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Abstract

Sediments from nine floodplain lakes in Pantanal were analyzed for a large-scale (300 km) survey of mercury (Hg)
load in sediments and soils of the Alto Pantanal and to study the relationship between Hg and reactive aluminum,
iron, and manganese oxy-hydroxides. The results were compared with the Hg content in river and stream sediments
from the Poconé gold mining area, where Hg has been extensively used and still is in use. The results indicate that
the Hg concentrations were elevated in river sediment close to the mining area in Bento Gomes river basin (average
in the < 74-pm fraction 88.9 ng Hg g~ ' dry wt.; interquartile range 50.3-119.5), but there was no clear indication
that the local Hg emissions have contaminated the remote floodplain lakes, where concentrations were surprisingly
low (average in the < 74-wm fraction 33.2 ng Hg g~ ' dry wt. sediment; interquartile range 18.4-46.8), in particular
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when considering geochemical characteristics of the sediment. The sediment from the floodplain lakes contained less
Hg-tot and more reactive iron oxy-hydroxides than soils from the Tapajos area in the Amazon basin. This resulted in
a mass ratio between Hg and amorphous oxy-hydroxides of only 5x 10~° for Hg-tot /Fe-oxa (interquartile range
3-7x10~°). © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Artisanal gold-mining has been suspected to be
responsible for the release of much of the mer-
cury encountered in tropical floodplains such as
the Amazon and the Pantanal in Brazil (e.g. Lac-
erda et al., 1990). During the goldrush of the past
decades, an estimated 2000 t of Hg has been
released in the Amazon region (Veiga et al.,
1995). Furthermore, the Spaniards brought an-
other estimated 260000 t of Hg into Latin Amer-
ica between 1550 and 1930, mostly used for silver
amalgamation (Nriagu, 1993; Lacerda, 1997). On
the other hand, most Hg in remote soils and
sediments is supplied by atmospheric deposition
(Fitzgerald et al., 1998), which can be of natural
or anthropogenic origin. Large quantities of Hg
can be accumulated in some soils and can eventu-
ally reach surface waters, in particular at im-
proper management. Forsberg et al. (1999) esti-
mated that the soils in the Rio Negro basin (a
tributary to the Amazon river) contains consider-
ably more Hg than could possibly be of anthro-
pogenic origin, in spite of three times higher
global Hg deposition nowadays compared to
preindustrial deposition. This Hg is leached from
the soil by organic acids and can cause Hg con-
centrations in fish to exceed the limit for safe
consumption (Nakazono et al., 1999). Roulet et
al. (1998a,b) suggested that Hg entering the Ama-
zon soil is initially firmly bound to soil con-
stituents such as sesquioxides and crystalline Fe
and Al oxy-hydroxides. It is first when the soil or
sediment reaches saturation that Hg leaks into
the water courses in potentially bioavailable
forms. The bound Hg can also reach rivers if the
soil constituents themselves are relocated to the
water courses due to erosion or wash out of soil
particles. Roulet et al. (1998a,b) estimated that
97% of the Hg burden to the lower Tapajos river

(a tributary to the Amazon river) originates from
soil eroded Hg, in spite of direct pollution from
upstream (> 50 km) gold mining using Hg. They
also demonstrated that the Hg burden is not
related to organic matter content in the oxisols
and spodosols under rainforest in the Tapajos
valley, contrary to what is known from temperate
areas with boreal forests (e.g. Meili, 1997). In-
stead they identified crystalline Al and Fe oxy-hy-
droxides to be the soil constituents determining
the capacity to sorb Hg. Also amorphous Al and
Fe oxy-hydroxides as well as Mn oxy-hydroxides
have capacity to sorb heavy metals (McKenzie,
1980), but were not as abundant in the actual
soils.

