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• We studied mercury deposition in Lake
Chungará (18°S) over the last
~2700 years.

• Parinacota volcano produced 20 tephra
layers recorded in lake sediments.

• Lake primary production was the main,
not limiting, carrier of Hg to the sedi-
ment.

• Volcanoes contributed to ~30% of Hg in-
puts to the lake over the study period.

• Last 400 years anthropogenic Hg emis-
sions overwhelmed the volcanic
activities.
⁎ Corresponding author at: Univ. Grenoble Alpes, Univ.
E-mail address: stephane.guedron@ird.fr (S. Guédron)
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Volcanism is one of themajor natural processes emittingmercury (Hg) to the atmosphere, representing a signif-
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(1400–900 yr cal. BP), and by a factor of 6 and 7.6, respectively, during the Hispanic colonial epoch
(400–150 yr cal. BP) and the industrial era (~140 yr cal. BP to present). Altogether, the dataset indicates that
lake primary production has been the main, but not limiting, carrier for Hg to the sediment. Volcanic activity
and climate change are only secondary drivers of local Hg deposition relative to the magnitude of regional and
global anthropogenic emissions.
1. Introduction

Mercury (Hg) is a global pollutant transported in its gaseous ele-
mental form over long distances in the atmosphere (Pirrone and
Mason, 2009). Almost 5 kilotonnes (kt) Hg (Selin, 2009; Mason et al.,
2012; Outridge et al., 2018) are contained in the atmosphere,
representing the primary source of inorganic Hg for aquatic and terres-
trial ecosystems, except for specific areas influenced by specific geolog-
ical background and/or human activities, such as mining areas (Malm
et al., 1995; Guédron et al., 2018a).

Recent global inventories estimated that the pool of atmospheric Hg
resulting from natural processes accounts for ~0.8 kt and represents
about 18% of the total atmospheric Hg pool (Pacyna et al., 2006;
Pirrone et al., 2010; Outridge et al., 2018). Volcanoes are considered to
be important natural contributors to the atmospheric Hg pool, at both
global and regional scales, through the emission of gaseous elemental
Hg [i.e., GEM or Hg(0)g - (Pyle and Mather, 2003; Bagnato et al., 2014;
Gustin et al., 2008)]. Submarine volcanism is also a source of Hg, but is
not considered significant (Stoffers et al., 1999; Lamborg et al., 2002).
Estimates of global volcanic Hg emissions to the atmosphere range
over four orders of magnitude, but most realistic values range between
75 and 700 Mg yr−1 (Varekamp and Buseck, 1986; Ferrara et al., 2000;
Nriagu and Becker, 2003; Pyle and Mather, 2003; Gustin et al., 2008;
Lohman et al., 2008). Large spatial and temporal variability of volca-
nism, associated with a paucity of appropriate quantification of Hg
(Gustin et al., 2008),make estimates of global volcanic Hg emissions dif-
ficult. About 75% of the emitted volcanic Hg(0)g may be released during
modest-scale sporadic eruptions (b10–102 Mg per event), whereas
large explosive eruptions (N103 Mg per event) and continuous
degassing may account for 15 and 10%, respectively (Pyle and Mather,
2003; Bagnato et al., 2014). Although part of the emitted Hg(0)g from
volcanoes contributes to the global atmospheric Hg budget, co-
emission of halogens (e.g., bromide) in volcanic plumes may lead to a
rapid oxidation of Hg, drastically reducing Hg lifetime in the atmo-
sphere (Lindqvist and Rodhe, 1985; Slemr et al., 1985; Lindberg et al.,
2007; von Glasow, 2010). Rapid oxidation of Hg(0)g would enhance
Hg(II) deposition in the surrounding environment, after which it could
be incorporated into soils and vegetation (Martin et al., 2011, 2012).

An alternative approach to direct measurements of Hg(0)g for esti-
mating the contribution of volcanoes to regional and global Hg is
using geological archives. Amongst them, sediment cores of lakes lo-
cated in volcanic settings are particularly valuable, because they enable
the reconstruction of past Hgdeposition and an investigation of the con-
tribution of volcanismwith regards to other geological, climatic, and an-
thropogenic sources by combining analyses of Hg and relevant
compounds. Moreover, thanks to high sedimentation rates
[e.g., between mm to m of thickness for plinian deposits (Walker,
1981)], lake sediment can record information on post-eruptive Hg de-
position, in relation to the intensity and nature (effusive, explosive) of
the eruption. Unfortunately, paleoenvironmental reconstructions that
includeHg remain infrequent, especially in the context of volcanic erup-
tions (Roos-Barraclough et al., 2002; Shotyk et al., 2002; Ribeiro
Guevara et al., 2010; Hermanns and Biester, 2013). Thus, extrapolating
the available data to estimate volcanic contributions toHgbudgets at re-
gional and global scales is still difficult.

In the Andean belt (South America), the seismo-tectonic activity
along the Southern and Austral Volcanic Zones (13–55°S) is substantial
(Thouret et al., 1999; Bertrand et al., 2008; Stern, 2008; Anselmetti et al.,
2009; Sandri et al., 2014; Lahsen et al., 2015; Samaniego et al., 2016).
Numerous volcanic eruptions have been recorded during the mid- and
late-Holocene in geological archives (Cole-Dai et al., 2000; Ribeiro
Guevara et al., 2010). In the Central Andes, concentrations of insoluble
dust particles in the Nevado Sajama and the Quelccaya ice core records
showed a marked increase from ca. 7500 to 3400 yr cal. BP (Thompson
et al., 1998), coinciding with a recurrence of regional major explosive
eruptions (Thompson et al., 1998). In particular, the sediment of the
Lake Chungará (Chile) recorded a phase of enhanced volcanic activity
of the Parinacota volcano, starting about 14,000 years ago
(Mühlhauser et al., 1995; Valero-Garcés et al., 1996; Moreno et al.,
2007; Saez et al., 2007; Giralt et al., 2008; Hernandez et al., 2008;
Pueyo et al., 2011). Besides volcanic activity, the Central Andes are
also known for historical mining activities. The pre-Colonial period of
smelting Andean silver ores produced substantial Hg emissions as
early as the twelfth century and was followed by the onset of large-
scale emissions in the mid-sixteenth century (colonial period) when
the Hg amalgamation process was generalized (Cooke et al., 2009;
Cooke et al., 2011; Cooke et al., 2013).

