamborg et al.,
002; Biester et al., 2007). In this context, the study of Hg accu-
ulation in the sedimentary record in Laguna del Plata (30◦55′S,

2◦51′W)  is a contribution to understand the fluxes of global Hg in
 climatic-sensitive region of southern South America (e.g. Piovano
t al., 2004a,b).

Laguna del Plata (30◦55′S, 62◦51′W)  is situated in the SW mar-
in of the Laguna Mar  Chiquita system, composed by the Laguna
el Plata, linked to the main water body, the Laguna Mar Chiquita

tself and the Dulce River wetlands. The area has a rich biodiversity
s well paleontological and archaeological interest to the point that
he lake has been declared as a Ramsar site by the United Nations
Bucher et al., 2006). Laguna del Plata is fed by the Suquía River
200 km length and average discharge of 10 m3 s−1) that reaches
he lake from its southern margin. The river headwaters are located
n the Sierras Pampeanas de Córdoba (between 29◦00′–33◦30′S
nd 64◦00′–65◦30′W)  where different mining activities (mainly
ock quarries) and land-use have been developed. The San Roque
eservoir (643 m.a.s.l.) collects the waters from the catchment’s
ributaries and is used for flood control and drinking water reser-
oir. Downflow, the Suquía River crosses from West to East the city
f Córdoba which is the second biggest of Argentina (1.3 million
nhabitants) after Buenos Aires. Automobile industry, machinery

anufacturing, food and paint production are the main economi-
al activities in the city. In its lower stretch, the Suquía River crosses
he loessic depression of the Chaco Pampean Plain (Zárate, 2003)
hich is one of the most important agricultural areas of the coun-

ry. Some authors (Pesce and Wunderlin, 2000; Wunderlin et al.,
001; Monferrán et al., 2011; Pasquini et al., 2011) observed a
ecrease in the water quality from pristine regions in the upper
uvial catchments to the proximity of the lake. And even if Gaiero
t al. (1997) noticed an increase in trace metal concentrations in
iverbed sediments downflow attributed to the urban impact, Hg
as not included into the studied ones. At present there is no com-
rehensive data on the long-term change in metal contents of the

uquía River sediment load.

The present study focuses on the sedimentary record of Hg
oncentrations and its main operationally-defined carrier phases
n Laguna del Plata over the past ∼80 years. Due to its already
rde 74 (2014) 353–363

documented sensibility to global changes, climatic-driven variabil-
ity of a typical atmospherically transported element such as Hg,
will be clearly recorded in the sediments accumulated in this lake.
In consequence, the main objective of this work is to understand if
and how global change factors, such as population growth and/or
hydroclimatic variability (lake-water level changes) affect lacus-
trine Hg concentrations and solid state speciation in this part of
South America.

2. Materials and methods

2.1. Study area

2.1.1. Background
Laguna Mar  Chiquita is the biggest saline lake in South America

and one of the largest in the world conserving still a wild and little
altered physiognomy (Bucher et al., 2006). Three rivers pour their
waters into the lake (Fig. 1a): (i) The Suquía River; (ii) The Xanaes
River (total length 340 km and average discharge of 14.5 m3 s−1);
and (iii) The Dulce River (total length of 812 km and an average
discharge of 80 m3 s−1), which is the biggest one, and has its catch-
ments in the North-West region of Argentina.

During the 20th Century, Laguna Mar  Chiquita showed impor-
tant water-level and surface variations (Fig. 1b). The first 75 years
of the 20th Century Laguna Mar  Chiquita was characterized by
low levels but in the decade of 1970s a wet  spell started (Piovano
et al., 2009) and high levels were registered. From 2003 to 2004
up to nowadays Mar  Chiquita has been showing decreasing lake
levels. Low and high water stands were defined as below or above
66.5 m.a.s.l. water altitude (average value) being synchronous with
decreasing and increasing average regional precipitation (Piovano
et al., 2002). During these stages, water salinities changed from
360 g L−1 in 1911 (Frank, 1915) to 270 g L−1 in 1970 (Martínez,
1991) and 35 g L−1 in 1989 (Martínez et al., 1994). Even in extreme
dry periods with almost non-existent river supply, the lake was
never completely desiccated due to groundwater recharge (Piovano
et al., 2002, 2004a,b) but it was disconnected from Laguna del Plata
until the early 1970s (see satellite images Fig. 1b). Accordingly,
important differences existed between both systems, with lower
water salinity in Laguna del Plata due to the diluting effect of Suquía
River (Reati et al., 1997).

