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In the present work, results from a survey on mercury concentration in sediments and soils from a gold mining area along the Vila Nova river, in
Amapa State, Brazil, are presented. These values were compared with those from the Igarapé Pedra Preta basin, an area unaffected by mining
activities. Total mercury contents were determined in the muddy (silt+clay) fraction of the sediments and in the <2 mm fraction of the soils using
radiochemical neutron activation analysis (RNAA). The detection limit of the method was 54 pg'kg™! for soils and 14 pg'kg™ for sediments when
200 mg of sample were analysed. The Hg results obtained from a comparison between our current method (RNAA) and CV AAS are also
presented. Mercury levels showed to be very high in the soils and sediments collected in the Vila Nova river (up to 2 mgkg™!) when compared to
background values (0.3 mg'kg™") for this region. An enrichment factor was calculated, using Al as a normalizing factor. It showed values up to 8
in sediments of the Vila Nova river basin, indicating a relatively high degree of pollution as compared to the values of about 1 for the samples of

the Igarapé Pedra Preta basin.

Introduction

The pollution caused by mercury is one of the causes
of the forest environmental degradation process in the
Amazonian region. Gold mining activities are quite
widespread in the Amazonian region and the potential
contamination by mercury used for collecting alluvial
gold has become a matter of great concern. !

In Brazil, several studies about mercury pollution
have been carried out during the last few years.!~13
PFEIFFER et al.4 studied the Hg distribution in sediments
and fishes for the Madeira river watershed, Rondonia
State. Hg contamination was clearly detected in some
sites along the Madeira river, where Hg concentration
levels reached values as high as 19.8 mg-kg™! in bottom
sediments and up to 2.7 mg-kg™! in fish.

RODRIGUES FILHO and MaDDOC? also studied two
gold mining areas in the Brazilian Amazon in order to
determine mercury pollution in sediments and soils, from
regions unaffected and affected by gold mining. They
concluded that the concentrations of Hg in bottom
sediments and soils of the drainage subbasins studied in
the Poconé region showed anomalous values, compared
to the tocal background values for sediments and soils.
On the other hand, some studies are indicating
contamination in remote areas not directly affected by
mining activities.!4:13
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1t becomes necessary to carry out studies in order to
assess the contribution of mining and other
anthropogenic or natural sources for mercury pollution
in the Amazon environment. Within this context, in the
present work we studied an area, in the midst of
alluvial/elluvial ways of gold exploration. As a
background to quantitative balances, an area located near
Serra do Navio (Amapari river) was chosen, where the
forest is found totally preserved from any anthropogenic
contribution. The location of the areas studied in Amapa,
Brazil, is presented in Fig. 1. Soil and sediment samples
from both regions were collected and analyzed by
radiochemical neutron activation analysis (RNAA).

The irradiated samples were leached with acqua regia
in a microwave oven and subsequent selective Hg
extraction  with  bismuth  diethyldithiocarbamate
(Bi(DDC)3). The developed radiochemical separation
procedure allowed as to determine low and high levels of
mercury concentrations both in soil and sediment
samples. The results obtained hereby were compared to
those achieved by cold vapor atomic absorption
spectrometry (CV-AAS) technique.

Akadémiai Kiadd, Budapest
Kluwer Academic Publishers, Dordrecht
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Fig. 1. Map of the area studied

Table 1. Description of the sediment samples analyzed in this work

Location Sampling code Description Sampling campaign
Serra Do Navio SDPP001 Bottom sediment from Igarapé Pedra Preta 1994, July
SDAPO0O1 Bottom sediment from Amapari river 1694, July
SDAP002
SDAP003 Bottom sediments from Amapari river 1995, March
SDAP004
Vila Nova River Basin SDVNO004 Bottom sediments from Vila Nova river, uspstream ‘garimpo do Chicdo’ 1995, March
SDVNO006
SDVNO007 Bottom sediment from Vila Nova river, dowstream a mining site 1995, March
SDVNOO1A
20--30 cm depth
SDVNOOiIB Core sediment from margin at Vila Nova river, within a mining site 1994, July
10-20 cm depth
SDVN001C
0-10 cm depth
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Experimental
Sampling