In this study, millennial-long Hg deposition changes and related
forcing mechanisms were investigated in sediment records of Lake
Chungará (4520ma.s.l.), northern Chile. This site, located in poorly veg-
etated foothills (i.e., minor terrestrial Hg pool) of the Parinacota vol-
cano, is representative of the high-altitude central western Andean
environments. Hg concentrations and accumulation rates were recon-
structed at high-resolution (mm to cm scale) in a sediment sequence
that covers the last 2700 years cal. BP togetherwith inorganic geochem-
istry, total carbon, carbon stable isotopes (δ13C) and organic matter
(OM) molecular composition. Inorganic geochemical data (from X-Ray
Fluorescence core scanner analyses) allow accurate identification of
the volcanic events and associated mineral deposition, while δ13C and
organic compounds (from pyrolysis-gas chromatography/mass spec-
trometry -Py-GC/MS- analyses) provide proxies of terrestrial and in-
lake productivities (Ishiwatari et al., 1991; Tolu et al., 2015). The objec-
tive of this study is two-fold; (i) to better understand themechanisms of
Hg deposition in consideration of volcanism, lake geochemistry and
ecology, and (ii) to quantitatively estimate the contribution of volcanic
and anthropogenic forcing on late-Holocene Hg deposition in the
Central-western Andes.

2. Materials and methods

2.1. Lake Chungará: climatic, geological and ecological settings

The Chilean Altiplano is a high-altitude plateau (average elevation of
3750 m a.s.l.) located in west-central South America. The climate is
semi-arid to arid, with an average annual temperature of 4.2 °C, with
large diel variation (−25 to 20 °C). Annual rainfall ranges from 345 to
394 mm (Mühlhauser et al., 1995), and has a well-defined seasonal
cycle, with the rainy season between December and March. Due to its
high altitude, evaporation is high and was estimated at 1200 mm yr−1

(Mladinic et al., 1987).
Lake Chungará (18°15′S, 69°09′W; 4520 m a.s.l.; surface area,

22.5 km2 and maximum depth, 40 m), is located in the active setting
of the Parinacota volcano (6348 m a.s.l.). It was formed after a partial
collapse of the earlier Parinacota stratocone, which dammed the ancient
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Lauca River between 15 and 17 kyr cal. BP (Hora et al., 2007). The lake is
polymictic, moderately alkaline (pH between 8.99 and 9.30), well
mixed (7.6 μL L−1 O2 at 34 m deep), and has a moderate salinity
[1.3 g L−1; (Risacher et al., 1999)]. Its catchment (surface area,
273 km2) is topographically closed without surface outlets (Fig. 1).
Lake primary productivity is dominated by algal communities (diatoms
and green algae) in the deep lake waters, whereasmacrophytes are im-
portant in the littoral zone (Mühlhauser et al., 1995). The Ajoya and
Parinacota volcanoes constitute the steep western and northern slopes
of the lake margins, whereas the distal fringe of recent alluvial fans
and the River Chungará valley form the gentle eastern and southern
margins. The northern shore of Lake Chungará consists of 30–50 m
thick andesite lavas [59–61% SiO2, (Clavero et al., 2004)] composed of
a plagioclase-clinopyroxene-orthopyroxene-amphibole phenocryst as-
semblage. Due to the high altitude and arid conditions, the margins
are covered by dry Puna vegetation, dominated by wiry tussock-like
grasses (Baied and Wheeler, 1993) and characterized by assemblages
of cushion and mat of low coverage and density (S.I.1).

During the last 4000 yr cal. BP, the climate has been characterized by
relatively moist conditions compared with an arid mid-Holocene
(Marchant and Hooghiemstra, 2004), which has resulted in lake-level in-
creases in the Central Andes. This period has also been characterized by
intense volcanic activity,mainly explosive, releasing large amounts of vol-
canic materials to the lake (Wörner et al., 2000; Clavero et al., 2002).

2.2. Sediment core collection

Two sediment cores were collected in the western basin of Lake
Chungará at a water depth of 29.4 m, using a UWITEC gravity corer:
CG02 (S 18°15.110′ W 69°09.784′; length: 0.83 m) and CG03 (S
18°15.124′ W 69°09.769′; length: 1.46 m). Sampling was performed
in October 2014 during the late dry season. For both cores, an intact
22 mm width U-Channel sub-core was retrieved for XRF core-
scanning analysis. For chronological and chemical analyses, subsamples
were taken using cylindrical punches (diameter: 20 mm) on 0.5 cm-
Fig. 1. A) Location of Lake Chungará on the South American map, B) regional active volcanos lo
extensions [modified from Lahsen et al., 2015] and C) geological and topographicalmap of the s
Lake Chungará with sampling locations for cores CG02 and CG03 (this study) and cores 5 (Mo
thick sediment slices for thefirst 20 cmand then on1 to 2 cmthick slices
downcore (adapted to sedimentological variations). Further details
about core opening, subsampling procedures, and cross-correlations
are given in Supplementary information S.I.2.
2.3. Chemical analyses

All details for the chemical analyses are given in S.I.2 for sedimentol-
ogy, in S.I.3 for Hg and X-Ray Fluorescence (XRF) analyses, and in S.I.4
for organic matter composition (Py-GC/MS), carbon content, and isoto-
pic composition (CM-CRDS) analyses.

Briefly, XRF core scanning was performed at 1 mm steps on an
Avaatech core scanner using different tube settings: at 10 kV–2 mA for
Al, Si, S, K, Ca, Ti, Mn, Fe and at 30 kV–0.5 mA for Br, Sr, Rb, and Zr
(Richter et al., 2006).

