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Abstract: In shallow aquatic environments, sediment is a significant source of monomethylmercury
(MMHg) for surface water (SW). High-altitude aquatic ecosystems are characterized by extreme
hydro-climatic constraints (e.g., low oxygen and high UV radiation). We studied, during two seasons,
the diel cycles of MMHg in SW and sediment porewaters (PW) of Lake Uru Uru (3686 m a.s.l,
Bolivia) contaminated by urban and mining activities. Our results show that diel changes in SW
MMHg concentrations (up to 1.8 ng L−1 ) overwhelm seasonal ones, with higher MMHg accumulation
during the night-time and the dry season. The calculation of MMHg diffusive fluxes demonstrates
that the sediment compartment was the primary source of MMHg to the SW. Most MMHg efflux
occurred during the dry season (35.7 ± 17.4 ng m−2 day−1 ), when the lake was relatively shallow,
more eutrophicated, and with the redoxcline located above the sediment–water interface (SWI).
Changes in MMHg accumulation in the PWs were attributed to diel redox oscillations around the SWI
driving both the bacterial sulfate reduction and bio-methylation. Finally, we highlight that although
MMHg loading from the PW to the SW is large, MMHg photodegradation and demethylation by
microorganisms control the net MMHg accumulation in the water column.
Keywords: monomethylmercury; water–sediment interface; diel and seasonal cycles; photodegradation

1. Introduction
Lake sediment is known to be an important source of mercury (Hg) species, including the neurotoxic
monomethylmercury (MMHg) for overlying waters [1], through their diffusion and advection under
dissolved and colloidal phases [2–6]. Hg methylation mainly occurs in sub to anoxic surficial sediments
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or biofilms developed at the sediment–water interface (SWI), implying various microorganisms such as
methanogens, sulfate-reducing (SRB), and iron-reducing (IRB) bacteria [7–10]. In shallow environments
(e.g., shallow lakes, lagoons, ponds), both the shear stress and the bio-irrigation driven by tides, wind,
and benthic organisms enhance the upward release of elements contained in the sediment porewater
towards the water column [2–6,11–13]. Such MMHg exchange is mainly regulated by the position of
the redox front around the SWI where it is mainly produced, the sediment structure (e.g., porosity,
tortuosity), and the abundance and type of (in)organic ligands [14,15] and colloids [16].
In high-altitude shallow lakes, extreme hydro-climatic constraints (e.g., high UV radiation and low
oxygen) result in large diel variations of the water column’s biogeochemical and physical parameters
that can overwhelm seasonal amplitude [17]. This is the case in Lake Uru Uru (3686 m above sea
level (a.s.l.)), one of the most Hg-contaminated lakes of the Bolivian Altiplano [18,19]. Previous
studies [18,19] have shown that urban and mining discharges to the lake, combined with the strong
diurnal biogeochemical gradients, have resulted in large diel variability in MMHg levels (0.2 to
4.5 ng L−1 ) in the water column. The quantification of methylation potential during incubation
experiments with enriched isotopes has suggested that sediments could be the major source of MMHg
for the water column [18]. Nevertheless, the sediment–water exchange has not yet been assessed.
In this work, we studied Hg and MMHg sediment–water column exchanges in Lake Uru Uru
during two 36-h cycles performed at the end of the wet (May) and at the end of the dry (November)
seasons of 2014. Hg speciation was measured in the water column (i.e., filtered, particulate, and
dissolved gaseous Hg) and in the surficial sediment porewater. We also calculated Hg and MMHg
diffusive fluxes at the SWI to assess the sediment contribution in MMHg effluxes toward the water
column. The final objective was to identify the biogeochemical and physicochemical factors influencing
these sediment–water exchanges and to evaluate those regulating the accumulation of MMHg in the
water column.
2. Materials and Methods
2.1. Lake Uru Uru General Settings
Lake Uru Uru (3686 m a.s.l.) is located in the central part of the Bolivian Altiplano region (Figure 1),
south of Oruro city. This shallow aquatic ecosystem is a human-made reservoir mainly supplied by
the Rio Desaguadero waters. Depending on the season, the lake surface and depth vary between 120
and 350 km2 and from 0.25 to 1 m, respectively, representing a change in lake volume up to 12 times
between the two seasons.
