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Abstract:

Monomethylmercury (MMHg) concentrations in aquatic biota from Lake Titicaca are
elevated although the mercury (Hg) contamination level of the lake is low. The contribution
of sediments to the lake MMHg pool remained however unclear. In this work, seven cores
representative of the contrasted sediments and aquatic ecotopes of Lake Titicaca were sliced
and analyzed for Hg and redox-sensitive elements (Mn, Fe, N and S) speciation in pore-water
(PW) and sediment to document early diagenetic processes responsible for MMHg production
and accumulation in PW during organic matter (OM) oxidation.

The highest MMHg concentrations (up to 12.2 ng L™ and 90% of THg) were found in
subsurface PWs of the carbonate-rich sediments which cover 75 % of the small basin and 20
% of the large one. In other sediment facies, the larger content of OM restricted MMHg
production and accumulation in PW by sequestering Hg in the solid phase and potentially also
by decreasing its bioavailability in the PW. Diagenetically reduced S and Fe played a dual
role either favoring or restricting the availability of Hg for biomethylation.

The calculation of theoretical diffusive fluxes suggests that Lake Titicaca bottom sediments
are a net source of MMHg, accounting for more than one third of the daily MMHg
accumulated in the water column of the Lago Menor. We suggest that in the context of rising
anthropogenic pressure, the enhancement of eutrophication in high altitude Altiplano lakes
may increase these MMHg effluxes into the water column and favor its accumulation in water

and biota.



1. Introduction

Lake sediment is known to be an important sink for inorganic mercury but can be a source of
neurotoxic monomethylmercury (MMHGg) for their overlying waters (Fitzgerald et al., 2014),
in which trophic transfer occurs in both benthic and pelagic organisms (Watras et al., 1998;
Garcia Bravo et al., 2014; Gimbert et al., 2015). Biogeochemical processes involved in the
methylation of mercury (Hg) generally occur in surficial sediment or biofilms developed at
the sediment/water interface (SWI) and imply various micro-organisms amongst which the
most documented are methanogens, sulfate-reducing (SRB) and iron-reducing (IRB) bacteria
(Acha et al., 2005; Kerin et al., 2006; Hamelin et al., 2014; Garcia Bravo et al., 2015). Such
processes occur specifically during early diagenesis, when part of the deposited fresh organic
matter (OM) is oxidized close to the SWI, with O,, NO3", Mn- and Fe-oxy(hydr)oxides or
SO4> acting as electron acceptors (Froelich et al., 1979; De Lange, 1986; Meyers and
Ishiwatari, 1993). In anoxic sediments, Hg (I1) and MMHg are associated with sulfidized OM
(Skyllberg, 2008) or authigenic Fe sulfide minerals, and to a minor extent precipitated as
cinnabar (HgS(s) and montroydite (HgO(s)) (Hammerschmidt and Fitzgerald, 2004,
Sunderland et al., 2006; Jeong et al., 2007; Merritt and Amirbahman, 2007; Liu et al., 2008;
Hollweg et al., 2009; Feyte et al., 2012; Guédron et al., 2012). While Hg is reported to be
conservative in sediment cores, MMHg generally declines with sediment depth due to
demethylation (Hines et al., 2004; Rydberg et al., 2008) making difficult the use of MMHg
concentration in sediment as an historical record of lake MMHg production.

In the high altitude Bolivian Altiplano (above 3700 m a.s.l.), high percentages of MMHg were
reported in the water column rising from <1 up to ~50% of total mercury (THg) from the
oligo/hetero-trophic Lake Titicaca to the eutrophic Lake Uru-Uru (Alanoca et al., 2016b;
Guédron et al., 2017). Although anthropogenically induced eutrophication is reported to favor

MMHg accumulation in the water column (Acha et al., 2018), variations of MMHg



concentrations in surface water are also affected by parameters varying on a daily basis (e.qg.,
temperature, oxygen) that can overwhelm seasonal variations (Amouroux et al., 2015;
Alanoca et al., 2016a). Furthermore, the sediment is a likely major source of MMHg for the
water column but has been poorly documented yet in these lakes.

In the shallow Lake Uru-Uru, the quantification of methylation potentials during incubations
experiments with enriched isotopes, revealed that sediments represented a major source of
MMHg for the water column (Alanoca et al., 2016a). In contrast, same experiments in Lake
Titicaca indicated intense methylation in epibenthic biofilms and periphyton associated with
emerged macrophytes compared to sediments and submerged aquatic plants' periphyton
(Bouchet et al., 2018). However, the area covered by sediments is such that they may
significantly contribute to the MMHg pool in the water column of Lake Titicaca. Such
exchanges strongly depend on molecular diffusion and physical advection rates of dissolved
species which are controlled by the stratification of the sediment/water interface (SW1I) and
resuspension resulting from sustained winds and shear stress (e.g., during storm events)
especially in shallow environments (Schéfer et al., 2010; Guédron et al., 2012; Bouchet et al.,
2013). Amongst the physico-chemical factors that regulate the intensity of Hg and MMHg
diffusive fluxes are; (i) the steepness of the concentration gradient and the position of the
redox front around the SWI (Hammerschmidt and Fitzgerald, 2008), (ii) the abundance and
type of (in)organic ligands (Skyllberg, 2008; Bouchet et al., 2018) and colloids (Guédron et
al., 2016), and (iii) the sediment structure (e.g., porosity, tortuosity). Furthermore, benthic
fluxes can be enhanced by bioirrigation (e.g., benthic organisms) creating preferential water
pathways in the sediment at the SWI (Point et al., 2007; Benoit et al., 2009).

To document the geochemical post-depositional fate and behavior of (MM)Hg in the high-
altitude Lake Titicaca, we studied in high resolution (5 to 20 mm-vertical scale) the speciation

of Hg together with redox-sensitive elements (N, Mn, Fe and S species) in seven sediment



cores representative of the various lake sediment facies and Hg contamination levels. We also
calculated Hg and MMHg diffusive fluxes at the SWI to assess the MMHg contribution of

each sediment facies toward the water column at different spatial and temporal scales.
2. Background information and methods

2.1 General settings

2.1.1 Lake Titicaca

Located in the central Andean Altiplano (a high endorheic plateau in Peru and Bolivia), Lake
Titicaca (surface = 8562 kmz; volume = 903 km?®) is the largest navigable water body in the
world lying at an altitude of 3809 meters above sea level (Dejoux, 1992). Lake water is
alkaline with a salinity close to 1 g L™ with elevated sulfate concentrations [~ 300 mg L™,
(Dejoux, 1992)]. The seasonal cycle of rainfall is marked, with the rainy season concentrated
between December and March (Segura et al., 2019). The lake is composed of two main water
bodies, the Lago Mayor (or Chucuito ~ 7092 km?2) and The Lago Menor [or Huifiaimarca ~
1470 km? (Dejoux, 1992)]. The Lago Menor makes up only ~ 16% of the area of Lake
Titicaca and is characterized by a shallow mean depth (~ 9 m) and a large area at less than 5
m in depth (~ 56% of the surface). Its slopes are very gentle and the current flows from the
Lago Mayor at the Tiquina straight to the Desaguadero, its outflow. Three main bathymetrical
zones are differentiated in the Lago Menor; (i) the deepest zone down to 41 m in the North,
known as the Chua trough, (ii) a central basin in the center west beyond the line of islands
with a maximum depth of 20 meters and (iii) a shallow area extending between and around
these two zones, with a sill about 7 meters deep between the Chua trough and the central
depression (Fig. 1).

