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P reface

This book summarizes the discussions and analysis held
during the UNIDO Workshop in Belém, Para, Brazil, on Project
EG/GLO/97/G43 referring to the removal of barriers to the introduction
of clean artisanal gold mining and extraction technologies.

The Workshop was the first one in a series of planned
meetings with stakeholders attended by a vast range of participants,
from Federal, State, Municipal Government and agencies, universities,
research institutions, garimpeiros and press. Brazil, amongst the
several nations that participate in the overall Project, was chosen as
participating country in the starting phase, due to the enormous efforts
already made in this country on how to handle mercury and alternative
process routes of garimpos, as well as having available information
gathered since the beginning of the 90's on the effects of mercury on
biota and human health.

The book brings texts in English and Portuguese! Some of
them just in English and some others in Portuguese.

It was decided to print it as such in order to shorten the time
gap between the generation of ideas and the respective text
publication, as well as maintaining as close as possible the original
views and expressions of the stakeholders!

We hope that the reader will enjoy the chapters !

Belém do Para, 13th of December, 2001

Roberto C. Villas-Boas, CETEM
Christian Beinhoff, UNIDO

Alberto Rogerio da Silva, Consultant Para



P refdcio

Este livro resume as discussbGes e analises realizadas no
seminario promovido pelo GEF-UNDP, em Belém do Para, Brasil,
tendo como objeto o Projeto EG/GLO/97/G43 apresentado a area focal
do GEF "Aguas Internacionais ", o qual se propde & remogao das
barreiras a introdugéo de tecnologias limpas de mineragdo e extragao

de ouro, para operagdes de garimpos.

Também foi este o primeiro dos varios seminarios previstos no
projeto como um todo, tendo contado com expressiva presenca de
interessados, quer dos governos Federal, Estadual e Municipal, bem
como suas agéncias, universidades, centros de pesquisas,
garimpeiros e imprensa. O Brasil, dentre todas as nagdes que
participam do projeto, foi o local escolhido como fase inicial, tendo em
vista os grandes esforgos ja realizados por este pais na tematica da
utilizacdo e manuseio do mercurio e outras rotas alternativas de
processamento nos garimpos, bem como pela disponibilidade de
informacodes coletadas desde o inicio da década de 90 sobre os efeitos
do mercurio sobre a biota e saude humana.

O livro traz textos em Inglés e Portugués! Alguns em
Portugués e outros em Inglés!

Foi decidido imprimir dessa forma a fim de minorar o tempo
gasto entre a geragdo de idéias e sua apresentagdo de forma
impressa, ao mesmo tempo em que se mantiveram as integridades
das visOes expressas pelos participantes.

Esperamos que o leitor se satisfaga com o texto apresentado!

Belém do Para, 13 de Dezembro de 2001

Roberto C. Villas Béas, CETEM
Christian Beinhoff, UNIDO

Alberto Rogério da Silva, Consultor Para
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P resentation

The Para State is the second Brazilian mineral producer and,
according to the World Bank’s concept, it is considered a “mineral
based economy”, because more than 10 per cent of its GDP and 50
percent of its mineral exportation come from industry and vertical
integration mining. However, the Para mineral sector has important
mining companies, specially the holding Companhia Vale do Rio Doce
(CVRD).

Another mining sector is represented by the gold
garimpagem, which has been also important in the Para history since
the XVII century. However, only in the last five decades, it was included
in the Para mineral production. For example, in 1983, the gold
garimpos consisted in 70 per cent of the Para mineral production value.
In the same year, the Serra Pelada gold production reached 14 tons.

A peculiar scenario in the garimpos area is the high number
of people. In the peak of the garimpagem in the end of the 80’s and
beginning of the nineties of the last century, in the whole Para, there
were about 200,000 people working in the garimpos. That performance
occurred mainly because of the strong trade in diesel oil, food,
specially small potency engine, and carpets used to recover the gold in
the suction pump. The gold exploitation involves the large movement of
small aircrafts, mainly mono engine. In Itaituba landings and take-offs
per day were about 300 to 350.

The Tapajés Region is the largest garimpeira area in the
Para State and has accumulated a historical real gold production
around 600 tons. Nowadays its population is 35,000-40,000 people
organized in unions or associations. The great environmental impacts
caused by garimpeira activity and many researches imposed to the
federal state and municipality governments challenges to transform the
garimpo models in joint venture with garimpeira communities, because
the gold garimpos involved many complex problems.

In fact, the Global Environment Fund (GEF-UNDP), through
the “Removal of barriers to the abatement of global mercury pollution
from artisanal gold mining project” will develop researches to introduce
the sustainable gold garimpos with clean technologies in the Tapajos
Region that is very important to the Para Government. As a UN priority



for this century, the project will be developed inside of a great
ecosystem, particularly in the Amazon River.

The Tapajés Region characteristics and its importance were
decisive for the selected area whose final goal will be reducing mercury
use, and introducing clean technologies. However, the current garimpo
phase will be also included like alternatives for the exploitation gold
quartz veins. The researches will be developed in the economical,
social and environmental contexts with sustainable standard to attend
GEF-UNDP and garimpeira communities interests.

