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Abstract

Black carbon, charcoal and mercury fluxes were measured from sediment cores taken in an artificial water dam in
an intense land use change area in the Alta Floresta district in the Brazilian Amazon, in order to characterize the
differences in the evolution of human occupation patterns in the region during the last 18 years. A positive correlation
between the black carbon and charcoal particle fluxes and the evolution of the Brazilian gross domestic production
(GDP) was observed. Mercury fluxes showed a positive correlation with gold production and exhibited a distinct
evolution pattern when compared to in relation to the forest fires indicators and Brazilian GDP. The fluxes of forest
fires markers showed an increase in deforestation activities in the region after 1993. Mercury deposition showed a
substantial decrease after 1994. The patterns of distribution in both forest fires tracers and gold mining tracers indicate
substitution of the regional economic model. It also marked different antropogenic impact type in the ecosystem.�
2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The slashing and burning of forested areas is a
common practice of Brazilian ranchers and farmers
when preparing the land for agriculture and prin-
cipally cattle pasture. Today, large areas are being
burned and converting an ecosystem with high
diversity and biomass into an ecosystem with low
diversity and biomass. Burning activities produce
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large amounts of CO emissions to the atmosphere2

(Houghton and Woodwell, 1989; Fearnside, 1996).
In the Amazon, approximately 13% of 5=106

km of the rain forest was cleared(Brasil, 1998).2

This forest conversion process started in the 1970s
mostly transforming the forest ecosystems into
pasture. This process was not accompanied by
sustained management projects for the regional
forest resources. The wood industry plays a signif-
icant role by removing as quickly as possible the
timber of economic value, despising species of
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lower economic value. The abundance of wood,
the lack of a program of forest management and
the hope of fast profits lead to great amounts of
biomass being burned without wealth creation.
When the colonization plans were initiated for the
Amazon region in the 1980s, the conversion of the
forest (a ‘unproductive system’ according to the
formerly vision) into pasture(a ‘productive sys-
tem’ according to the same vision) was considered
the first priority to occupy vast areas, assuring the
land property without taking into consideration the
ecological aspects of the ecosystems(Fearnside et
al., 1993). This type of deforestation process in
the Amazon causes a reduction of the ecosystems
in the carbon content(Nepstad et al., 1999),
increasing the carbon emissions to the atmosphere
in approximately 0.2 PgC year (Houghton ety1

al., 2000). In the Amazon, the particulate material
coming from the burning biomass is taken by
intense convective aerial masses that carry the
particulate material to the upper atmosphere(Gar-
stang et al., 1988; Freitas et al., 2000), where
aerial currents promote its dispersion for long
distances(Andreae, 1983; Freitas et al., 2000).
Black carbon is the major constituent of the par-
ticulate emission and has the property of being
chemically and microbiologically inert(Kulhlbush
and Crutzen, 1996). This property makes it a good
tracer of forest fires events in paleoecological
studies(Verardo and Ruddiman, 1996).

Concurrent with the deforestation, an intense
gold rush occurred with the exploration of riverbed
sediments. The disaggregated and dredged mate-
rials of the alluvium deposits are sieved and then
amalgamated with mercury. These amalgams are
burned and the mercury released to the atmosphere
and dispersed according to the circulation pattern
of air masses. The separation of the gold and
mercury is generally done without the use of
equipment that recycles the volatile mercury. Lac-
erda and Marins(1997) estimated that approxi-
mately 1.3 kg of mercury is released into the
atmosphere for each kilogram of gold extracted.

More recently, the artesanal exploitation of gold
in the Amazon region has been indicated as being
the main source of anthropogenic Hg to the atmos-
phere in Brazil(Lacerda, 1995; Lacerda and Sal-
omons, 1998). In spite of most of the emitted Hg

being deposited in the neighboring areas, a signif-
icant proportion may be transported to the upper
atmosphere(Artaxo et al., 1993).

This study aims to understand the atmospheric
deposition rates of charcoal particles and mercury
in an area of an intense land use change, where
forest ecosystems are converted to agriculture and
pasture ecosystems through the use of the fire and
where intense gold mining activity occurred
simultaneously.