The study areas are located in the Amapa State,
Brazilian northeastern Amazon, approximately at the
latitude of 00°00°(Fig. 1). The area chosen as reference,
out of influence of “garimpos” (informal mining in small
scale), is a small catchment (Pedra Preta Creek) in the
Amapari valley, near Serra do Navio village, in the
central part of the State. Two soil profiles were sampled.
The SN10 and SN5 profiles are separated by about
300 m, being at 100 and at 30 m altitude, respectively.
Also soil samples from Vila Nova river basin were
collected (VN2, VN3 and VN4). Description of the soil
samples analyzed in this work is given in our previous
work. 16

Sediment samples were collected by using Eckman
dredge. Table 1 shows the description of the samples.
All samples (about 1kg) were stored in polyethylene
bags and immediately frozen. In the laboratory, samples
were defrosted and homogenized while still wet and the
coarse material (>2 mm) was removed. For sediments
the remaining material was sub-fractioned through a
63 pum sieve, obtaining sand (between 2 and 0.063 mm)
and muddy, which includes siit (between 63 and 2 um)
and clay (<2 um). For soil samples only the <2 mm
fraction was prepared for analysis, although some
previous analysis has already been made in both
fractions of the investigated soils.

As mercury is sensitive to high temperatures, all
samples were dried at 45 °C in an oven to avoid the loss
of any volatile mercury. Chemical and mineralogical
determinations were performed after pulverizing the
samples.

Analytical procedure

About 200 mg of sample and an aliquot of mercury
standard solution were irradiated for 16 hours, under a
1012 n:cm2-s7! thermal neutron flux, in the IEA-R1
reactor from IPEN/CNEN-SP, Brazil, in quartz vials.

The analytical procedure for soil samples is
described in our previous work.1® For leach processing,
the sealed vessels were placed in a domestic microwave
oven for one minute at 50% power (200 watts) for
sediments and 70% power (280 W) for soils. The
irradiated samples and standard + inactive sample were
processed in the same way.

Digested solutions were cooled and transferred to
beakers, and the residue was separated by filtration. The
pH of the solution was adjusted to about 1.5 with
ammonia. After this, mercury was extracted with 25 ml
5-10-3M (Bi(DDC)3) in chloroform and the organic
phase was transferred to counting vials for the

subsequent determination of total mercury by using the
203Hg and !97Hg radioisotopes activities.

Iron concentration was evaluated in all samples by
instrumental neutron activation analysis, whereas
aluminum was determined in the sediment samples by
X-ray fluorescence method at [PEN/CNEN-SP.

For the sake of comparison, the samples were also
submitted to cold vapor atomic absorption spectrometry
(CVAAS) for total Hg, after digestion with a mixture of
nitric and sulfuric acid and potassium permanganate!’-18
at the Laboratorio de Quimica Analitica of CENA/USP
and IPEN/CNEN-SP.

Radlioactivity measuremenits

Each sample was counted for 50 000 seconds in a
GEM 20190P detector coupled to an ORTEC ACE §K
card plus IBM/PS2 microcomputer with a resolution of
about 0.98 keV at the 121.97 keV gamma-ray of 57Co
and 1.81 keV for the 1332.49 keV gamma-ray of 60Co.
The gamma-rays 77.6keV (197Hg) and 279.2 keV
(293Hg) were used for mercury determination. Spectrum
analysis was performed by means of the VISPECT2
software, developed by Dr. D. PIccoT, from Saclay,
France, in TURBO BASIC.

Reference materials analysis

The precision and accuracy of the method were
verified by means of analysis of reference materials Lake
Sediment (BCR-CRM 280) and Buffalo River Sediment
(NIST SRM 2704) for sediments and GXR-5(USGS) for
soil samples.

Results and discussion

The validation of the developed method was carried
out by using reference materials analysis. The results are
given in Table 2, which shows a good agreement
between RNAA results and the certified values of the
reference materials, indicating a high accuracy and
precision of this technique for total mercury analysis in
soil and sediment samples. The detection limits of the
method were determined according to CURRIE,!?
reaching 0.054 mg-kg™! for soil and 0.014 mg-kg™! for
sediment samples.

Chemical data for mercury (Hg) and iron (Fe) are
displayed in Tables 3 and 4, for sediment and soil
samples, respectively. Also the results obtained for Hg
by using CV AAS technique are presented.

