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ABSTRACT: Mercury (Hg) records in sediment archives inform
past patterns of Hg deposition and the anthropogenic contribution
to global Hg cycling. Natural climate variations complicate the
interpretation of past Hg accumulation rates (HgARs), warranting
additional research. Here, we investigated Hg stable isotopes in a
ca. 8k year-long sediment core of Lake Titicaca and combined
isotopic data with organic biomarkers and biogeochemical
measurements. A wet period in the early Holocene (8000−7300
BP) induced strong watershed erosion, leading to a high HgAR
(20.2 ± 6.9 μg m−2 year−1), which exceeded the 20th century
HgAR (8.4 ± 1.0 μg m−2 year−1). Geogenic Hg input dominated
during the early Holocene ( fgeog = 79%) and played a minor role
during the mid- to late Holocene (4500 BP to present; fgeog = 20%)
when atmospheric Hg deposition dominated. Sediment Δ200Hg values and the absence of terrestrial lignin biomarkers suggest that
direct lake uptake of atmospheric Hg(0), and subsequent algal scavenging of lake Hg, represented an important atmospheric
deposition pathway (42%) during the mid- to late Holocene. During wet episodes of the late Holocene (2400 BP to present),
atmospheric Hg(II) deposition was the dominant source of lake sediment Hg (up to 82%). Sediment Δ199Hg values suggest that
photochemical reduction and re-emission of Hg(0) occurred from the lake surface. Hg stable isotopes show promise as proxies for
understanding the history of Hg sources and transformations and help to disentangle anthropogenic and climate factors influencing
HgAR observed in sediment archives.
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1. INTRODUCTION

Natural atmospheric mercury (Hg) cycling on geological
timescales is thought to be driven by volcanic1,2 emissions and
soil and ocean (re-)emissions. The natural Hg cycle has been
perturbed by anthropogenic activities, such as mining and
smelting, for millennia.3 Industrialization led to a surge in
global anthropogenic Hg emissions mainly through Hg, silver,
and gold production and Hg release from coal combustion,
with a recent study estimating that 73% of all-time
anthropogenic emissions occurred after 1850.4 In the Northern
Hemisphere (NH), atmospheric Hg(0) concentrations and
Hg(II) deposition have decreased significantly since monitor-
ing started in the 1970s.5,6 This decrease is attributed to a
reduction in anthropogenic Hg(0) emissions related to air
pollution control measures in coal-fired power plants and
incinerators.5 Changes in natural drivers, such as the effect of
increasing gross terrestrial primary production7 or precipitation
intensity8 over the last century, may also have affected regional
and global Hg deposition superimposed on the anthropogenic
emission signal. Understanding how anthropogenic and natural
factors affect global Hg cycling improves the quality of model

predictions of future Hg burden under different anthropogenic
emission and climate change scenarios.
Historical archives, such as lake sediment, peat and ice cores,

provide invaluable records of past atmospheric Hg accumu-
lation rates (HgARs)9−12 and may serve to disentangle climate
and anthropogenic drivers in Hg cycling. In the Southern
Hemisphere (SH), the first anthropogenic impacts on Hg
accumulation in sediments from mining and smelting were
documented >3k years ago3,13 and intensified after the 16th
century during Spanish colonization.14,15 Climate-related
variations in Hg deposition observed in a Holocene sediment
record from Patagonia suggested that during dry periods,
enhanced lake primary productivity and lower Hg evasion led
to higher HgARs.16 In the central Andes, a recent study
reported that the HgAR in a 13.5k year sediment record was
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mainly driven by precipitation, with higher deposition rates
during wet intervals.17,18

Hg stable isotopes have recently been measured in
paleoenvironmental archives and have been used to trace
sources and biogeochemical transformations of Hg in the
environments studied.6,13,19 Atmospheric Hg(0) and Hg(II) in
precipitation have characteristic even-mass Hg stable isotope
anomalies (Δ200Hg and Δ204Hg),20−25 allowing the quantifi-
cation of atmospheric deposition pathways to earth surface
reservoirs.6,24,26 Based on the δ202Hg and Δ200Hg signatures in
vegetation and soils, an increasing number of studies have
shown that vegetation uptake of atmospheric Hg(0) represents
the dominant deposition pathway to terrestrial ecosystems,
exceeding direct deposition of atmospheric Hg(II) in
precipitation.23−25,27−29 The isotope signal of atmospheric
Hg(0) uptake by vegetation in terrestrial ecosystems has been
traced in Hg transported in surface runoff,30,31 in ocean and
lake sediments,32−35 and in biota.36 Postdeposition processes,
in particular, photoreduction of Hg(II) to gaseous Hg(0) that
can be subjected to re-emission, can produce characteristic
odd-mass Hg stable isotope anomalies (i.e., Δ199 and Δ201

Hg).37,38

Hg stable isotope records of lake sediments have shown
promise in the reconstruction of the history of anthropogenic
pollution.8,13,19,39−41 A common pattern in many sediment
cores is the increase of Δ199Hg and Δ200Hg with industrializa-
tion from the 1850s to present. Lepak et al.41 suggested that
this increase in Δ199Hg and Δ200Hg in the sediment reflects a
change in global atmospheric Hg stable isotope signatures of
anthropogenic emissions. Other authors suggested that
changes in redox transformations in the atmosphere and
within the lake water,40 or decreases in ice coverage,39 caused
the observed variations. Another central question emerging
from recent studies is the degree to which the natural Hg
isotope baseline varies between different lake sediments.8,41

Lepak et al.41 suggested that the baseline Hg stable isotope
signature is mainly controlled by watershed characteristics,
with large watershed to lake surface areas receiving a higher
proportion of litterfall-derived atmospheric Hg(0), and there-
fore lower δ202Hg, Δ199Hg, and Δ200Hg.
Lake Titicaca is a sentinel of climate change in the southern

tropical Andes and has experienced large fluctuations of the
lake level over the Holocene due to changes in precipitation
regimes.18,42,43 We hypothesize that Hg stable isotope records
of lake sediment archives can provide insight into temporal
variations of atmospheric deposition sources, sediment transfer
from the lake catchment area, and in-lake Hg transformations,
thereby providing information on climate and anthropogenic
drivers of Hg cycling. In this study, we combined Hg stable
isotopes and Hg accumulation rates from a sediment core
collected in the southern Lake Titicaca sub-basin along with
various inorganic and organic biomarkers to investigate the
controls of natural climate variations in the Southern Andes on
Hg accumulation over the Holocene.