For each sediment subsample, water content was obtained from the
difference in weight prior and post freeze-drying and then, dry bulk
density (DBD) was calculated considering the subsample volume. Sedi-
ment subsamples were finely ground (b63 μm) using an agate mortar
before all analysis (S.I.2).

Total mercury concentrations ([THg]) were determined by combus-
tion and atomic absorption spectrophotometry using an AMA 254 ana-
lyzer (Altec) (Guédron et al., 2009; Guédron et al., 2011).
Concentrations obtained for repeated analyses of certified international
reference materials (i.e., MESS-3 of National Research Council of
Canada; 0.091 ± 0.008 ng g−1) never exceeded the certified range
(S.I.3). Hg accumulation rates (HgAR) were calculated by multiplying
the DBD and [THg] divided by the number of years covered by the slice.

Total carbon content (TC, %) and isotopic composition (δ13C, ‰) of
bulk sediment were measured by Cavity Ring-Down Spectrometer
(Picarro, Inc.®) coupled with Combustion Module (Costech, Inc.®)
(CM-CRDS) using previously reported analytical methods, calibration,
and sample preparation (Balslev-Clausen et al., 2013; Paul et al.,
2007). Total organic carbon (TOC) and its isotopic composition (δ13C,
cations, historical mining silver (Ag) and mercury (Hg) areas and Tiwanaku/Wari empire
tudied area [modified from Saez et al., 2007 and Pueyo et al., 2011] and bathymetricmap of
reno et al., 2007) and 11 (Saez et al., 2007).



906 S. Guédron et al. / Science of the Total Environment 662 (2019) 903–914
‰) were also determined after removal of the carbonates via aqueous
acidification (SI.4a) on a sub-set of sediment samples (N= 20; Fig. S4).

Organicmatter compositionwas determined by pyrolysis (PY-2020iD
and AS-1020E, FrontierLabs, Japan) – gas chromatography/mass spec-
trometry (Agilent, 7890A-5975C, Agilent Technologies AB, Sweden) fol-
lowing the method developed by Tolu et al. (2015). Except for a few
samples taken within tephra layers where no data could have been ob-
tained, 99 pyrolytic organic compounds were identified belonging to 9
classes of OM (i.e., carbohydrates, N-compounds, (poly)aromatics, phe-
nols and lignin oligomers, n-alkenes, n-alkanes, alkan-2-ones, and chloro-
phyll). A detailed list providing information on the molecular mass and
structure, and the references for mass spectra is provided in S.I.4.
(Table S1). For each identified organic compound, relative abundances
were calculated by setting the sum of peak areas of identified organic
compounds to 100%; the peak areas (i.e., signal intensity) of each pyro-
lytic organic compounds is proportional to the concentration of the or-
ganic compounds the pyrolytic compounds derive from (S.I.4.c).
2.4. Chronology

Short-lived radionuclides (210Pb and 137Cs) were analyzed at an in-
terval of 0.5 cm over the uppermost 10 cm of the CG02 core, using
well-type, germanium detectors at the Laboratoire Souterrain de
Modane (France) and following the procedure of Reyss et al. (1995).

Gastropod shells from sediment slices were cleaned by sonication in
ultrapure water. Seventeen samples were dated for radiocarbon at the
National Ocean Science Accelerator Mass Spectrometry (USA) on a
500 kV Pelletron AMS device (S.I.5). Radiocarbon ages were calibrated
to calendar years Before Present (cal. yr BP) using the SHCal13 calibration
(Hogg et al., 2013) and post-bomb curves (Hua et al., 2013). The age-
depthmodel was built using the ‘clam’ R package (Blaauw, 2010). Details
for construction of the age–depth model are given in S.I.5 and Fig. S7.
Fig. 2. Depth and age profiles of (i) dry bulk density (DBD), (ii) XRF-signals (counts) of K, Fe, S
CG03. All volcaniclastic layers (tephras) are numbered in the left panel. Dark mafic volcanicl
volcaniclastic layers correspond to white bands with numbers in red circles. Post-depositio
b) black to green diatom-gyttja, c) black to brown diatom-gyttja, d) dark mafic tephra layer, e
legend, the reader is referred to the web version of this article.)
3. Results and discussion

3.1. A 2700 years calendar of the Parinacota eruptions

The chronology of Parinacota eruptions was established through the
combination of short-lived radionuclides (210Pb and 137Cs) and 17 radio-
carbon ages (Table S4). The constant flux constant sedimentation rate
(CFCS) model applied to the 210Pbex activities (Golberg, 1963) yielded a
mean accumulation rate of 0.95 ± 0.04 mm yr−1 (1σ) over the top
10 cm that is in good agreement with 137Cs data (Fig. S7A). Cross-dating
between the short-lived radionuclides model and one 14C age (Sabatier
et al., 2010) obtained on a gastropod shell collected at 6 cm depth in the
same core indicated a lake water reservoir age of 4140 ± 30 yrs. This
value is 880 years higher than the one obtained by dating modern dis-
solved inorganic carbon (Giralt et al., 2008). Even if the lake-water reser-
voir effect may have changed, mostly because of hydrothermal volcanic
activity, independent radiocarbon dating of the Parinacota lava deposits
matched well with the proposed tephra chronostratigraphy (Fig. S7B),
supporting our lake-water reservoir age estimate of 4140 ± 30 yr for
the study period. Altogether, the sediment sequence covered the last
2900–2400 years (2σ interval). The calculated mean sedimentation rate
was 0.30 ± 0.7 mm yr−1 from 2700 to 1400 yr cal. BP and 0.48 ±
0.5 mm y−1 from 1400 cal. yr BP to present.