2. Study area

This study was carried out in the Alta Floresta
region located in the northern portion of the state
of Mato Grosso, central Brazil. The region is part
of the Central Crystalline Plateau and it is covered
by dense tropical forest. The urban area of Alta
Floresta is situated(098529 S; 568069 W, alt. 288
m) 800 km away from Cuiaba the capital of the´
Maro Grosso state. Alta Floresta was set up in
1976 by private initiative, with the objective of
colonization of the upper Tapajos river area(Fig.´
1). The Alta Floresta municipal district was created
in 1982 to serve as a support and services center
for an urban and rural population of an area of
approximately 200 000 ha(Hacon, 1996). The
district presented a fast colonization process in the
1980s, mostly due to gold mining and wood
exploration.

The Alta Floresta area has a climate, humid
with a very intense dry season, between June and
August. Deforestation as well as gold mining peaks
occurred during the dry season. Deforestation starts
in August and is followed by burning of the
slashed biomass, and the fire spreads over vast
areas, with consequent emission of charcoal parti-
cles to the atmosphere. These particles are dis-
persed throughout the atmosphere and deposited
all over the area. The deposition pattern depends
on the particle size and the regional circulation
processes. As well as the emission of these char-
coal particles, mercury deposited on soils may also
be released during forest burning.

Manmade water reservoirs(dams) are receiving
bodies of the burning products of the forest bio-
mass and mercury associates with the atmosphere
particulate. The lake formed by the barrier effect
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Fig. 1. Alta Floresta, localization in South American. Location of the AT1a sediment core nearby the BR208 highway.

of the road embankment where the core AT1a was
collected is located at lat. 98589 S and long. 558499
W, beside the highway BR-208 built in 1978(Fig.
1). The sampling point of the core AT1a flooded
after the construction of the highway in 1978. The
lake is shallow (-0.5-m depth), has a small
surface area(-100 m ) and a drainage basin of2

approximately 7.3 km . The water of the lake has2

a conductivity of 38.7mS cm and is slightlyy1

acidic (pHs6.33).

3. Methods

3.1. Sampling procedure

The samples were collected manually with 1.5-
m-long acrylic tube cores(9.0 cm in diameter).

Each core was sliced in 1.0-cm layers in the first
3 cm; in 2.0-cm layers from 3–5 cm; and in 5.0-
cm layers thereafter. The samples were stored in
plastic bags and frozen for transport. Sediment
samples were dried at 508C, homogenized and
powered using an agate mortar and pistil and stored
in polyethylene flasks for further analysis.

3.2. Calculation of sedimentation rate and age

The ages of the sedimentary sections in the
AT1a core were calculated considering the begin-
ning of the lake sedimentation as the year of the
highway construction—1978. Determination of the
lacustrine sedimentation coincided with an increase
of the total carbon organic concentration in the
sediment profile(Fig. 2). A depth of 10.0-cm
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Fig. 2. Organic carbon content in the AT1a sediment core. The marked points were used as the base for the sedimentation rate
calculations.

layer was chosen as the beginning of the lacustrine
environment, as it is the depth where the total
organic carbon increases. Therefore, its age was
considered the date of the highway construction
(1978). Assuming a constant sedimentation rate
and considering that the core was collected in
1996, sedimentation rate(SR) was calculated as
follow:

SRs10.0 cmy18 yearss0.55 cmyyear.

The sedimentation rate calculated here as well
as the associated calculated ages(Table 1) proba-
bly present some uncertainties due to the resolution
of the analyzed sedimentary sections.

3.3. Calculation of bulk density

Bulk density of each layer was obtained by
taking out 0.5 cm of a wet sediment section in3

the polyethylene frame and drying it at 608C until
constant weight. The core profile contained in the
polyethylene frames was sliced taking into account
the litologic contact.