2. MATERIALS AND METHODS
2.1. Lake Titicaca: Climatic, Geological, and Ecolog-

ical Settings. Lake Titicaca is the most important water
resource of the high-altitude Andean Altiplano. It comprises
two separate basins: a large lake named “Lago Mayor” (7131
km2; mean depth = 100 m; max depth = 285 m) and a smaller
lake named “Lago Menor” (1428 km2; mean depth = 9 m; max
depth Chua trough = 40 m).44 The two basins are connected

by the 1 km wide Strait of Tiquina, which has a sill depth of
∼35 m below modern lake level.44,45 Thus, the two basins of
Lake Titicaca are separated when the water level decreases by
35 m.
The lake has a single outlet, the Rió Desaguadero, which

drains the southern end of Lago Menor to the central
Altiplano. Lake Titicaca receives water mainly from precip-
itation, and its hydrological export is dominated by evaporation
(∼95%), whereas river outflow represents only ∼5% of water
loss. The water is alkaline, with a salinity close to 1 g L−1, and
has an anion balance dominated by sulfates.44 Owing to its
high-altitude location (3809 m a.s.l.), some of the lake’s
physicochemical characteristics are unusual, with a dissolved
oxygen concentration of around 60% of the saturation at the
sea level, and extremely high variability in diel UV radiation
(i.e., between 800−1150 and 24−48 kJ m−2 for UVA and
UVB, respectively).46,47

More than 70% of rainfall occurs during the austral summer
(i.e., between December and March) when moist air from the
Amazon is uplifted to the Altiplano and produces convective
rainfall. Centennial to millennial-scale shifts of the South
American summer monsoon (SASM) have occurred in the
past 400k years.43,48−50 The near-continental scale SAMS
forced in part by the Atlantic Meridional Overturning
Circulation (AMOC),18,51−54 brings moisture to the Altiplano
and has resulted in large changes in Lake Titicaca water
levels.55 For example, a major drought occurred during the
mid-Holocene (i.e., between 7k and 4k year BP), which
resulted in an ∼80 m decrease in the water level of Lago
Major42,56,57 and led the southern shallow basin to almost dry
out.58 Glaciers provide a relatively small contribution to the
water mass balance of Lake Titicaca and their importance was
relatively constant over the study period with a maximum
glacier extent of 30% larger than at present.59

2.2. Sediment Core Collection and Sample Process-
ing. A 161 cm long gravity core, designated Chua 1
(S16°12.917′, W068°46.111′), was collected in January 2014
in the center of the Chua trough in Lago Menor at 38 m water
depth using a UWITEC corer equipped with 63 mm diameter
PVC tubes. A chronological framework was established
through the combination of radionuclides (201Pb/137Cs) and
radiocarbon (14C) dates that have been previously published60

and is reproduced in Figure S2. The core was sliced with high
resolution (i.e., 5−10 mm slices depending on the lithology) to
the base of the core. In each slice, a precise sediment volume
(3.8 cm3) of sediment was collected for determining the water
content and the dry bulk density (DBD) from the difference in
weight before and after freeze-drying. The retrieved freeze-
dried sediment samples were then crushed to obtain a grain
size smaller than 63 μm for the measurements of total Hg and
its stable isotopes, major and trace elements, total organic
carbon (Corg) and its stable isotope composition (δ13Corg), and
organic biomarkers.

2.3. Mercury Analysis. Total mercury concentrations
(THg) were determined by atomic absorption spectropho-
tometry using an AMA 254 analyzer (Altec).61,62 Concen-
trations obtained for repeated analyses of the certified
reference material MESS-3 were 90.3 ± 2.1 ng g−1 (n = 22)
and agreed with the published certified Hg concentrations of
91 ± 0.9 ng g−1. The detection limit was 0.005 ng g−1 for THg
and blanks were 20 ± 5 pg (n = 65). Hg accumulation rates
(HgARs) were calculated as the product of DBD, sedimenta-
tion rate, and THg concentration.
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2.4. Hg Stable Isotope Analysis. Hg stable isotope
measurements were performed at the Observatoire Midi-
Pyrenees by cold-vapor generation inductively coupled plasma
multicollector mass spectrometry (CV-MC-ICP-MS, Thermo-
Finnigan Neptune) according to previously published proto-
cols.63 Sediment samples were preconcentrated by combustion
in a double-stage tube furnace and trapping in an acid solution
(IAR, 4.2 N HNO3, 1.2 N HCl).64 Sample yields were
calculated by comparing Hg concentrations of the trapping
solutions to solid-phase THg measurements and were 90 ±
15% (n = 33). Mass-dependent fractionation (MDF) is
reported as small delta (δxxxHg) in per mil (‰) deviation
from the NIST 3133 Hg bracketing standard

δ = − ×Hg ( Hg / Hg 1) 10xxx xxx xxx/198
sample

/198
NIST3133

3

(1)

where “xxx” refers to the mass numbers of the measured Hg
isotopes: 199, 200, 201, 202, and 204. Mass independent
fractionation (MIF) is reported as capital delta (ΔxxxHg),
which is defined as the deviation of the measured δxxxHg from
those predicted from the measured δ202Hg value using the
kinetic MDF law