The aim with the present study was to survey
the Hg levels in sediments and soils of the Alto
Pantanal and to quantify relationships between
the sediment Hg content and the abundance of
amorphous and crystalline Al, Fe, and Mn oxy-hy-
droxides in Alto Pantanal. An additional aim was
to estimate Hg amounts relocated by water
courses from gold mining areas, where Hg has
been extensively used and still is in use. The
presented data are obtained in a project financed
by Sida/SAREC (Swedish International Develop-
ment Co-operation Agency/Department for Re-
search Co-operation) with the aim to study the
accumulation and transformation of mercury in
tropical rivers and wetland in Brazilian Pantanal
and in the environmental monitoring program
run by FEMA (the governmental, environmental
foundation of Mato Grosso state) in the Bento
Gomes river basin, Brazil.

2. Study area

The savanna wetland Pantanal is a 137 000-km>
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Fig. 1. Location of sampling sites in the Alto Pantanal (Brazil). (1) Rio Cuiabé at Cuiabd; (2) Volta Grande; (3) Bog stream at
Mimoso, Rio Mutum, Baia Sia Mariana, Baia Chacororé, north and south; (4) Rio Cuiab4 at Porto Jofre, Baia Jofre; (5) Rio Cuiab4
at Bafa do Burro, Baia do Burro; (6) Rio Paraguai at Bafa Amolar, Bafa Amolar; (7) Rio Paraguai at Baia Paraiso and Acurizal,
Baia Paraiso; (8) Rio Paraguai at Baia Cachorada, Bafa Cachorada; (9) Rio Paraguai south and west of Céceres, Baia da Cidade
Ciceres; (10) Rio Paraguai at Bafa Ximbuva, Bafa Ximbuva; (11) Bento Gornes river basin (< 30 km from Poconé).

large alluvial plain in central-western Brazil fac-
ing the border of Bolivia and Paraguay, receiving
water from a surrounding upland drainage basin
that occupies 359000 km~ (Hamilton et al., 1996).
The area is hydrologically divided into the Alto
(high), Médio and Baixo (low) Pantanal. Flood-
plains make up approximately 20% of the up-
stream watershed (Alto Pantanal) and most of the
area in the Baixo Pantanal (Alho et al., 1988).
The rain falling from October to March results in
an annual flooding of usually more than half and
often more than 90% of the alluvial plain, while
on the other hand permanent open-water areas
are minimal (Hamilton et al., 1996). The annual
fluctuation of the inundation area is most ex-
treme in the Alto Pantanal, where the inundation
is maximal in March—April and minimal in Octo-
ber—November (Hamilton et al., 1996). The Alto
Pantanal (Fig. 1) is the northernmost part of the
Paraguay River basin, including the tributary Rio
Cuiaba (approx. 15.5-17.5°S and 55-59°W). The
rivers run southwards, and are to the north sepa-
rated from the Amazon basin by the Serra dos
Parecis and Serra Azul mountain chains (Estudos
hidrolégicos da bacia do Alto Paraguai, 1974).
Rio Paraguai has within the studied area a slope
of 0.03-0.15 m km ™', while the east-west slope
for the plain is 0.3-0.5 m km ™' (Zeilhofer, 1996),

causing Rio Cuiabd to flow faster than Rio
Paraguai through the plain, before they join in
the southern part of the study area. Rio Cuiaba
originates in the Chapada dos Guimaraes high-
lands of crystalline bedrock (mainly sandstone
and magmatite) with an altitude of 600-700 m
above sea level (Godoi Filho, 1986), and when
entering the Pantanal at an altitude of 100 m
above sea level, this river does not transport sand
but clay from the surrounding plain (Zeilhofer,
1996). The Pantanal basin was created more than
100 million years ago and has subsequently been
filled up by deposits of quartz sand and aluminum
silicate clay sediments, with a depth of 100 m or
more over large areas (Godoi Filho, 1986).

Alto Pantanal houses gold miners, since veins
of gold-containing coarser material are found in
the clay layers at some places on the margin of
the plain (Rodrigues Filho, 1995). This material is
excavated in huge open cast mines as well as
small pits and processed for gold extraction. Dur-
ing this process mercury (Hg) is used as an amal-
gamating agent, which results in Hg losses to the
air and the water of the wetland (Lacerda et al.,
1991; Veiga et al., 1991; Hylander et al., 1994;
Rodrigues Filho, 1995; von Tumpling et al., 1995;
Alho and Vieira, 1997). One of the oldest (> 100
years) and largest gold mines in the area is
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located in Poconé, around which the present study
was focused (Fig. 1.