Cores CG02 and CG03 were collected in the deepest area of the lake
that was reported to record the maximum pyroclastic fallout [(Moreno
et al., 2007; Saez et al., 2007) – Fig. 1]. Based on lithological and geo-
chemical composition, the core CG03 was divided into 3 units; the
first one from the surface to 18.5 cm (i.e., 300 yr cal. BP to present);
the second one from 18.5 to 108 cm (i.e., 1400 to 300 yr cal. BP); and
the third one from 108 to 146.5 cm (i.e., 2700 to 1400 yr cal. BP). In
total, 20 volcaniclastic layers (tephras) were identified based on in-
creases in DBD and major elements (e.g., K, Fe, and Al, mirrored by
drops in TC content - Fig. 2), which reflect rapid deposition of dense
i, and Al, (iii) total carbon content (TC) and (iv) total mercury content (THg) for the core
astic layers correspond to gray bands with numbers in white circles, and white rhyolitic
n Hg peaks are colored green. Lithostratigraphy: a) black homogeneous diatom-gyttja,
) white rhyolitic tephra layer. (For interpretation of the references to colour in this figure
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materials impoverished in organicmatter and rich in volcaniclasticmin-
erals (Giralt et al., 2008). Unit 2 had the highest density of tephras
(i.e., 15 layers between 1400 and 400 yr cal. BP) compared to unit 3 (5
layers between 2700 and 1400 yr cal. BP). No volcanic depositions
were identified in unit 1. Two different types of tephra layers were dis-
tinguished: (i) 18 dark mafic layers enriched in K, Fe, Al, Ti, Rb, and Zr
and depleted in Si and Ca; and (ii) two white rhyolitic layers enriched
in Si and K and impoverished in Fe, Ti, Zr, Ca, and Sr (S.I. 3, Figs. S2
and S3). These latter displayed higher δ13C values, suggesting a signifi-
cant relative contribution of carbonates [i.e., positive δ13C values
(Pueyo et al., 2011)] relative to organic carbon and thus indicating ma-
terials coming from the crust as compared to the dark mafic materials
originating from the mantle (Figs. 3 and S4).

In-between the tephra layers, volcaniclastic tracers (DBD and geo-
chemical tracers) returned to baseline values within a few millimeters
above the tephra layers, except for the events numbered 2, 7, 10, and
15. This suggests that catchment leaching of fresh volcaniclastic de-
posits to the lake was fast and likely restricted to short periods. This
short-term transfer can be explained by (i) the steep slopes of the
stratocone with scarce vegetation cover that is unfavorable to material
retention in the lake catchment; (ii) the low amount of precipitation
that limits the remobilization of this material; and (iii) the abundant
macrophytes in the shallow littoral zone acting as a physical barrier
(Saez et al., 2007). The events 2, 7, 10, and 15 that displayed a slower re-
turn of volcaniclastic tracers to baseline values (N1 cm), seem to have
been more intense than the other volcanic eruptions given the higher
Fig. 3. Depth and age profiles of (from left to right) (i) the abundance of biomarkers of algal o
plants (lignin oligomers and n-alkanes C27–31), (iii) the abundance of polyaromatic compound
nature of bulk sediment (δ13C) for the core CG03. Missing biomarker data in profiles corresp
(tephras) are numbered in the left panel. Dark mafic volcaniclastic layers correspond to gray b
to white bands with numbers in red circles. Post-deposition data are colored green. Lithostrati
browndiatom-gyttja, d) darkmafic tephra layer, e)white rhyolitic tephra layer. (For interpretat
of this article.)
thickness of their tephra layers and the higher intensity of their in-
creases in DBD and/or geochemical tracers (Fig. 2). However, evaluating
the amplitude of each volcanic event is difficult, because deposition of
volcanic ash can show a highly variable spatial distribution mostly due
to the dynamics of dominant winds and lake surface currents (Saez
et al., 2007; Daga et al., 2008).

3.2. Impact of volcanic eruptions and climate change on the lake ecosystem

3.2.1. Evidence for changes in aquatic and terrestrial productivity
Outside of the volcaniclastic events, the δ13C values of bulk sediment

(from −19 to −14‰ – Figs. 3 and 4) were in the reported range for
algae (diatom, green and brown algae) and/or macrophytes
(e.g., Characeæ) found in Lake Chungará (Pueyo et al., 2011). In addi-
tion, lignin oligomers [a specific proxy for higher plants (Meyers and
Ishiwatari, 1993)] always occurred at low levels, whereas the ratio of
N-compounds to carbohydrates [a proxy for algal vs plant OM
(Bianchi and Canuel, 2011)] was high compared to sediment from bo-
real lakes [S.I.4, Table S3 - (Ninnes et al., 2017; Tolu et al., 2017)]. Both
independent tracers confirm the hypothesis made by Pueyo et al.
(2011) based on the carbon:nitrogen ratio (C/N), on the dominance of
algal OM as a source of organic matter (OM) for offshore sediment.