δ β δΔ = − ×Hg Hg Hgxxx xxx
xxx

202
(2)

where βxxx represents the scaling factor based on kinetic mass-
dependent law of 0.252 for 199Hg, 0.502 for 200Hg, 0.752 for
201Hg, and 1.493 for 204Hg.65

The analytical precision was assessed by repeated measure-
ments of two Hg standards over the course of 2 years, and the
results agreed with previously published values.23,24,27 Results
of the ETH-Fluka Hg standard are as follows: δ202Hg = −1.44
± 0.19‰, Δ199Hg = 0.08 ± 0.1‰, Δ200Hg = 0.02 ± 0.1‰,
Δ201Hg = 0.02 ± 0.09‰, and Δ204Hg = −0.03 ± 0.2‰ (mean
± 2σ, n = 73). Results for the UM-Almaden standard are as
follows: δ202Hg = −0.58 ± 0.15‰, Δ199Hg = −0.02 ± 0.09‰,
Δ200Hg = 0.00 ± 0.1‰, Δ201Hg = −0.06 ± 0.12‰, Δ204Hg =
−0.04 ± 0.23‰ (mean ± 2σ, n = 21). As standard reference
material (SRM), marine sediment (MESS-3; Hg concen-
tration, 91 ng g−1) was preconcentrated and measured together
with the samples. Results for the MESS-3 SRM are as follows:
δ202Hg = −1.87 ± 0.14‰, Δ199Hg = 0.01 ± 0.04‰, Δ200Hg =
0.01 ± 0.05‰, Δ201Hg = −0.03 ± 0.03‰, Δ204Hg = 0.01 ±
0.10‰ (mean ± 2σ, n = 4) and agreed with previously
published values.13,66,67

2.5. Mixing Model for Source and Process Tracing.
The source of Hg in sediment samples was estimated using a
sequential mixing model to derive first the source fraction of
geological Hg from bedrock based on Hg/Ti elemental ratios
and, second, the source fraction of atmospheric Hg(II) and
Hg(0) deposition based on Δ200Hg. The fraction of geological
Hg from bedrock ( fgoeg) was calculated from the Hg/Ti ratio
measured in the sediment sample (Hg/Tisediment) relative to the
Hg/Ti ratio in the bedrock of the catchment area, which was
approximated by soil samples taken from the Katari subcatch-
ment as follows

=f
Hg

Ti
/

Hg
Tigeog

soil sediment (3)

The excess Hg, which was not derived from geogenic Hg, was
attributed to atmospheric Hg deposition to the lake. We
assumed that geogenic Hg contained no even-MIF anom-
aly.68,69 The Δ200Hg observed in the sediment was therefore

attributed to the net atmospheric Hg deposition component in
the sediment

Δ = Δ − fHg Hg /(1 )200
Atmos

200
sed geog (4)

We assume that even-MIF anomalies were exclusively
produced during upper atmospheric redox transformations
and that postdeposition processes (i.e., photoreduction in the
watershed or the lake) did not fractionate Δ200Hg values.24,70

We then used a binary isotope mixing model to calculate the
relative contributions of atmospheric Hg(II) dry and wet
deposition and Hg(0) deposition to the lake sediments based
on the calculated Δ200Hg values of the atmospheric Hg
contribution (Δ200HgAtmos, eq 4)

Δ = × Δ +

× Δ

f fHg Hg

Hg

200
Atmos Hg(II)

200
Hg(II) Hg(0)

200
Hg(0) (5)

where f Hg(II) and f Hg(0) represent the fractions of atmospheric
Hg(II) and Hg(0) deposition preserved in the sediments,
respectively, and Δ200HgHg(II) and Δ200HgHg(0) are the isotopic
compositions of the atmospheric end-members according to
literature values. The theoretical Δ199Hg in the sediment
expected from conservative source mixing (Δ199Hgsources) in
the absence of odd-MIF isotope fractionation after deposition
was calculated as follows

Δ = × Δ +

+ Δ + × Δ

f f

f

Hg Hg

Hg Hg

199
sources Hg(II)

199
Hg(II) Hg(0)

199
Hg(0) geog

199
geog (6)

The isotope signatures of atmospheric sources, Δ199HgHg(II)
and Δ199HgHg(0), were derived from literature values. The
excess Δ199Hg in a sample (Δ199Hgexc), representing the odd-
MIF that could not be explained by the conservative mixing of
the sources, was calculated by the difference between the
sediment (Δ199Hgsed) and Δ199Hgsources calculated from eq 6

Δ = Δ − ΔHg Hg Hg199
exc

199
sed

199
sources (7)

Despite the common assumption that Δ200Hg is not
fractionated during in-lake processes, the preferential reduction
of rainfall Hg over watershed Hg may affect the final Δ200Hg
registered in sediments. We therefore stress that the sediment
Δ200Hg mass balance reflects the net contributions of the end-
members to sediment and not the gross contributions to the
lake. The uncertainty in the mixing models originating from
the variation of the source end-members was simulated using a
Monte Carlo-based approach using the random number
generation function rnorm of R assuming that endmember
data are normally distributed.25,27

2.6. Inorganic Geochemistry and Organic Bio-
markers. The methodological details for the determination
of trace and major element concentrations, organic carbon
content, and organic biomarkers are given in a previous
publication.60 Briefly, trace and major element concentrations
were determined by acid digestion (HNO3/H2O2/HF) and
inductively coupled plasma atomic emission spectroscopy
(Varian ICP-AES 720ES, for major elements) or inductively
coupled plasma mass spectrometry (Agilent ICP-MS 7500 CE,
for trace elements) at ISTerre (OSUG-France). The total
carbon content (TC, %), organic carbon content (Corg, %), and
their isotopic composition (δ13C and δ13Corg, ‰) were
measured by a Cavity Ring-Down Spectrometer (Picarro, Inc.)
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coupled with a Combustion Module (CM-CRDS, Costech,
Inc.). Organic biomarkers and organic carbon-to-nitrogen (C/
N) ratios were determined using pyrolysis-gas chromatog-
raphy/mass spectrometry (Py-GC/MS; a Frontier Labs PY-
2020iD oven connected to an Agilent 7890A-5975C GC/MS)
(Supporting Information).