3.4. Preparation of the sections slides

The humid sediment sample was digested with
a 5% (wyv) NaOH solution to remove the humic
material to allow a better visualization of the
material. The residue was diluted in distilled water,
in a proportion of 0.1%(wyv). The suspension
was homogenized and a 2-ml aliquot was taken

with a micropipet and filtered through a cellulose
acetate Millipore filter(HAWP02500), dried and
weighed. The filters with the sediment were dried
and prepared in Plexiglas sheets without laminule
use for better identification of the charcoal parti-
cles with reflected light. Then one is laminated
with area and mass of the known analyzed material
allowing the determination of the concentration of
the studied elements(Cordeiro, 1995; Cordeiro et
al., 1997). Counting and measurement of elements
were made through a system constituted by a
microscope Leitz Diaplan in transmitted and
reflected white light, connected to a camera and
monitor.

3.5. Black carbon determination

The method used in this work was adapted from
Lim and Cachier(1996) and it is based on the
isolation of the black carbon through successive
steps in order to eliminate the humic acid fraction
(NaOH 5%), the carbonate fraction(HCl 3 M),
the silicate fraction(HF 10 MyHCl 1 M) and the
labile organic matter(H SO 2 MyCr O 0.1 M).y

2 4 2 7

Black carbon differs to humina due to its greater
resistance to oxidation in an acid medium, pre-
senting a half-life ranging from 1500 to 2000 h as
opposed to 5 h for the humin(Kulhlbush and
Crutzen, 1996). The methodology used in this
work presents the following steps:(1) alkaline
attacks to eliminate the humic acid, acid attacks to
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Table 1
Sedimentary sections, lapse of time in relation to the year of collection(1996), their correspondents age esteemed in relation to the
middle of the interval and the intervals of corresponding ages

Interval Average values Age before Average age of Age range
depth of the interval 1996 the interval of the

(cm) (years) (ACyDC) section

0.0–0.5 0.25 0.45 1996 1996–1994
0.5–1.0 0.75 1.35 1995 1994–1993
1.0–2.0 1.5 2.70 1993 1993–1992
2.0–3.0 2.5 4.50 1992 1992–1990
3.0–4.0 3.5 6.30 1990 1990–1988
4.0–5.0 4.5 8.10 1988 1988–1985
5.0–7.0 6 10.80 1985 1985–1981
7.0–10.0 8.5 15.30 1981 1981–1978

10.0–15.0a 10 18.00 1978 1978

This sediment section corresponds to the soil before the flooding of the dam. The top of the section at 10.0 cm acts as the initiala

moment of the sedimentation process in 1978.

eliminate silicates and carbonates;(2) oxidation
of humina (resistant insoluble carbon to the acid
attack); (3) analysis of the carbonaceous material
in the CHN analyzer.

3.6. Mercury analyses

Of each sample, 1 g was digested with a 20-ml
50% diluted ‘aqua regia’ in a closed system.´
Mercury concentration was measured in the sedi-
ment extracts using a cold vapor atomic absorption
spectrophotometer Bacharach(Coleman Model�

50 D). Simultaneously, the same procedure was
performed with a reference standard(National
Institute of Standards and Technology—NIST—
Buffalo River sediment Catalog number 8406)
content of 60mg Hg kg of 1 g of sediment. Wey1

obtained a concentration of 58""5 mg Hg kgy1

(Ns15).

4. Results and discussions

4.1. Sediment litology

The AT1a sediment core showed a red clay with
organic matter from the top to 10 cm, and a white
clay representing the original soil, from 10 to 40
cm. This change in the litology probably represents
the beginning of the lacustrine sedimentation
around 1978. Assuming this, the results presented
here represent the following layers: 0–0.5 cm,
0.5–1.0 cm, 1.0–2.0 cm, 2.0–3.0 cm, 3.0–4.0 cm,

4.0–5.0 cm, 5.0–7.0 cm, 7.0–10.0 cm, 10.0–15.0
cm; corresponding to the following dates: 1996–
1995, 1995–1993, 1993–1992, 1992–1990,
1990–1988, 1988–1985, 1985–1981, 1981–1978,
with 1978 being the year of the beginning of the
sedimentation process(Table 1).