Levels of THg in water and sediment of Lake Titicaca are in the lowest range of reported

levels in other large lakes worldwide (Guédron et al., 2017). The main Hg loading sources to



the lake are natural atmospheric wet and dry deposition and catchment eroded particles
(Guédron et al., 2017; Guédron et al., 2018). Only a few Hg point sources including current
and historical mining (e.g., Ramis, Suchez) and urban areas (e.g., El Alto and Puno) impact

the lake locally (Archundia et al., 2017; Guédron et al., 2017).

2.1.2 Benthic ecology and sediment facies of Lake Titicaca

Emerged macrophytes are the most abundant plant group in Lake Titicaca, with a third of the
bottom colonized by Characeae (Chara spp.), representing around 436 km?2 in Lago Menor [~
60% of the area covered by vegetation (Collot et al., 1983)]. In the inner margin or shore line
(between 0 and 2 m depth), the sedge also called “totoras” (Schoenoplectus totoras) are the
most abundant aquatic plants. Calcium-fixing Characeae occur from the inner margin or even
from the shoreline where the totoras are sparse or absent, down to a maximum of 15 meters
depth. They constitute more than 60% of the total biomass in Lago Menor and account for ~
60% of the primary production (Dejoux, 1993). In deep open water (i.e., above 15m depth),
primary production is dominated by phytoplankton (Dejoux, 1992).

From the primary producers ecological allocation and the distribution of autochthonous
(mostly carbonate) and allochthonous (detrital minerals) materials, Lago Menor can be
characterized by four main sediment facies (Boulange et al., 1981) defined as follows: (i) the
carbonate detrital facies found in the littoral zones, broadly composed of ~ 25% organic
matter (OM) and 20 to 70% carbonates, (ii) the carbonate facies composed of ~ 60%
carbonates (calcite/aragonite) and less than 20% OM encountered in shallow areas (i.e.,
between 2 and 10 m depth) where Characeae are the most abundant, (iii) the organo-detrital
of the deep zone (i.e., Chua trough) composed of 25 to 50% OM (derived from plankton
decomposition) and less than 15% carbonates, and (iv) the organic facies in very shallow
areas where totoras are abundant (i.e., < 2m) composed of more than 50% OM and between

25 and 45% of detrital fraction.



Despite similarities in sediment facies between the two basins, Lago major is characterized by
lower OM and carbonate content (because of the deeper water column and lower aquatic
vegetation) and higher detrital sandy fraction (Rodrigo and Wirrmann, 1992). The two most
representative facies of this later are the detrital facies (containing more than 70% of clastic
components and less than 25% OM) and the carbonate detrital facies, while the carbonate

facies is only found on the littoral.

2.2 Sediment and water collection

Seven short cores (25 to 30 cm) were sampled during two campaigns (April and October
2014) in areas representative of the lake main sediment facies (Fig. 1 and S.I.1). Three cores
were sampled (April and November 2014) in the organo-detritic calcareous sediments or
carbonate facies (i.e., between 2 and 10 m depth); two in front of Huatajata village in a
shallow area covered by Characeae (subscript = c¢; core HUc: ~ 7 m depth, 25.04.2014),
another covered by epibenthic biofilms (subscript = b; HUb ~ 8 m depth, 23.04.2014) and a
third one at the outlet of the Cohana Bay in a very shallow area covered by Characeae (core
BCc, 2 m depth, 13.10.2014). A core was collected in the deep Chua trough (Core CH, 38 m
depth, 19.04.2014) to recover the organo-detrital facies. A littoral core was collected in the
shallow organic facies of the Cohana bay covered by totoras (subscript = t; core BCt; 1.8 m
depth, 27.04.2014), an area which receives urban effluents from the city of El Alto (~ 900,000
inhabitants) flowing through the Katari River (Archundia et al., 2017). Finally, two additional
core were collected in the Lago Mayor, the first in the detrital facies of the Escoma Bay
potentially exposed to mining effluents from the large mining area located in the upstream
watershed of Suchez River (core BE; 26 m depth, 07.10.2014) and the second in the carbonate
facies of open lake close to the Sun Island (core IS; 19 m depth, 11.06.2014).

All details and procedure for sediment sampling, slicing and conditioning of sediment and

porewater are described in S.I.1 and in Guédron et al. (2017). Briefly, sediments were



recovered using a gravity Corer (Uwitec®), extruded and sliced with a vertical resolution of 5
mm near the SWI, up to 2 cm thick near the bottom. Collected overlying water (OW) and
porewater (PW) were filtered (0.45 um porosity; Millipore®) and divided into three aliquots
for Hg speciation, anions and major and traces analyses. This filtered fraction encompass
filter passing colloids which may evolve during the filtration procedure in relation with filter
clogging (Guédron et al.,, 2016). To complement the diffusive fluxes between surface
sediment PW and OW obtained from collected cores, additional sampling was performed by
scuba divers close to the coring sites of HU and BC at various season and time period during
the day. Surface porewater water were sampled with 0.8 cm long microporous polymer tube
samplers (MicroRhizon®, 0.45 pm porosity; Rhizosphere Research Products) during 2 hours
following published protocols (Guédron et al., 2011; Guédron et al., 2012). OW were
collected few meters away from the PW sampling sites by scuba divers into benthic
chambers’s sampling setup (Point et al., 2007) at the beginning of the incubation (within the
50 cm above the sediment interface) with acid washed syringes before the end of the

porewater water sampling period (S.1.1).

2.3 Chemical analyses

All details for chemical analysis and QA/QC are given in S.1.2 and in Guédron et al. (2017).

2.3.1. Sediment characterization, conditioning and digestion

Sediment water content and dry bulk density (DBD) were obtained from difference in weight
(wet vs freeze-dried) of each slice of sediment. Each freeze-dried sediment slice was ground
(< 63 um). Three sediment cores (CH, HUc and BCt) were digested for total elemental
concentration and selective extraction. Sediment total digestion were performed using a
mixture of H,O,/HNO3/HF (Ultrex grade — Baker) following a published protocol (Guédron
et al., 2006). All details for the method, blanks and certified international reference materials

are provided in S.1.1. The most reactive Fe and Mn oxide fraction were selectively extracted
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by an ascorbate reagent (Kostka and Luther, 1994; Anschutz et al., 2000; Guédron et al.,

2009). All elemental concentrations in sediment are reported on a dry weight basis.

