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Abstract

Hg concentrations and isotope ratios were measured to better characterize the mercury dynamics related to Hg
cycling in Amazon floodplain lakes. We collected sediments, suspended particulate material (SPM), and plankton
from floodplain lakes and compared then to sediments from rivers and soils of the central Amazon basin by measur-
ing concentrations of total Hg (THg) and methylmercury (MMHg), and mercury isotope ratios. Concentrations of
THg and MMHg in the lake sediments ranged to 69-109 ng g~ ' and 0.62-4.78 ng g~ !, respectively. A positive correla-
tion between THg and MMHg in soils and sediments suggest that inorganic Hg in this system is highly bioavailable
and readily converted to MMHg. 6°°*’Hg values ranged from —1.40%, to —0.89%, and A'”’Hg from —0.349, to
—0.18%,. These values were comparable to those measured in riverine sediments (—2.149,, to —1.23%, and —0.519,,
to —0.059,), suggesting a contribution of riverine sediments to lake sediments, at least during the season of rising
waters, during which lake samples were collected. SPM on the other hand was much elevated in THg (590-1066 ng
¢~ ') and showed more negative 5202Hg (—=3.00 to —2.15), similar to those found in soils (—2.99%, to —2.179%,),
suggesting that Hg in SPM may originate from erosion of floodplain soils.

Every year, the Amazon River and its tributaries, which
together drain the Amazon Basin, overflow and flood the
adjacent land and forest, forming extensive wetlands. Large
areas of standing water, called floodplain lakes, are formed
from the river during the rainy season, which eventually
drain into rivers in their respective sub-basins (Sioli 1984;
Forsberg et al. 1988; Mertes et al. 1995). Approximately 44%
of the area within the Amazon basin is subject to flooding
by the Amazon River and its tributaries (Guyot et al. 2007).

This seasonal flood pulse, which is the driving force for river-
floodplain systems responds to the rate of rise and fall of water
(Junk et al. 1989). It creates distinct hydrological periods and
inundates an extensive floodplain occupied by a complex
mosaic of wetland habitats including alluvial forests, grasslands,
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and open water environments (Melack 1984). This process
significantly affects hydrology, ecology, morphology, and geo-
chemistry of these systems, and enables the regular exchange of
a large amount of material between lentic and lotic ecosystems.
It causes variations in thermal stratification, mixing dynamics,
and affects a series of limnological parameters (e.g., pH, dis-
solved organic carbon [DOC], dissolved oxygen, and electric
conductivity) that have a strong influence on the biogeochem-
istry of mercury (Melack and Fisher 1990; Roulet et al. 1998a;
Guimaraes et al. 2000; Brito et al. 2017). Lakes may continue to
exchange water with the river through channels, even when
water is receding and during droughts (Junk 1997).

Mercury (Hg) is recognized as a global pollutant due to its
ability to be transported long distances from its original
source, and its ubiquitous presence in aquatic ecosystems and
food webs is an important environmental and human-health
issue (Fitzgerald and Clarkson 1991). The form of mercury of
greatest environmental concern is methylmercury (MMHg), as
it is a highly potent neurotoxin which bioaccumulates in the
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food chain (Morel et al. 1998). The high toxicity of mercury
and its widespread distribution in the ecosystems are among
the major environmental problems of the Amazon. The con-
cern about Hg cycling in this ecosystem increased in the 1980s
during the gold rush in the Brazilian Amazon (Guimaraes et al.
2000). High mercury levels were found in different compart-
ments, attributed mainly to gold mining activities (Pfeiffer
et al. 1993; Malm 1998; Akagi and Naganuma 2000). Some
authors later suggested that Amazon soils have high natural
mercury concentrations that could explain the Hg values mea-
sured in the region (Roulet and Lucotte 1995; Wasserman
et al. 2003). Other authors hypothesized that the atmospheric
transport of anthropogenic mercury could be responsible for
the widespread contamination of the Amazon basin (Lacerda
1995; Roulet et al. 1998b). As well, cattle farming and agricul-
ture resulted in continued deforestation since the early 1970s,
increasing soil erosion and probably contributing directly
(and indirectly) to mercury dispersion (Hacon et al. 2008;
Oestreicher et al. 2017). Consequently, the mercury cycling
within the Amazon basin is likely affected by both natural and
anthropogenic sources. Despite all of this information, sources
of Hg in the Amazon are still a subject of great debate, compli-
cated by the large natural variation in background mercury
concentrations and/or large-scale transport of mercury
throughout the region (Lechler et al. 2000).