It can be concluded that the radiochemical procedure
developed for Hg determination in sediment and soil
samples is a very reliable method and the results are in
agreement to those obtained by the CV AAS technique.
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Table 2. Results obtained for total Hg (in mgkg™) in the reference materials Lake Sediment (BCR-CRM 280),
Buffalo River Sediment (NIST SRM 2704) and GXR-5 (USGS), by using RNAA technique

Reference Obtained Certified R.S.D. R.E. Detection limit,
material values values mg kg™
Lake sediment 0.69 +0.03% 0.670£0.019 438 2.7 0.014
Buffalo river sediment 1.50 £ 0.03 1.47 £0.07 20 2.0 0.014
GXR-5 0.161 £ 0.003% 0.158 1.9 19 0.054

1 Number of determinations.

Table 3. Results obtained for total Hg (in mg'kg™") by using RNAA and CV AAS, Al (X-ray fluorescence)
and Fe (INAA) analysis in sediments from Serra do Navio and Vila Nova river basin

Location Sample Fraction Al, Fe, Hg Hg
% % RNAA* CV-AAS
Serra Do Navio SDPP0101 Mud n.d. 9.90 0.46 +0.03 nd.
Sand 1.99 1.60 0.022 £ 0.003 n.d.
SDAP001 Mud 293 2.85 0.2110.01 0.25
Sand 430 1.1 0.041 £0.001 0.045
SDAP002 Mud n.d. 4.6 0.377.£ 0.005 0.42
SDAP003 Mud 299 33 0.19£0.02 0.54
SDAP004 Mud 326 29 0.25+0.01 nd.
Vila Nova River Basin SDVN004 Mud 289 2.13 0.27+£0.02 0.39
SDVNO006 Mud 28.7 2.10 0.24£0.01 0.27
SDVNOO1A Mud 234 5.0 2.98+0.04 32
(20-30 cm) Sand 54 2.1 1.41+0.05 1.40
SDVN001B Mud 242 1.96 1.03£0.11 1.27
(10-20 cm) Sand 10.2 220 0.70 £ 0.03 0.71
SDVN00IC Mud 23.6 2.6 20£0.1 2.09
(0-10 cm) Sand 4.6 2.35 0.29+0.03 0.35
SDVNO007 Mud 30.5 7.0 1.9+0.1 1.46

n.d. — Not determined.
* Mean of two determinations.

Sediments

We can observe from the results obtained for Hg in
sediments (Table 3) a correlation between grain size and
Hg concentration: lower levels in the sandy fraction and
higher levels in the muddy (silt + clay) fraction.
Therefore, to verify the contamination, it is more suitable
to analyze the muddy fraction in the sediments.
* According to FERREIRA and VEIGA,20 this may be due to
the fact that clay minerals show a great capacity of Hg
adsorption, but with a weak link which is dependent of
pH, electric conductivity etc. In fact the amorphous Fe
and Mn oxides, at pH 4 to 10, are responsible for
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Hg retention, because they have a great capacity of
retention of heavy metal ions by precipitation or
adsorption.?1

The Pearson similarity correlation test was applied to
the sediment samples in order to verify the correlation
between Fe and Hg in these samples. It was observed
that there is a positive correlation between Hg and Fe in
sediments (Serra do Navio: rxy=0.88>r,ab,e and Vila
Nova Ty ™ 1.00>r,,4,.).

RODRIGUES and MADDOCK?22 also found a positive
correlation between Hg and Fe (»=0.72, n=16) for
contaminated sediments from Poconé region, Mato
Grosso State, showing that the iron oxides are the main
linkage of Hg in this region.



C. GONCALVES et al.: EVALUATION OF MERCURY LEVELS IN SEDIMENT AND SOIL SAMPLES

Table 4. Results obtained for Hg (in mg-kg™!) by using RNAA and CV AAS and Fe (INAA) analysis
in soils from Serra do Navio and Vila Nova river basin