3. RESULTS AND DISCUSSION

The age-depth model for the study sediment core (Chua 1)
and a detailed description of the sedimentary inorganic
geochemistry, trace element (e.g., Cu, Hg, Pb) accumulation
rates, and organic biomarkers are presented in Gued́ron et al.60

The different climatic, ecological, and anthropogenic periods
reconstructed from Chua 1 are summarized in the Supporting
Information. The varved Chua 1 core was interrupted by hiatus
1 between approximately 5300 and 2900 BC and hiatus 2
between approximately 1300 and 500 BC, during which time
the lake water level was very low. The Chua 1 archive thus

represents three periods separated by the two hiatuses, the
early to mid-Holocene (EH/MH, 6129−5340 BC), the Middle
Holocene Low Stand (MHLS, 2687−1359 BC), and the late
Holocene (LH, 428 BC to present).

3.1. Hg Accumulation Rates and Geogenic Hg
Sources. Hg concentrations were lower in the EH/MH
(20.7 ± 7.8 ng g−1) and MHLS (21.7 ± 7.4 ng g−1) and
increased in the last 2000 years to a peak concentration of 200
ng g−1 around AD 1700 during Spanish colonization (Figure
1A). After the peak in the 18th century, Hg concentrations
decreased again to relatively stable levels around 125 ng g−1

until present. The Hg accumulation rate (HgAR) represents
the net Hg deposition rate in the sediment and corrects for
bulk sedimentation rates and density (Figure S2). Uncertain-
ties in HgAR are dependent on Hg measurement uncertainty
(<5%), density measurements (<5%), and age dating and are
on average approximately 10% for this study. The highest
HgARs in the Chua 1 record are found during the EH/MH
(20.2 ± 6.9 μg m−2 year−1) and exceed the modern HgARs by

Figure 1. Lake Titicaca, Chua 1 sediment record for (A) Hg concentration in ng g−1, (B) Hg accumulation rate (HgAR) in μg m−2 year−1, (C) Ti
accumulation rate (TiAR) in mg m−2 year−1, and (D) Hg/Ti element ratio in μg g−1 as source tracer for detrital input of geogenic Hg. The
terrestrial source region is characterized by the gray dashed line representing the mean and the shaded area the range of Hg/Ti values in surface
soils of the Katari catchment (n = 3).
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a factor of ∼3 (Figure 1B). In contrast, the lowest HgARs (1.5
± 0.5 μg m−2 year−1) were found at the end of the MHLS (ca.
2500−1500 BC). From 400 BC to the modern period, the
HgARs are 2−3 times higher than the HgARs of the first half
of the LH (i.e., 500 BC to AD 500; 2.5 ± 0.4 μg m−2 year−1),
whereas the Ti accumulation rate (TiAR) remained relatively
constant over the LH (Figure 1C). This suggests a major
anthropogenic Hg contribution to the sediment during the end
of the Tiwanaku period (AD 900−1150; up to 2.6 μg m−2

year−1), during the Inca and Colonial Era (AD 1400−1820;
HgAR up to 5.2 μg m−2 year−1), and a renewed increase of
HgAR from the Industrial Era to the modern period (up to 9.8
μg m−2 year−1). The Chua 1 HgAR record for the last 500
years bears similarities to other sediment HgAR profiles from
Altiplano lakes of the western and central Altiplano, such as

Lake Chungara,́14 Laguna Negrilla,13 and Laguna Lobato,71

which showed increases in HgAR during the Colonial Era Ag
mining, followed by a second increase due to global industrial
Hg release (i.e., from ca. AD 1850 to present).
Chua 1 lake sediment Hg concentrations in the EH/MH (20

± 5 ng g−1) are similar to Hg concentrations measured in
Katari (Bolivia) river sediments (22 ± 19 ng g−1, n = 6) and
surface soils (18 ± 12 ng g−1, n = 5) of the Katari
subcatchment. The accumulation rate of Ti (TiAR) serves as
a tracer for detrital material72 that reached the sediment core
via soil erosion (Figure 1C). It becomes apparent that both
TiAR and HgAR (Figure 1B,C) were several-fold higher in the
EH/MH period than over the more recent 2700 year,
indicating intense precipitation and the erosion of the
watershed during the EH/MH. Hg/Ti elemental ratios in

Figure 2. Correlations between HgARs and (A) CaCO3 concentrations, a proxy for macrophytes, and (B) abundances of n-alkanes C25−31, a proxy
for algae. Regressions marked with ** are for the early Holocene (EH, ∼6500 to 5300 BC) and marked with * are for the mid- and late Holocene
(AD 1450−1820).