4.2. Microscopic charcoal analysis

Charcoal particles were present along the entire
lacustrine faces of the core. These particles mainly
originated from atmospheric deposition because
the particles have an angular shape and a small
size. An estimate of atmospheric deposition fluxes
in the Siberia Region showed great similarity with
the charcoal deposition in the Alta Floresta sedi-
ments (Clark et al., 1998). In the Amazon, a
comparable study of atmospheric charcoal deposi-
tion and sediment cores showed similarities in the
size and shape of charcoal particles(Cordeiro,
2000). The size distribution of charcoal particles
permits assessment of their origin. Large particles
are considered to have originated in the lake’s
basin, whereas fine particles are generally associ-
ated with long-range transport(Clark and Dan
Royall, 1995). Two distinct size distribution phases
can be distinguished in the AT1a core. From 1978
to 1985, charcoal particles are smaller(average
214 mm ), suggesting an external contribution to2

the lake’s basin. From 1985 to present, charcoal
particles are larger(average 423mm ) suggesting2
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Fig. 3. Distribution of charcoal particle sizes, concentration of number of charcoal particles, area of charcoal particles, black carbon
and Hg.

local forest burning as the major source of black
carbon to the lake sediments(Fig. 3).

The chemical and microscopic analysis consid-
ering the area concentration of the charcoal mate-
rial presented the same tendency with a strong
correlation (r s0.93, ns8). This correlation is2

similar to the number of charcoal particle concen-
trations and the black carbon concentration, which
also showed a strong correlation coefficient(r s2

0.96,ns8) (Fig. 3).

4.3. Number and area of charcoal particle fluxes
and black carbon

The flux of the charcoal particle expressed in
number per area per unit time as well as the black
carbon flux shows an increment of the deposition
in 1989 and mainly after 1993. Between 1990 and
1992, a decrease of particle fluxes, number of
particles and black carbon was observed(Fig. 4).
The flux of the forest-burning indicators such as
the number of charcoal particles, charcoal area and

black carbon remained low up to 1985, with
medium values from 1978 to 1985, with 2.6=105

particles cm year , 7.0=10 mm cmy2 y1 7 2 y2

year and 0.6 mg cm year , respectively.y1 y2 y1

These forest-burning indicator fluxes increase,
starting from 1985 to 1989, reaching medium
fluxes of 3.4=10 particles cm year , corre-5 y2 y1

sponding to 1.3=10 mm cm year of char-8 2 y2 y1

coal area and 2.4 mg cm year of black carbony2 y1

in 1989. After 1990, the fluxes decreased substan-
tially with medium values of 2.3=10 particles5

cm year , 1.0=10 mm cm year and 0.3y2 y1 8 2 y2 y1

mg cm year from after 1990 to 1992. Aftery2 y1

1992, the fluxes of the burning indicators increased
exponentially reaching values 7.6=10 particles5

cm year , 2.4=10 mm cm year , corre-y2 y1 8 2 y2 y1

sponding to 8.8 mg cm year of black carbony2 y1

in 1996 (Fig. 4). A comparison among the fluxes
of different phases, showed a substantial decrease
in the burning indicators from 1990 to 1992,
compared with the mean flux from 1985 to 1996
(Figs. 4 and 5a).
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Fig. 4. Fluxes of the burning indicators and Hg demonstrated by the AT1a core.

4.4. Mercury concentration and flux

The Hg concentrations at the AT1a sediment
core showed a background concentration of 50 to
70 mg Hg kg in the low 30 cm, followed by ay1

sharp increase at the first 10 cm, with a maximum
value of 175mg Hg kg in the surface layer. They1

average flux from 1978 to 1998 was 510mg my2

year , with maximum flux of 825mg my1 y2

year and minimum flux of 320mg m year .y1 y2 y1

The Hg fluxes are extremely high when compared
to the fluxes calculated in remote areas of the
Carajas Mountain(N4 lake, Para State, 58509 S,´ ´
498309 W, 800 m high), Seis Lagos hill(da Pata
Lake, Amazonas state, 360 m high 08169 S, 668409