Another source of Hg to the flood plain is Hg
dissolved in river water or sorbed to soil particles
and brought there by the rivers, eventually with
increased Hg burdens as a result of the extensive
erosion. The water, falling as rain on the sur-
rounding Guimaraes Plateau, carries a large bur-
den of suspended material on its route down to
the plain. The erosion is mainly caused by large-
scale agriculture and by cutting trees and bushes
on the river banks and other areas sensitive to
erosion (Gongalves, 1996). Also uncontrollable
secondary gold mining and dredging for construc-
tion sand from the river bottom contribute to the
erosion.

3. Material and methods

The samples were collected during three cam-
paigns, two at the end of the dry seasons in
August—September /October 1997 and 1998, and
the third campaign at the end of the rainy season
in March 1998. Water pH, dissolved oxygen, tem-
perature, conductivity and turbidity were mea-
sured in the field with a multipurpose field instru-
ment (Horiba U-10) at all sampling locations.

Superficial stream sediment was collected at 40
sites in the Bento Gomes river basin around
Poconé (<30 km) at the end of the dry season
1997 and 1998. In March (rainy season) and
August (dry season) 1998, rivers and floodplain
lakes were studied covering a much larger area
(<150 km in a beeline from Poconé). Two repli-
cate sediment cores were collected with a tube
corer, divided into 2—5-cm-thick horizons in the
field, and frozen until preparation for analyses. In
the laboratory, all sediment samples (cores and
superficial sediment) were thawed and dried
(<50°C) and dry sieved (<74 pm) with nylon
mesh sieves.

The fine fraction of sediments were analyzed
for total content of Hg (Hg-tot), determined by
cold vapor atomic absorption spectrophotometry
(CVAAS) after sample digestion in nitric acid

(Gongalves and Paiva, 1995; Companhia de
Pesquisa Recursos Minerais, 1987). A sample of 2
g was digested with 10 ml, conc. HNO; in a glass
tube covered by a glass pear to prevent evapora-
tion in a hot block digestor at 120°C for 2 h. After
cooling, water was added, and after settling of
remaining solid particles the Hg-tot concentration
was determined by CVAAS (Varian model VGA
77 coupled to a Varian AAS model 200).

Acid ammonium oxalate (0.2 M, pH 3) was
used for the extraction of amorphous Al, Fe and
Mn (Klute, 1986). We used a 0.5-g sediment sam-
ple (<74 pm) and 20 ml ammonium oxalate
solution, 30 min shaking in the dark at room
temperature, followed by centrifugation and de-
termination of Al, Fe and Mn in the supernatant
by flame AAS. The sediment was also analyzed
for nitric acid extractable Al, Fe and Mn by
extracting a 0.2-g sediment sample (<63 pwm)
with 3 ml conc. HNO; in closed quartz tubes in
an oven at 160°C for 2 h, diluted 30 times and
analyzed for Al, Fe and Mn by inductively cou-
pled plasma atomic emission spectrophotometer
(ICP-AES Perkin-Elmer Optima 3000 DV, 1995).

Distilled and deionized water and laboratory
grade chemicals were used in all experiments and
for preparing solutions. Accuracy of the Hg anal-
yses was checked by comparison with certified
reference materials (GBW 07309 stream sedi-
ment with 83 ng Hg-tot g~ ' dry wt., NIST Buffalo
river sediment 2704 with 1470 ng Hg-tot g{1 dry
wt.) and with selected samples run also at an
independent laboratory. All samples were di-
gested at least in duplicates, and each extract was
analyzed twice. Precision of all metal analyses was
verified by internal standards and replicated anal-
yses. The detection limit (3 S.D.) for Hg was 0.5
g 1! Hg in the extract, and 5 ng Hg-tot g{1 dry
wt. in the sediment when using 2-g samples and
20 ml extractant. The precision (1 S.D.) was ap-
proximately 10% in typical samples containing
10-100 ng Hg-tot g~ ' dry wt.