For the entire CG03 core, TC mirrored the distribution of
volcaniclastic material tracers (DBD and K - Fig. 2), indicating a strong
decline in the sediment OM content during and immediately after vol-
canic eruptions that can be ascribed to dilution by massive deposition
rganic matter (i.e., proteins and chlorophylls), (ii) the abundance of biomarkers of higher
s (PAHs), an indicator of fire events and degraded OM, and (iv) carbon stable isotope sig-
ond to insufficient carbon content for Py-GC/MS quantification. All volcaniclastic layers
ands with numbers in white circles, and white rhyolitic volcaniclastic layers correspond
graphy: a) black homogeneous diatom-gyttja, b) black to green diatom-gyttja, c) black to
ion of the references to colour in thisfigure legend, the reader is referred to theweb version
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of inorganic material. While δ C did not always show consistent trends
with respect to volcanic events (Fig. 3), the relative abundances of var-
ious organic compounds indicated substantial changes in primary pro-
ductivity (Fig. 3 and S.I.4). To assess changes in OM sources and
biological activities, relative abundances were used instead of the
semi-quantitative peak area dataset due to the strong dependence of
this latter on TC variations (see S.I.4.c for detailed explanations). Most
of the volcanic events (i.e., 16 out of 20; numbered 1–4, 6–10, 12–13,
and 15–19) were associated with declines in the abundance of proteins
[identified from their specific pyrolytic products, 2,5-diketopiperazines
(Fabbri et al., 2012)] and/or of chlorophyll [identified from their specific
pyrolytic products, prist-1-ene and phytadienes; (Ishiwatari et al.,
1991)]. Both, proteins and chlorophyll are typically found in larger
quantities in algae than in plants, the plants being instead richer in car-
bohydrates and polysaccharides (Bianchi and Canuel, 2011). Moreover,
the relative abundances or contents of proteins and chlorophyll in sed-
iment have been shown to be good proxies of algal productionwhende-
termined by Py-GC/MS (Peulvé et al., 1996; Ninnes et al., 2017; Tolu
et al., 2017) or other methods (Michelutti et al., 2005; Ady and
Patoine, 2016). While the abundances of proteins and chlorophyll de-
clined, the abundance of (alkyl)pyrroles, which are indicators of degra-
dation products of proteins, chlorophylls, and other aquatic organismN-
compounds (Damsté et al., 1992; Jokic et al., 2004; Schellekens et al.,
2009; Tolu et al., 2017), remained stable or increased (S.I.4., Fig. S6).
These results suggest death of aquatic organisms and the degradation
of their organic residues during volcanic eruptions, due to multiple fac-
tors, such as a decrease in water column transparency, an increase of
lake surface-water temperature, and a decrease in pH resulting from
the heat and volatiles emitted (Ohba et al., 1994; Pasternack and
Varekamp, 1997; Varekamp et al., 2000; Stewart et al., 2006). Accumu-
lations of bivalve shells at the base of severalfine tephra layerswere also
observed and can be interpreted as ‘obrution’ deposits caused by their
sudden death and burial under massive inorganic inputs (Brett, 1990).
Releases of hydrothermal fluids during eruptions, which are known to
cause changes in the water physico-chemistry and thus modifications
in biota assemblages, have also to be considered (Valero-Garcés et al.,
1999; Giralt et al., 2008).
3.2.2. Evidence for wildfires and biotic recovery following eruptions
The sixteen volcanic events showing a decline in aquatic productiv-

ity, with the exception of the 6th, also exhibited declines in the abun-
dances of lignin oligomers and straight n-alkanes with 27 to 31
carbons (Fig. 3), which are two proxies for plant OM inputs (Meyers
and Ishiwatari, 1993; Bush andMcInerney, 2013). Similar to lignin olig-
omers and straight n-alkanes C27–31, the abundances of specific pyro-
lytic products of polysaccharides (i.e., levosugars, 4-hydroxy-5,6-
dihydro(2H)-pyran-2-one, dianhydrorhamnose and maltol), known to
be in higher abundance in higher plants vs algae, also strongly de-
creased (S.I.4., Fig. S6). These declines in plant OM inputs indicate a re-
duction, during and immediately after volcanic eruptions, of terrestrial
OM inputs to the lake and/or of terrestrial plant productivity due to, re-
spectively, burial of the terrestrial OM pool by volcaniclastic materials
and/or wildfires. This latter suggestion is corroborated for the volcanic
events numbered 1, 2, 4, 7, 13, 14 and 15, for which strong increases
were observed in the abundances of the three identified polycyclic aro-
matic hydrocarbons (PAHs; Fig. 3), i.e., two methyl-indenes and a
methyl-naphthalene (Table S1). Such polycyclic aromatic hydrocarbons
have been identified as major products of black carbon (Kaal et al.,
2009) and have been used as indicators of fire in peat archives and nat-
ural waters (Schellekens et al., 2009; Kaal et al., 2016). Following each
deposition of volcaniclastic materials, the abundances of proteins and
chlorophyll, aswell as lignin oligomers and n-alkanes C27–31, gradually
increased, indicating that the aquatic biota and the terrestrial vegetation
or the inputs of terrestrial OM pool gradually recovered from the volca-
nic eruptions (Fig. 3).
3.2.3. Evidence for a climate change response of the lake and catchment
ecosystem

Insignificant differences between total carbon or δ13C values obtained
on bulk vs decarbonated samples (Fig. S4) confirm previous studies indi-
cating that the inorganic carbon fraction in sediment from thedeeper area
of Lake Chungará deposited after 2700 yr cal. BP (i.e., same time interval
than in this study) is not significant [~1%; (Moreno et al., 2007; Saez
et al., 2007; Pueyo et al., 2011; Bao et al., 2015)]. Therefore, the δ13C values
in bulk sediment are representative of the OM signature and the ~5‰
range of variation is likely due to changes in aquatic productivity
[i.e., changes in benthic vs planktonic activity; (Bao et al., 2015)] and/or
changes in allochthonous (i.e., terrestrial) inputs, most probably in re-
sponse to climate change over the last 2700 years. It is worth pointing
out that in unit 2, the numerous volcanic events in a short timeframe
(i.e., 15 tephras in ~1000 years) may cloud the signal of biomarkers and
climate proxies; that is, lake recovery from a volcanic eruption might
not be reached completely before the next eruption. However, except
for the cases of identified wildfires, the entire set of biomarkers returned
to baseline values immediately after each tephra.

Considering the continuous sedimentation period (i.e., excluding
tephras; Fig. 4C), the entire unit 3 and the first half of unit 2 had
amongst the lowest average δ13C values (i.e.,−17.8 ± 0.6‰) of the re-
cord, except a marked increase at the transition between unit 2 and 3
(i.e., after tephra 15; −17.0 ± 0.4‰). This latter interval together with
the following second half of unit 2 exhibited a rise to approximately
−16.5‰, indicating an higher contribution of aquatic productivity
(algae and macrophytes) with respect to terrestrial OM inputs, likely
resulting from a wetter climate and a rise in lake-level compared to
the previous period. This trend continued and was accentuated in the
following unit 1, with the highest average δ13C value (around
−15.5‰). In contrast, from 10 cm to the core surface, δ13C strongly de-
creased to approximately −18‰, possibly due to (i) an increased con-
tribution of terrestrial OM via run-off (Cole et al., 2011) that is also
supported by the increases in carbohydrates and lignin oligomers, and
(ii) a lower pelagic-benthic production coupling due to the possible
stratification of the lake (Bao et al., 2015). It may also result from the
global and progressive decrease of the atmospheric δ13C CO2 value
[Suess effect (Verburg, 2007)] since the beginning of the industrial era
(around 1870 CE, i.e. 80 yr cal. BP, Fig. S10B) due to the combustion of
fossil fuels depleted in 13C as recorded in recent sediment (Körtzinger
et al., 2003; Hellevang and Aagaard, 2015).