In this context, the use of Hg stable isotope ratio measure-
ments may offer new insight into the biogeochemical cycling
of Hg (Yin et al. 2014). Mercury has seven natural stable
isotopes: '°Hg (0.15%), '?®Hg (9.97%), '*’Hg (16.87%), >°°Hg
(23.10%), 2°'Hg (13.18%), 2°°Hg (29.86%), and ***Hg (6.87%)
of which six are sufficiently abundant (7-30%) for precise
measurement of isotope ratios (Blum and Bergquist 2007). As
long as different Hg sources are isotopically distinct, Hg
isotope ratio measurements may allow source attribution or
source tracing of Hg (Carignan et al. 2009; Feng et al. 2010;
Perrot et al. 2010; Das et al. 2015). Mercury also has active
redox chemistry, a volatile form (Hg), and a tendency to form
covalent bonds. In the environment, mercury is subject to a
variety of chemical, physical, and biological processes, which
may result in both mass dependent fractionation (MDF) and
mass independent fractionation (MIF) (Run-Sheng et al. 2010),
both of which have been used to better understand the pro-
cesses controlling Hg transport, transformation, and bioaccu-
mulation (Blum et al. 2014). A major challenge in source
apportionment studies of Hg is the identification and quantifi-
cation of different sources once Hg has been dispersed and
intermixed in the environment (Lindberg et al. 2007).
However, anthropogenic sources of Hg to the environment
frequently have distinguishable isotopic signatures, allowing
Hg from those sources to be traced. Both mass-dependent
(represented as 9°°*Hg) and mass-independent fractionation
(represented as A'°?Hg) varies significantly among different
source materials (Balogh et al. 2015) and can be used to either
constrain the contamination sources in sediments (Foucher
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and Hintelmann 2009; Feng et al. 2010; Perrot et al. 2010;
Sonke et al. 2010) or the processes that Hg was subjected to in
the atmosphere (Carignan et al. 2009; Rolison et al. 2013) and
in the water column (Sherman and Blum 2013; Balogh et al.
2015; Yin et al. 2015; Zheng et al. 2015) prior to deposition
into sediment.

Thus, characterizing the Hg isotopic ratios in aquatic
systems may be an important tool to better understand the
mobility, toxicity, transformation, and biogeochemical cycle
of Hg in such ecosystems (Chen et al. 2010). Analyzing the
spatial and temporal variations of Hg isotopic ratios in the
environment and linking it to isotope fractionation caused by
natural processes and human activities can provide valuable
information about sources and biogeochemical cycling of the
Hg (Jackson et al. 2008).

The main goal of our study is to better characterize mercury
in dynamics in surface sediments of Amazon floodplain lakes.
Specifically, we employed Hg isotope ratio measurements to
gain a better understanding of the relationship between Hg in
soils, river, and lake sediments. In concert with other
geochemical parameters including species concentration, it is
a first attempt to shed more light on Hg cycling in this area
and to possibly characterize the movement of Hg through the
various compartments.

Materials and methods

Study site

The Amazon basin covers an area of 6.3 X 10° km? and
extends over eight South American countries, with 63% of this
area being in Brazil (Salati and Vose 1984). It is the largest river
system on the globe, interlaced by numerous large and small
rivers (Goulding et al. 2003). The length of the Amazon was
estimated to be ca. 7000 km, and the river is up to 5 km wide
just below the mouth of the Negro River (Sioli 1984). The
mean annual discharge is 200 x 10° m® s~! at Obidos, the
most downstream gaging station in the Amazon River (Callede
et al. 2000). Rivers within the Amazon drainage basin are tradi-
tionally classified according to water color, as well as physical
and chemical parameters and are categorized as white (e.g.,
Solimoes, Madeira, and Amazon), that have a near neutral pH
and are enriched in dissolved major cations and in suspended
particles (from 60 mg L™' to 200 mg L") eroded from the
Andean cordillera; black (e.g., Negro) that drain forested areas,
are characterized by high concentrations of DOC (7-10 mg
L"), low contents in total major cations and in suspended
particles (< 10 mg L™ ') and a pH varying from 4 to 5; or clear
water (e.g., Tapajos) which present a slightly green to transpar-
ent coloration, an alkaline pH, and poor mineral and nutrient
contents. (Sioli 1984; Maia et al. 2009).