Historical and current mining (e.g., Au, Ag, and Sn) and smelting activities in the region have
led to the contamination of the lake by various metals, including Hg [19,20]. In addition, the recent
urban development has resulted in the almost permanent eutrophication of this shallow aquatic
ecosystem [21]. A sharp contrast exists between the northern and southern parts of the lake, with
a higher density of sedge (Schoenoplectus totora), grass (Ruppia spp.), and algae (Characeae) in the
southern part [22]. Previous investigations demonstrated that the diel variability (e.g., temperature,
oxygen) in the lake could overwhelm seasonal variations [18]. Furthermore, the synergistic effect of
mining (i.e., acid mine drainage (AMD)) and urban effluents from both the Oruro and Huanuni areas
(Figure 1) to this shallow lake were proven to enhance Hg methylation, with the sediment being the
main source of MMHg during the dry season [19].
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2.2. Sampling
Location,
Strategy,
and Elemental
Historical
and current
mining
(e.g., Au,Analysis
Ag, and Sn) and smelting activities in the region have
led to the contamination of the lake by various metals, including Hg [19,20]. In addition, the recent
Surface water and sediment porewater samples were collected during two campaigns performed
urban development has resulted in the almost permanent eutrophication of this shallow aquatic
in May (end of the wet season) and November (end of the dry season) 2014. Surface water was sampled
ecosystem [21]. A sharp contrast exists between the northern and southern parts of the lake, with a
with a Teflon-coated Go-Flo trace metals sampler. Samples were then stored unfiltered or filtered
higher density of sedge (Schoenoplectus totora), grass (Ruppia spp.), and algae (Characeae) in the
(0.22 µm PVDF) in acid-washed FEP Teflon containers and acidified (except for dissolved gaseous
southern part [22]. Previous investigations demonstrated that the diel variability (e.g., temperature,
mercury samples) with HCl (0.5%, v/v, Ultrex grade—Baker). Surface sediment porewaters (0–5 cm)
oxygen) in the lake could overwhelm seasonal variations [18]. Furthermore, the synergistic effect of
were sampled with 5 cm long microporous polymer tube samplers (RhizonCSS® , 0.2 µm porosity;
mining (i.e., acid mine drainage (AMD)) and urban effluents from both the Oruro and Huanuni areas
Rhizosphere Research Products, the Netherlands) over ~4 h, following published protocols [3,23].
(Figure 1) to this shallow lake were proven to enhance Hg methylation, with the sediment being the
Dissolved gaseous mercury (DGM) was purged from unfiltered water samples on-site within ~0.5 h
main source of MMHg during the dry season [19].
after sampling and collected on gold-coated sand traps [24]. DGM was analyzed by thermodesorption
(600 ◦ C) and cold vapor atomic fluorescence spectrometry (CV-AFS) [24]. Filtered (F) and unfiltered
(UNF) total mercury concentrations (THg) in surface and pore waters were determined by cold
vapor atomic fluorescence spectrometry (CV-AFS) after conversion of all mercury species into Hg0
followed by detection using a Tekran® (Model 2500, Canada) [25,26]. Filtered monomethylmercury
(MMHgF ) concentrations were analyzed using an ethylation purge and trap-gas chromatograph-AFS
analyzer (MERX System, Brooks Rand® , Seattle, WA, USA) following published protocols [27,28].
All samples were run in duplicate and quantified using the standard addition technique. Unfiltered
monomethylmercury (MMHgUNF ) concentrations were analyzed by propylation ID-GC–ICPMS (S.I.2.2)
following published protocols [4,29,30].
Dissolved organic carbon concentrations (DOC) were determined using a Non-Dispersive
Infra-Red (NDIR) CO2 Shimadzu® (Model VCSN, Japan) spectrometer after humid oxidation in
a sodium persulfate solution at 100 ◦ C. Major elements (Ca, Si, K, Na, Mg, and S) in filtered water
(SW and PW) were measured by ICP-AES (Varian model 720ES) within the analytical chemistry
platform of ISTerre (OSUG-France) and trace elements (Fe, Al, Mn, V, Sb) by ICP-MS (Nexion, Perkin
Elmer) within the analytical chemistry platform of Univ. de Pau et des Pays de l’Adour (UPPA).
Anions were measured by ionic chromatography using a 332 Metrohm apparatus and its accuracy
was evaluated with a Carl Roth 2668.1 standard. Hydrogen sulfide (H2 S) was determined using a
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modification of the diamine method described elsewhere [31,32] and analyzed with HPLC (Agilent )
after calibration with a Radiello® solution (Code 171, Italy) for H2 S [28].