2.3.2. Major and trace element analysis in digested solids and filtered solutions

Major (Ca, Fe, Al, Mn and S) elements in water and digested sediment were measured by
ICP-OES (Varian model 720ES) within the analytical chemistry platform of ISTerre (OSUG-
France), trace elements (Mo, U, and Fe and Mn in PW) by quadrupole ICP-MS 7500 ce
(Agilent Technologies) within the analytical chemistry platform of UPPA and ascorbate-
extractable Fe (Feasc) and Mn (Mngs) by flame AAS (Perkin-Elmer AAnalyst 400) within the
analytical chemistry platform of GET laboratory. Total sulfur obtained by ICP-AES in
digested sediment were intercompared and in good agreement (Fig. S1) with analysis
performed by S Elemental analyzer (Flash 2000, Thermo Scientific, Milan, Italy). Major
anions concentrations were determined by ion chromatography (Dionex ICS 2000) and

hydrogen sulfides by HPLC-UV (S.1. 1).

2.3.3 Total carbon, total organic carbon and their isotopic signatures (5'°C)

Total carbon (TC), total organic carbon (Corg) content and their isotopic composition
(6"Cpu and 813C0rg) were measured by Cavity Ring-Down Spectrometry (Picarro, Inc®)
coupled with Combustion Module (Costech, Inc®) (CM-CRDS) using previously reported
analytical methods, calibration and sample preparation (Paul et al., 2007; Balslev-Clausen et

al., 2013; Guédron et al., 2019). More details are supplied in S.1.2.

2.3.4 Hg speciation in solutions and solids
Total mercury concentrations (THg) in filtered water samples were determined by cold vapor
atomic fluorescence spectrometry (CV-AFS) after conversion of all mercury species into Hg®

(Bloom and Fitzgerald, 1988; Cossa et al., 2009) followed by detection using a Tekran®



(Model 2500). Total Hg concentrations in sediment were determined by atomic absorption
spectrophotometry [Altec, Model AMA 254 (Guédron et al., 2009)].

Monomethylmercury concentrations in water and digested sediments were analyzed using a
purge and trap-gas chromatograph-atomic fluorescence spectroscopy analyzer (MERX
System, Brooks Rand®) and intercompared by propylation ID-GC-ICPMS (S.1.2.2)

following published protocols (Monperrus et al., 2008; Guédron et al., 2014).
2.4 Water/sediment fluxes measurements and calculations

2.4.1. Diffusive fluxes calculation
Molecular diffusion from sediment to overlying water was estimated by calculation of the
diffusion fluxes for Hg(Il) (with Hg(ll) = THg — MMHg) and MMHg at the SWI using the

measured concentration gradient and Fick's first law (Berner, 1980; Boudreau, 1996):
Jsed = -@/Dsed (0C/0z)

where Jsed (ng.m? d) is the diffusive flux in the sediment, @ porosity, Dsed is the diffusive
coefficient in sediment [2x10°° cm? s! and 1.2x10° cm? s for Hg(ll) and MMHg
ionic/molecular diffusion coefficient in water (Rothenberg et al., 2008)] and 6C/0z is the
linear concentration gradient through the SWI. Details are given in supplementary
information (S.1.4). Positive Jsed indicates an upward-directed flux (efflux from the sediment
into the overlying water column) and negative Jsed indicates a downward-directed flux
(influx from the water column into the sediment). The total contribution of each sediment
facies to the water column was estimated by integrating their Jsed over their respective

surface area coverage of the bottom of the lake.

2.4.2. Sediment surface and water volume quantification in Lago Menor.

10



Bathymetric data are issued from the digitalization of the bathymetric map n°3500 (Comision
Mixta Peruana Boliviana, 1977). The scale is 1/100.000 in Mercator projection and the lake
levels are relative to the lake altitude in that was equal to 3810.4 m asl. The
area/volume/depth distributions of the Lago Menor were derived using the following steps
realized with ArcGIS©10.3 : (i) digitalization of the depth curves; (ii) rasterization of the
vector curves to create a 100 by 100 m raster grid; (iii) extraction of the area/depth/volume
relations each 1m using spatial analyst; (iv) separation into 4 classes adapted to the depth
cores ([0-2m]; [2-20 m]; [20-41m]). The maximum depth is 41 m and is found in the Chua

trough, the eastern part of the Lago Minor. All details are given in S.1.2.3.

2.5 Statistical treatment and data presentation

Because geochemical data were not normally distributed, the following parameters are
reported: mean, standard deviation (SD), and the number of observations N (Webster, 2001).
Correlation coefficient (R) and P values (P) are reported for elemental regressions. All
statistical analyses were performed using Sigmastat and a p-value of 0.05 was chosen to

indicate statistical significance.

3. Results

3.1. Carbonate-rich sediment

3.1.1. Carbonate facies of the Lago Menor

The carbonate facies covers approx. 75% of the Lago Menor bottom area (Tab. S4). The
abundant and productive calcium-fixing macrophytes (i.e., Characeae) made this sediment
facies enriched in carbonates (CaCO3; (mean £ SD) in core HUc = 80 £ 13%, N = 24). In
opposition, the OM content was low (Corg = 5.5 £ 1.2%, N = 24 in core HUc) with heavy
8"3C signatures (-16.5 + 0.6 %o, N = 24 - Fig. 2a) typical of the submerged macrophytes
(characeae) from the lake shallows [~12 + 4% (Rowe et al., 2002)]. Detrital components

11



were also low with Fe (0.37 + 0.05%, N = 24) and Mn (45 + 4 ug g™, N = 24)) contents being
around 10 times lower than in the sediment of Lake Uru-Uru (2.8 + 0.5% and 486 + 114 ug g
! respectively) located downstream in the endorheic basin (Tapia and Audry, 2013). Reactive
Fe (Feasc) and Mn (Mn,s) were almost constant with depth and never exceeded 5% and 10%
of total Fe and Mn concentrations (Fig S1). The density and height of the Characeae mats
varied greatly between sites with the highest ones (60 to 80 cm) found in the shallowest areas
(core BCc, 2 m depth). In this later core, the first 7 cm of sediment were weakly consolidated
with high water content (Fig. S2) and many macrophytes remains. At Huatajata (HU — Fig. 1),
the density and height of Characeae (core HUc: 10 to 40 cm above the SWI) were lower with
some areas exempted of macrophytes (core HUb) and the sediment was more consolidated. In
both HU cores (covered or not by Characeae), the ~2 cm surface sediment was mainly
constituted of epibenthic biofilms where Proteobacteria, Cyanobacteria, and Bacteroidetes
were reported to dominate the active microbial communities (Bouchet et al., 2018).