Throughout the entire sequence, decadal to centennial variations in
δ13C can also be the fingerprint of changes in algal andmicrobial commu-
nities (Bade et al., 2006; Dorador et al., 2013; Vuillemin et al., 2017;
Aguilar et al., 2018). Indeed, climate changes, especially in temperature,
can impact the communities and metabolism of microorganisms
(Kraemer et al., 2017), although it is sometimes difficult to differentiate
autochthonous from allochthonous OM supply, because δ13C from algal
and terrestrial OM can be similar in some cases (France, 1997; Cole
et al., 2011). Nevertheless, OM biomarkers indicate that, while substan-
tive terrestrial inputs cannot be completely ruled out, algal OM was the
dominant C component of CG03 sediment; indeed, the coring site was lo-
cated in the off-shore part of the lake, compared with littoral areas con-
taining larger amounts of macrophytes (Apolinarska et al., 2011).

3.3.Mechanisms of Hg deposition (following volcanic eruptions) and incor-
poration in sediment

The layers ofmassive inorganic volcaniclastic deposits (tephras) had
the lowest Hg concentrations ([THg] from 4 to 13 ng g−1), similarly to
other sediment archives retrieved in volcanic settings (Biester et al.,
2002; Ribeiro Guevara et al., 2010; Daga et al., 2016). These low values
were, in most cases, followed by sudden increases in [THg], up to
32 ng g−1, i.e., within the next 1–2 cm sediment layer (green symbols
in Fig. 2), especially after the events n° 1–2, 4, 6, 7, 8, 10, 13, 16 and
17. It is noteworthy that these [THg] patterns were similar for both
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the white rhyolitic (crustal volcaniclastic materials) and the dark mafic
(mantle volcaniclastic materials) tephras (cf. Sub-section 3.1), suggest-
ing that Hg deposition was similar for the two types of volcanic events.
Post-tephra Hg peaks were previously reported in Patagonian sediment
records and were attributed to the transfer and deposition of Hg
contained in terrestrial biomass following wildfires in the catchment,
resulting from natural or human-induced forest fires or occurring natu-
rally together with volcanic events (Ribeiro Guevara et al., 2010; Daga
et al., 2016). This explanation does not seem to hold true in the case of
Chungará, because increases in the abundance of PAHs were only
found for a few of the 20 recorded volcanic eruption events
(Section 3.2.2) and were not synchronous with the sudden increases
in Hg concentrations after the tephra deposition (Fig. 3). The Chungará
catchment is only sparsely covered with grassland vegetation
(Section 2.1 and S.I. 1), which likely represents a minor pool of Hg.
The diagenetic upward remobilization of Hg from the OM-depleted
tephra layers could have contributed to such post-tephra Hg peaks.
However, only few studies have found evidence of Hg remobilization
in sediment, resulting from the degradation of OM and dissolution of
authigenic Fe-oxides, and later scavenged by OM and/or authigenic sul-
fides in upward sediment layers (Gobeil and Cossa, 1993; Rydberg et al.,
2008; Mucci et al., 2015). In support of limited or non-existent Hg mo-
bility, there was neither systematic nor synchronous increases in Fe,
Mn, or SwithHg in the above tephra layers (S.I. 6). Hence, bothwildfires
and diagenetic remobilization are not themost likelymechanisms to ex-
plain the post-tephra Hg peaks observed.

The most plausible explanation for these post-tephra Hg peaks is a
decrease in sedimentation rate after volcanic eruptions together with
a constant or increased Hg deposition. A decline in aquatic productivity
was found for almost all volcanic events (Section 3.2.2.) thatmay lead to
decrease in sedimentation rate (decrease of organic material inputs)
after the tephra deposit. In the meantime, atmospheric Hg deposition
likely increased after the coarse tephra deposition resulting from dry
(i.e., Hg associated with fine volcaniclastic particles) and wet
(i.e., precipitation) deposition of Hg (directly to the lake or mobilized
from the catchment; Section 3.1). The deposition of gaseous Hg(0)g
emitted during the eruption may have been a significant source of Hg
(II) to the lake after possible atmospheric oxidation by co-emitted halo-
gens [e.g., Br - Fig. S3 (von Glasow, 2010; Bagnato et al., 2014)]. Once in
the lake, Hg(II) would be redistributed togetherwith particulate natural
organic matter or algae, which, respectively bind and sorb Hg(II) (Loux,
1998; Soto Cardenas et al., 2018). Both fine particles and natural organic
matter are characterized by sedimentation rates (much) lower than the
coarse volcaniclastic materials. Although the [THg] and TC profiles were
overall similar, the post-tephra Hg peaks coincided neither with in-
creases in TC nor increases in the abundances of organic biomarkers
for fresh algal and plant OM, as these parametersmostly increased grad-
ually following the tephras (Figs. 2 and 3; Section 3.2.2).

In the sections of the sediment sequence with uninterrupted lake-
sediment deposition (i.e., excluding the tephra deposits), algae may
represent a substantial pool of Hg in the sediment. The efficiency of
Hg scavenging by primary producers leading to further Hg accumula-
tion in sediment did not seem to be affected by climate change during
the interval studied, becauseHgARdid not show significant covariations
with organic biomarkers or climate proxies (see following Section 3.4).
These results suggest that the total pool of organic matter in the lake
was not a limiting factor for Hg adsorption [Hg concentrations in
water are generally low in such high-altitude lakes (Hermanns et al.,
2013; Guédron et al., 2017)] and incorporation into the lake sediment.
3.4. Chronology of Hg deposition: deciphering volcanic and anthropogenic
contributions

The identifieddrivers ofHg accumulation that are ofmajor relevance
for this record are respectively (i) volcanism, (ii) anthropogenic
emissions and subsequent deposition, and (iii) climate change that
can influence both in-lake productivity and terrestrial inputs to the lake.