2.1.2. Climatic and geological settings
The Laguna Mar  Chiquita system catchment covers an area of

around 127,000 km2, (between 62–66◦W and 26–31◦S). Austral
summer precipitation and dry winters characterize the climate of
the region, where the only external sources of water vapour for
rainfall are the Atlantic Ocean and the tropical latitudes, which
is related to the development of a monsoon-like climatic system
(Garreaud et al., 2009). The ENSO (El Niño Southern Oscillation)
teleconnections also control precipitation and the hydrology of
major riverine systems (Aceituno, 1988; Depetris et al., 1996;
Silvestri, 2004; Boulanger et al., 2005; Pasquini et al., 2006). Based
on the studies of long cores (∼3 m)  retrieved from Laguna Mar  Chiq-
uita, interpretation of satellite images, drilled cores and fieldwork,
Piovano et al. (2004a,b, 2009) determined the paleoenvironmental
evolution of the area during the late Quaternary (last 13,000 years).
The analyzed hydroclimatic record of Laguna Mar  Chiquita indi-
cates the onset of a positive hydrological balance at 13.0 cal ka BP
(calibrated thousand years Before Present). This period was fol-
lowed by extremely dry conditions that triggered the precipitation

of evaporates and more positive isotope composition of carbon-
ates and organic matter. After 6.8 cal ka BP there was an increase
in the temperature gradient as a result of an enhanced influence
of the Southeast Pacific anticyclone, larger Antarctic sea-ice extend
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Fig. 1. (a) Study area with location of Laguna del Plata sediment core (LP) and

Gilli et al., 2005) and the effect of changes in insolation (Markgraf,
998) that derived on the strengthening of the Southern Wester-

ies. The most intense magnitude was dated around 4.7 cal ka BP,
his cold and dry phase of the Middle Holocene is consistent with

 reduced latitudinal convey of moisture from the tropics to the
ubtropics as a consequence of a weakened Monsoonal circulation.
hese conditions extended until the middle of the first millen-
ia when less extreme lowstands can be inferred by 1.5 cal ka BP
Kröhling and Iriondo, 1999). The timing of the droughts for both
he first and second millennia is poorly resolved due to the occur-
ence of several sedimentary hiatuses indicated by gypsum-halite
ayers. In the middle part of the 18th Century (∼A.D. 1770), sedi-

entation became more constant and a good chronology has been
stablished for this latter part of the sequence based on 210Pb dates
Piovano et al., 2002). This lowstand has been associated with the
ast part of the Little Ice Age whereas the lake level remained very
ow until the last quarter of the 20th century (i.e. decade of 1970s)
hen a hyperhumid period started.
The landscape in the region is characterized by Plio-Pleistocene

lluvial fans progressing from the Sierras Pampeanas to the east
Kröhling and Iriondo, 1999). These sediments are covered by
tellite images that show the size variation in the Laguna Mar  Chiquita system.

aeolian deposits of loessic sediments made of metamorphic and
igneous rocks shards and volcaniclastic material derived from the
Andes Cordillera, Sierras Pampeanas, Paraná basin and Uruguayan
shield (Zárate, 2003) and transferred by southern winds that
formed the Pampean Aeolian System (Brunetto and Iriondo, 2007).
The uplift of the San Guillermo High, due to the activation of the
Tostado-Selva fault in the Middle Pleistocene (Iriondo, 1989, 1997),
and the accumulation of the fans of Suquía and Xanaes Rivers
against it, closed the Dulce River thus generating the Mar Chiquita
impounding (Costa, 1999; Mon  and Gutierrez, 2009).

2.2. Sampling methods

The 120 cm sedimentary core LP (30◦55′S, 62◦51′W)  was taken
at Laguna del Plata (Fig. 1a), at 1.5 m water depth with an
Eijkelkamp hand corer beeker (CICTERRA-UNC) which allows to
maintain perfect conditions for transportation and maintain the

core humid. At the EPOC laboratory (France), the core was  stored in
refrigerated dedicated room before to be opened, described, pho-
tographed, sliced longitudinally for radiographical study (Fig. 2a
and b) and sampled each 0.5 cm.  High-resolution 256 grey-level
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Fig. 2. Sedimentary units A to E where defined on the base of lamination indexes
(LI). (a) Sediment core X-ray image, (b) sediment core photograph, (c) LMCL (Laguna
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ar  Chiquita level – the dashed line corresponds to reconstructed data developed in
iovano et al., 2002), (d) porosity record expressed in percentage, (e) organic carbon
Corg) content, and (f) inorganic carbon (Cinorg) content.

mages were acquired with the automated X-ray core imaging sys-
em SCOPIX (Migeon et al., 1999 and Lofi and Weber, 2001). Porosity
as been determined from the measure of the weight before and
fter drying at 50 ◦C for three days until constant weight, using
n ultra precise balance (serie 32OXT, Precisa). Dry bulk density
DBD) was then calculated by using wet and dry weight, assum-
ng the density of sediment grains to be 2.65 g cm−3. Subsequently,
amples were ground to 4-�m powder for further analysis.