Total Hg concentrations in the sediment were low (THg = 18.0 + 11.5 ng g™*) for the three
cores (N = 72) HUc, HUb and BCc (Fig. 2 for HUc and HUDb profiles and Fig. S3 for BCc
profile), but in the range of previously reported values for pristine Lakes (Matty and Long,
1995; Perrot et al., 2010; Wang et al., 2010). MMHg concentrations in sediment were also
low (0.3 + 0.6 ng g™ for the three cores), and rarely exceeded 1 ng g* with an average
percentage over THg of 3.7 £ 8.0% (N = 48) at Huatajata (HUb and HUc — Fig. 2) and 0.2 +
0.1% (N = 24), at the outlet of Bahia Cohana (BCc — Fig. S3); the lowest value encountered in
our study. Highest MMHg concentrations were found in both HU cores within the 5 first cm,
peaking at the surface sediment around 0.7 ng g and between 15 and 20cm depth in core
HUb with values up to ~4 ng g™. THg exhibited a slight and gradual decrease with depth from

~20t0 10 ng g™
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The lowest filtered THg and MMHg concentrations were found in the OW while the highest
ones (THg: 8.4 + 3.6 ng L™ and MMHg: 2.4 + 1.9 ng L™ - Fig. 2b and S3) were encountered
in PW within the first 5 cm that include the epibenthic biofilm layer (0-2 cm).

In this layer, percentages of MMHg reached up to more than 90% in HUc and BCc cores
(Figs. 2 and S3). In both HUb and HUc cores these peaks were found at the onset depth of
sulfate reduction (0-3 cm) where sulfates were consumed in a narrow layer (0-2cm) and at the
first peak of H,S (5-7cm). Below 10 cm depth in the profile, Hg(Il) depicted several peaks

while MMHg gradually decreased or stood on a baseline concentration.

3.1.2. Carbonate-detrital facies of the Lago Mayor

The carbonate-detrital facies covers less than 20% of Lago Mayor (Rodrigo and Wirrmann,
1992). The major element composition [calcium carbonate (52 £ 4%), Fe (0.2 £ 0.05%) and
Mn (31 £ 9 pg g-1), N = 4 - Fig. S5] of core IS collected close to the Sun Island (Fig. 1) was
similar to those of the carbonate facies of the Lago Menor. Despite these similarities, core IS
(Fig. S5) had higher DBD (dry bulk density = 0.43 + 0.06 g cm™, N = 9) and lower water
content (64 + 3 %, N = 9) than the three carbonate facies cores collected in the Lago Menor
(Fig. S1). Similarly, both THg (75 + 26 ng g™, N = 9) and MMHg (4.9 + 3.4 ng g*, N = 9)
were higher (up to 10 — 20 times) than in the Lago Menor (Figs. S1 and S5). Percentages
MMHg in the sediment were in the same range as for the Lago Menor standing generally

below 5%.

3.2 Organo-detrital facies of the deep areas (Chua trough — Lago Menor)

The organo-detrital facies covers approx. 5% of the sediment surface area of the Lago Menor
(Tab. S4) and is found in the deepest areas (Fig. 1). The sediment core collected in the Chua
trough (CH, N = 24) had a high water content (93.2 £ 2.4 %) and low dry bulk density (0.021
+0.007 g cm™). The carbonate content was low (average CaCOj3 = 8 + 8%) while OM content

was high (Corg = 13.7 + 2.5%) with 5'°C values (-20.15 + 1.66; Fig. 3) typical of planktonic
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OM (Cross et al., 2000; Baker et al., 2001; Rowe et al., 2002). Total S concentration (1.7 £
0.2%) and major detrital elements [i.e., Al =3.9 + 1.1%, Fe = 2.5 £ 0.3% and Mn = 0.025 *
0.007%] were respectively 3 and 10 times more abundant than in the carbonate sediment.
Reactive Fe (Feasc) and Mn (Mn,s) decreased with depth from 15 and 30% to 5% and 10% of
total Fe and Mn concentrations, respectively (Fig S1). THg concentrations (95.1 + 11.0 ng g%)
were more than 5 fold higher than in carbonate rich sediments (Fig. 3a). MMHg
concentrations were low (0.3 + 0.1 ng g*) with a mean percentage of THg standing at 0.3 +
0.2%. Highest THg and MMHg concentrations were found in surface sediment (i.e., between
0 and 3 cm depth) and in the lower part of the core around 18cm depth (Fig. 3a).

In the PW (N = 24), THg concentrations (5.8 + 2.2 ng L™) were slightly lower than in
carbonate rich sediment (8.0 + 3.6 ng L™) and MMHg concentrations (0.94 + 0.30 ng L)
were almost three fold lower than in HU cores (2.9 + 2.0 ng L™) with percentages MMHg
(17.4 £ 7.4%) amongst the lowest values measured in our cores. Porewater THg was rather
stable around 5 ng L™ in the profile but exhibited two peaks. The first was located at ~ 4cm
depth coinciding with the first optimum of sulfate reduction occurring in a stretcher zonation
(0-10 cm) as compared to the carbonate rich sediment, and a second at ~ 12 cm depth below
the optimum of iron reduction, maintained along the rest of the core. MMHg concentration
profiles exhibited a similar pattern with 2 peaks located within the sulfate reduction zone;
below the SWI (0-2cm) and at the first optimum of H,S concentrations (3-5 cm), and a third
one at ~10 cm depth coinciding with the optimum of iron reduction (Fig. 3b). Porewater
MMHg concentrations remained amongst the highest values of the profile below this peak
throughout the entire Fe reduction zone except a decrease at ~ 13 cm depth while THg

exhibited a gradual decrease.
3.3. Sediment facies of the littoral areas

3.3.1. Organic facies of the Lago Menor (Cohana Bay)
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The organic facies is representative of very shallow (< 2 m) littoral areas and covers less than
20% of the bottom sediments in Lago Menor (Tab. S4). Abundant totora sedges in this area
provide plenty of Corg (6.7 + 2.8 %, N = 24) to the sediment and entrap the majority of
allochthonous inputs as illustrated by high Al (5.8 £ 1.4%) and Fe (4.1 £ 0.4%) contents (N =
24, Fig. 4). This results in sedimentation rates reported amongst the highest in Lake Titicaca
(Binford et al., 1992; Pourchet et al., 1994). Both Feas: (16.6 + 2.2% Feyr, N = 13) and Mngsc
(23.6 + 8.8% Mnyy) were high in the top 10 cm and sharply dropped below to average values
of 5.7 + 1.4% Fey, and 9.6 £ 1.2% Mny (N = 7), respectively (Fig S1). Core BCt was
sampled in the middle of the very shallow eutrophic Cohana Bay (Fig.1) which receives
discharges of urban effluents from EI Alto city through the Katari River (Archundia et al.,
2017; Molina et al., 2018). Such discharges leads to the eutrophication of the Bay (Acha et
al., 2018) as illustrated by phosphate concentrations reaching ~ 1 ug L™ in the 10 first cm in
PW of core BCt (Fig. 4). This very shallow coastal sediment has been subject to various
changes in water column level in the recent history of the lake (Weide et al., 2017). Such
changes are illustrated in both the sediment lithology and chemistry with the presence of a
compact layer starting below 15 cm depth characterized by low Corg and Mn concentrations
but high Fe content below this interface (Fig. 4). 8**Corg values also illustrate these changes
in sedimentation and ecotopes, with the most negative 8*3Corg found in the top 2 cm sediment
(-26.7 £ 0.5 %o, N = 4) and the deep layer (-23.8 + 1.1 %o, N = 6) which are typical of the
presence of emerged aquatic plants OM (i.e., totoras sedges) while in the sedimentary part
between 4 and 14 cm depth, §*3Corg has heavier values (-22.0 + 0.4 %o, N = 13) together with
higher carbonate content (18.5 + 5.6%) suggesting a mixed contribution of submerged
macrophytes (characeae) and emerged (totoras) aquatic plants (Valero-Garces et al., 1999).