In the central Amazon basin, the river is characterized by an
annual monomodal fluctuation in water levels of about 10 m
between high water and low water seasons (Junk et al. 1989).
The amount of water on the various Amazon floodplains and
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Fig. 1. Sampling locations for sediments, soils, and suspended particulate material in the Amazon Basin.

the amount exchanged with river channels is essential for
understanding sediment delivery and nutrient exchanges that
occur between the rivers and their floodplains (Dunne et al.
1998). These floodplain lakes have a complex hydrology, char-
acterized by periodic flooding and aquatic interfaces between
creeks and the main river (Melack 1984; Junk 1997). Two
extreme seasons can be classified with high waters during the
period from May to July, when the river flow is at its maximum
and low waters with minimal flow of water between the
months of October and November. The period of heavy fre-
quent rainfalls and increasing river water levels is in the
months from December to April, while the dryer period
between high and low water seasons is in the months of
August and September (Sioli 1984).

The floodplain lakes are located along the Solimoes-
Amazon river shoreline in a biogeographic gradient of
upstream flooded forests to downstream flooded woodlands
and open water lakes (Abril et al. 2014) (Fig. 1). Cabaliana is a
round lake surrounded by flooded forests and associated with
two subregions. In the northern region, the Manacapuru River

discharges clear water while in the southern region, white
water brought by the Solimoes River mixes with clear water.
Janauaca has a peculiar morphology with a ravine shape sur-
rounded by flooded forests. Solimoes water arrives through the
channel in the north and clear water through a stream system
in the south. This lake reaches a peak flooded area of 180 km?
at high water. Canacari has two well-defined subregions. In
the northern region, the Urubu River discharges black water
and in the southern region, the Amazon River discharges
white water. It is surrounded by flooded forests and wood-
lands. Curuai is the largest lake in the central Amazon basin,
mainly surrounded by woodlands and open waters. It receives
white water from the Amazon River through small channels,
apart from the main channel in the eastern side. There are
small contributions of black water streams in its most south-
eastern part (Table 1).

Sampling
Surface (0-2 cm) sediment samples were collected in the
center of the lakes using a grab Van Veen grab sampler in
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Table 1. Geomorphological and hydrological characteristics of the four floodplain lakes.

Cabaliana Januaca Canacari Curuai
Latitude (S) 3°18'46" 3° 23/'20” 2° 58'60” 2°09'44"
Longitude (W) 60° 40'15" 60° 16'26" 58° 15'40” 55°27'53"
Shape Ellipsoid Ravine/dendritic Ellipsoid Triangular
Shoreline Forests Forests Forests/woodlands Woodlands/shrub
Water Black/mixed Black/mixed Black/mixed White
Conductivity (uS) 10-80 33-71 10-54 41-69
Temperature (°C) 28-34 29-33 29-34 30-36

Cabaliana, Janauaca, Canacari, and Curuai lakes in the cen-
tral Amazon basin between Manaus and Santarém (Fig. 1).
Samples were collected between January 2011 and February
2011 to represent the raining season (rising water [RW]).

Additionally, nonflooded soils (“terra firme” soils) and
river sediments samples were collected during the dry season
(low water). Four superficial soil samples were collected in
the Amazon River margin between Canacari and Curuai in
October 2009, and riverine sediments samples collected in
the middle of the Negro, Tapajos, Xingu, and Pard rivers
between September 2011 and November 2011. At each loca-
tion, two dredged samples of approximately 5 g of surface
layer were taken from the top 2 cm. On the ship, samples
were stored and transported frozen (—20°C) to the lab, where
they were immediately freeze-dried (—50°C for 72 h).

All soils samples were manually collected using stainless
steel spatulas. After sampling, sediment and soils were stored
in acid washed plastic bottles with screw caps. The duplicates
were homogenized and crushed prior to chemical analysis.

Suspended particulate material (SPM) samples were collected
in the four floodplain lakes (Cabaliana, Janauaca, Canacari, and
Curuai) (Fig. 1). To determine SPM concentrations, 500 mL of
water was filtered using ashed (overnight at 450°C) and pre-
weighed glass-fiber filters (Whatman GF-F, 0.7 mm, 47 mm
diameter). Plankton samples were collected at the same
sampling sites, where SPM was sampled. Conical plankton nets
(1 m diameter) were hauled horizontally approximately 1 m
below the water surface for about 5 min to avoid the capture of
drifting living organisms or coarse particulate matter. Samples
collected with 64 um net were considered as zooplankton. Since
the classification was based on the mesh size of the nets, some
algae were probably present in the zooplankton samples.