4. Results

A wide variety of surface waters was found in
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Table 1

101

Suspended matter (0.45 pm filter), turbidity, pH, conductivity, dissolved oxygen, and dissolved organic carbon in the water of
floodplain lakes (Baia) and rivers (Rio) of the Alto Pantanal (Brazil) in August 1998*

Sampling Co-ordinates Susp. Turb. pH Cond. DO DOC
site South West (mg1™hH) (NTU) (uScem™1) (mgl1™ Y (mg1™H
Rio Cuiaba, Cuiaba 15°37' 56°06’ 34 8 6.9 77 7.4 39
Bog stream, Mimoso 16°10’ 55°48' 1 <1 5.1 14 39 44
Rio Mutum 16°20" 55°50’ 9 27 4.5 3 5.6 3.7
Baia Sia Mariana 16°20" 55°53' 34 23 5.3 4 6.5 5.1
Baia Chacororé, N. 16°14’ 55°55' 120 105 6.7 44 6.0 n.a.
Baia Chacororé, S. 16°19’ 55°55' 340 203 7.1 41 5.6 5.2
Rio Cuiaba, Jofre 17°22' 56°46’ 50° 35 6.1 27 6.3 31
Baia Jofre 17°20" 56°46’ 87 71 6.3 37 5.6 8.9
Baia do Burro 17°50" 57°24' 50 38 6.4 31 7.1 5.6
Rio Cuiaba, Burro 17°51' 57°24' 55° 47 6.5 27 7.0 33
Baia do Amolar 17°57' 57°28’ 37 26 6.4 47 6.5 6.7
Rio Paraguai, Amolar 17°57 57°28' 48 32 6.4 45 6.5 6.5
Baia Paraiso 17°52' 57°30’ 13 3 6.6 59 2.7 7.7
Rio Paraguai, Paraiso 17°52' 57°31' 28 19 6.3 58 6.8 8.1
Rio Paraguai, Acurizal 17°47' 57°37 n.a. 22 6.9 58 6.7 7.3
Baia Cachorrada 17°44' 57°40’ n.a. 25 6.3 53 6.2 5.6
Rio Paraguai, Cachor. 17°44’ 57°39' n.a. 22 6.7 59 6.9 6.4
Baia da Cidade Céce. 16°04’ 57°42' 25 20 5.8 35 7.6 3.6
Rio Paraguai, S Cace. 16°08’ 57°44’ 24 28 6.1 34 7.7 33
Rio Paraguai, W Céce. 16°04’ 57°42 45 24 6.1 35 7.7 3.4
Baifa Ximbuva 15°59’ 57°41" 18 20 79 460 8.9 19.1
Rio Paraguai, Ximbuva  15°58’ 57°41' 5 24 6.1 22 7.3 39

“n.a., not analyzed.

®Estimated from the amount of material precipitated with Al,(SO,)s, corrected for added chemicals.

the Alto Pantanal. Rio Cuiaba is a white water
river with a high load of suspended material,
which increases downstream from the city of
Cuiaba (Table 1). The tributary Rio Mutum has
dark water with signs of oxygen depletion, and
with an insignificant load of suspended material
so the dissolved organic matter will dominate its
characteristics (Table 1). This type of water is
known to increase the mobility and probably also
the bioavailability of Hg (Meili, 1991, 1997). The
gently flowing Rio Paraguai has a lower load of
particulate matter in suspension than Rio Cuiaba
(Table 1). The brooks, ponds and rivers in the
Bento Gomes river basin have quite varying loads
of suspended matter, largely influenced by adja-
cent mining activity (Table 2).