In the sediment (N = 24), THg (39.8 + 5.0 ng g™) were in the medium range of concentrations

found in Lago Menor. Similar to the organo-detrital facies, both MMHg (0.4 + 0.3 ng g™*) and
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% MMHg were low (1.0 £ 0.6%) and exhibited the highest concentrations in the surface layer
and a slight increase (11-13 cm) above the transition with the compact layer.

In the PWs, sulfides concentrations were 2 to 3 orders of magnitude lower than in the
carbonate and the organo-detrital facies and the sulfide reduction occurred as for CH within a
stretched zone from the OW (H,S = 3 mg L™) to the 15 first cm depth were sulfates were not
detected. Below 12 cm depth, Fe reduction became dominant and PW Fe concentrations
exhibited a sharp rise from ~0.05 to 1.05 mg L™ which overwhelmed H.,S concentrations.
Average THg in PW was low (4.4 + 1.7 ng L™, N = 18) except two peaks up to 11 and 25 ng
L below the SWI (0-2 cm) and at 12 cm depth. PW MMHg concentrations (1.6 + 1.2 ng L™,
N = 18) were in the lowest range encountered in our dataset with the exception of two peaks
found below the SWI (3.2 ng L™) and at 12 cm depth (4.5 ng L™). Highest percentages
MMHg up to 60% were found in the first peak which coincided with the highest H,S values
of the profiles. Downward in the sediment, both %MMHg and concentrations remained low
with the exception of a thin peak at 12 cm coinciding with the onset of the Fe reduction

illustrated by the first rise of Fe in PW.

3.3.2. Detrital facies of the Lago Mayor (Escoma Bay)

The sediment of the Escoma bay (core BE, N = 14) originate mainly from the Rio Suchez
which flows through the upstream goldmining sites of the Suches — Antaquilla placers (Herail
etal., 1991). The core collected in the Bay (core BE, 24 m depth — Figs. 1 and S8) was mainly
composed of clastic components originating from the riverine discharges and had low OM
content (Corg < 2.5%, Fig. S8) with typical §"°C signatures (average -24.4 + 0.5 %o) of Cs
puna grasses (Valero-Garceés et al., 1999). THg concentrations (66.1 + 10.4 ng g) were in-
between those of BCt and CH cores. These THg concentrations were much lower than those
reported for contaminated sites from mining activities in the Altiplano (Alanoca et al., 2016b)

suggesting that the great distance to the upstream goldmines had likely reduced their impact
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through sedimentation in the upstream alluvial plain. Percentage MMHg (1.2 + 0.4%) in core
BE sediment was low although concentrations (0.8 + 0.3 ng g™*) were amongst the highest
ones in our data set (Fig. S8).

In the PW (N = 14), H,S concentrations were as low as in the Cohana Bay core BCt while
both Fe and Mn were at least 3 orders of magnitude higher in the entire profile likely due to a
large detrital pool. Fe and H,S exhibited a mirror distribution with rising Fe concentrations
while H,S decreased. Porewater THg concentrations (12.9 + 8.6 ng L™) were in the highest
range of our data and exhibited a peak up to 30 ng L™ below the SWI followed by a gradual
decrease with depth down to 2.7 ng L™ at 12 cm depth. MMHg concentrations (1.5 + 0.8 ng
L") and percentages (15 + 10%) in PWs were low in the entire profiles with the exception of
two thin peaks located below the SWI (3.7 ng L™) within the optimum of sulfate reduction
and a second one (2.1 ng L™) at 9 cm depth within the Fe reduction coinciding with a sulfide

peak (Fig. S8).

4. Discussion

4.1. OM, Fe and S control on the partitioning of Hg between sediment and porewater
THg in the sediment was found correlated with Cyq in all cores with the exception of the
carbonate rich sediments (Fig. 5). In the organic rich cores (CH and BCt), although the
regression slopes were similar, their y-intercepts were at least 2 times greater for CH than for
BCt, whereas the Corg depleted core BE had almost 2 times higher THg concentrations than
BCt. It suggests that the abundance of Cyq Was not limiting for Hg scavenging but rather that
the quality of OM (Skyllberg et al., 2000; Skyllberg, 2012) and especially its reduced sulfur
content increased the ability of sediment OM to bind Hg (Hollweg et al., 2009). Hence, Hg

had
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a higher affinity for allochthonous OM (BE) than for autochthonous OM (CH and BC)
(Hammerschmidt et al., 2008). Amongst autochthonous OM, the fine pelagic OM (CH) was a
greater Hg scavenger than OM mostly originating from emerged aquatic plants in the littoral
(core BCt, Fig. S9). In addition, the positive correlation between Hg or other redox sensitive
elements (Mo, Cd and U) with both authigenic Fe sulfide minerals and Corg (Figs. 4 and S6)
at Chua support their scavenging onto sulfidized OM (Chappaz et al. 2008; Marnette et al.
1992; Rosenthal et al. 1995; Schaller et al. 1997) likely present as organic coating on
authigenic Fe minerals (Feyte et al., 2012). Another explanation for the difference in THg
concentration between cores is the different sedimentation rate which are much lower in the
deep sites [0.05 to 0.1 cm yr' (Rodrigo and Wirrmann, 1992)] compared to the much
shallower sites [e.g., 0.22 to 1 cm yr* (Binford et al., 1992; Pourchet et al., 1994)] where the
high production of autochthonous OM and carbonates, and the trapping of allochthonous
material dilutes Hg concentrations. In the carbonate rich sediment (HUc), THg was positively
correlated with TS (R = 0.93), TFe (R = 0.61) and Fe,s (R = 0.81) but not with Cyq (Figs. 5
and S4). Hence, Hg was likely adsorbed onto authigenic Fe sulfides in this type of sediments
in contrast to the organic rich ones. The positive correlation between both TFe or Feysc and TS
(R = 0.87 and 0.93, respectively), the Fe:S molar stoichiometry (average = 0.36 = 0.03), and
the respective abundance of TFe and Feasc support a sediment composition with (i) a major
pool of pyrite (FeS;) and (ii) a minor pool of other sulfide minerals (or OM) and reactive Fe
minerals (i.e., Feasc = 4.2 + 1.2 %TFe) extracted by ascorbate (Canfield et al. 1992;
Hyacinthe et al. 2001). These results are in accordance with the moderate levels of AVS (12-
56 umol g-1) reported in the Lago Menor shallow surface sediments (Sarret et al. 2019).

In PWs, highest THg concentrations were encountered in the surface layers of the carbonate
rich sediment core (HUb and HUc) and decreased with increasing Fe and H,S concentrations

(Fig. 5b) with depth. In addition, both PW Fe and H,S were positively correlated suggesting
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the presence of filter passing colloidal FeS minerals as reported in anoxic waters and PW
(Brendel and Luther, 1995; Bura-Nakic et al., 2009). In opposition, PW THg concentrations
in organic rich sediments were at least 2 times lower and increased with rising filtered Fe
concentration but did not exhibit any covariations with H,S (Fig. 5) suggesting that Hg was
bound to organic ligands in solution.