Geochemical measurements

Organic matter (OM) in the floodplain lakes of the central
Amazon basin may potentially be derived from: (1) terrestrial
Andean clay-bound and refractory suspended particulate OM,
which may be transferred to the floodplain lakes via the
Solimoes-Amazon and Madeira rivers; (2) nonflooded soils and
litters of the Amazonian lowland forests (nonflooded forests),
which is transferred to the floodplain lakes via local streams; (3)
wetland soils (flooded forests) and litters (leaves, grasses, woods,

etc.), transferred to the floodplain lakes during the receding
waters (falling water season) or the rainy season (RW season);
(4) wetland aquatic and semi-aquatic macrophyte vegetation of
the floodplain lakes; and (5) phytoplankton from the river or
produced in the lake itself (Sobrinho et al. 2016).

Organic carbon (OC) and stable carbon isotope ratios were
measured using a Flash 2000 organic elemental analyzer inter-
faced with a Delta V advantage isotope ratio mass spectrome-
ter at the Laboratorio de Ciencias Ambientais (Universiade
Estadual do Norte Fluminense—Rio de Janeiro—Brazil). The
average precision was +0.1 mg C g~ ' for Total Carbon. §'*C
values were calculated and reported in the standard delta nota-
tion relative to Vienna Pee Dee Belemnite (VPDB) standard.
The analytical precision (as the standard deviation for repeated
measurements of the internal standards) was * 0.06%, for
st3c.

Mercury and monomethylmercury concentration

To avoid contamination by Hg, all materials and equipment
was subjected to a rigorous cleaning protocol. Moreover, all
unbagged equipment was handled with gloved hands in dedi-
cated clean areas, including countertops covered by Teflon
overlays within a Hg-free laminar flow-hood. To determine the
concentrations of total Hg (THg), samples of approximately
0.5 g (dry weight) were digested with a HNO3 : H,SO4 (7 : 3)
mixture by gradually heating from 40°C to 200°C over a period
of no less than 3 h. Acid digests were then cooled and brought
up to a final volume of 20 mL. Sample digests were analyzed for
THg by cold-vapor atomic fluorescence spectrometry (CVAEFS,
Tekran 2600) based on EPA Method 1631 (US EPA 1631 1999).
Monomethylmercury (MMHg) was isolated by distillation, fol-
lowed by atomic fluorescence spectrometry coupled with gas
chromatography measurement (Tekran 2700) system based on
EPA method 1630 (US EPA 1630 1998). THg and MMHg deter-
minations of certified reference materials (NIST SRM 1944 and
IAEA-405) were within 90-110% and 80-95% of the certified
valued, respectively, and coefficients of variation of triplicate
analyses were < 10%.

Mercury isotope ratio measurements

Hg isotope ratios were determined by multicollector induc-
tively coupled plasma mass spectrometry (Neptune, Thermo-
Fisher, Germany) at the Water Quality Centre (WQC) at Trent
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Table 2. TOC and 6'3C values for the four floodplain lakes.

0C (%) 8"C (%)
Floodplain lakes Cabaliana 3.5 -32.9
Janauaca 1.5 -31.2
Canacari 2.5 —-29.9
Curuai 2.3 -27.9
Amazon rivers Negro river 1 3.5 —29.0
Negro river 2 3.2 —29.3
Tapajos river 3.2 -30.3
Xingu river 1 4.3 —28.5
Xingu river 2 3.4 —29.2
Para river 0.3 -30.3
Soils S1 23 -30.3
S2 2.1 —29.1
S3 4.2 —27.4
S4 4.3 —28.7

University. Sample solutions (Hg concentrations varied from
0.5 ng mL™! to 2 ng mL™!) were analyzed using a continuous
flow cold vapor generation system with stannous chloride
reduction (Foucher and Hintelmann 2006). The Faraday cups
were positioned to measure five Hg isotopes (**® Hg, '“Hg,
200Hg, 201Hg, 202Hg). MDF of Hg isotopes was expressed using
the delta notation (6" Hg, in 9,,) as defined:

5XHg(%o) = {(5ng/5198Hg)sample/(5XHg/5198Hg)standard71} x1000
()