The average Hg-tot concentration in the fine
sediments (< 74 wm) from the studied lakes was
332 ng Hg g~ ' dry wt., the median 26.9, the first

quartile 18.4 and the third quartile 46.8 ng Hg
g~ dry wt. sediment (Fig. 2). The average Hg-tot
concentration in surface sediment sampled in the
Bento Gomes river basin was 88.9 ng Hg g~ ' dry
wt., the median 69.7, the first quartile 50.3 and
the third quartile 119.5 ng Hg g~ ' dry wt. sedi-
ment (<74 wm; Table 2), indicating clearly ele-
vated Hg-tot concentrations in the gold mining
area.

The concentration of oxalate extractable Al
(Al-oxa) in fine sediment (< 74 wm) was on aver-
age 620 wg Al g~' dry wt. It was highest in
sediment from the lake Baia da Ximbuva, which
had highly alkaline water and water apparently
rich in clay (Fig. 3, Table 1). The amount of
oxalate extractable Fe was approximately 10 times
higher, that is on average 8760 pg Fe g ' dry wt.
Generally the surface horizons contained most
Fe-oxa, which was reduced to approximately half



102 L.D. Hylander et al. / The Science of the Total Environment 260 (2000) 97-107

Table 2

Turbidity, water pH, conductivity, dissolved oxygen, and total Hg in surficial (river and) stream sediments (in water courses) in the

Bento Gomes river basin, Alto Pantanal (Brazil)®

Sampling Co-ordinates Turbidity pH Cond. DO Hg in
site South  West (NTU) (uScm™1) (mgl1™h sedim_elnt
(ng g™ ' dw)
ANT 01 16°16' 56°40’ 9+13 6.2+04 66+ 8 49+21 74 + 62
BNG 01 15°59’ 56°28’ 35+2 7.1+£0.6 136 + 55 6.6+13 24 +1
BNG 02 16°19’ 56°32' 5 7.2 165 4.0 35
BNG 05 16°19’ 56°33’ 8+3 6.9+03 135 +13 4.8 +0.6 39+1
BNG 07 16°23' 56°36’ 9+2 6.5+0.3 97+9 44421 79 £ 76
BNG 08 1626’ 56°40’ 5+4 6.5+0.0 153+9 22+1.1 127 + 100
CAA 01 16°16' 56°36’ 9+2 6.0+£0.5 42 +15 44411 91+17
CCO 01 16°15’ 56°39’ 2+0.0 6.3+0.2 100 + 71 44442 118 + 85
CCO 02 16°15' 56°39’ 7+5 6+04 47+ 10 59401 121 + 36
CDC 01 16°17 56°41 6+3 6.4 +04 113 +42 37425 51+10
CFU 01 16°13’ 56°40’ 10£5 6.7+0.1 79 £ 26 7.9+0.0 29+15
CFU 02 16°13’ 56°38’ 5 7.0 50 7.8 169
CFU 03 16°13’ 56°36’ 10+£0.0 6.7+0.1 72 +£23 7.7+0.1 82 +23
CLO 01 16°14’ 56°39’ 1+1.4 6.9+0.4 39+13 6.8+ 1.5 119 + 30
DCI 01 16°13’ 56°36’ 8+2.8 64+0.5 65 +12 7.0+ 1.0 63 +21
PIM 01 16°07’ 56°36’ 2 5.2 112 2.7 164 + 149
PIM 02 16°14' 56°35' 542 6.6 +0.2 79 £ 20 5.0+09 50+4
PIM 03 16°15’ 56°35’ 17+ 18 6.7+0.2 73+ 18 54+16 65 +25
PIM 04 16°18’ 56°32' 14+ 16 6.7+0.1 88 +11 48+0.6 62 +50
PRT 01 16°16’ 56°40’ 4+3 6.7+0.1 90 + 28 58423 50 +27
PRT 02 16°16' 56°40 2+0.0 6.5+0.1 87 +23 7.6+£0.3 48 +30
PRT 03 16°17' 56°40’ 2+0.0 6.5+0.1 78+ 11 6.9+0.1 86 +49
PRT 04 16°19’ 56°40 19+13 6.8 +0.4 7243 7.5+0.6 53+£33
PRT 05 16°21 56°39’ 8+4 6.5+0.1 7246 52417 348
PRT 06 16°23' 56°39’ 4+0.7 7.0+£0.4 71+1 6.5+ 1.6 39+16
RAB 01 16°20’ 56°44’ 243 74+02 125 +33 7.2+08 36+7
TAL 01 16°16’ 56°39’ 10 6.3 80 6.1 59+16
TEB 01 16°15’ 56°36’ 17+1 6.2+0.7 87+ 35 63 +1.6 125
TEB 02 16°17 56°39’ 443 64+03 104 £+ 95 6.0+0.1 165+ 13
TQP 01 16°17 56°38"” 3+1 58+1.1 29 +25 52418 167
TQP 02 16°20’ 56°36 0.5+0.7 5.7+0.7 31+£31 6.1+0.8 136 + 62
TQP 03 16°20’ 56°37' 444 74+18 51+1 7.3 52+8
TRA 01 16°09’ 56°37' 16 + 16 6.0+15 60.5 57+08 98
VGC 01 16°19’ 56°43’ 6+6 6.6 +0.3 69 + 25 7.3+£0.7 5343