Location Depth cm Fraction Fe, % Hg RNAA Hg CV-AAS
Top of toposequency — SN1 0-10 Mud 4.7 0.38 + 0.03 0.355
Sand 53 021 + 0.02 0.222
40-50 <2 mm 44 0281 % 0.005 0.247
160-170 Mud 6.4 0.158 + 0.013 0.158
Sand 6.6 0.189 + 0.015 0.110
Bottom of toposequency SN§ 0-20 <2 mm 23.0 026 + 0.01 0.26
200 <2 mm 18.0 0.30 + 0.02 0.306
400 <2 mm 25.0 026 + 0.02 0216
Surface soils from Pedra Preta (0-2 ¢cm) SLPP0201 <2mm 4.5 0.124 + 0.007 0.19
SLPP0202 <2mm 6.3 0.275 + 0.008 0.299
SLPP0203 <2 mm 85 0.173 £ 0.013 0.211
SLPP0204 <2 mm 6.6 0.097 £ 0.008 0.098
SLPP0205 <2 mm 14.4 0.094 + 0.006 0.115
VN 2- s0il over alluvium of Vila Nova river 0-7 Mud 25 18.1 + 1.4 19.8
Sand 23 267 + 2.1 29.6
Duricrust at the <2 mm 8.7 045 = 0.04 0.43
water table
60-70 Mud 2.4 0.39 + 0.02 0.41
Sand 19 0.185 + 0.019 0.189
VN3 — soil over bedrock - shaft 0-10 Mud 6.4 0.183 + 0.017 0.182
Sand 6.0 029 + 0.02 0.22
200 Mud 10.5 022 + 0.01 0.216
Sand 10.0 0.179 £ 0.015 0.136
VN4 - soil over bedrock - drill 0-10 Mud 54 0.206 + 0.018 0.203
Sand 59 030 + 0.0t 0.281
100 Mud 7.6 0.27 = 001 0.294
Sand 6.6 023 + 0.02 0.22

RAVICHANDRAM?3 also found a strong positive
correlation between trace metals concentration, grain
size and concentration of organic carbon and iron
oxides. The correlation coefficients varied between 0.77
and 0.97 (n=90) for sediment cores.

Since the enrichment factor (EF)?* which is
convenient for discussing geochemical trends and
making comparisons between two different arcas was
chosen to evaluate the contribution of Hg in the region
studied. It can be calculated by the following expression:

EF = (X/ADsympte/ (XAl gpy51

where X is the concentration of the metal of interest in
the sample and the average content in earth crust and
AL?® aluminum concentration in the sample and the
average content in earth crust. EF=1 means that the
main source of metal is considered to be the terrestrial
crust, EF>1 means that there are additional sources
besides the natural sources, and EF<] means that the

local source can be diluted by other materials such as
carbonates, for instance.2’

The results obtained are shown in Table 5. The
sediment samples from Serra do Navio showed that
EF<I, suggesting that the Hg concentration is diluted.
The EF for the two samples collected upstream Garimpo
do Chicio presented a value similar to Serra do Navio
samples (EF=0.25).

For the Vila Nova river basin EF values ranged from
1.3 to 7.9, indicating an anthropogenic contribution of
Hg in the sediments from this region.

Table 6 shows the Hg levels in sediments, from
different gold mining areas in Brazil. It is clear that the
background level at Serra do Navio region is higher than
several investigated areas considered contaminated,
being 10 times higher than values found for sediments
from rivers considered not contaminated in Amazonia

(20 ngkg™).?