W) and Barrerinhas(Caco lake, 28589 S, 438259´¸
W, 40 m high), which typically range from 1.7 to
2.6 mg m year during the early Holocene toy2 y1

3.0–8.6 mg m year during the last 40 000y2 y1

years BP(Lacerda et al., 1999; Santos et al., in
press). However, they are in the same range
observed in lakes affected by mining tailings in
Pocone, central Brazil, which are from 60 to 180´
mg m year (Lacerda and Salomons, 1998).y2 y1

5. Discussion

The AT1a core shows that the black carbon and
Hg deposition are related to changes in the land
use change and gold mining. Hg and charcoal
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Fig. 5. (a) Black carbon flux and the internal gross production of the Brazilian economy(FGV, 2000); (b) mercury flux and Mato
Grosso state gold production(DNPM, 1978–1996).

fluxes presented low values at the beginning of
the human occupation(prior to 1978). In the
Amazon region, the colonization process generally
takes place after the building of a road(Fearnside,
1987). In this study, it was possible to observe
this process in the sedimentary record. At the end
of the 1970s, fluxes of charcoal were low and the
particles came from distant areas. At the same
time, Hg deposition was also low. At the beginning

of the 1980s, there was an increase in the forest
fires and mining activities. These two processes
presented two distinct development patterns. The
forest fire increased slowly until 1989 when a
drastic increase in charcoal fluxes occurred(Fig.
4). Subsequently from 1990 to 1992, a great
decrease in charcoal and black carbon fluxes was
observed(Figs. 4 and 5a). This period also coin-
cided with the year of the national economic
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retraction(FGV, 2000) due to the negative effects
of the economic plan implemented by the Fernan-
do Collor de Mello government. This was marked
by a reduction in the Brazilian gross domestic
product with a substantial reduction in the early
1990s(Fig. 5a). The behavior of great ranchers is
very sensitive to the economic changes, such as
the interest rates in the finance markets and the
return of other investments, governments subsidies
for agricultural credit, inflation rate and changes
of the land price(Fearnside, 1999). In this case,
the decrease of the circulating capital during the
Collor Plan probably induced a decrease of the
investments in forest conversation to pasture and
crops. Obviously, climatic factors such as El Nino˜
events can act synergistically with this process
(Kirchhoff and Escada, 1998). We have to consider
the occurrence of El Nino events in years 1982–
1983, 1986–1987, 1991–1994(Brasil, 2000) as a
synergetic process with the macroeconomic influ-
ence. Interestingly, the reducing in charcoal depo-
sition was not accompanied by a reduction in the
Hg deposition. An explanation for this fact would
be the difference in the type of investment. Agri-
cultural activities demand intense and annual
financial support to make the forest clearance and
after the burning, crop or pasture implementation.
On the contrary, mining activities do not need a
continuous investment. At the beginning of this
exploration, this activity had an intense return rate,
which allowed independence related to the Brazil-
ian economy. Our data suggest that while the
Brazilian gross domestic product increased the
charcoal deposition also increased. The Hg depo-
sition increased until 1993, when a sharp decrease
took place due to the exhaustion of easy prospected
gold deposits(Lacerda, in press) (Fig. 5b).

6. Conclusions

Two distinct tendencies were observed in rela-
tion to the deposition of the mercury and charcoal
particles which originated from the burning of the
Amazon forest. These tendencies were observed
on the sedimentary record of an artificial lake and
reflected the colonization processes in the Alta
Floresta district, state of Mato Grosso, central
Brazil. In the sedimentary record, it was possible

to observe that charcoal particles are representa-
tives of the forest fires produced by ranchers,
which in turn are tied to the macroeconomic
aspects of the Brazilian economy. However, the
mercury deposition from small-scale gold mining
(a low investment but with high return of capital
and independence of internal economy), showed
an increase at times of economic difficulties. This
tendency was also observed in other parts of the
developing world. A substitution of the economic
model in an intense land use change area was also
observed, which had a great environmental impact
upon the region. In the beginning of the coloni-
zation, intense mining activities were substituted
by crops and cattle activities with the use of fire
as a great modifier of the landscape.
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