A submersible multiparameter probe (HI-9828, Hanna Instruments, Woonsocket, RI, USA) was
used to characterize the water physico-chemistry (pH, conductivity, dissolved oxygen concentration
and saturation, and temperature). Data collection was conducted every three seconds for two minutes
at the surface (0–10 cm) and above the sediment–water interface (SWI) at each time of sampling [28].
2.3. Sediment–Water Flux Measurement and Calculation
Molecular diffusion from sediment to overlying water was estimated through the calculation of
diffusive flux for Hg(II) (= THg − MMHg) and MMHg at the SWI using the measured concentration
gradient and Fick’s first law [33,34]:
Jsed = -Ø/Dsed (∂C/∂z)
where Jsed (ng.m−2 d−1 ) is the diffusive flux from the sediment, Ø is the porosity (Ø = 0.78 [20]), Dsed
is the diffusive coefficient in sediment (2 × 10−6 cm2 s−1 and 1.2 × 10−5 cm2 s−1 for Hg(II) and MMHg
ionic/molecular diffusion coefficient in water [35]), and ∂C/∂z is the linear concentration gradient
through the SWI. 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).
3. Results
3.1. Diel and Seasonal Variations of Mercury Species in Surface Water
The water column was oxic during both seasons, with the lowest oxygen levels (O2 = 76 ±
23%saturation ) and redox potential values [i.e., oxydo-reduction potential (ORP) = −8 to −72 mV] found
during the dry season compared to the wet one (O2 = 93 ± 17%sat ), where redox (i.e., ORP = 192 to
−115 mV) was only negative during the night, resulting from algal respiration and sulfate reduction
(H2 S = 51 ± 42 µg L−1 , Figure 2a,b).
Dissolved gaseous mercury (DGM = 11.2 ± 9.9 pg L−1 ) in surface water (SW) was mainly in the
form of Hg(0) [19] and was overall low and never exceeded 1% of THgUNF for both seasons (Figure 2a),
similar to previous studies in Lake Uru Uru [19] and Lake Titicaca [24] but in the lowest range of values
reported for temperate freshwater lakes [36,37]. Higher DGM levels were found during the dry season
(21.0 ± 7.5 pg L−1 ), which were around four times higher than during the wet one (5.6 ± 5.5 pg L−1 ).
Average unfiltered (UNF) concentrations of THg (3.3 ± 1.0 ng L−1 ) and MMHg (0.6 ± 0.2 ng L−1 )
were 3 to 10 times higher than those measured in Lake Titicaca [2,24] reflecting the local mining
contamination and high MMHg production in this ecosystem [18,19]. Both the average filtered (F) and
unfiltered (UNF) THg and MMHg levels in surface water (Figure 2c,d) were similar between the two
seasons. In contrast, filtered alkali and alkaline-earth metal concentrations (e.g., Li, Na, K, Mg, Ca,
and Sr) and DOC increased by two to three times during the dry season due to the evaporation and
concentration of ions in water (Figure 2b and Figure S1).
The diel variability of F and UNF MMHg concentrations overwhelmed the seasonal one, with the
highest values measured during the night-time when oxygen levels dropped (Figure 2a), resulting
from the aquatic ecotopes’ respiration. MMHg/THg percentages were high in surface waters for both
seasons. However, they presented larger diel variations, with lower average values during the dry
season (i.e., 35 ± 20% and 26 ± 7% for F and UNF, respectively) compared to the wet one (i.e., 42 ± 4%
and 35 ± 6%, Figure 2e).

The water column was oxic during both seasons, with the lowest oxygen levels (O2 = 76 ±
23%saturation) and redox potential values [i.e., oxydo-reduction potential (ORP) = −8 to −72 mV] found
during the dry season compared to the wet one (O2 = 93 ± 17%sat), where redox (i.e., ORP = 192 to −115
mV) was only negative during the night, resulting from algal respiration and sulfate reduction (H2S
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3.2. Diel and Seasonal Variations of Mercury Species in Surface Sediment Porewater
Filtered THg (8.8 ± 3.3 ng L−1 ) and MMHg (1.7 ± 1.1 ng L−1 ) levels in surface sediment PW
(Figure 3a) were 2 to 8 times higher than those of SW. In contrast to SW, large seasonal differences
were observed in the PW, with higher MMHg concentrations during the dry season (3.0 ± 1.2 ng L−1 )
compared to the wet one (1.0 ± 0.4 ng L−1 , Figure 3b). Percentage MMHg/THg (Figure 3b) was also
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Filtered THg (8.8 ± 3.3 ng L−1) and MMHg (1.7 ± 1.1 ng L−1) levels in surface sediment PW (Figure
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)
Appl. Sci. 2020, 10, 7936
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Diel variations were large for THg, but no specific trend was identified except for a rising trend in
concentrations during the day for the dry season. In contrast, MMHg exhibited similar trends as for
SW, with rising concentration during the night for the dry season, while they did not vary significantly
during the wet season.