The calculation of partition coefficients for Hg(ll) between the sediment and the PWs (log Kp
=log [Hg(I1)seq] - log[Hg(I)ew]) corroborates the hypothesis that sediment OM content and
source (or quality) controlled the partitioning of Hg(ll) onto the solid phase because logKps
for Hg(Il) at CH (= 4.2 + 0.2, N = 24), BCt (3.9 + 0.3, N = 18) and BE (3.8 £ 0.3, N = 14)
cores were much higher than those of the 3 carbonate facies sediment cores (3.4 £ 0.3, N =
72). In the carbonate rich sediment, the enhanced partitioning of Hg(ll) into the pore-water
phase can result from both the low Corg content in the sediment and the high sulfide content
in PWs reported to favor Hg—S complexes in pore fluids (Drott et al., 2007; Skyllberg, 2008)

and/or as Hg bound to colloidal Fe sulfides.

4.2. OM, Fe and S control on the MMHg accumulation in sediment and PW

The distribution of MMHg in sediments was found closely associated to the one of THg in
HU and CH cores (Fig. 6a). In the carbonate rich sediment (HU), MMHg was found
associated to authigenic Fe sulfides while in the organic rich sediment core CH, it was likely
associated to sulfidized OM and authigenic Fe minerals (Fig. 6). In opposition, no correlations
were found between MMHg and Coyq, Fe or S for the two littoral cores (BCt and BE)
suggesting that only specific fractions of their mixed source OM and other minerals have
driven the sorption of MMHQg.

In PWs, MMHg peaks occurred in surface sediments for our entire set of cores at depth
intervals where sulfates were consumed (Figs. 2-4, S3 and S8). This suggests that in

subsurface sediments, MMHg production by sulfate-reducing bacteria was favored by the
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presence of fresh OM and low-molecular-weight (LMW) thiols that promote Hg
bioavailability (Drott et al., 2007; Bouchet et al., 2018). The highest MMHg accumulation in
surface HU cores was likely related to low DOM and high colloidal (Fe or Hg) sulfides and
Jor charged complexes, e.g. HgS,H™ and HgS,* that favored biomethylating (Drott et al.,
2013) compared to the other facies where high DOM have likely restricted Hg(l1) availability
for methylators (Barkay et al. 1997).

Deeper in the profiles, the differences in MMHg concentrations and percentage patterns
between cores can be related to the decrease of LMW ligand with depth (Vairavamurthy et al.,
1997) and to their respective amounts of H,S and Fe in PWs. Our set of cores can be divided
in three groups with PWs H,S > Fe in the entire HU and CH profiles, H,S > Fe in core BCt
and H,S < Fe in core BE (Fig. 5). In CH and BCt cores, MMHg in PWs did not show any
significant relationship with H,S in contrast to cores HU and BE although the highest MMHg
values were found at different H,S concentrations in these laters (Fig. 6). Thus, we find no
support for a general trend in decreasing concentration of accumulated MMHg at a certain
concentration of sulfide, owing to the decreasing of dissolved neutral Hg sulfides
concentrations, as previously proposed (Benoit et al., 1999).

In the PWs of the carbonate rich sediment (HU), the gradual decrease with depth of both
Hg(1l) and MMHg with increasing H,S and Fe concentration (Fig. 6) suggests that Hg (1)
became unavailable for methylating organisms (Liu et al., 2008) as it likely precipitated as
HgS or was adsorbed onto neoformed sulfides (Slowey and Brown, 2007). In core BE,
although H,S and Fe levels were at least respectively 3 orders of magnitude lower and higher
than those of HUb, similar trend was found with an in depth decrease in THg with increasing
Fe concentration illustrating that the abundance of Hg species in PW was controlled by
sulfides until iron reduction became dominant favoring the scavenging of Hg species onto

precipitated authigenic minerals as reported in various freshwaters (Feyte et al., 2010; Feyte
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et al., 2012; Hellal et al., 2015) and marine sediments (Cossa et al., 1996; Gobeil et al., 1999;
Guédron et al., 2012). However, it must be considered that the decline with depth of PWs and
sediment MMHg concentration may result from increasing demethylation (Rydberg et al.,
2008).

In the PWs of the organo-detrital sediment (core CH), MMHg concentrations and percentages
were almost 3 times lower than in the carbonate facies in spite of a similar range of H,S
concentration. The same was found for the detrital core BCt although H,S levels were at least
3 orders of magnitude lower. In addition, PW THg in both cores were amongst the lowest
values suggesting that H,S was not the unique driver of Hg(ll) availability for biomethylation.
Again, sediment OM have likely enhanced the partitioning of Hg species onto the solid phase
or demethylation was higher in these cores.

Below ~10 cm depth, highest MMHg concentrations (core CH — Fig. 3) or peaks (cores BCt
and BE — Figs. 4 and S8) were found at the onset or within the iron reduction zone. Hence, in
these 3 cores enriched in Fe, IRB likely took over SRB for methylation independently of the
H.S level when iron overwhelmed sulfate reduction (Fig. 5).

Finally, as for Hg(ll), the plot of MMHg log Kp;s values against Coq (Fig. 6) corroborates the
hypothesis that sediment OM quality controls the partitioning of MMHg between sediment
and PWs because lowest log Kps were found in the OM depleted carbonate cores (average log
Kommng for HUc, HUb and BCc = 1.9 + 0.6, N = 72) compared to the organic rich sediment
facies (log Kpmmng = 2.4 £ 0.4 and 2.5 + 0.3 for CH (N = 24) and BCt (N = 18), respectively).
Again, the highest values were found in the OM depleted core BE (log Kpmmrg = 2.8 £ 0.2, N
= 14) where the terrestrial Corg has likely the highest binding capacity in comparison to the

other types of OM.

4.3. Estimation of Hg(l1) and MMHg diffusive fluxes towards the water column
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In all cores, the drop in Fe and Mn concentrations above the SWI indicates the existence of a
strong redox front at the SWI where reduced Fe and Mn (diffusing from the PW) were back
oxidized and precipitated as reactive Fe- and Mn-oxides [i.e., Feasc and Mng , Fig. S1
(Davison, 1993; Boudreau, 1999)] likely trapping the Hg released during OM mineralization
(Figs. 2 to 4). Hence, only a fraction of Hg from the PWs is transferred into the upper water
column depending on (i) the steepness and thickness of the redox stratification around the
SWI (Berner, 1980), (ii) the adsorption of Hg by biota [e.g., biofilm and periphyton (Lanza et
al., 2017; Bouchet et al., 2018)], (iii) the diffusivity of Hg binding ligands [e.g.,
macromolecules and colloids (Skyllberg, 2008; Guédron et al., 2016; Bouchet et al., 2018)],
and (iv) the bioirrigation or physical advection (Point et al., 2007; Cardoso et al., 2008;
Guédron et al., 2012). Although we could not provide all these parameters, the high resolution
gradient profiles obtained at the SWI in the sediment cores allow us calculating a first
estimate of the Hg diffusive fluxes using the first Fick’s law (see section 2.5 for calculation
details) from the different sediment facies. These calculations were only performed for the
Lago Menor because of the limited number of cores in Lago Mayor.