.3. Analytical methods

.3.1. Total and organic carbon, major and minor elements
Total carbon and organic carbon (Corg) concentrations were

etermined with a LECO CS 125 analyzer by direct combus-
ion in an induction furnace, and quantitative CO2 detection by
nfrared absorption using ∼50 mg  dry sediment sub-samples with-
ut additional sample treatment (total carbon) or after carbonate
limination (organic carbon). For this, sample aliquots were acid-
fied (2 N HCl) in ceramic crucibles, then dried at 60 ◦C for 24 h
o remove inorganic carbon and most of the remaining acid and
ater previous to the combustion (Etcheber et al., 1999). Quality
as checked by measuring certified reference materials (e.g. LECO

01–503) and intercalibrations (e.g. King et al., 1998).
Measures of Al, Si, K, Ti, Fe, Zr, Mn,  Sr, S, Cl and Ca were performed

y XRF using an Avaatech XRF core–scanner on one of the halves
f the core at 1 mm resolution. The measurements were produced
sing 58 kV X-ray voltage and an X-ray current of 10 mA.  The mea-
urements obtained by XRF reflect the composition of a thin (sub-
m)  layer on top of the sediment surface where the intensity of the

ifferent elements is expressed as counts per second (cps). The use
f Al for this purpose allows monitoring and correcting the relative
ariations in the lithogenic component of the sediment (Löwemark
t al., 2011; Liang et al., 2012) and additional sedimentary factors

hat influence XRF measurements (water content, surface rough-
ess and grain size variations; Böning et al., 2007; Tjallingii et al.,
007; Weltje and Tjallingi, 2008). This technique does not allow
uantification but relative variation of the elementary composition
rde 74 (2014) 353–363

between different levels of the core or between cores. Its impor-
tance lies in the fact that is a non-destructive technique and allows
to obtain a bulk-sediment chemistry data and main geological vari-
ations (Tjallingii et al., 2007; Montero-Serrano et al., 2010).

2.3.2. Radionuclides
Activities of 210Pb, 232Th, 226Ra and 137Cs were measured using

a low background, high efficiency, well-shaped � detector (CAN-
BERRA) (Schmidt et al., 2009). Calibration of the � detector was
achieved using certified reference materials (IAEA-RGU-1; IAEA-
RGTh; SOIL-6). Activities are expressed in mBq  g−1 and errors are
based on 1 SD counting statistics. Excess 210Pb (210Pbxs) was cal-
culated by subtracting the activity supported by its parent isotope,
226Ra, from the total 210Pb activity in the sediment.

2.3.3. Total particulate Hg
Total Particulate Hg (HgTP) concentration was  determined on

∼70–100 mg  aliquots of dry sediment by cold vapour atomic
absorption spectrometry after incineration (O2 stream) and amal-
gamation, using a Direct Mercury Analyzer (MILESTONE, DMA  80).
The quality of the analytical results was systematically checked
analyzing international certified sediment reference materials
(LKSD-4, IAEA 433, 1646a) every set of 5 samples and concentra-
tions were expressed in �g kg−1 dry weight. The detection limit (3
times the standard deviation of 5 blank values) varied daily from 1
to 2 �g kg−1.

2.3.4. Selective extractions
Selective extractions are commonly used in order to deter-

mine trace element distribution in different solid phases (soils
and sediments) by extracting different operationally-defined frac-
tions following either sequential (Tessier et al., 1979; Sahuquillo
et al., 2003) or parallel extraction schemes (Audry et al., 2005).
In this study, Hg distribution on different solid carrier phases was
operationally assessed by 3 parallel or single chemical extractions,
i.e. using each reagent on a different sample aliquot (Farrah and
Pickering, 1993; Alborés et al., 2000), as described in Castelle et al.
(2007). Parallel extraction schemes avoid certain limitations such
as (i) metal transfer from one phase to the another (Bermond,
1992), (ii) multiple risks of sample contamination from successive
reagents used (Quevauviller, 1998), (iii) possible changes in ele-
mental speciation during the successive extraction steps and (iv)
changes or losses of elemental species during the residue wash-
ing step (Rosenberg and Ariese, 2001). Besides, this method shows
no risk for sample losses and an error occurred during one extrac-
tion does not compromise the entire schema (Tack et al., 1996). A
brief summary with the details of the three different operationally-
defined fractions is listed in Table 1.

For all the analyses indicated above, solutions prepared with
analytical reagent grade chemicals and purified water (Milli-Q®

system) were used. Labware in contact with the samples were acid
cleaned (soaked in 10% HCl during 3 days, rinsed 3 times with Milli-
Q® water and dried under a laminar flow hood) before proceeding
with laboratory work.

2.3.4.1. Ascorbate extraction (reducible fraction). This reducing
single extraction removes trace elements associated with Mn
oxides and the most reactive Fe oxide fraction (i.e. amor-
phous oxides; Kostka and Luther, 1994; Audry et al., 2006),
using a 0.11 M ascorbate reagent (5:5:2 sodium citrate/sodium-
bicarbonate/ascorbic-acid mixture; J.T. Baker, Baker analyzed/J.T.
Baker, Baker analyzed/Acrôs Organics).
2.3.4.2. H2O2 extraction (oxidizable fraction). The oxidizing sin-
gle extraction using hydrogen peroxide (H2O2) typically extracts
organic matter but sulphides are also partially oxidized during this
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Table  1
Operating conditions applied for the single extraction procedures.