DOC concentrations in PWs (26 ± 5 mg L−1 , only measured during the dry season) were, on
average, 1.5 times higher than those of SW but exhibited a similar diel trend, suggesting that equilibrium
was established between these two compartments. Sulfide concentrations were an order of magnitude
higher than the one in SW, with at least three times higher average concentrations during the dry
season (39.9 ± 7.2 mg L−1 ) compared to the wet one (12.1 ± 9.0 mg L−1 , Figure 3b).
4. Discussions
4.1. DOC and Sulfides Drive MMHg Accumulation in Sediment PW and Effluxes Towards the SW
The high MMHg concentrations found in PW are consistent with a previous study in Lake Uru Uru,
which showed evidence that methylation was mediated mostly by SRB in the absence of sunlight [18].
Such nutrient-rich, alkaline waters with elevated levels in DOC and sulfates were also reported to
favor the activities of anaerobic bacterial communities [4,23,24,38]. During the wet season, the gradual
rise in MMHg concentration in PW during the night illustrates the progressive installation of anoxia in
surface sediment PW due to the rising respiration of the aquatic ecotopes, which is also reflected by the
drop in dissolved oxygen in overlying waters (Figure 4a). This pattern is exacerbated during the dry
season as a result of more eutrophic conditions, which enhance MMHg production and accumulation
in the sediments [39]. During this latter season, both DOC and sulfide concentrations were positively
correlated (R = 0.56, p < 0.05), supporting the notion that active sulfate reduction in PW favors DOC
release in PWs during the reduction of Fe-oxy(hydr)oxides [40].
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Strikingly, MMHg Jseds were higher than those of HgII during the dry season, whereas the
opposite was found for the wet season. This greatly illustrates the major MMHg accumulation in the
surface sediment PW and the upward MMHg efflux towards SW during the dry season. In addition,
the positive correlation found between sulfide and MMHg Jsed (R = 0.70, p < 0.01, Figure S3) supports
the notion that the upward shift of the redox gradient above the SWI during the dry season has likely
favored the diffusion of DOC-bound MMHg or MMHg-SR complexes in the overlying water [14].
In contrast, the lower MMHg Jseds during the wet season likely result from the downward shift of
the redox stratification in the epibenthic layers and/or the sediment. Indeed, higher MMHg Jsed
during the night-time could be explained by a shallower redox front when the aquatic ecotope
respiration dominates and favors upward Hg diffusion [2,44]. In contrast, the macrophytes and
algae photosynthesis during the day may favor the water column oxygenation and the scavenging of
MMHg in the Fe redox loop and onto submerged macrophytes’ periphyton or benthic biofilms and
algae [45,46], explaining negative Jsed during the day-time [4,47].
Hence, the stratification within the water column during the dry period likely favored upward
MMHg effluxes from the sediment, which was also probably enhanced by the advection of surface PW
by wind-induced shear stress in this shallow system as wind was on average 40% higher in November
than in May (Figure S4).
4.2. Diel and Seasonal Changes in the Hg Partitioning between Dissolved and Particulate Phases in SW
Previous studies reported limited net Hg methylation potentials in the water column, whereas
elevated ones were found in floating bio-organic substrates and surface sediment of Lake Uru
Uru [18], supporting elevated MMHg production into fully anoxic environments or surface water
microenvironments [12,48,49]. Although average MMHg concentrations were similar between the
two seasons, the lower average percentages of filtered and unfiltered MMHg/THg with larger diel
variations during the dry season compared to the wet one (i.e., 42 ± 4% and 35 ± 6%) can be explained
by changes in water column biogeochemical conditions (i.e., dissolved oxygen, temperature and redox
oscillations, and pelagic productivity or mobility), resulting in changes in the partitioning between
the suspended solids and the solution. Alternatively, changes in the incident light radiation (see
Section 4.3) between the two seasons may explain the seasonal differences.
