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ABSTRACT

The study was conducted in Puruzinho lake (Humaitd, AM) considering seasonal periods of rainy and dry in way to elucidate
the flood pulse importance in the deposition, remobilization and distributions of mercury and organic matter in bottom
sediments in the Madeira River Basin (Brazilian Amazon). Bottom sediments and soils samples were analyzed for total mercury
and organic matter. Mercury concentrations obtained in bottom sediment were 32.20-146.40 ng g and organic matter values
were 3.5 - 18.0%. The main region for accumulation of mercury and organic matter was in the central and deepest lake area
In the rainy season there was a greater distribution of Hg and organic matter, mainly controlled by means of income of the
Madeira river water during flooding, while the predominant process in the dry season was the remobilization of total Hg due
to the resuspension of bottom sediments.
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O pulso de inundacao e a dinamica espacial do mercurio em
sedimentos no lago Puruzinho, Amazonia Brasileira

RESUMO

Este estudo foi realizado no lago Puruzinho (Humaitd, AM) considerando os periodos de cheia e seca para investigar a
importancia do pulso de inundacio na deposicao, remobilizacio e distribuicdo das concentragdes de mercirio e matéria
orginica nos sedimentos de fundo no lago da bacia do rio Madeira, na Amazdnia brasileira. As amostras de sedimentos e solos
foram analisadas para merctrio total e matéria orginica. As concentragdes mercirio no sedimento de fundo variaram entre
32,20 e 146,40 ng g e as porcentagens de matéria orginica variaram de 3,5 a 18,0%. A principal regidao de acumulagio de
mercurio e de matéria organica foi na drea central e mais profunda do lago. Na estagao chuvosa ocorreu maior distribuigao de
Hg e de matéria organica controlada principalmente pelo pulso de inundacio do rio Madeira, enquanto que no periodo de
seca predominam os processos de remobilizagio de mercirio devido a resssuspensao do sedimento de fundo.

PAVRAS-CHAVE: matéria organica, krigagem indicativa, rio Madeira, sazonalidade.
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INTRODUCTION

Gold mining of alluvial sediments using amalgamation
is one of the greatest contributions for the Amazon mercury
(Hg) contamination (Pfeiffer and Lacerda 1988; Pfeiffer ez
al. 1991; Malm 1998). This is followed by deforestation and
forest burning (Lacerda 1995), degassing from soils (Almeida
et al. 2005) together with loss by soil erosion (Roulet ez
al.1999; Roulet ez al. 2000). These factors are all present in the
Madeira river basin. Alluvial gold mining on the Madeira river
reached its peak between 1980 and 1990. It is estimated that
from 1979 to 1985, about 100 tons of Hg (12.4 t yr) were
discharged into the Madeira river basin (Lacerda ez 2/.1989)
and this amount remained constant through the early 1990,
decreasing to less than 0.5 t yr! after 1995 (Lacerda ez al.
2012). In recent years, gold mining in the Madeira river has
declined, however the activity still contributes significantly
to the amount of mercury discharged into this ecosystem,
mostly from gold mining on the Beni and Madre de Dios
rivers (Bastos et 2l 2006).

Burning of forests, extensive cattle ranching, soybean
plantations and cassiterite mining (tin ore) in these
hydrographic basins lead to the erosion of soils, which are
naturally enriched in mercury (Lechler ez a/. 2000; Almeida
et al. 2005). Thus, the Madeira river and its tributaries act
as the principal route in exporting Hg to their associated
aquatic systems (Gomes ez al. 2006). Approximately 25%
of the sediment stored in the lower Amazon river originates
from the Madeira river basin (Filizola-Junior 1999; Latrubesse
et al. 2005).

The remobilized sediment originating in the Andean
regions and high areas of the upper Madeira is transported
by the Madeira’s principal system (Filizola-Junior 1999) and
deposited in the areas of accumulation and flooding of the
lower Madeira river. The Hg concentration in vertical profiles
of bottom sediment in lakes of the lower Madeira river basin
indicates the accumulation of this element over time (Bastos ez
al. 2006). Vergotti etal (2009) showed significative correlation
(r= 0.78) between mercury and organic matter in bottom
sediments of lakes of the Madeira river basin.

Lechler ez al. (2000) considered that the Madeira river
basin is influenced by both natural and anthropic processes.
Junk (1985) studied the flood pulse in the areas comprising
the Amazon basin and established ecological relations between
the terrestrial and aquatic systems. Flood areas, therefore, play
a crucial role in the exportation and importation of pollutants,
as is the case in the lake systems of the Madeira river (Almeida
2006; Bastos et al. 2007).