Fraction Sample weight (mg) Reagent Shaking time, temperature

Ascorbate extraction – reducible fraction 200 12.5 ml  of ascorbate solution 24 h, 25 ◦C

H2O2 extraction – oxidizable fraction 250 8 ml of 30% H2O2 + NaOH (pH 5) 5 h, 85 ◦C
Then 3 ml of 30% H2O2 + NaOH 3 h, 85 ◦C
Then 5 ml of 5 M NH4OAc + 20 ml  H20 Milli-Q 30 min, 25 ◦C

1

s
t
f

2
r
a
h
a
i
a
o
b
c
m

t
u
a
m
t

3

3
P

a
d
p
t
b
>
s
X
s
o
t
t
l
c
I
t
b
o
5
l
i
a
m
t
t

HCl  extraction – acid-soluble/reactive fraction 200 

tep (Tessier et al., 1979). This work utilizes a modified Tessier pro-
ocol (Ma  and Uren, 1995; Audry et al., 2006), previously applied
or Hg solid speciation (Castelle et al., 2007).

.3.4.3. HCl extraction (acid-soluble/reactive fraction). The so-called
eactive (1 M HCl acid-soluble) fraction comprises metals associ-
ted with amorphous and crystalline Mn  and Fe oxides, carbonates,
ydrous Al silicates and acid volatile sulphides (AVS) (Huerta-Díaz
nd Morse, 1990, 1992; Nova-López and Huerta-Díaz, 2001) not
ncluding the oxidation products of Fe monosulphides (goethite
nd hematite; Raiswell et al., 1994). Acid volatile sulphide (AVS) is
perationally defined as the fraction of sulphides that is extractable
y 1 or 6 M cold HCl. The acid-soluble fraction was also empiri-
ally designated to extract most of the potentially bioavailable trace
etals (Bryan and Langston, 1992; Langston et al., 1999).
In the final step of each individual extraction procedure, the

ubes were centrifugated for 15 min  at 3000 rpm, and the resid-
al sediment was rinsed twice with Milli-Q® water, dried at 50 ◦C
nd homogenized in an agate mortar. The residual Hg fraction was
easured with the DMA  (as described above) and subtracted from

he HgTP to evaluate each extracted Hg fraction.

. Results

.1. Textural, physical and chemical properties of Laguna del
lata core

Laguna del Plata (LP) sedimentary core is characterized by the
lternance of dark and light grey lamination (Fig. 2a). The core
escription is based on four values of lamination indexes (LI) pro-
osed by Piovano et al. (2002). Continuous laminae up to 2 mm
hick are designated by “1”, diffuse or discontinuous 2–4 mm thick
y “2”, thin banded 4–10 mm thick by “3” and finally thick banded
10 mm thick by “4”. When there is an absence of lamination the
edimentation is called massive. Fig. 2 shows a photograph and
-ray radiograph image of the LP core that summarizes its main
edimentological features. Thus, 5 sedimentary units could be rec-
gnized. The first one (A) is a massive sequence that extends from
he bottom up to 75 cm with a net contact. From the base of the core
o the top this sequence shows different colours on the photograph:
ight green colour in deepest part, followed by a dark green olive
olour that overlies and a very light green colour on the top of it.
n the X-Ray image the colour varies from light grey in the bottom
o darker grey in the upper part. A small sequence characterized
y LI2 (B) from 75 to 69 cm shows lamination due to an alternance
f dark to light colours sediments. Overlying this sequence up to
3 cm there is an alternance of LI4 (C) with a predominance of a

ight colour. From here up to 16 cm a sequence of LI1 and LI2 lam-
nations (D) are intercalated with a small LI3 lamination located

t 27–39 cm.  There is an alternance of dark to light grey making
ore visible the contacts between laminations. The upper part of

he core shows a LI4 sequence (E) with a dark olive green colour in
he picture (Fig. 2).
2.5 ml  of 1 N HCl 24 h, 25 ◦C

Some physical and chemical characteristics of the core are
shown in the profiles of Fig. 2. The level with the lowest poros-
ity value (40.0%) occurred near the bottom of the LP core, while the
highest (75.5%) was registered near the top. Thus three zones could
be described (light grey dashed lines in Fig. 2): from the bottom to
74 cm the porosity present average values of 48.4 ± 2.9%, from 74 to
16 cm porosity raised up to 56.2 ± 6.1% remaining nearly constant
and finally the first 16 cm are represented by an abrupt augmenta-
tion of water percentage (from 59.9 to 74.5%). Lamination seems to
be related to this change in porosity: section A to the lower poros-
ity, B, C and D to the intermediate porosity and E with the highest
one.