The obtained MMHg diffusive fluxes (Jsed) were always positive (efflux from the sediment
into the overlying water column) rising from the deep (13 + 2 ng.m™2.d™), to the littoral (53 +
8 ng.m™.d™) organic facies and to the shallow carbonate facies (104 + 16 ng.m2.d™* — Tab. 1
and S.1.6). These values are within the highest values (from 1 to 270 ng.m2.d™) reported for
contaminated freshwater areas (Gill et al., 1999; Choe et al., 2004; Guédron et al., 2012). As
expected, sediments of the carbonate facies which cover almost 75% of the Lago Menor (Tab.
S4) were found the greatest contributor of MMHg to the water column because they combine
the lowest logKp and the highest MMHg concentration gradients between PW and OW. The
estimated daily MMHg diffusive fluxes reported to the lake bottom surface area of each of the

3 sediment facies, were respectively; 0.75 g.d™ for the organic-detrital facies, 15 g.d* for the

22



organic facies and 102 g.d™ for the carbonate facies and a total daily flux of 118 g.d™ at the
scale of Lago Menor (Tab. 1).

Because large diel and seasonal changes in MMHg concentrations were reported in surface
water due to extreme (de)methylation oscillations during diurnal biogeochemical gradients
(Alanoca et al., 2016a; Bouchet et al., 2018), we calculated diel and seasonal diffusive fluxes
by comparing fluxes obtained with extruded cores to fluxes obtained with Rhizon (micro-
needle sampler) collected by scuba divers during a ~2 hours sampling period at various
periods of the day (Fig. 7). The Rhizon experiments could only be conducted in very shallow
(BCc) and shallow (HUc and HUb) areas due to diving constrains. Obtained diffusive fluxes
from Rhizon samplers and extruded cores were of similar ranges and consistent within studied
periods (Fig. 7). During the late wet season, MMHg fluxes overwhelmed those of Hg(ll)
strikingly showing that diffusion of THg towards the water column was dominantly composed
of MMHg (Fig. 7a).

Hg(ll) diffusive fluxes were higher in the early morning and no significant difference was
found between sediment covered by epibenthic biofilms or Characeae. For MMHg, fluxes
showed a decreasing trend from the early morning to the afternoon for sediment covered by
Characeae while they remained almost constant for sediment covered by epibenthic biofilms.
During the late dry season, Hg(Il) diffusive fluxes were generally higher than for the late wet
season with the highest fluxes found at noon for all sites. However, the lack of data for the
early morning period doesn’t allow concluding. MMHg fluxes were only measured at noon
during the dry season but were amongst the lowest values recorded for the two seasons.
Although the data set is not exhaustive, our temporal set of data suggests that during the wet
season, carbonate sediment covered by Characeae are the main source of MMHg for the

water column with higher fluxes found in the early morning.
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OW used for these calculations were collected within the 50 cm above the sediment and had
similar narrow MMHg concentrations range (average = 0.08 + 0.04 ng.L™, N = 40) for the
three sites) to those reported in the water column [0.11 + 0.06 ng.L™ (Guédron et al., 2017)]
but were 4 times lower than the siphoned OW (0-5cm) recovered in cores (average MMHg =
0.33 + 0.07 ng.L™ for the three sites, N = 5). Such difference reflects the stratification in the
epibenthic layers and the strong gradient between epibenthic and surface water from which
resulted an overestimation of the fluxes obtained with rhizons. This points out the importance
of the benthic/epibenthic stratification in the water column above the SWI as a modulating
factor on the use of calculated diffusive flux to estimate representative flux budget. Indeed,
higher fluxes found in the early morning could be explained by a shallower redox front (e.g.,
into the Characeae mat) during the night resulting from the aquatic ecotopes respiration
which could favor upward Hg diffusion consistently with reported higher night-time benthic
chambers in the Lavaca Bay (Gill et al., 1999). In contrast, the macrophytes photosynthesis
during the day may favor the water column oxygenation and the scavenging of MMHg in the
Fe redox loop and onto submerged macrophyte’s periphyton or benthic biofilms. Moreover,
the wind driven vertical mixing of the water column during the afternoons or storm events
(Dejoux, 1992) may results in two opposite processes with the flushing of porewater to the
water column by physical advection (Huettel and Webster, 2001; Guédron et al., 2012;
Bouchet et al., 2013) and the shifting and thinning the diffusive boundary layer downwards in
the sediment (Kelly-Gerreyn et al. 2005). This later would result in a higher scavenging of
dissolved or colloidal Hg species onto the surface sediment as illustrated by peaks found in
surface cores (Figs 2 and 4). However, the changes in diffusive fluxes also greatly depended
on the MMHg concentration in PW which changed over time (Fig. 7). Hence, both the higher
MMHg production during the night with an upward shift of the stratification likely enhanced

these MMHg effluxes to the water on this period. Finally, as bioirrigation effect is not taken
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into account in the diffusive flux calculations, our results may underestimated total sediment-
water fluxes as shown in various studies (Choe et al., 2004; Point et al., 2007;
Hammerschmidt and Fitzgerald, 2008; Benoit et al., 2009).

In the water column, the accumulation of MMHg results from the equilibrium between the
production of MMHg from various sources (i.e., the sediment, the benthic biota, the water
column and the atmosphere), and its demethylation or its recycling (adsorption and settling)
onto suspended particles and benthic biota (adsorption and absorption). The daily contribution
of rain (0.003 pg MMHg.L™.d™ ) to the surface water of the Lago Menor can be neglected
considering an average MMHg concentration in rain [0.11 + 0.06 ng.L™ o] and an annual
precipitation value of 758 mm.yr™ over the Lago Menor (surface = 1308.7 km?, volume =
10.6 km?®, Table S4). The same calculation for the sediment gives a daily dissolved MMHg
efflux to the water column of 11 pg.L™*.d™ which represents a daily input of approximately
40% to the MMHg stock in the water column of the Lago Menor [average MMHg
concentration of 27 pg.L™ (Guédron et al., 2017)]. In addition, we recently reported that
methylation was almost negligible in the surface water while the net daily demethylation rates
ranged between 10 and 40% for both the dry and wet season (Amouroux et al., 2015). Hence,
these findings suggest that sediment and the (epi)benthic biota (Bouchet et al., 2018) are the
main sources of MMHg for the water column in Lake Titicaca and that diffused and advected
MMHg is counterbalanced by biological and photochemical demethylation, and bio-uptake in

the water column.

5. Conclusions

This high-resolution early diagenesis study of the Lake Titicaca surface sediments showed
evidence that MMHg accumulation in porewater and sediment was driven by the respective
interplay between sources / quality of OM and bacterial mediated redox transformation of Fe

and S. Our main conclusions are:
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(i) highest MMHg accumulation in PW were found in surface sediment of the carbonate rich
facies mostly driven by sulfate reducing organisms.