'The deposition and remobilization of Hg combined with
the physicochemical characteristics favorable for methylation
present in flood plain lakes sediments, and, in particular, the
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organic matter concentration and it sources, flooded soils and
river waters inundating the lakes, may have direct implications
on the accumulation of Hg in the first links of the food chain
and on the exposure of humans through fish consumption.
In this context the present study aimed evaluated the spatial
dynamics of mercury distribution and organic matter in
bottom sediments of the Puruzinho lake (Brazilian Amazon).

MATERIALS AND METHODS

'The Puruzinho lake, Madeira river tributary, is localized in
the area of the low uplands of western Amazonia, comprising
the areas called flood and accumulation areas (HAI) consisting
of undifferentiated or ancient alluvia (Figure 1).
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Figure 1 - Location of the study area.

Bottom sediments were collected during the period of
rainy season (n=30, February 2004) and during the dry
season (n=30, August 2005) in 11 transects as proposed by
Bernardi ez al. (2001). Soil samples were collected in the dry
season. The bottom sediment samples were collected with an
Eckman dredge and acrylic tube for vertical profiles of 50 cm.
The physicochemical parameters (pH, electrical conductivity,
dissolved oxygen, water temperature and depth) were also
measured iz situ at all sampling points (Horiba — model

U10, Japan).

The soil samples were collected in the dry season (August
2005) using a dutch drill. The organic layer of the soil was
sampled at depths varying from 1 to 7cm and the inorganic
layer at depths of 7 to 20 cm. A total of 13 points distributed
equidistantly along the left and right banks of the lake were
sampled.

The soil and bottom sediment samples were subjected to
a gravimetric process reducing them to a fraction of less than
0.075mm (200 mesh). The samples were then oven-dried at 40
°C, macerated and stored in polyethylene jars until they were
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analyzed. To determine the total Hg, samples of about 1g (dry
weight) were digested on hot plate at 80°C with a HCLHNO,
(3:1) mixture and strongly oxidized with KMnO, (5%)
They were then filtered by gravity through a cellulose filter
(Whatman 44, New Jersey, USA). The total Hg of the samples
was determined by atomic absorption spectrophotometry
coupled to a cold vapor generator (FIMS-400, Perkin—Elmer,
Germany) (Bastos ez al. 1998). The analytical quality was
controlled using control blanks, replicates of each sample,
and certified reference samples International Atomic Energy
Agency (IAEA-356, Vienna, Austria). The content of organic
matter in the soil and bottom sediment samples was quantified
by the ignition method (Kalra and Maynard 1991).

This study employed geoprocessing techniques based on
geostatistics that allow for the superposition of base maps and
mapped surfaces using geostatistical methods and indicator
kriging. The geostatistical method, which is described in
detail by Isaaks and Srivastava (1989), is based on the theory
of regionalized variables (Matheron 1971; Landim 1998;
Markus and McBratney, 2001). To interpret the data, a GIS
(Geographic Information System) was built using ArcGIS 9.0
software. The variographic analysis was carried out using the
“Geostatistical Wizard” module of ArcGIS 9.0.

RESULTS

Physicochemical parameters were affected by the
hydrological regime between the rainy and dry seasons (Table
1). During the high water period, the lake reaches a mean
depth of 11 m, the water is more acid and the concentration
of dissolved oxygen is low (p<0.05; n=30).

Mercury concentrations in bottom sediment varied from
32.20 to 146.40 ng g". The percentage of organic matter in
the bottom sediment ranged from 3.5 to 18%. However, the
mean values showed no significant difference (p<0.05; n=29)
between the low and high water periods (Table 2).

Table 1 - Descriptive statistics of the limnological parameters in the rainy
and dry seasons.

Rainy Season Dry Season
(n=30) (n=30)
Parameters Mean = SD Mean = SD
(Interval range)  (Interval range)
H 497 = 0.23 5.48 + 0.32
p (4.66-585  (5.00-6.70)
. 3.40 = 0.31 542 = 0.49
-1

Oxygen Dissolved (mg L") (2.69 - 3.82) (4.79 - 6.50)
. 29.80 +1.30 30.90 = 1.60
Water Temperature (°C) (28.00-3230)  (28.70 - 35.70)
11.00 = 0.90 0.90 + 0.60

2 i) (8.00-1250)  (0.30-2.30)
) . 8.36 + 0.68 14.27 = 0.63

-1

Electrical Conductivity (mS cm-) (750-11.00)  (12.70-16.10)

Flood pulse and spatial dynamics of mercury in sediments in

Table 2 - Descriptive statistics of mercury concentrations (ng g'), percentage
of organic matter (%) and range in bottom sediment and soil from the Lake
Puruzinho.