Where x=199, 200, 201, 202, “standard” represents the
NIST SRM 3133 Hg solution. MIF of both odd and even Hg
isotopes was defined by the deviation from the theoretically
predicted MDF and expressed as (in 9,):

A" Hg =6"""Hg— 0.252 x §*"*Hg )
A*Hg =5 Hg— 0.502 x §*°Hg 3)
A*THg =5*""Hg— 0.752 x 6*°Hg (4)

Reproducibility of the isotopic data was assessed by measuring
replicate sample digests every 10 samples. We also analyzed a
UM-Almadén solution as a secondary standard in addition to
the bracketing NIST 3133 standard solution. Our repeated
measurements of UM-Almadén Hg gave long-term (n=24)
average 0°“°Hg and A'"’Hg values of —0.48 =0.16%, and
—0.02 £0.059%,, respectively, consistent with previously
reported values (Blum and Bergquist 2007).

Statistical tests

To evaluate the differences among different matrices, the
nonparametric Kruskal-Wallis and a post hoc test least signifi-
cant difference were used. Groups that showed significant
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differences (p < 0.05) were assigned with different letters. The
statistical test was performed with the software Statistic pro-
gram 8.0 (StatSoft). The criterion for significance was p < 0.05.

Results

OC content and stable isotopic composition

The total organic carbon (TOC) and §'3C values measured
in the floodplain lakes ranged from 1.5% to 3.5% and
—32.9%, to —27.9%,. The TOC in river sediments and soils
varied from 1.6% to 4.3% and 63C from -30.3%, to
—27.49,, respectively (Table 2). No significant differences
were observed between lakes and rivers and lakes and soils
for both parameters (Supporting Information Material 1).
The OC content was lowest in the downstream Lake
Janauaca and the highest in Lake Cabaliana (Table 2).
Similarly, 6'3C values were significantly less negative (by
approximately 3%,) in the downstream lakes.

Concentrations of THg and monomethylmercury
and Hg isotope ratios

THg and MMHg concentrations obtained in the lake sedi-
ments varied from 69 ng g~ ' to 109 ng g~ ', and 0.62 ng g~ ! to
4.78 ng g, respectively. The sediments showed negative 62°*Hg
ranging from —1.409, to —0.89%, (mean: —1.14 = 0.229)) and
A" Hg values ranged from —0.34%, to —0.18%, (mean:
—0.28 = 0.089,,) (Table 3).

THg and MMHg values for river sediments ranged from
36 ng g ' to 1025 ng g ' and 0.30 ng g ' to 26.1 ng g},
respectively. THg concentrations in soils varied from 19 ng
g ' to 68 ng g' and MMHg ranged from 0.51 ng g ' to
1.01 ng g '. Hg isotope ratios in river sediments ranged
from —2.149%, to —1.23%, (mean: —1.58 +0.179%,) for 6°°*Hg
and —0.51%, to —0.05%, (mean: —0.28 +0.179%,) for A*’Hg.
Finally, soil samples showed §*°? Hg values ranging between
—2.17%, and —2.99%, (mean: —2.60 + 0.34%,). A'”’Hg varied
from —0.63%, to —0.14%, (—0.38 = 0.229%,) (Table 3).

The THg, 6°°°Hg, and A'*’Hg averages values for SPM was 779
ng g !, —2.60%, and —0.49%, and was for plankton net (64) was
411 ng g’l, —0.789%,, and —0.289%,, respectively (Table 3).

Discussion

OC content and stable carbon isotope composition

The 6'3C values steadily increase in lake sediments in a
downstream direction. Due to the absence of random varia-
tions, we propose that a single overriding mechanism may
be responsible for the observed trend. Most likely, an
increased contribution of C4; macrophytes to the soil OM is
responsible for the progressively less negative values
(Sobrinho et al. 2016).This explanation would be supported
by other studies in the central Amazon basin, which
reported that the abundance of macrophytes in this lakes
increases in open water lakes and floodplains (Victoria et al.
1992; Martinelli et al. 2003; Sobrinho et al. 2016).
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Table 3. Concentrations of THg and MMHg, and mercury isotope ratios in sediments, soils, and suspended material from the Ama-