Figure 3. Mercury stable isotope record of Lake Titicaca, Chua 1 sediment core. (A) Mass-dependent Hg stable isotope signatures as δ202Hg, (B)
odd-mass-independent Hg stable isotope signature as Δ199Hg, and (C) even-mass-independent Hg stable isotope signature as Δ200Hg. The error
bars represent 2 standard deviations (SD) of replicate in-house standard measurements.
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soil profiles from the Katari subcatchment were relatively
constant with a mean of 8.0 ng mg−1 (3.9−10.9 ng mg−1, min
to max, Figure 1D). We used Hg/Ti ratios measured in the
sediment to calculate the contribution of geogenic Hg to
sediments via soil erosion (eq 3). Geogenic Hg contributed on
average 79% (interquartile range (IQR), 64−89%) during the
EH/MH, 54% (IQR, 40−69%) during the MHLS, and 20%
(IQR, 14−25%) during the LH to the total sediment Hg input.
In absolute terms, sediment Hg accumulation rates from
bedrock erosion (HgARgeol) were on average 16.7 μg m−2

year−1 (IQR, 13.5−18.9 μg m−2 year−1) during the EH/MH,
0.91 μg m−2 year−1 (IQR, 0.67−1.15 μg m−2 year−1) during
the MHLS, and 0.67 μg m−2 year−1 (IQR, 0.49−0.84 μg m−2

year−1) during the LH.
A negative correlation was observed between HgARs and

CaCO3, a proxy for dry conditions with high lake salinity
leading to higher CaCO3 precipitation and Characeae
productivity, for the MH to LH periods (R = −0.65, p <
0.05; Figure 2A). This supports a decrease in HgARs due to
lower Hg inputs by rain and in runoff during drier periods. In
contrast, a positive correlation was found between HgARs and
the abundance of n-alkanes C25−31, a biomarker for pelagic
algae (e.g., Botryococcus braunii),73 for both the wet EH period
(R = 0.48, p < 0.05; Figure 2B) and the MH to LH (R = 0.73,
p < 0.01; Figure 2B), with the exception of two outliers (i.e.,
the Colonial Era and the Industrial Revolution), which have
elevated HgARs due to anthropogenic emissions. This
supports the significant role of pelagic algae in scavenging in-
lake Hg and preserving it in sediment archives.74−76

3.2. Tracing Atmospheric Sources with Δ200Hg. Chua
1 sediment was characterized by negative δ202Hg of 0.90‰
(−1.37 to −0.36‰), median and interquartile range (IQR, n =
33), positive Δ199Hg of 0.36‰ (0.26−0.54‰, median and
IQR), and Δ200Hg of 0.05‰ (0.03−0.09‰, median and IQR)
(Figure 3). The isotopic variation represents varying Hg source
inputs into the lake, as well as in-lake Hg transformations, e.g.,
Δ199Hg changes during in-lake photoreduction of Hg(II) to
Hg(0).37,77 Postdeposition processes, however, are not
believed to fractionate even-MIF (Δ200Hg) signatures
according to current understanding, preserving the source
signals of atmospheric Hg(0) and Hg(II) deposition pathways
to earth surface reservoirs.6,24 In the case of lake sediments,
Hg(II) contributions are from wet and dry deposition directly
to the lake and to the catchment. Similarly, Hg(0)
contributions result from foliar and soil uptake in the
catchment and direct Hg(0) gas exchange between lake
water and air. Once in the lake, Hg can be reduced and emitted
to the atmosphere or settle to sediments as particulate Hg.
Finally, a fraction of sediment Hg can be reduced and diffused
back to the water column. Lake sediment Hg therefore
represents the integration of atmospheric Hg deposition to the
lake surface and catchment runoff to the lake minus Hg re-
emission to the atmosphere following reduction.
Hg(II) in NH precipitation, excluding samples affected by

anthropogenic pollution plumes (>25 ng L−1), is characterized
by consistently positive Δ200Hg values (median, 0.18‰; QR,
0.12−0.23‰; n = 126, blue dashed line and blue area in Figure
4A).22−25,78−84 Gaseous oxidized Hg(II) forms in the

Figure 4. Sources of Hg to Lake Titicaca. (A) Atmospheric Hg deposition source tracing. Odd-MIF isotope signature of atmospheric Hg
deposition (Δ200Hgatm) corrected for the geogenic contribution to the sediment. The atmospheric sources are indicated by the blue dashed line
representing the median of modern NH Hg(II) wet deposition (Hg(II)atm), and the red dashed line represents the median of modern atmospheric
Hg(0) (Hg(0)atm). The corresponding shaded areas represent the interquartile range (IQR). (B) Source fraction of geogenic (gray), atmospheric
Hg(II) wet deposition (red), and direct dissolution of gaseous elemental Hg(0) (blue). (C) Tracing in-lake photoreduction. The green squares
represent the observed Δ199Hg in the sediment, and the blue triangles represent the Δ199Hg expected from conservative mixing of the sources
derived from Δ200Hg. The orange shaded area represents the excess odd-mass anomaly (Δ199Hgexc, eq 7) not explainable by source mixing.
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atmosphere that can dry-deposit to water and land surfaces,
and that are the precursor of rainfall Hg(II), were recently
shown to also carry positive but slightly lower Δ200Hg values
(0.12 ± 0.05‰).85 Our lack of inclusion of possible Hg(II)
dry deposition in the mixing model might therefore be
associated with a slight systematic underestimation of the
Hg(II) endmember. In contrast, NH atmospheric Hg(0)
exhibits consistent negative Δ200Hg values (−0.05‰ (−0.08
to −0.02‰), median and IQR, n = 126, red dashed line and
red area in Figure 4A). In the absence of direct atmospheric
isotope endmember observations on the Andean Altiplano, we
extrapolate the NH observations of atmospheric Hg(II)
deposition in precipitation and atmospheric Hg(0) to the
Southern Hemisphere. The uniform distribution of NH
Δ200Hg and Δ199Hg observations with latitude (Figure S3)
supports the use of single values for atmospheric Hg end-
members in remote areas. However, it has recently been
speculated that Hg(II) deposition in the SH may have lower
Δ200Hg values than the NH because of a stronger influence of
oceanic Hg in the SH.86 The global variation of atmospheric
Hg isotope signatures therefore needs to be assessed in future
studies.
In the Chua 1 record, the even-MIF component of the