“Average + S.D. from 2 years of sampling (September 1997 and September—October 1998).

at 0.5 m depth in sediments from Baia Sia Mari-
ana, Baia Chacororé and Baia Cachorada. The
differences in Fe-oxa concentrations between the
surface horizon and deeper horizons were smaller
in the other lakes. Also the concentration of
oxalate extractable Mn was highest in the surface
sediments. Mn was the least abundant of the
studied oxy-hydroxide metals with an average
concentration of 223 g Mn g~ dry wt. The total
amount of these elements in the sediment was on
average 41.6 (interquartile range 32.3-55.0) mg

Al-tot g~' dry wt, 23.1 (interquartile range

18.6-28.3) mg Fe-tot g~ ' dry wt., and 0.4 (inter-
quartile range 0.5-0.3) mg Mn-tot g~ dry wt.

The concentration of Hg-tot was correlated to
all three oxy-hydroxide metals (Fig. 3). The mass
ratio between Hg-tot and the oxy-hydroxide met-
als was 89 x 10~° for Hg-tot /Al-oxa (interquar-
tile range 46-65x107°), 5x 107° for Hg-
tot /Fe-oxa (interquartile range 3-7 X 10~°), and
290 x 10°° for Hg-tot/Mn-oxa (interquartile
range 116-348 x 10~°).
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Fig. 2. Total Hg concentration in the surface horizons (0—-6 cm) and in deep horizons (= 0.5 m) of sediment profiles from floodplain
lakes in the Alto Pantanal, Brazil. Averages of three strata from each of two profiles sampled in March and August 1998, analyzed
at a laboratory in Cuiaba (Cui) and averages of one stratum from each of two profiles sampled in August 1998, analyzed at a

laboratory in Sweden (Swe). Vertical bars indicate +1 S.D.

5. Discussion

Low Hg-tot concentrations were found in sedi-
ments of the Alto Pantanal, except in the immedi-
ate vicinity of a major gold-mining site. Also
relative to the abundance of sesquioxide forming
metals, Hg-tot concentrations were lower than in
other tropical floodplain areas. The Hg-tot con-
centration in the lake sediments ranged from
below 10 ng Hg g~ ' dry wt. in some deep sandy
horizons to above 50 ng Hg g~ ' dry wt. (Fig. 2).
River bottom sediments sampled in 1992 from the
same area as the present lake sediments con-
tained between 10.6 and 39.4 ng Hg-tot g~ ' dry
wt., with an average of 24.7 ng Hg g~ ' dry wt.
(Hylander et al., 1994). The somewhat lower Hg-
tot content than in the present samples might be
explained by the fact that bulk samples were
analyzed, and not only the fine fraction, and by
different sediment types (river vs. lake sediment).
Lacerda et al. (1991) found higher Hg-tot content
in the surface horizons than in deeper horizons in
two studied lakes of the same area, which they
ascribed to atmospheric deposition of Hg origi-
nating from the gold mining activities in Poconé.
They encountered 62—-80 ng Hg gf1 dry wt. in the
upper 2 cm, but only 12-30 ng Hg g~ ' dry wt.
below 3-cm depth. However, since the organic
matter content showed a similar pattern, that also
may apply to other constituents of fine sediments

as was often the case in our profiles, it is difficult
to interpret an increasing Hg-tot level as an in-
creasing Hg-tot deposition without a careful study
of sediment properties and turnover.