The calculation of HgAR for each volcaniclastic deposition event is
not straightforward, due to the complexity of estimating the duration
of an event. The most reasonable duration for an explosive volcanic
eruption and the deposition of a tephra ranges between a day and one
week (Walker, 1981). In order to compare HgAR originating from the
recorded volcanic eruptions to the one of continuous deposition, HgAR
were calculated for each tephra averaged over the entire tephra thick-
ness. HgAR varied between 1 and 475 μg m−2 yr−1 for the 20 recorded
events (Fig. 4A). The highest values were at least 2 orders of magnitude
higher than the backgroundHgAR calculated in-between the tephras (1
to 3 μg m−2 yr−1, Fig. 4A). Such a comparison between tephra events
and average annual Hg accumulation is likely an overestimate, because
each 1-cm slice of uninterrupted lake sediment deposition (i.e., in-
between tephras) covered from 10 up to 40 years, which is approxi-
mately 3 orders of magnitude higher than the typical duration of a
tephra deposit. To apportion the overall contribution of volcanic erup-
tions relative to other sources (i.e., natural and anthropogenic Hg
sources) in the total inventory of Hg accumulated in the Lake Chungará
without consideration of the duration of volcanic events, amass balance
of Hg accumulated per unit surface area ([Hg] ∗ DBD ∗ slice thickness)
was calculated considering the entire set of tephras vs the continuous
organic sediment sections for the master core. From this calculation,
~32% of the total Hg inventory accumulated during the past 2700 yr
was estimated to be deposited during volcanic events, ~28% derived
from non-volcanic natural deposition (i.e., atmospheric and detrital)
and ~40% derived from anthropogenic sources. The anthropogenic
sources include 28% of the total Hg inventory from Tiwanaku/Wari
and colonial mining and 12% from the Industrial revolution period
(Table S5 and S.I.7 for calculation details).

To identify the relative contribution of anthropogenic Hg emissions
from the natural background, the calculated HgAR in the master core
(Section 2.5 and S.I.5) during the last past 2700 yearswere plottedwith-
out the contribution of tephras (Fig. 4, panel B). It is worth pointing out
that this plot includes post-tephra Hg deposition (green symbols in
Fig. 4B) found above several tephras (Section 3.3). As previously
discussed, these post-tephra increases in HgAR likely resulted from
both a decrease in sedimentation rate together with a possible increase
inHgdeposition to the lake, both dependingon the intensity and impact
of the event on the lake ecology. Hence, values obtained for post tephra
HgAR might be an overestimate because a decrease in sedimentation
was not considered in the age model. In the first part of the record
(unit 3), HgAR (1.9 ± 0.5 μg m−2 yr−1) was comparable to the geo-
chemical Hg background reported for several sites in South America
(Cooke et al., 2009; Cooke et al., 2013; Guédron et al., 2018b). Amongst
the 5 recorded tephras in this period, only two post-tephra increases in
HgAR [following the event numbered 19 (3.4 μg m−2 yr−1) and 16 (2.9
μg m−2 yr−1)] exhibited higher values with respect to this background.
During the following period, the highest post-tephra HgAR values were
found after the most intense events (n° 1, 2, 7, 8, 10, 13 and 15)
highlighting a possible relationship between post-tephra HgAR and
the intensity of the volcanic event. In addition, although some of these
events were encountered during periods of anthropogenic mining (n°
1, 8, 13 and 15), these increases were still identifiable suggesting that
the volcanic Hg signal added to the ambient Hg level.

The relatively pristine epoch (i.e., formative period) between 2700
and 1400 yr cal. BP was followed by the first important mining era in
South America, when the Tiwanaku and Wari civilizations (1500 to
850 yr cal. BP), then the colonial era (400 to 100 yr cal. BP) contributed
to significantHg inputs at a regional scale (Cooke et al., 2013; Cooke and
Bindler, 2015). These mining Hg emissions were well-recorded in the
Chungará sediment archive due to the western down-wind position of
the lake (Guédron et al., 2018b). During the Tiwanaku and Wari
epoch, HgAR increased up to 10.8 μg m−2 yr−1, likely resulting from
the release of Hg contained in Cu, Ag and Au ores (Cooke et al., 2011)



Fig. 4. Variability of proxies related to Hg emissions during the last 2700 yr cal. BP in the Chungará MCD sediment core. From top to bottom right: (A) calculated mean ± 1 SD Hg
accumulation rates (HgAR) for each tephra* averaged over the entire tephra thickness with an estimated durations of 1 day to 1 week (min–max), (B) calculated HgAR for continuous
deposition (without tephras), including post-tephra deposits (dark green symbols) with historical periods of known mining and industrial activities, and (C) δ13C values of bulk
sediment (similar to total organic carbon). Indicated on the figures are: the numbered tephras (panel A); the main techniques used in historical mining activities (panel B)**; and wet
(blue bands) and dry (white bands) periods (panel C) identified in Lake Titicaca records (Abbott et al., 1997; Weide et al., 2017). *Dark mafic tephras are numbered in white circles,
andwhite rhyolitic tephras in red circles. **Note that for the colonialmining era (i.e.,mostly silvermining in the Potosi area), both smelting and amalgamationwere usedwith a dominance
of amalgamation after ~200 year cal. BP. (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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thatwere smelted in numerous small metallurgical centers over the An-
dean Altiplano [i.e., current northern Chile and Argentina; Potosi and
Lake Titicaca region in Bolivia - Fig. 1 (Lechtman, 2003; Lechtman and
Macfarlane, 2005; Cruz and Vacher, 2008; Lechtman, 2014)]. The fol-
lowing last 400 years showed the highest HgAR values ranging from 5
to 20 μg m−2 yr−1 (mean = 13.1 ± 3.6 μg m−2 yr−1), which is almost
7 times higher than the HgAR baseline of the formative period. During
the colonial epoch, the HgAR (11.2 ± 4.0 μg m−2 yr−1) was amongst
the highest values. This period is known for the most intense historical
Ag mining activities (e.g., Potosi mine) in which the Ag ores were ex-
tracted by smelting and amalgamation with elemental Hg, resulting in
the largest reported historical Hg contamination in the Andes [Fig. S9
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(Cooke et al., 2011; Guerrero, 2012)]. Although the extraction of Hg in
the Huancavelica mine (Peru) increased until the end of the 19th cen-
tury (Nriagu, 1994) to supply the mining area of Potosi, HgAR showed
a decline during the 18th century that is attributable to improved ex-
traction of Ag by Hg amalgamation, which lowered elemental Hg loss
during refining (compared to smelting) through the formation of calo-
mel, and to the improvement in the recycling of Hg during the heating
stage of the amalgam [i.e., capellina (Van Buren and Cohen, 2010;
Guerrero, 2012)].