Organic carbon (Corg) values ranged between ∼0.5 and ∼2.8%.
This parameter seems to follow the same tendency of poros-
ity. From 120 to 74 cm Corg values remained practically constant
around ∼0.8% ± 0.2, up to 30 cm values suffered a big fluctuation
between 0.5 and 2.4%, being synchronous with porosity variations.
The last centimetres are given by the highest values with its maxi-
mum  of 2.8% in the top of the core. Inorganic carbon (Cinorg) profile
shows a similar behaviour to Corg. Its contents (Fig. 2f) vary from
0.3 to 2.4% along the core. From 120 to 74 cm the average value is
0.7 ± 0.2%, from 74 to 16 cm it is 0.7 ± 0.5% and in the last 16 cm the
average value is 1.5 ± 0.8%.

XRF elemental profiles depict mainly three domains (Fig. 3). The
lower part of the core from the base up to 74 cm is characterized
by a signal that remains almost constant except for Zr, S, Ca and Sr
that rises in the last centimetres. The second domain shows a high
fluctuation visible in all the measured elements that extends in the
central part of the core up to 16 cm.  From here up to the top Al, Si,
K, Ti, Mn,  Fe and Zr show a diminution in the signal while for Sr, S,
Cl and Ca the opposite occurs.

3.2. Radionuclides

The 210Pb (T1/2 = 22.3 years) is a naturally occurring radionuclide
delivered continuously to the landscape by atmospheric fallout
(Saari et al., 2010) and becomes rapidly and strongly bound to par-
ticulate matter. This atmospherically derived 210Pb scavenged by
particles (Fig. 4), is referred to 210Pb in excess (210Pbxs) of that sup-
ported within particles by the decay of its parent isotope, 226Ra. In
LP core these excess activities range from 5 to 72 mBq  g−1. There
is a general trend in decreasing 210Pbxs as expected due to the
decay of the unsupported 210Pb. This decrease presents some irreg-
ularities, as observed at about 24 cm where excess is lower when
compared to the surrounding layers. The long-lived and naturally
occurring 232Th is usually associated with the detrital fraction (van
der Klooster et al., 2011), therefore activity changes can be an
indication of different lithological sources or proportions. 232Th
activities range between 26 and 42 mBq  g−1, the lowest values are
usually observed in the upper 20 cm.  This section presents also the

highest total carbon content that is likely to dilute the detrital frac-
tion. It is also noticeable that low 210Pbxs at 24 cm is associated with
a high 232Th activity. Such a high 232Th are mostly observed in the
deepest part of the core, at >70 cm depth.
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On the opposite, 137Cs (T1/2 = 30 years) is an artificial radionu-
lide: its occurrence in the environment is primarily the result of
he nuclear weapon test fall-out in the early sixties, and in Europe
f the Chernobyl accident in 1986 of well-known pulse inputs
UNSCEAR, 2000). At present, atmospheric fluxes are almost negli-
ible (Quintana, 2011). Sedimentary profile of 137Cs in core presents
he expected shape with a peak in depth and negligible activities in
he uppermost section (<1 mBq  g−1). The maximum activities are
ecorded around 75–80 cm,  with values up to 26 mBq  g−1. Below
hat peak, 137Cs disappears rapidly to negligible levels below 85 cm.

.3. Hg concentrations

Total particulate Hg (HgTP) concentrations measured every
.5 cm interval along the Laguna del Plata core, varied between ∼13

nd ∼131 �g/kg (Fig. 5a). In the deepest part of the core (from 120 to
4 cm)  the lowest and most constant concentrations occurred (an
verage of 17.242 ± 1.730 �g kg−1). From this point to the surface
gTP values are variable. From 74 cm up to 45 cm they show average

ig. 4. (a) Normalized 210Pbxs against cumulative mass: the dashed line corresponds
o  the exponential regression used to determine mass accumulation rate (MAR), (b)
verage sedimentation rate (ASR) and (c) 137Cs plotted against calendar ages, based
n 210Pb dating.
ues are given in counts per second (cps).

concentrations of 42.381 ± 14.602 �g kg−1, beyond this level dis-
tinct peaks of 89.701, 131.470 and 87.260 �g kg−1 are shown at
43.2, 36.7 and 30.2 cm respectively. In most recent sediments
(∼16–0 cm), the average concentration is 65.611 ± 16.017 �g kg−1.

Hg concentration associated to the reductible fraction was neg-
ligible throughout the core, while the Hg in both acid-extracted
(1 M HCl) and oxidizable fractions accounted for the major part of
the HgTP values measured in the sediments.

The relation between HgHCl and HgTP showed two different pat-
terns (Fig. 5b): (i) from the bottom of the core to 74 cm, HgHCl
accounted in average for 42.844 ± 22.334% of HgTP and (ii) above
74 cm to the top, HgHCl represented in average 21.437 ± 13.702% of
HgTP. Similar to HgHCl, the relative contribution of HgH2O2 to HgTP
changed with depth (Fig. 5c) showing in average the highest values
of 76.687 ± 11.021% in the lower part of the core up to 40 cm.  Above,
the relative contribution of HgH2O2 to HgTP was  clearly lower but
still represented 56.623 ± 15.052%.