zon Basin.
THg MMHg
Location  Sample (ngg™") (ngg™")  "Hg (%) A™°Hg (%)  A*™Hg (%)  A”'Hg (%)
Floodplain lakes Cabaliana Sediment 109 3.6 -1.02 —0.36 -0.11 -0.19
Net (64) — — — — — —
SPM 590 — -2.15 —0.59 —0.32 0.28
Janauaca Sediment 90 4.8 —0.89 —0.24 0.02 -0.19
Net (64) 304 — -2.25 —0.05 0.05 —-0.07
SPM 826 — -2.9 —0.32 -0.10 —0.04
Canacari Sediment 69 0.62 -1.25 —0.34 —0.02 —-0.35
Net (64) 827 — 0.74 -0.15 —0.07 -0.17
SPM 1066 — —2.37 —0.78 —0.34 —-0.35
Curuai Sediment 76 2.5 —1.40 -0.18 —0.04 -0.11
Net (64) 107 — —-0.82 —0.62 —0.36 —-0.33
SPM 633 — —3.00 —0.26 —0.32 0.02
Amazon rivers Negro 1 Sediment 208 0.15 -1.55 —0.51 0.02 —0.45
Negro 2 169 0.24 -1.71 -0.43 —0.05 —-0.37
Tapajos 759 19.3 -2.14 -0.35 —-0.07 —-0.33
Xingu 1 1025 25.6 —1.46 —0.05 0.00 —0.09
Xingu 2 854 26.1 -1.23 -0.15 —0.03 —-0.37
Para 36 0.30 -1.39 -0.19 —-0.1 —-0.57
Soils S1 — 20 0.51 =217 -0.5 —-0.03 —0.49
S2 — 39 0.79 —2.99 —0.63 -0.15 —-0.59
S3 — 68 1.01 —2.66 -0.27 —0.21 -0.15
S4 — 19 0.68 —2.58 -0.14 —0.02 —0.01

THg and monomethylmercury concentrations

Hg species concentrations in lake sediments presented
no significant difference when compared to soils and river-
ine sediments (Supporting Information Material 1). We
suggest that the mercury concentrations observed in the
floodplain lakes during January/February may reflect the
flood pulse associated with RWs. This season is characterized
mainly by two processes, resuspension of bottom sediments
and erosion of river banks (Meade et al. 1979), which results
in mercury leaching from adjacent soils and downstream
transported to the floodplain (Roulet et al. 1999; Maia et al.
2009). The important role of rivers in exporting Hg to the
floodplain lakes, this influence has been reported in the Cur-
uai by the Amazon river (Maia et al. 2009) and in the
Januaca by the Solimoes River (Brito et al. 2017). Atmo-
spheric deposition maybe an additional source of Hg to the
floodplain lakes. A study conducted in sediments from Puru-
zinho Lake (Madeira River Basin) during wet seasonal period
observed THg concentrations ranging from 44 ng g~ * to 129
ng g ! (Almeida et al. 2014). The authors concluded that the
distribution of Hg is mainly controlled by an import of
Madeira river water during flooding, while the predominant
process in the dry season was the remobilization of THg due
to the resuspension of bottom sediments (Almeida et al.
2014).

THg concentrations in SPM were significantly different
compared to lake sediments and plankton, presenting con-
siderably higher average concentrations (779 ng g~ ') (Table
3). Similarly, in a study of Curuai Lake, Maia et al. (2009)
found large variations of THg in SPM ranging from 42 ng
g ! to 1860 ng g ! during the flooding period. According
to the authors, Hg in white water lakes is mainly transported
in its particulate phase during sediment and water exchange
in the river and connected lakes. Moreover, the authors
observed that the water column experiences a significant
input of particulate Hg from bottom sediments during the
dry season (October-November), caused by the resuspension
of bottom sediments by wind and bioturbation. On the
other hand, they highlighted that most of the Hg in remote
soils and sediments of black water lakes is supplied by atmo-
spheric deposition. Our results are also in agreement with
those reported by Roulet et al. (1998¢) for the Pacoval Lake
along the Amazon River (139-411 ng g™ ).

The high THg concentrations found in plankton may sug-
gest that Hg is taken up effectively into the lower food
chain. In fact, the plankton community, which represents
the first link in the aquatic food chain, plays a key role in
the bioconcentration and biomagnifications of mercury.
Phytoplankton incorporates mercury by adsorption and
absorption of dissolved mercury species, while zooplankton
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Fig. 2. Relationship between THg and MMHg in the sediments from the Amazon floodplains, riverine sediments, and soils.

incorporates mercury by ingestion of contaminated algae,
suspended particulate matter (organic and inorganic detrit-
rus), other zooplankton, and bacteria or by direct absorption
from water (Tsui and Wang 2004; Brito et al. 2017). Accord-
ing to Brito et al. (2017), plankton biomass and the level of
contamination of the surrounding environment are thought
to be the key factors controlling the concentrations of Hg in
plankton and the aquatic food web in general.