This period was followed by the global industrial revolution, re-
ported to have significantly increased atmospheric Hg emissions at the
global scale (Thevenon et al., 2011; Amos et al., 2015). During this pe-
riod, HgAR increased gradually from ~9 to 20 μgm−2 yr−1 with an aver-
age value of 14.2± 3.0 μgm−2 yr−1. This is 3 to 10 times lower than the
HgAR increase recorded in sediment archives from the northern hemi-
sphere for the same period (Thevenon et al., 2011; Engstrom et al.,
2014; Cooke and Bindler, 2015; Guédron et al., 2016) and consistent
with South-American archives (Lacerda et al., 1999; Biester et al.,
2002; Lacerda et al., 2017). Differences between hemispheres were al-
ready indicated by atmospheric measurements and were attributed to
the presence of major anthropogenic sources in the northern hemi-
sphere coupled with a mean tropospheric residence time of total gas-
eous Hg of ~1 year, which does not allow complete inter-hemispheric
homogenization of atmospheric Hg (Fitzgerald et al., 1983; Slemr
et al., 1985; Howard et al., 2017). The comparison between these two
most recent periods strikingly shows that the industrial era was of sim-
ilar magnitude as the largest regional Hg contamination during the co-
lonial mining epoch, when over 260,000 tons of Hg were used for gold
and silver mining (Slemr et al., 1985; Lacerda, 1997).

Lastly, due to its high altitude (4520 m a.s.l.) at a latitude of 18°S,
Lake Chungará has been subject to several paleoenvironmental changes
over the approximately 2700 years covered by the record (Pueyo et al.,
2011; Bao et al., 2015). During established wet and dry periods, the lake
water-level has changed as well as its geochemistry (e.g., salinity) and
ecological composition (Saez et al., 2007; Pueyo et al., 2011). In order
to determinewhether there is any imprint on the Hg record in response
to past climate changes, the Hg record was compared to proxies of wet-
ter and drier conditions in Lake Chungará record, i.e. the δ13C, TC, and
organic biomarkers (Section 3.2.3 and Fig. 4) whose patterns of varia-
tionwere consistent with prior paleoclimatic records of Lakes Chungará
(Pueyo et al., 2011) and Titicaca (Abbott et al., 1997;Weide et al., 2017).
In unit 3 of the Chungará record that is unaffected by mining activities,
the profile of HgAR did not exhibit an overall co-variation with δ13C or
organic biomarkers (Fig. 4, Panel C) suggesting that centennial-scale cli-
mate changes did not significantly modify Hg incorporation to the sed-
iment. This observation confirms the previous discussion (Section 3.3)
emphasizing that primary productionwas not restrictive for Hg adsorp-
tion and incorporation into Lake Chungará sediment. It also supports
the interpretation that long-term changes in aquatic productivity did
not affect HgAR through an increase of the biological pump during pe-
riods of higher productivity as proposed in a recent study (Biester
et al., 2017). In addition, HgAR remained stable during this entire unit,
although 5 tephras were recorded suggesting that lake ecosystem resil-
iency after volcanic eruptions was short enough to not affect HgAR at
the resolution of the record. In the following period, i.e., between 1400
and 900 yr cal. BP (unit 2), the higher frequency of volcanic events (in-
cluding themost intense events and wildfire episodes) interrupting the
record make an analysis of the influence of climate changes on the Hg
recordmore difficult (see Section 3.2.3). Finally, from theonset of indus-
trialization, lake sediment recorded global anthropogenic emissions.

Based on this millennial-long perspective, anthropogenic and volca-
nic sources will likely remain the main drivers of Hg deposition in the
high altitude Andes rather than modern climate warming and its local
effect on the hydrological balance (Rabatel et al., 2013) and the ecosys-
tems (Zimmer et al., 2017). Still, local and regional studies of natural ar-
chives along spatial gradients from volcanic sources are needed to
estimate the area impacted by such events, considering the influence
of dominant winds.

4. Conclusion

Due to its remote high-altitude location and scarcely vegetated
catchment inside the active Parinacota setting, Lake Chungará provides
a unique record allowing the reconstruction of both natural (volcanic,
detrital and natural atmospheric background) and anthropogenic emis-
sions of Hg over the past 2700 years. The contribution of volcanic emis-
sions was estimated as ~30% of the total Hg input to the lake over study
period. Due to its western down-wind position, Lake Chungará also re-
corded regional anthropogenic Hg emissions from both ancient civiliza-
tions and more recent Hispanic mining activities. The most recent
period strikingly shows that the industrial revolution is of similar mag-
nitude to the largest regional Hg contamination during the colonialmin-
ing epoch which commonly overwhelmed local Hg volcanic sources.

Our high-resolution andmultiproxy approach validated the value of
lake sediment archives to improve the general understanding of Hg de-
position and transport pathways, and particularly to quantify local-scale
deposition from volcanoes, which is a step further towards better esti-
mation of volcanic Hg emissions. Finally, to refine the quantification of
the global volcanic Hg emissions and better constrain proportions of
emitted Hg depending on geological context and eruption frequency,
similar paleo-limnology approach need to be applied to themain volca-
nic regions of the globe.
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