atmospheric deposition (Δ200HgAtmos) was smaller than the
end-members of Hg(II) wet deposition (p < 0.001, one-sided
t-test) and greater than atmospheric Hg(0) (p < 0.001, one-
sided t-test), suggesting that both atmospheric deposition
pathways played a significant role in the last 8k years (Figure
4A). Using a binary mixing model (eq 5), we calculated an
average contribution from atmospheric Hg(II) wet and dry
deposition to the sediment of 19% (IQR, 10−29%) during the
EH/MH, 24% (IQR: 18−31%) during the MHLS, and 38%
(IQR: 29−49%) during the LH. The contribution of
atmospheric Hg(0) was insignificant for the EH/MH, 22%
(IQR, 7−42%) during the MHLS, and 42% (IQR, 26−56%)
during the LH. Chua 1 sediment Δ200Hg values are similar to
the published values for freshwater sediments (i.e., Δ200Hg =
0.02 ± 0.06‰; mean ± 1 SD, n = 306),68 which receive on
average 63% (±28%, 1 SD) of Hg from Hg(0) predominantly
taken up by watershed vegetation and transferred to the lake
via catchment runoff.24

No significant relationship was found between Δ200Hg and
lake water level, inorganic tracers, or organic biomarkers. The
Lago Menor water level depends on Lago Mayor, where the
cumulative difference between precipitation, runoff, and
evaporation takes time to attain a new equilibrium. To account
for this the lag time, we compared the Δ200Hg record of Chua
1 core to the δ18O-derived precipitation record obtained from
a ca. 6.6k year sediment record of the nearby Lake Umayo (i.e.,
2500 BC to AD 1800)55 combined with annual precipitation
data from the Quelccaya ice record (AD 1820 to 1920)87 and
modern gauge data for the last century.88 We find a positive
correlation between the Δ200Hg recorded in the sediment and
the amount of precipitation (R = 0.74, p < 0.01, Figure 5).
From 6500 BC to AD 1500, this correlation suggests that lake
sediment Δ200Hg is, similarly to δ18O, a proxy for changes in
the intensity of the South American summer monsoon
(SASM). We implicitly assume that changes in regional air
mass provenance and Hg supply to Lake Titicaca are not
accompanied by changes in Hg(II) and Hg(0) isotope end-
members, and this therefore requires additional study.
Δ200Hg and Δ199Hg in the Chua 1 record increased in the

past 500 years, which could reflect an increase in precipitation

and/or increasing contribution of anthropogenic Hg emissions.
The Δ200Hg value of Chua 1 increased linearly with time by
0.00018‰ year−1 since AD 1500 (R2 = 0.51, p = 0.02).
Similarly, the Negrilla sediment core13 in the Peruvian Andes
was associated with an increase of Δ200Hg in the last 500 years
(R2 = 0.54, p = 0.04), consistent with a regional prolonged
intensification of the SASM with increased precipitation in the
high tropical Andes between AD 1400 and 1820.89,90 In
contrast, the El junco sediment core,13 situated on Galapagos
island and influenced by marine climate and the absence of
local anthropogenic Hg sources, exhibited no significant trend
of Δ200Hg over the same period (p = 0.65). For remote
sediment cores in North America, similar increases of
0.00014‰ year−1 since 1820 were interpreted as a temporal
change in global atmospheric Hg isotope composition due to
anthropogenic emissions.41 At the same time, the United
States has experienced a 10% increase in precipitation in the
20th century.91 Emission inventories suggested that anthro-
pogenic Hg emissions since AD 1850 exhibited relatively
constant circum-zero Δ199Hg and Δ200Hg signatures over
time.92 A global analysis also found that most lake sediments
were associated with small or insignificant temporal increases
in Δ200Hg since 1850.8 We therefore suggest that the
endmember Δ200Hg signature of global precipitation remained
relatively constant over time and that the temporal variation of
Δ200Hg in historical archives primarily reflects a variation in
rainfall intensity and/or an increase in Hg(II) deposition flux
from anthropogenic sources.

3.3. Tracing In-Lake Photoreduction with Δ199Hg. We
calculated the excess Δ199Hgexc, the Δ199Hg value not
explainable by source mixing, by correcting the observed
ΔΔ199Hg for the source contribution of atmospheric Hg(II)
and Hg(0) deposition using Δ200Hg values (eq 7) and
assuming a uniform latitudinal distribution of Δ199Hg in
Hg(II) wet deposition (Figure S3) and no Δ199Hg anomaly in
bedrock material.68 Note that the calculated Δ199Hgexc
provides a lower-bound estimate as the source mixing model
does not include a contribution of litterfall-derived Hg from
the catchment, which is associated with a shift of
approximately −0.1‰ in Δ199Hg relative to atmospheric
Hg(0).23,24 The observed Chua 1 Δ199Hg values (Figure 4C

Figure 5. Δ200Hg recorded in the Chua 1 sediment core vs
precipitation (m year−1). The black line represents the mean, and
the gray curved lines represent the 95% confidence interval of the
linear regression for the entire data set.
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straight line) were consistently more positive by 0.34‰
(0.28−0.45‰, median and IQR) compared to the expected
Δ199Hg values from atmospheric and geological sources
(Figure 4C, dashed line). Δ199Hg values in Chua 1 were also
more positive than values in two sediment cores from the
Peruvian Andes (Laguna Negrilla; median, −0.05‰; IQR,
−0.10 to 0.03‰) and the Galapagos Archipelago (El Junco
lake; median, −0.12‰; IQR, −0.18 to 0.00‰), despite similar
Δ200Hg values.13 The Hg stable isotope record of a Laguna
Negrilla sediment core also was characterized by an increase of
Δ199Hg from circum-zero values during preindustrial times to a
maximum of 0.3‰ during the 20th century.13 Similar trends
have been described recently for lake sediments in North
America40,41 and the Tibetan plateau.39 The authors suggested
that an increase in Hg photoreduction was caused by the
higher levels of anthropogenically derived dissolved organic
carbon (DOC) or lower periods of ice coverage.40