4. Discussion

4.1. Sediment deposition and chronology

Use of 210Pb has been widely done to calculate short-term (years
to decades) sediment accumulation rates in continental and oceanic
environment since the last 40 years (Appleby, 2001). Dating is
calculated using excess activity of 210Pb (210Pbxs) which is incorpo-
rated rapidly into the sediment from atmospheric fallout and water
column scavenging. Once incorporated into the sediment, unsup-
ported 210Pb decays with time in the sediment column according
to its half-live, by Eq. (1):

210Pbxs(z) = 210Pbxs(0)e
−�t (1)

where 210Pbxs(z) and 210Pbxs(0) represent the excess 210Pb at the
sediment–water interface, or at the base of the mixed layer, and
at the depth z, � is the 210Pb decay constant (0.0311 y−1), and t is
the age in years. Several models have been developed to calculate

an age or accumulation rate (Sanchez-Cabeza and Ruiz-Fernández,
2012, among others): CIC (constant initial concentration); CSR
(constant rate of supply); CFCS (constant flux-constant sedimenta-
tion). The Constant Initial Concentration (CIC) model in which the
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Fig. 5. Mercury concentrations. (a) Selective extractions corresponding to the t

ediments have a constant 210Pb concentration regardless the accu-
ulation rates (Appleby, 2001) was left behind due to that Laguna

el Plata has suffered alternated connections and disconnections
rom Laguna Mar  Chiquita influencing the amount and nature of
he sedimented material (Piovano et al., 2002). Thus the CFCS model
as chosen to calculate the sedimentation rates and age for the lake
nder the two basic assumptions: 210Pb atmospheric deposition
nd the mass accumulation are constant. The mass accumulation
ate (MAR, g cm−2 y−1) can be obtained considering Eq. (2)

10Pbxs(z) = 210Pbxs(0)e
−m(z)

�

MAR
(2)

here m(z) is the cumulative dry mass per unit area (g cm−2)
t depth z. To compensate the effect of composition changes of
ediment, 210Pbxs activities were normalized by using 232Th con-
entrations, measured at the same time through gamma, thus
imiting the errors. MAR  was calculated from the slope of the
xponential regression of 210Pbn

xs plotted against cumulative mass
Fig. 4a). The average mass accumulation rate is 1.0 g cm−2 y−1.
he sedimentation rate (in years) has been calculated by dividing
he cumulated dry mass per unit area by the mass accumula-
ion rate, allowing to estimate the average sedimentation rates
ASR) (Fig. 4b). The expected deposition year for each sediments
ayer was calculated considering the sampling year (2011) and the

ater-sediment interface at the uppermost layer as a reference for
stablishing the chronology.

Robbins and Eddington (1975) showed that it is necessary to
onfirm the accuracy of the 210Pb-based model using an indepen-
ent time-stratigraphic marker, such as fallout 137Cs. The 137Cs
rofile was plotted as a function of the time scale based on 210Pb
Fig. 4c). It is noticeable that the peak of 137Cs in core LP corresponds

o the year 1966, which is in close agreement with the annual
tmospheric fallout of 137Cs recorded at Buenos Aires around 1960
Quintana, 2011). In general the sedimentary 137Cs record mim-
cs rather well the atmospheric fallout, validating the chronology
rticulate (HgTP), oxidiable (HgH2O2) and acid-soluble/reactive (HgHCl) fractions.

derived from 210Pb and coinciding with the abrupt hydrological
changes that the lake system have been through during the decade
of 1970s.

Sedimentation rates are comprised between 1 and 3 cm y−1,
being rather variable with depth. They are less than 2 cm y−1 in
the deepest part and the highest are located in the uppermost part
of the core. What occurs in the lower part of the core is mainly
ascribed to sediment compaction and associated with a simulta-
neous decrease in porosity. During the period covering the early
1970s to the early 1990s, ASR shows strong variability, which may
be in relation to environmental changes and the continuous con-
nection of Laguna del Plata to Laguna Mar  Chiquita that happened
after 1975 during the onset of the last highstand (see Fig. 1b Satel-
lite images). In the lowermost layers of the core, sedimentation
rates display rather constant values, around 1.2–1.5 cm y−1, and are
likely to indicate constant sedimentation conditions during low-
stand lake scenarios with low fluvial input.