In the present study the surface sediments were
generally enriched in amorphous Al, Fe, and Mn
oxy-hydroxides. This was most pronounced for
Mn, which is known to be greatly influenced by
the redox potential and easily mobilized at anoxic
conditions (Bartlett, 1988). The reduced Mn ions
can be leached or washed out from the deep
sediment, which may result in a lower future
capacity to sorb Hg-tot in case the subsurface
horizons would get oxygenated again.

Iron is in the same way affected by redox
reactions, which may cause leakage of Fe and
formation of laterite rock or soils with clay tex-
ture. In the Poconé area the gold miners are
digging in huge laterite layers to the depth of
more than 50 m in the search for gold-containing
quarts veins embedded in laterite. The total Fe
content in the sediments in Alto Pantanal is ap-
proximately 25 mg g~' dry wt. and on average
one-third of Fe-tot was available as reactive ox-
ides or hydroxides determined by oxalate extrac-
tion (Fig. 3). The acid oxalate solution extracted
about half of Mn-tot and less than 5% of Al-tot
(Fig. 3). Reactive oxy-hydroxides have by some
authors been shown to sorb Hg (Forbes et al.,
1974; Roulet et al., 1998a) while others (Semu et
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Fig. 3. Concentrations of total Hg (ng g™' dry wt.) vs. oxalate
extractable and total (nitric acid extractable) Al, Fe and Mn
(ug g~ dry wt), respectively, in sediments from floodplain
lakes in the Alto Pantanal, Brazil. Oxalate extractable data
from three surficial horizons and from three deep horizons
(= 0.5 m) and nitric acid extractable data from one surficial
horizon (2-4 cm) and one deep horizon of profiles sampled in
August 1998.

al., 1986) showed that it is not always true for
tropical soils. In the present study there was a
weaker correlation between Hg-tot content in
sediment and reactive Al, Fe or Mn oxy-hydrox-
ides than demonstrated in the Tapajos area, based
on extraction with citrate-dithionite-bicarbonate
buffered extract (cdb), which in addition to amor-
phous compounds also extract some crystalline Fe
and Al (Roulet et al., 1998a). For the Pantanal
sediments the difference between Al-oxa and Al-
cdb was a few percent, while Fe-cdb on average
counted for approximately half of Fe-tot and Mn-
cdb for approximately 80% of Mn-tot (unpub-
lished data). The differences in soil and sediment

types between Pantanal and Tapajds are evident,
for example demonstrated in lower mass ratio
between Hg-tot and Fe in the Tapajés compared
to Pantanal, mainly caused by lower Hg-tot con-
tent in the Pantanal sediments.

The used oxalate solution will not extract crys-
talline Al and Fe oxy-hydroxides such as gibbsite
and goethite, but will extract amorphous Al, Fe,
and Mn oxy-hydroxides and also organically bound
Al, Fe, and Mn (Klute, 1986). However, in our
samples, as well as in many other tropical soils
and sediments, organically bound Al, Fe, and Mn
probably makes up only a minor fraction of the
extracted elements, since the C content was only
0-5% dry wt. in the fine fraction (<74 pm)
determined by dry combustion and IR-detector
(unpublished data).