Under the assumption of circum-zero Δ200Hg in geogenic
sources and an insignificant contribution of litterfall-derived
Hg, we suggest that the positive Δ199Hgexc values were
produced after deposition or discharge to Lake Titicaca,
most likely during Hg(II) photoreduction in the water
column.93 Experimental studies of photoreduction of Hg(II)
to Hg(0) in the presence of natural organic matter (NOM)
have demonstrated positive Δ199Hg anomalies in the residual
Hg(II) fraction.37,77 This suggests that positive Δ199Hg
anomalies are caused by substantial photochemical reduction
of Hg(II) and subsequent re-emission losses of Hg(0). The
slope of Δ199Hg/Δ201Hg of all Chua 1 samples is 0.97 ± 0.15
(Figure S5) and thus within the experimentally observed range
for photoreduction of Hg(II) to Hg(0).37 Few Hg stable
isotope studies on Hg(II) reduction in surface waters exist.
Demers et al. observed increasing odd-MIF Δ199Hg values
along a river transect with decreasing dissolved Hg
concentration.94 Chen et al. observed large positive Δ199Hg
values in boreal lakes and concluded that the anomalies were
caused by photoreduction of Hg(II).95

Lake Titicaca Δ199Hgexc gradually increases by 0.2‰ from
the EH to LH, with sporadic low values during MHLS and the
Medieval Climate Anomaly (MCA) dry periods. The elevated
Δ199Hgexc in the last 350 years suggests that Lake Titicaca
underwent increased loss of Hg(0) to the atmosphere
following photoreduction of Hg(II). Δ199Hgexc positively
correlates with autochthonous Corg, produced by photosyn-
thesis (R = 0.67, p < 0.01), supporting the notion that Δ199Hg
production during in-lake photoreduction may be controlled
by DOC concentration, as proposed by Kurz et al.40

3.4. Mass-Dependent Fractionation during Hg Up-
take and Incorporation in Sediments. δ202Hg in the Chua
1 sediment core increases from low values, −1.5‰, in the EH/
MH to higher values of −1.0‰ around AD/BC and finally to
−0.3‰ during the last 350 years. Sun et al. estimated δ202Hg
of global primary anthropogenic Hg emissions to have
increased from −1.2 to −0.7‰,96 which could explain part
of the temporal δ202Hg trend in Chua 1. Similar to Δ199Hgexc,
δ202Hg is positively correlated with Corg (R = 0.82, p < 0.01)
with organic C/N values derived from Py-GC/MS data (R =
0.77, p < 0.01) and to a lesser extent to n-alkane C25−31 (R =
0.56, p < 0.05) for the entire record. This suggests that in-lake
processes related to photochemistry and primary productivity
may control part of the δ202Hg variability. Using Δ199Hgexc
values and the MDF fractionation factor reported for
photochemical reduction of Hg(II) to Hg(0),37 we estimate

that δ202Hg in sediments may be enriched on average by
0.39‰ (0.26−0.50‰, IQR) relative to the source signature.
Sorption of Hg(II) to particles on the other hand has been
shown to result in lowering of δ202Hg values by −0.3 to
−0.6‰ in the sorbed phase,97,98 which may partly compensate
for photochemical reduction. The δ202Hg value measured in
the sediment of −0.90‰ (−1.37 to −0.36‰, median and
IQR) was higher than the δ202Hg reported for foliage −2.8‰
(−3.0 to −2.3‰) and organic soils −1.81‰ (−2.08 to
−1.47‰) and slightly higher than mineral soils −1.6‰
(−2.13 to −1.21‰).99 The interpretation of δ202Hg as a
source tracer is associated with large uncertainties due to
different confounding fractionation processes discussed above.
Acknowledging this uncertainty, the relatively high sediment
δ202Hg provides support for direct deposition of atmospheric
Hg(0) to the lake, rather than via vegetation uptake in the
catchment area and transfer by erosion, for which lower δ202Hg
would be expected. The absence of lignin oligomers by Py-
GC/MS, which is a highly specific proxy for higher plants,
further supports a limited role for terrestrial carbon and thus
Hg(0) taken up by foliage and transferred via runoff. Organic
C/N ratios of the sediment are also within the range of C/N
ratios of lacustrine algae measured in Lake Titicaca (Figure
S6).45 Among organic proxies, only the low δ13Corg recorded
during the EH suggests a possible contribution of eroded soil
OM to the lake. We therefore suggest that the important
atmospheric Hg(0) source inferred from Δ200Hg originates
from direct Hg(0) uptake by lake water from the atmosphere.
This suggests that for large lakes such as Titicaca, Hg(0) is an
important direct source to lake water. This is consistent with a
recent study finding that 50% of Hg in seawater is derived from
direct uptake of atmospheric Hg(0).70

During the last ∼500 years of the record, the lake was overall
fresh and deep, with fewer water level fluctuations than the
previous period,58 facilitating the development of large
expanses of totora sedges on the lake’s shore. Totora sedges
were reported to scavenge more than 90% of terrestrial eroded
particles,100 preventing their sedimentation to deeper areas of
the lake where the Chua 1 core was taken. Based on the
absence of terrestrial biomarkers such as lignin, more positive
δ202Hg values than terrestrial vegetation,99 and the positive
correlation between the HgAR and algal biomarker abundance
(n-alkane C25−31) (Figure 2B), we suggest that algae were the
dominant Hg scavengers. The scavenging of surface lake water
Hg by algae and its transfer to the sediment could explain the
high proportion of atmospheric Hg(0)-derived lake Hg (47 ±
17% (mean ± 1 SD), n = 6, Figure 4A) during the last 500 year
and is in agreement with the literature on the importance of
algae primary productivity in Hg transfer to sediments.74−76,101