Samples Seasonality n (Irllle?l/elln Igagrllg)e) [%]
Sediment Profile 1 Rainy season 10 (27.8503;353.30) =
Sediment Profile 2 Rainy season 10 (26_4%8;7‘?3_90) -
Sediment Profile 3 Rainy season 10 (33.8504;193.00) =
Bottom Sediment  Rainy season 29 (44.0gl.529.10) (3_427;8184_43)
Bottom Sediment  Dry season 29 (32.261-3?16.40) (3_498;4107_95)

Soil layer HO Dry season 11 (22.48315606.90.) -
Soil layer HA Dry season 16 230 -

(22.40 - 120.70)

The spatial analysis of mercury and organic matter using
the geostatistical technique of variography was adjusted to a
variographic model adjusted to mercury, which was a Gaussian
model. The maximum range obtained for mercury distribution
was 3.960 m, while the organic matter distribution model
attained a maximum range of 4,350 m, demonstrating a
correlation between organic matter and its neighboring
values. Thus, the points of the sampled grid in the process of
interpolation by indicator kriging were used.

‘The models of the distributions of Hg and organic matter
concentrations both presented the nugget effect, indicating a
slight discontinuity at the origin. The anisotropy was strongly
oriented towards the lake’s principal axis, since the length of
the lake’s transversal axis is contained about 10 times in the

length of the lake.

The results of the application of indicator kriging for
Hg (Figure 2 in A and C) and organic matter (Figure 2 in
B and D).

The results of the application of indicator kriging for Hg
and organic matter are discussed as follows. The cutoff values
were estimated by the median >67.13ng g and 8% for Hg and
organic matter, respectively. The spatial variability of the data
on Hg and organic matter in Puruzinho lake demonstrates
compartmentalization of the lake in terms of the presence of
Hg and organic matter (Figure 2). The diagrams of distribution
probability indicate the preferential areas of accumulation of
Hg and organic matter. The distribution pattern of Hg in
the bottom sediment demonstrates that an expansion of the
area occurs in relation to the area of distribution of Hg in
the dry season (Figure 2A and 2B). These areas correspond to
the deepest regions of the lake. However, the organic matter
is spatially more evenly distributed in the dry season (Figure

2C and 2D).
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Figure 2 - Diagram of probability distribution (cutoff > 67.13 ng g*' for Hg and 8% for organic matter). A and C for mercury and B and D for organic matter,

rainy and dry seasons, respectively.

The values of the vertical profile upstream in the lake
show a higher Hg concentration peaking at a depth of 15
cm, followed by a decrease at depths below 20 cm (Profile
1). The central portion of the lake showed higher values at
the surface than the other profiles. The profile in the central
part of the lake is situated in the region mapped as the area of
highest concentration, indicating temporal deposition (Profile
2). The wide variation in the Hg values in sediment profiles
may be related to recent superficial enrichment of the bottom
sediment or to bioturbation processes in the first layers of the

sediment (Profile 3) (Table 2).

At the sampled points, the organic layer presented lower
values than those obtained from the layer situated at a depth
of 10 — 20 cm (Figure 3). The first layer is composed of litter
and an organic horizon (HO), while the second and lower
layer is the surface mineral horizon (HA) composed of soils
formed from recently deposited sediments.
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Figure 3 - Mercury concentration (ng g') in soils along the banks of Puruzinho
lake in the dry season (HA = Layer varying from 7 — 20 cm depth; HO = Soil
surface layer rich in organic matter).
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Table 3 - Mercury concentration (ng g') in bottom sediment from the Madeira
River and marginal lakes.

Locality (n[:g]-‘) References
E’F“‘;;Z;”an':‘gs) 44.02 - 129.00 This work
'(3[‘)‘:;28'22‘3’ O'fl‘)‘e 32.20 - 146.40 This work
Cunia lake 66.20 — 117.10 Bastos et al. (2006)
Paraiso lake 26.00 - 71.80 Bastos et al. (2006)
Santo Antonio lake 46.90 - 74.70 Bastos et al. (2006)
Mergulhao lake 73.00 -109.00 Bastos et al. (2006)
Acard lake 36.50 - 60.00 Bastos et al. (2006)
Matupirizinho lake 35.10-99.10 Bastos et al. (2006)
Preto lake 54.40 - 70.00 Bastos et al. (2006)
Madeira river 40.00 - 53.60 Bastos et al. (2006)
Madeira river 50.00 —280.00 Pfeiffer et al. (1989

(1989)
210.00-19,800.00 (1989)

Mutum Parana river Pfeiffer et al.