The Hg-tot content of bottom sediments (< 74
pm) from water courses in the immediate vicinity
of present or former gold mining sites was higher
than in the lake sediment. The FEMA sediments
around Poconé contained between 18 and 348 ng
Hg-tot g~ ' dry wt. with an average of 91.5 ng Hg
g ' dry wt. Yet, the Hg-tot concentrations en-
countered in sediments in that area during the
liberal use of Hg in gold mining during the 1980s
were higher. Silva (1996) sampled in 1993-1994
one-third of the sites that are included in the
present monitoring program and encountered
92-880 ng Hg-tot g~ ' in not sieved river sedi-
ment, with an average from 13 sites of 428 ng Hg
g~'. von Timpling et al. (1995) encountered
23-198 ng Hg-tot g~' in river sediment (not
sieved) collected in 1992-1993. Rodrigues Filho
(1995) encountered Hg-tot concentrations in the
< 74-nm fraction of sediments ranging from < 40
up to 1850 ng Hg g~ ' with an average from 17
sites of 342 ng Hg gfl. The present, lower Hg-tot
concentrations may be a result of enforcement of
the legislation protecting the environment from
contamination and a sharp reduction in gold min-
ing activity. In May 1987, 70 gold mining sites
(garimpos) were working, but only seven in May
1999, due to the falling gold price on the world
market (site study by L.J. Oliveira in May 1999).

With a water flow in Rio Cuiaba during the dry
season of more than 100 m’ s~' (130 m’ s~
measured downstream Porto Jofre in October
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1997; Ministério do Meio Ambiente, 1997) and a
suspended matter content of around 50 mg 1!
(Table 1), at least 500 tons of eroded material is
daily transported by the river past Porto Jofre.
During the rainy season the daily load is much
larger. Part of the load settles in lakes and marsh-
lands, especially during the rainy season when
large water quantities are not conducted in the
river channel but inundate surrounding areas,
which results in a reduced water velocity.
Presently, the main area of sedimentation is to
the south of Rio Cuiaba before the confluence
with Rio Paraguai (Godoi Filho, 1986). The total
burden of particulate matter in suspension, and
probably also of Hg-tot transported by Rio
Paraguai is larger than those in Rio Cuiaba due
to the nearly three times larger water flow (374
m’ s~ measured downstream Ilha de Taiama in
October 1997; Ministério do Meio Ambiente,
1997).

The mobility and transport of dissolved and
particulate Hg is largely dependent upon binding
forms of accumulated Hg. Mercury can be relo-
cated by leaching of dissolved Hg. Elemental Hg
forms an alloy with most other metals, iron being
a notable exception, and oxidized Hg binds
strongly to the oxy-hydroxides of other metals,
which reduces its mobility. The mechanical relo-
cation of particle-bound Hg depends among
others on the vulnerability to erosion of formed
sediments. Assuming that the Hg-tot concentra-
tion in suspended matter is the same as in the
sediment (Fig. 2), a mean concentration of ap-
proximately 1-10 ng 1! particulate Hg can be
estimated from the suspended load. An estimated
typical dissolved Hg concentration of approxi-
mately 1 ng 17" (cf. Meili, 1997) suggests that the
transport of particulate Hg may dominate the
total Hg transport in the Rio Cuiabd. Estimating
the river transport of total Hg yields values in the
order of 1-100 kg year ' in Rio Cuiaba at Porto
Jofre, of which an unknown fraction is anthro-
pogenic.

The higher Hg-tot content in the surface hori-
zons than in deeper horizons may indicate an
anthropogenic enrichment, but may on the other
hand also be related to the higher content of

reactive Mn and Fe encountered in surficial hori-
Zons.

6. Conclusions

The Hg-tot content in fine sediments (< 74
pm) of the Alto Pantanal, apart from the imme-
diate vicinity of present or former gold mining
activities, is generally below 50 ng Hg g~ ' dry wt.,
which is lower than in the Amazon region as well
as in many temperate areas. Hg-tot/Al and Hg-
tot /Fe ratios were lower than those presented by
Roulet et al. (1998a) for soils and sediments in
the Tapajos basin and other tropical areas of
South America, even though only amorphous
metal oxy-hydroxides were considered in our
study. This suggests that the Hg cycle in the
Pantanal may be governed by other parameters
than in the Amazon basin, where the soils are
younger and of different origin.
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