793



C. GONCALVES et al.: EVALUATION OF MERCURY LEVELS IN SEDIMENT AND SOIL SAMPLES

Table 5. Enrichment factor (EF) for sediment samples

Sediments from Serra do Navio

SDPP0101 SDAP0101 SDAP002 SDAP003 SDAP(04
SILT SAND SILT SAND SILT SILT SILT
0.34 0.21 0.21 0.29 N.D. 0.19 0.23
Sediments from Vila Nova river basin
SDVN004 SDVNO006 SDVNOO1A SDVN0QO1B SDVN001C SDVNO007
SILT SILT SILT SAND SILT SAND SILT SAND SILT
0.29 0.25 39 7.9 1.3 2.1 2.6 19 1.94
Hg (crust) = 0.08 mg'kg™.
Al (crust) = 8.2%.%
Table 6. Hg levels in sediments from different Brazilian regions
Location Hg, ugkg™ Reference
Poconé —~ Mato Grosso 50-180 LACERDA (1991)
Rio Madeira, norte de Porto Velho 50-280 LACERDA (1987)
Rio Mutum do Paran4, Rondonia 210-19800 PFEIFFER (1989)
Rio Tapajos, Para 3-143 PADBERG (1990)
Bacia do Cumaru - Paré 300-9000 RAMOS (1990)
Rio Madeira, Humaita — Amazonas <10-50 MARTINELLI (1988)
Bacia de Crixas, Goias 270-12750 ANDRADE (1988)
Poconé, Pantanal, Brazil 130-255 GUIMARAES (1999)
Rivers considered not contaminated in Amazonia <20 PFEIFFER (1989)
Serra do Navio — Igarapé Pedra Preta 210-460 This work
Vila Nova river basin 240-2980 This work
Table 7. Hg levels in soils from different Brazilian regions
Location Hg, pgkg™! Reference
Poconé — Mato Grosso 20-30 LACERDA (1991)
Alta Floresta — Mato Grosso 50—4100 RODRIGUES (1995)
Rio Madeira 50-2620 PFEIFFER (1991)
Soils from forest 30-180 PFEIFFER (1991)
Negro river basin up to 212 FORSBERG (1999)
Serra do Navio 141-431 FOSTIER (1999)
Igarapé Pedra Preta 94-380 This work
Vila Nova river basin 179-26700 This work

GUIMARAES et al.26 studied Hg in sediments around
Poconé Gold mining area, Pantanal, Brazil. They found
in sediment cores that Hg was higher in surface layers
(130-255 ng-g~! d.w.) in Poconé (the oldest gold mining
area near the Pantanal) and locations dowstream, while
bottom layers ranged from 17-75ng-g-!, suggesting
some mobilisation of Hg from gold mining fields.

Soils

Table 4 shows the results obtained for mercury
concentrations in surface soils and in soil profiles.
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Comparing mercury levels in the areas studied, it is
observed that mercury concentrations in Igarapé Pedra
Preta basin are lower than in ‘garimpo do Chicdo’, a
contaminated area, where mercury levels reached
27 mg'kg™! at the surface.

Soil samples from Serra do Navio have presented Hg
levels around 0.3 mg'kg™! such as for sediments. No
meaningful differences were noticed between Serra do
Navio and ‘garimpo do Vicente’.

In all sampling, no significative relationship has been
found between the different depths and the content of
mercury. It seems that mercury distribution is
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independent of grain size. A correlation between Hg and
Fe levels in soil samples was not observed. (Serra do
Navio r,,=0.16, n= 13 and Vila Nova rxy=0.11, n=10).

Table 7 shows a comparison between Hg in soils
from different Brazilian regions with gold mining
activities. )

FORSBERG et al2? at Negro river basin (Brazilian
Amazon), also found mercury levels in soils
exceptionally high (up to 212 ug-kg™!). Depth integrated
mercury stocks were many times higher than those
expected from anthropogenic sources and thus
considered predominantly of natural origin.

FOSTIER et al28 determined the total mercury
concentrations in soils from a forested and a neighboring
deforested area from Serra do Navio region. They found
that Hg concentrations in the 0-10 cm samples ranged
from 141 to 431 pg'kg™! following a downhill gradient.
Considering soil profiles, Hg concentrations decreased
with depth to less than 100 ug'kg™!. In the deforested
area, Hg ranged from 57 to 103 pg'kg™! in the 0-10 cm
layer.

Conclusions

The RNAA method using the Parr bomb mixed acid
digestion system has proven to be an accurate method
for mercury leaching in soil and sediment samples. The
detection limits of the analytical procedure were
adequate, reaching values of 54 ngkg-! for soils and
14 pg-kg! for sediments when 200 mg of samples were
analyzed.

The results achieved by RNAA method were
compared with those obtained by CV AAS and most of
them were in agreement. The results obtained for
reference materials analysis were also good, proving that
the RNAA is a very reliable method for mercury
analysis.

Our results showed that the soil and sediment
samples collected at Vila Nova river basin presented a
very high level of mercury contamination. The levels of
Hg in the samples from Serra do Navio region, an area
considered  without direct effect of mercury
contamination, were about 0.3 mgkgl, value
considered as too high if it is compared to other non
contaminated areas in Brazil.

The authors would like to thank to CNPq and FINEP/PADCT for
financial support and also MSc Vera Lucia SALVADOR from
IPEN/CNEN-S20 Paulo, for the X-ray fluorescence analyses.
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