Chemical data given by XRF helps to understand the changes
that Laguna del Plata sediments composition experienced during
the last six decades. In concordance with previous observations
performed by Piovano et al. (2004b) in cores retrieved from Laguna
de Mar  Chiquita and Laguna del Plata, the elemental variations
described in Fig. 3 seem to be controlled by well-known hydro-
logical fluctuations. For comparison purposes, Laguna Mar  Chiquita
level record was considered because there is no a continuous record
for Laguna del Plata lake and both are controlled by the same hydro-
logical balance (Troin et al., 2010). The bottom part of the core
up to 74 cm corresponds to the sedimentary record before ∼1970
where LP was  completely isolated from LMC  and the inputs were
mainly from the Suquía River. The almost constant XRF signals at
the lowermost part of the core reflect this single contribution to the

sedimentary record (Fig. 3). The onset of higher regional precipita-
tions since ∼1970, generated the connection of both lakes by 1976
that persist nowadays (Fig. 1b), changing the sedimentation pat-
tern overall the Laguna Mar  Chiquita system (Piovano et al., 2002,
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004a). Rising lake level likely triggered the strong variations in
i, K, Ti, Fe, and Zr concentrations measured in the core between
4 and 16 cm depth, reflecting a high contribution of detrital input
ue to soil or fluvial-bank erosion suffered in the catchment. Several
uthors (Rothwell and Rack, 2006; Böning et al., 2007; Moreno et al.,
007; Löwemark et al., 2011) coincide that variations of terrigenous
lements such as Al, Si, K, Fe, and Ti are likely the consequence of
nputs of allocthonous materials. In addition, an increase in the lake
rimary productivity during highstands, marked by changes in the
org % (Fig. 2e), may  additionally control the porosity values.

.2. Historical record of Hg and its solid carrier phases in
ediments of Laguna del Plata

Hg levels measured in the Laguna del Plata sediments (Fig. 4)
ere much lower than those typically reported for contaminated

reshwater or marine areas (e.g. Streets et al., 2005; Castelle et al.,
007; Larrose et al., 2010; Elbaz-Poulichet et al., 2011). Given the
ne-grained nature of the sediment, such HgTP levels are clearly
ithin the range of those attributed to weakly contaminated sys-

ems (e.g. Schäfer et al., 2006).
Like for the other parameters discussed above, the variations

f Hg and its main solid carrier phases observed in the Laguna del
lata core are due to both changes in lake hydrology and general
tmospheric deposition, rather than pollution point sources in the
atershed.

The sediments accumulated in the lake before the 1970s show
ather constant and very low HgTP concentrations. During this
eriod of high aridity and low lake levels, particles transported
y the Suquía River exclusively settled in the Laguna del Plata
ue to the absence of hydraulic links between the latter and
aguna Mar  Chiquita. The high HgHCl fraction (>40% of HgTP)
ombined with the relatively high HgH202 fraction (76.4 ± 11.6%)
hows that most of HgTP measured in the sediments is associ-
ted with secondary sulphides, especially in the 105–85 cm depth
ange (Fig. 5c). This is consistent with X-ray diffractometry data
hat shows the presence of pyrite at the base of the core (data
ot shown) which indicates that precipitation of authigenic sul-
hides occurred under dominant anoxic conditions produced by
acterial activity at the water-sediment interface. Elevated salinity
380 g L−1; Piovano et al., 2004a) and alkaline chloride–sulphate
odium type waters (Martínez, 1991) represent the geochemical
onditions predominating during lake lowstands. Hg associated
ith the residual fraction not extracted by the single extraction

pproach, i.e. attributed to the non-reactive crystalline matrix, was
ery low (close to zero) in the sediments before the 1970s, indicat-
ng that nearly all Hg deposited during that period was potentially
ioavailable.

In the uppermost part of the core (74–0 cm), i.e. in sediments
ccumulated from the 1970s, HgTP concentrations were clearly
igher than downcore. This situation coincides with the beginning
f an increasingly humid period in the region, and concomitant rise
n the lake system levels. Increased erosion and riverborne particle
ransport in the Suquía River watershed also occurred during this
eriod.

In the 74–40 cm depth range, maximum HgH202 and clearly
ower HgHCl indicate that Hg is mainly associated with sedimentary
rganic matter, which is consistent with increasing lake primary
roductivity (Da Silva et al., 2008) but also with increasing erosion
nd particle transport in the Suquía River (Piovano et al., 2009).
he highly variable HgHCl relative to HgTP in the top 74 cm of the

ore reflects episodes of intense erosion with changing proportions
f Hg associated with clay minerals and Mn  and Fe oxy-hydroxides
ransported from the catchments. Hydrochemical conditions in the
ake during highstands corresponded to alkaline chloride–sulphate
rde 74 (2014) 353–363

sodium type waters, supersaturated in calcite and occasionally in
gypsum (Martínez et al., 1994).