During the wet season, average percentages of filtered (<0.22 µm) THg and MMHg in surface
water were 58 ± 21% and 71 ± 23% of the UNF one, respectively, highlighting that both species were
mainly present in the truly dissolved or colloidal phases (Figure 4c). Strikingly, sharp drops in the
percentage of F/UNF THg and MMHg fractions (i.e., from ~80 to ~30%, Figure 4c) were found during
the night, counterbalanced by the rise in both species onto particles synchronously with the drop in
redox to negative values (Figure 2b). These percentages of F/UNF THg and MMHg were found to
decrease with rising sulfides (R = −0.64 and −0.62, p < 0.05, for THg and MMHg, respectively) or DOC
concentrations (R = −0.62 and −0.55, p < 0.05, for THg and MMHg, respectively) supporting the notion
that DOC-bound MMHg or MMHg-SR complexes released from surface PW or produced in anoxic
niches were sorbed onto suspended inorganic and organic particles. During the onset of reducing
conditions, Mn concentrations (Figure S1) rose in the water column as a result of the dissolution of
Mn oxides [50], whereas chalcophile redox-sensitive elements (i.e., Fe and V; Figure S1) decreased,
likely due to their (co)precipitation as or onto authigenic sulfide minerals [51]. Sulfate concentrations
(5.4 ± 5.1 g L−1 ) were at least an order of magnitude higher than those of Fe, and thus the production
of sulfides drives the Fe levels in the SW. Hence, drops in THgF and MMHgF levels during reducing
conditions found in the night-time period likely resulted from their adsorption or (co)precipitation
onto/with colloidal and particulate FeS [2], and onto sulfurized OM [52]. They likely enriched the
particulate pool through the flocculation of dissolved OM and the aggregation of colloids when SW
became reducing [53,54].
During the dry season, Hg species in the reducing SW showed the opposite trend as for the wet
season. THg and MMHg were mostly bound to particles (60 ± 13% and 50 ± 25% for particulate THg
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SW temperature or DOC for the filtered fraction suggests that photodemethylation was not a primary
sink for MMHg during this season. Indeed, lower insolation, higher water column, possible changes
in the composition of photo-reactive DOC species, and/or different MMHg-DOC bindings [65] could
have attenuated the radiation effect and reduced MMHg photodegradation efficiency. In particular,
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sink for MMHg during this season. Indeed, lower insolation, higher water column, possible changes
in the composition of photo-reactive DOC species, and/or different MMHg-DOC bindings [65] could
have attenuated the radiation effect and reduced MMHg photodegradation efficiency. In particular,
higher molecular weight dissolved OM, and a lower abundance of thiol functional groups (RS-) during
the wet season compared to the dry one, could have attenuated MMHg photodegradation [66,67].
As mentioned previously, one cannot exclude the possibility of lower biological activity in the wet
compared to the dry season, which would also have resulted in lower MMHg biodegradation.
As for MMHg, the overall low DGM (i.e., Hg(0)) concentrations in SW corroborate results from
in situ incubations with Hg-enriched isotopes, which reported low biological and photochemical
production of DGM in Lake Uru Uru [18]. Although DGM concentrations were low, the higher
concentrations found during the dry season likely result from higher solar radiation, higher
concentrations of suspended solids, as well as reducing bacteria/algae. Although solar radiations are
the main fuel for DGM production during the day, rises in DGM found during the night support the
notion of significant bacterial reductions in the dark [57].
5. Conclusions
Our results confirm previous observations made in Lake Uru Uru showing that diel changes
in MMHg concentration overwhelm seasonal ones, with higher MMHg accumulation in surface
water during the night-time and the dry season. We here bring new insights into the key role of the
sediment compartment as a major source of MMHg for the SW, with a larger contribution in MMHg
efflux towards the water column during the dry season when the lake is relatively shallow, more
eutrophicated, and with the redoxcline likely moving above the SWI. Our results suggest that MMHg
accumulation in the PWs fluctuates depending on diel redox oscillations around the SWI, driving
both the bacterial sulfate reduction and bio-methylation. We here confirm the previous hypothesis
from enriched isotope incubation that MMHg is preferentially produced in the PW and supports its
release toward the SW associated with dissolved/colloidal OM or organic thiols. In the water column,
both the pelagic light-dependent organisms and the flocculation/aggregation of dissolved OM with
colloids drive the MMHg partitioning between dissolved and particulate phases during diel redox
oscillations. Finally, although elevated MMHg diffusive fluxes demonstrate that MMHg loading from
the porewater to the water column is large, both the photochemical and biological methylmercury
degradation control the net MMHg accumulation in the water column.
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