The MMHg concentrations observed in the lakes sedi-
ments represents less than 10% of the THg. No significant
differences were observed among lake sediments, soils, and
riverine sediments (Supporting Information Material 1).
When deposited, inorganic mercury is incorporated into
sediments rich in allochthonous OM, may be converted into
MMHg under anaerobic conditions, and is subsequently
accumulated by detritivorous organisms and biomagnified in
the food chain (Ullrich et al. 2001). The black waterbodies,
especially at the beginning of the rainy season, offer condi-
tions for the methylation process, mainly due to the pres-
ence of labile OM. On the other hand, their dark color may
shield MMHg from intense solar radiation, which otherwise
could initiate its photodegradation (Bisinoti and Jardim
2004; Silva et al. 2009).

A study with sediments from Lake Piranga (Tapajos
Basin), showed that the flooding had a clear effect on Hg
methylation at the surface of semi-aquatic shoreline sedi-
ments (macrophyte zone) and semi-terrestrial forest soils,
where MMHg concentrations and burdens appeared to be
three times higher immediately following inundation (Rou-
let et al. 2001). In the Tapajos River floodplain, Guimaraes
et al. (2000) observed much higher (by a factor of 30x) Hg-
methylation rates in the periphyton of adventive roots of

aquatic macrophytes compared to those found in adjacent
sediments. Considering that macrophytes represent approxi-
mately 60% of the total carbon production in floodplain sys-
tems, it clearly makes them an important source of MMHg
for the aquatic food chain.

A significant correlation was observed between THg and
MMHg in lake sediments (0.979, p<0.05, n=4), riverine
sediments (0.724, p<0.05, n=6), and soils (0.934, p<0.05,
n=4) (Fig. 2), suggesting that inorganic Hg during this
period may be highly bioavailable and is readily converted
to MMHg. Accordingly, these floodplain lakes may therefore
be important sites for MMHg bioaccumulation in fish, pre-
senting a potential risk for human populations that depend
on fish as their primary protein source (Brito et al. 2017).

Mercury isotope ratios

Variations in the isotopic composition of Hg in the sedi-
ments are likely due to a combination of different factors
including different sources of Hg and the subsequent frac-
tionation resulting from various physicochemical reactions
in the water column and in sediments (Das et al. 2015). The
lake and riverine sediments showed similar range of §°°*Hg
values, suggesting a possible contribution of riverine Hg to
floodplain lake sediments during the RW season (Fig. 3). As
mentioned before, Hg associated with SPM plays a critical
role in white water floodplain lakes. According to Chen
et al. (2016), mercury transported by particles is also less
reactive than Hg in the dissolved phase and thus, is more
likely to preserve the source Hg isotope signatures (for both
MDF and MIF).

The negative 5202Hg values (—1.40%, to —0.899,,) reported
for the sediments of floodplain lakes are in the range
reported for lake sediments elsewhere (0°°Hg values
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Fig. 3. Relationship between §°°?Hg and A'®’Hg in sediments, soils, and SPM from the Amazon Basin.

between 0%, and —2.59, Blum et al. 2014). Jiskra et al.
(2012) found preferential adsorption of light isotopes onto
goethite resulting in a shift toward more negative 6°**Hg val-
ues on the solid (particulate) phase. Likewise, light Hg iso-
topes preferably also bind with thiol sites in OM
(Wiederhold et al. 2010). Such processes could enrich light
isotopes on particles or other OM and lead to an increase in
Hg concentration and more negative §°°’Hg values for Hg
associated with such materials. Our data would confirm such
theories, showing significantly more negative 9°°°Hg values
and elevated THg concentrations in SPM (—2.60 = 0.419,,
779+217 ng g !, respectively) compared to sediments
(—1.14 +0.22%,, 86 + 18 ng g !, respectively).