Hg profile shows maximum HgTP at ∼38 cm,  i.e. in the depth
range roughly attributed to records of the years 1990–1995. The
residual Hg fraction shows maximum levels (>50% of HgTP) at
∼35 cm depth, suggesting an episode with major transport and
deposition of non-reactive Hg-bearing phases during the 1990s just
after the episode responsible of the HgTP maximum. Accordingly,
the maximum HgTP levels together with minimum HgH202/HgTP
and relatively low HgHCl/HgTP indicate dominance of Hg-bearing
phases not determined by the used selective extractions. Among
the different Hg sources described in natural systems, volcanic
emissions are a major issue (i.e. Fitzgerald and Lamborg, 2003;
Selin, 2009). Due to the proximity to the Andean volcanic sys-
tem and its well known influence on the study area (e.g. Gaiero
et al., 2007; Osores et al., 2011) volcanic eruptions could account for
this observation. In fact, the eruption record of the past 100 years
indicates that the observed peak may  reflect Hg inputs from the
eruption of the Hudson and Láscar volcanoes occurred in 1991 and
1993 respectively. The Hudson volcano is located in Chile at 45◦54′S
to 72◦58′W.  This volcano erupted in two  phases in August 1991,
producing 4.3 km3 of pyroclastic material during one of the major
eruptions of the 20th century (Wilson et al., 2011). The ashes from
the first eruption moved mainly in NNE to NE direction (Kratzmann
et al., 2008, 2010) and reaching the Laguna del Plata. Unfortunately
it is not possible to define the limits of the plume with certitude
due to its low ash content (Constantine et al., 2000). Láscar volcano
is located at 23◦22′S to 67◦44′W and started its activity in 1984 cul-
minating with a major explosive eruption in April 1993. This last
eruption generated a column between 5 and 25 km above the vol-
cano and tephra ashes reached Buenos Aires located 1500 km to
the southeast (Matthews et al., 1997). With these plumes arriving
to the study area, the Hg associated to volcano-clastic particles set-
tled as wet  or dry deposition in the Suquía River watershed. This is
in agreement with the peak of HgTP observed in the core (between
37.2 and 30.2 cm)  and its preferential association with non-reactive
particles in the sediments accumulated in the years following the
eruption.

The hydrological model of the Laguna del Plata system proposed
by Piovano et al. (2004a,b) for the last century, was  modified in
order to show the inputs of the main Hg-bearing phases identi-
fied in the area (Fig. 6). Precipitation (P) and evaporation (E) are
represented with arrows, whose relative lengths are proportional
to their volume. The higher river runoff that occurred after the
1970s is indicated by a solid arrow, whereas dotted arrow indi-
cate comparatively low inputs that prevailed in the dry period. The
thickness of the arrows associated with different Hg-bearing phases
recognized in the studied area, is proportional to their respec-
tive importance. During the dry conditions that predominated in
the study area before the 1970s, inputs of Hg to the lake cor-
responded mainly to contributions from natural sources such as
atmospheric Hg (dry deposition) and Hg-bearing particles (partic-
ularly sulphides) that were transported to the lake from the Suquía
River upper basin. Under high stand conditions (after 1970s), these
two sources increased their contributions due to increasing precip-
itation (wet deposition) and higher soil erosion in the catchments,
but also to increasing global Hg flux. The more humid conditions
lead to increased lake primary productivity and hence, a higher
affinity of Hg for organic matter particle is found in sediments
accumulated during this period.

The sources of Hg in the Laguna del Plata sediments are mostly
assigned to natural sources, but also a minor contribution from

global Hg inputs should be considered, as well as from some other
local anthropogenic sources, that became increasingly important
after the 1970s when an incipient industrial development started
in the region.
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Fig. 6. Schematic section of Laguna del Plata (LP) and Mar  Chiquita (LMC) system showing Hg and other elements cycles under different hydrological stages. Modified from
Piovano et al. (2004). Length and thickness of the arrows are proportional to the components contribution. Hg-atm: atmospheric Hg; Hg-S: Hg-bearing sulphides, Hg-OM:
H
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. Conclusions

Sedimentary record in Laguna del Plata shows a highly variable
edimentation regime in the last ∼80 years, controlled by changes
n the regional hydrological balance. These changes also triggered
ariations in the chemical composition of the sediments. Among
he analyzed elements, Hg was used as a potential marker of the
atural and atrophic activities.

Before the 1970s, LP was completely isolated from LMC  and
he inputs of sediments were mainly from the Suquía River. Dur-
ng this period, the occurrence of highly saline waters and anoxic
onditions at the water-sediment interface, promoted the pre-
ipitation of Hg-bearing sulphides. In the following years, the
ore humid conditions enhanced primary productivity in the

ake, driving increased organic matter contents in the sediment
ecord. Hg accumulated during this period, was preferentially
ssociated with the organic fraction of the sediments. The upper
entimetres of the core show increasing Hg concentrations that
re considered to be closely related to the industrial development
f the region but also to the increasing influence of global Hg
uxes.

The highest HgTP values are found at ∼35 cm depth (correspond-
ng to the years 1990–1995) where the HgH202/HgTP and HgHCl/HgTP
elations are also relatively low. This suggests a contribution from

 Hg-bearing source that is not affected by the applied extrac-
ion methods. More than a punctual source of pollution, this peak
s likely related to two eruptive events occurred in the Andean
ordillera in this period: the eruption of Hudson volcano in south-
rn Patagonia that occurred in 1991 and the one of the Láscar
olcano in northern Chile that occurred in 1993. In both cases,
he respective ash plumes were documented to have reached the
aguna del Plata region.
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