DISCUSSION

The hydrodynamics of Puruzinho lake, like that of
all Amazonian lakes, is influenced by the flood pulse.
The lakes in the Madeira river basin are subject to the
deposition of suspended materials rich in adsorbed Hg due
to a phenomenon known as “repiquete” — the swell of rising
waters from the Madeira river that enter the Amazonian lakes,
even the most distant ones, as in the case of Puruzinho lake
(about 8 km distant), acting as deposits of Hg transported
by the principal river or generated by processes that occur
locally, such as runoff and burning along their banks. Bastos
et al. (2006) demonstrate that the lakes in this region have a
higher Hg concentration than the Madeira river (Table 3).
The Hg concentrations found in bottom sediments of the
Madeira river and its tributaries are lower than those found
by Pfeiffer et al. (1989) at the peak of gold mining on the
Madeira river (Table 3). Factors such as the reduction of Hg
emissions from gold mining, methylation, together with the
exportation of this metal to other regions such as floodplains
may contribute to the reduction of concentrations of Hg in
the bottom sediment.

The probability diagrams for Hg and organic matter
generated by the indicator kriging technique demonstrate
the formation of preferential areas of concentration in the
central portion of Puruzinho lake. A comparison of the
probability surfaces generated, using as cutoff value a higher
concentration than the median 63.20 ng g, indicates that the
central portion of the lake presents the highest probability of
this value occurring. A similar pattern can also be observed for

Flood pulse and spatial dynamics of mercury in sediments in

the organic matter, considering a higher than 8% cutoff value.
Note, also, that there is a slight change in the preferential areas
of Hg and organic matter concentration in the rainy and dry
seasons. Roulet er al. (2001) suggest that the production of
MeHg is favored during the high water period in comparison
with the consumption of MeHg. In the present study, it was
found that during the period of high water (rainy season),
the areas of higher Hg concentrations expanded in relation
to the dry season.

The central part of the lake constitutes its deepest region,
so the removal of Hg and organic matter may be more difficult.
‘The concentration of Hg in Puruzinho lake is a consequence
of burning vegetation close to the lake’s headwaters and of
transportation and deposition by the Madeira river (swell
of rising water caused by heavy rainfall in the region of the
headwaters). The Madeira river carries high loads of suspended
solids rich in adsorbed Hg (Maurice-Bourgoin ez al. 2003)
from anthropogenic processes generated throughout the
Madeira river basin, such as gold mining and land occupation
for agriculture (Gomes ez al. 2006).

The Hg transported in suspended solids is discharged by
gold mining into both the Beni river and the upper Madeira
river and by soil erosion in the sub basins of the Madeira’s
tributaries. The inversion of the fluviometric level during
high water is an important factor in the distribution pattern
of Hg in sediment (Meade ez al. 1985). Mercury deposited
during high water is incorporated into a sediment rich in
allochthonous organic matter. Under anaerobic conditions,
inorganic Hg may be converted into MeHg — and can be
incorporated by detrivorous organisms, entering the food
chain, where it biomagnifies (Watras and Bloom 1992). The
retraction of the areas of highest Hg concentration indicates
the remobilization of Hg and, hence, its exportation to other
areas during the dry season.

The vertical distribution patterns of Hg concentrations
in the sediment profiles indicate a wide variation in Hg
concentrations in the sediment, possibly resulting from
fluctuations in deposition due to the period when Hg was
discharged into the Madeira river basin. The central part of
the lake is the area where the highest deposition occurred.
Because this area is the deepest region of the lake, it contains
higher concentrations of organic matter and is more directly
influenced by the fluviometric level of the Madeira river. This
area is where the lowest remobilization of Hg occurs, and is
also the area most directly related with dry-land soils.

CONCLUSION

The Hg deposition process in rainy season are mainly
dominated by means of income of organic matter and
suspended solids transported by the Madeira river flooding,
while the predominant process in the dry season is the
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remobilization of total Hg due to the resuspension of bottom
sediment .

Hg concentrations in lake sediments based on indicator
kriging, showed that the total concentration of Hg and of
organic matter in bottom sediment vary spatially, depending on
the concentrations of the samples collected in the proximities.
Thus, Hg and organic matter form compartments in the lake,
creating coinciding preferential zones of concentration of Hg
and organic matter.
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