Other compartments frequently showing negative §*°°Hg
values are tree foliage (Demers et al. 2013) and other plant
derived environmental samples (Yin et al. 2013). Although
the TOC concentration in sediment was not different in the
study lakes, our data cannot exclude a difference in TOC
quality. In fact, a recent study on organic biomarkers (lignin
phenols) in similar samples highlighted the importance of
OM input from vegetation to the floodplain lakes (Sobrinho
et al. 2016) indicating that the quality of the OM may be
influencing the transport by suspended particulate matter
rich in lignin phenols. Moreover, Abril et al. (2014) found
that the heterogeneity in the floodplains was related to the
connections between the waters and vegetation at various
spatial and temporal scales. Considering that Hg can

strongly bind to OM (Ravichandran 2004; Sanei and Good-
arzi 2006), OM appears to be a key parameter to fully under-
stand the dynamics of Hg transport in this ecosystem.
Previous studies have also documented a relationship
between quality of OM and Hg dynamics in different matri-
ces (e.g., sediments, soils, and water column) (Caron et al.
2008; Teisserenc et al. 2010) through the association
between lignin phenols and THg.

029Hg values for SPM were similar to those found in soils
(Table 3). Erosion has been reported as a main source for
exporting Hg from the watershed (tributaries and rivers) to
lakes (Lepak et al. 2015). In fact, some authors reported
negative MDF and MIF values for forest soils ranging from
—2.53%,to —0.749,, and from —0.58%, to —0.149,,, respectively
(Carignan et al. 2009; Demers et al. 2013; Blum et al. 2014).
Moreover, mercury strongly bound to the soil matrix maybe
subject to only minimal aqueous processing and therefore
experiences negligible isotope fractionation during sedimenta-
tion (Foucher and Hintelmann 2009; Yin et al. 2016).

The A'’Hg values in lake sediments were consistently
negative and did not differ significantly from those mea-
sured in other matrices (p <0.05). Large MIF of odd Hg iso-
topes has previously been reported in precipitation and
atmospheric Hg samples. For instance, Gratz et al. (2010)
reported positive A'"Hg (from +0.04%, to +0.529,) in pre-
cipitation and negative A'Hg (from —0.21%, to +0.06%,) in
gaseous Hg samples in the Great Lakes region (U.S.A.). Hg in
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terrestrial soils is primarily a result of atmospheric Hg depo-
sition and partial subsequent re-evasion, typically resulting
in negative A'’Hg (Demers et al. 2013). Given that A'*’Hg
values in our investigated Amazon soils are also consistently
negative, it would support our suggestion that watershed soil
particles are the primary source of Hg to these lakes.

Previous laboratory studies of aqueous solutions with nat-
ural OM demonstrated that MIF is caused by photochemical
reduction of Hg?>" and MMHg photodegradation to Hg°
(Bergquist and Blum 2007). When A'*’Hg vs. A*°'Hg is plot-
ted for the Hg remaining in solution, a slope of 1.36 is gen-
erally associated with MMHg photodemethylation and a
slope of 1.00 with Hg®>" photoreduction processes (Bergquist
and Blum 2007). The relationship between A'’Hg and
A?°'Hg for Hg in the floodplain lakes, soils, and rivers is
characterized by a slope of 0.82, close to 1, which suggests
that the observed MIF is associated with the dominance of
inorganic Hg in these samples and most likely a result of
photochemical reduction of Hg?* (Supporting Information
Material 2).

The Amazon forest has been widely recognized as a major
component of the regional and global hydroclimate system,
hosting the largest area of tropical rain forest and is consid-
ered as the prime contributor to land surface evapotranspira-
tion. In addition to the significant influence on the global
hydrological cycle, these sizable water fluxes are associated
with energy fluxes that drive tropical convection and have a
corresponding impact on global atmospheric circulation
(Hasler and Avissar 2007). Consequently, we suggest that
these hydrological processes must be considered to under-
stand the Hg dynamics in the studied lakes. In addition,
atmospheric Hg can be taken up by plant stomata (gaseous
elemental Hg) and/or absorbed by leaf surfaces (particulate,
reactive gaseous, and Hg in wet deposition). Subsequent
throughfall, litterfall, or direct dry deposition moves Hg
from the atmosphere to the forest (Lindberg et al. 1992). For-
est canopies and soil regulate the magnitude and timing of
the delivery of Hg to downstream aquatic ecosystems
through these processes (Gong et al. 2014). Zocatelli et al.
(2013) showed that the Amazon River transports OM
adsorbed onto fine mineral particles to the Curuai Lake dur-
ing periods of high water and establishes an effective con-
nection to the main stream. Moreover, Hg can be re-emitted
to the atmosphere and or can leach with dissolved organic
matter into runoff or soil solution (Kocman et al. 2011).
Thus, forests have a strong influence on regional Hg cycling.
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