(i) the abundance and quality of the sediment organic matter restricted MMHg accumulation
in PW resulting from higher partitioning of Hg onto sediment’s sulfidized OM and potentially
to higher DOM in PW that was limiting for methylation. Terrestrial OM was identified as the
greater scavenger of Hg in sediments compared to autochthonous OM.

(iii) the calculation of diffusive fluxes highlighted that the carbonate facies was the major
contributor of MMHg for surface water with the highest fluxes occurring during the early
morning when the redoxicline is suggestively located above the SWI. A preliminary mass
balance on the entire Lago Menor, suggests that surface sediment could contribute to more
than one third of the MMHg accumulated in the water column.

(iv) to better assess the contribution of MMHg effluxes to the water column, advective mixing
(e.g., shear stress and biorirrigation) needs to be investigated to get a complete and accurate
picture of Hg fluxes dynamics at the daily scale. In addition, the recent enhancement of water
column eutrophication can be a major issue for such MMHg effluxes because lasting sub to
anoxic conditions in the water column would likely favor both the production and the benthic

fluxes toward the water column.
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Figure Captions for the manuscript :

Enhanced methylmercury accumulation in carbonate sediments and mobilization to the

water column in Lake Titicaca (Bolivia)
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Figure 1. Top panel: location of the two sub-basins of Lake Titicaca at the frontier between
Peru and Bolivia. Bottom panels: Map of Lake Titicaca including the two sub-basins a) Lago
Mayor with Escoma Bay (BE) and Sun Island (IS) sampling sites and b) Lago Menor with
Huatajata (HU; cores HUb and HUc), Chua (CH), and Cohana Bay (BC; cores BCt and BCc)
sampling site location. Note the subscripts given after sampling site names refer to the type of
benthic biome covering the sediment with b for biofilms, ¢ for characeae (Chara spp.), and t

for totoras (Schoenoplectus totoras).

Figure 2. Carbonate rich shallow sediment (cores HU, Huatajata). Depth concentration
profiles in: a) sediment: Corg, 813Corg(VpDB), Mn, TFe, TS, THg, MMHg and %MMHg and b)
porewater: NOz, PO,>, Mn, Fe, SO,%, H,S and THg*, MMHg* and % MMHg*. All
parameters are provided for the core HUc and * are from both cores HUc and HUD. Subscript
c refers to sediment covered by Characeae (HUc) and b by epibenthic biofilms (HUb). The
complete data for the porewater of cores HUc and BCc (outlet of the Cohana Bay) are

presented in Fig. S3.
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Figure 3. Organic rich deep sediment (core CH, Chua). Depth concentration profiles in: a)
sediment: Corg, §°Corgwepg), Mn, TFe, TS and THg, MMHg and %MMHg and b)

porewater: NO3', PO,*, Mn, Fe, SO,%, H,S, THg, MMHg and % MMHg.

Figure 4. Organo-detrital littoral sediment (core BCt, very shallow eutrophic Cohana Bay).
Depth concentration profiles in: a) sediment: Corg, 813Corg(VpDB), Mn, TFe, TS and THg,
MMHg and %MMHg and b) porewater: NO3', PO,*, Mn, Fe, SO,%, H,S, THg, MMHg and %
MMHg. Crossed symbols refer to biofilm rich surface sediment layer and semi-filled symbols

to the compact layer below 15cm deep.

Figure 5. Relationships between (from left to right): A) THg and Corg, THg and TS, and Ts
and TFe concentrations in the sediment and B) THg and Log H,S, THg and LogTFe, and Log
H.S and LogTFe concentrations in the porewater. Regressions are plotted only for p values
<0.01. Colored symbols and regression lines refer to: the very shallow organo-detrital facies
at Cohana Bay (red circles, core BCt), the shallow carbonate facies at Huatajata (grey
triangles, core HUc), the organic-rich deep facies at Chua (dark blue circles, core CH) and the
detrital facies at Escoma Bay (dark red hexagons, core BE). Crossed symbols refer to surface
sediment (biofilm) and semi-filled symbols to the compact layer below 15cm deep in core

BCt. * regression performed without 0-2cm biofilm layer in core BCt.

Figure 6. Relationships between (from left to right): A) MMHg and TS, MMHg and Fe
extracted with ascorbate (Fe,sc), MMHg and THg, and MMHg and Corg concentrations in the
sediment and B) MMHg and Log H,S, MMHg and LogTFe, MMHg and THg concentrations
in porewater. The bottom right panel shows the relationship between log Kq mmng and Corg.
Regressions are plotted only for p values <0.01. Colored symbols and regression lines refer
to: the very shallow organo-detrital facies at Cohana Bay (red circles, core BCt), the shallow

carbonate facies at Huatajata (grey triangles, core HUc), the organic-rich deep facies at Chua
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(dark blue circles, core CH) and the detrital facies at Escoma Bay (dark red hexagons, core
BE). Crossed symbols refer to surface sediment (biofilm) and semi-filled symbols to the

compact layer below 15cm deep in core BCt.

Figure 7. Bar chart presentation of diffusive fluxes (Jsed) for Hg(ll) and MMHg calculated
between the first centimeter of sediment porewater and overlying (core) or surface water for
shallow carbonate facies sediment (HUc and HUb: Huatajata; and BCc: Cohana Bay) at
various periods of the day and for the late wet (a) and dry (b) season. Bars with vertical lines
correspond to Jsed obtained from sediment cores, the others are from Rhizon (micro-needle)
samplers. White symbols give the concentration of Hg(ll) and MMHg in the porewater (scales

on the right side of the plots).
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Table 1. Mean diffusive fluxes (Jsed) calculated for Hg(ll) and MMHg from the difference between
surface PW (0 to 1cm) and OW for the 3 main sediment facies of Lago Menor and reported to their

respective surface area (two left columns).

Sediment facies cores Surface  Volume Jsed Hg(1l) Jsed MMHg Jsed Hg(ll) Jsed MMHg
(km?)  (km® (ng.mZd") (ngm?3dh  (g.dh) (g.d™h

[depth range]
Organic BCt 267.8 2.3 15.1 55.4 4.0 14.8
[0 -2m]
HUc
Carbonate 983.9 7.6 57.2 104.0 56.3 102.3
[2-20m]  HUub
BCc
Organodetrital oy 579 07 97 13.2 0.6 0.75
[20 - 40 m]
Total 1308.7 10.6 60.9 117.9
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Highlights

Mercury (Hg) speciation was analyzed in Lake Titicaca sediment cores

Monomethymercury (MMHg) accounted for up to 90% of total Hg in porewater (PW)

Highest MMHg accumulation in PW was found in carbonate-rich sediment

The iron-sulfide loop and organic matter controlled Hg and MMHg accumulation in PW

MMHg sediment diffusive flux contributed to over 1/3 of MMHg load in the water column
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a) Sediment
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a) Late wet season (23 to 26 April 2014)
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