In summary, Lake Titicaca is a sentinel of climate change in
the southern tropical Andes and has experienced large
fluctuations in lake level due to changes in precipitation
regimes. We studied the effects of climate variations on Hg
accumulation in sediments using Hg stable isotope signatures
and other geochemical proxies. We observed that natural
climate variations, in the form of pronounced wet and dry
periods related to the South American summer monsoon
(SAMS) dynamics, strongly affected HgARs in Lake Titicaca
sediments during the Holocene. High HgARs, exceeding those
of the 20th century, occurred during the early Holocene, where
high rainfall caused a large transfer of geogenic Hg to the lake
sediment by erosion. Hg stable isotopes revealed that direct
lake water uptake of atmospheric gaseous Hg(0) is an
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important pathway during the MHLS and LH. We suggested
that the increase in Δ200Hg in the sediment from AD 1500 to
present observed in Lake Titicaca is driven by an increase of
precipitation intensity rather than a change in global
atmospheric Δ200Hg endmember signature. These findings
improve our understanding of climate controls on Hg stable
isotope variation in sediment archives. Finally, Hg stable
isotope fingerprinting may offer a new proxy for reconstructing
paleoclimate history. In particular, the observed correlation
between in situ produced odd-MIF (Δ199Hgexc) with
autochthonous Corg and the positive correlation between
Δ200Hg and rainfall are encouraging for further investigation
on the ubiquity of these observations and their suitability as
paleo proxies for in-lake photochemistry and precipitation,
respectively.
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Hidrologiá. La Paz, Bolivia, 2020. http://www.senamhi.gob.bo.
(89) Bird, B. W.; Abbott, M. B.; Vuille, M.; Rodbell, D. T.; Stansell,
N. D.; Rosenmeier, M. F. A 2,300-year-long annually resolved record
of the South American summer monsoon from the Peruvian Andes.
Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 8583.
(90) Thompson, L. G.; Mosley-Thompson, E.; Davis, M. E.;
Zagorodnov, V. S.; Howat, I. M.; Mikhalenko, V. N.; Lin, P.-N.
Annually Resolved Ice Core Records of Tropical Climate Variability
over the Past ∼1800 Years. Science 2013, 340, 945−950.
(91) Karl, T. R.; Knight, R. W. Secular Trends of Precipitation
Amount, Frequency, and Intensity in the United States. Bull. Am.
Meteorol. Soc. 1998, 79, 231−242.
(92) Sun, R.; Streets, D. G.; Horowitz, H. M.; Amos, H. M.; Liu, G.;
Perrot, V.; Toutain, J.-P.; Hintelmann, H.; Sunderland, E. M.; Sonke,
J. E. Historical (1850−2010) mercury stable isotope inventory from
anthropogenic sources to the atmosphere. Elementa: Sci. Anthropocene
2016, 4, No. 000091.
(93) Guédron, S.; Achá, D.; Bouchet, S.; Point, D.; Tessier, E.;
Heredia, C.; Rocha-Lupa, S.; Fernandez-Saavedra, P.; Flores, M.;
Bureau, S.; et al. Accumulation of Methylmercury in the High-
Altitude Lake Uru Uru (3686 m asl, Bolivia) Controlled by Sediment
Efflux and Photodegradation. Appl. Sci. 2020, 10, No. 7936.
(94) Demers, J. D.; Blum, J. D.; Brooks, S.; Donovan, P. M.; Riscassi,
A.; Miller, C. L.; Zheng, W.; Gu, B. Hg isotopes reveal in-stream
processing and legacy inputs in East Fork Poplar Creek, Oak Ridge,
Tennessee, USA. Environ. Sci.: Processes Impacts 2018, 686.
(95) Chen, J.; Hintelmann, H.; Zheng, W.; Feng, X.; Cai, H.; Wang,
Z.; Yuan, S.; Wang, Z. Isotopic evidence for distinct sources of
mercury in lake waters and sediments. Chem. Geol. 2016, 426, 33−44.
(96) Sun, R.; Streets, D. G.; Horowitz, H. M.; Amos, H. M.; Liu, G.;
Perrot, V.; Toutain, J.-P.; Hintelmann, H.; Sunderland, E. M.; Sonke,
J. E. Historical (1850−2010) mercury stable isotope inventory from
anthropogenic sources to the atmosphere. Elementa: Sci. Anthropocene
2016, 4, No. 000091.
(97) Wiederhold, J. G.; Cramer, C. J.; Daniel, K.; Infante, I.;
Bourdon, B.; Kretzschmar, R. Equilibrium mercury isotope fractiona-
tion between dissolved Hg(II) species and thiol-bound Hg. Environ.
Sci. Technol. 2010, 44, 4191−4197.
(98) Jiskra, M.; Wiederhold, J. G.; Bourdon, B.; Kretzschmar, R.
Solution speciation controls mercury isotope fractionation of Hg(II)
sorption to goethite. Environ. Sci. Technol. 2012, 46, 6654−6662.
(99) Zhou, J.; Obrist, D.; Dastoor, A.; Jiskra, M.; Ryjkov, A.
Vegetation uptake of mercury and impacts on global cycling. Nat. Rev.
Earth Environ. 2021, 2, 269−284.
(100) Pourchet, M.; Mourguiart, P.; Pinglot, J.-F.; Preiss, N.;
Argollo, J.; Wirmann, D. Sed́imentation rećente dans le lac Titicaca
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