Belém, Para, Dezembro 2001

Hidelgardo Nunes

Vice Governor
State of Para



A presentagcdo

O Estado Para é o segundo produtor de bens minerais do
Brasil e & considerado pelo Banco Mundial como economia mineira,
haja vista que mais de 10% de seu PIB vem da mineracado ou de seus
produtos de transformagéo. Entretanto, a industria mineral paraense é
fortemente marcada pela presenga de empresas de mineragéo,
destacando-se a Companhia Vale do Rio Doce (CVRD) e suas
empresas coligadas e controladas.

Por outro lado, a garimpagem de ouro tem papel histérico
relevante, uma vez que remonta ao século XVII. Entretanto, foi s6 nas
ultimas cinco décadas que, realmente, teve presengca marcante no
peso da produgao mineral paraense. Em 1983, por exemplo, quando o
garimpo de Serra Pelada produziu 14 toneladas de ouro, esta
substancia contribuiu com 70% do valor da produgdo mineral
paraense.

Uma situagdo peculiar nas frentes de garimpagem é o
elevado contingente humano. No auge da garimpagem no final da
década de 80 e inicio dos anos 90 do século passado, em todo o Para,
estimava-se cerca de 200 mil pessoas trabalhando diretamente
naquela atividade. Isso arrastou uma potente massa comercial de 6leo
diesel, de géneros alimenticios e, principalmente de motores de
pequena poténcia e carpetes utilizados para reter o ouro nas moto-
bombas de succdo, além de ter provocado elevado movimento de
pequenas aeronaves. Em ltaituba chegou-se a registrar uma média de
300-350 pousos e decolagens diarias.

A regido do Tapajos, como maior area garimpeira do Estado,
historicamente acumula uma produg¢ao da ordem de 600 toneladas e
atualmente agrega populagdo em torno de 35-40 mil pessoas, com
elevado carater de organizagdo. Os grandes impactos ambientais
causados pela atividade garimpeira, aliado ao bom nivel de pesquisas
ali realizadas impdem ao poder publico grandes desafios que devem
ser tomados em conjunto com a sociedade civil organizada, tendo em
vista a alta complexidade que os garimpos de ouro envolvem.

Nesse sentido, a iniciativa do Global Environment Fund das
Nagbes Unidas, através do projeto Removal of barriers to the
abatement of global mercury pollution from artisanal gold mining, que
desenvolvera estudos visando a criar um modelo de garimpo



sustentavel para a regido merece todo o apoio governamental. Dentro
das prioridades da ONU para o século XXI, a iniciativa sera
desenvolvida dentro de um grande ecossistema — a bacia hidrografica
do Rio Amazonas.

As peculiaridades e a importancia que o Tapajos representa
balizaram a escolha, cujo produto final deverd ser o de reduzir o
langamento do mercurio, utilizando tecnologias limpas, entretanto, a
atual realidade dos garimpos sera contemplada, estudando-se
alternativas para o aproveitamento dos fildes de quartzo produtores de
ouro. O conjunto de agbes pesquisara os segmentos econdmicos,
sociais e ambientais, dentro de padrbes sustentaveis que estejam
intrinsecamente ligados, atendendo de um lado os interesses da Unido
e de outro os das comunidades envolvidas.

Belém, Para, Dezembro 2001

Hidelgardo Nunes

Vice Governador
do Estado do Para
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Opening Speech

given at the Brazilian Workshop on the GEF Global Mercury Project
“Removal of Barriers to the Abatement of Global Mercury
Pollution from Artisanal Gold Mining”,

Ladies and Gentlemen,

We all realize that Governments, national and international
institutions, industry, and society in general become more and more
conscious of the problems posed to our planet by the release of toxic
chemicals. Mercury is one of numerous pollutants causing growing
concern because of the long-term impact on the ecosystem and human
health. This concern has been reflected in over 500 publications
presented at the last International Conference on Mercury as Global
Pollutant in Rio de Janeiro held in Rio de Janeiro 1999.

Only part of the mercury emissions to the environment is man-
made. Because of its high vapor pressure and due to degassing from the
earth's surface, natural mercury emissions greatly exceed the man-made
pollution. Besides coal and natural gas combustion and the electrolytic
production of chlorine and caustic soda, the mining sector remains,
however, an important anthropogenic source of mercury emissions.

The official consumption figures of mercury show a downward
trend since the early 1980s owing in part to regulations regarding mercury
discharges and emissions, and to concern to the ultimate fate of mercury-
bearing products. In industrialized countries the concern is so serious that
regulations have virtually eliminated the use of mercury in electrical
batteries. In these countries people have even had their amalgam fillings
removed knowing that mercury exposure from dental fillings is
toxicologically significant and unnecessary.

In contrast to the chemical and electrical industry, where
innovations led to a substantial decrease in mercury emissions, artisanal
and small-scale mining remains a dangerous source of mercury pollution.
This problem affects all developing countries in Latin America, Africa and
Asia, where gold is produced on artisanal basis. According to a
conservative estimate, 1.5 million people are directly involved in this sub-

Roberto C. Villas Boas , Christian Beinhoff', Alberto Rogério da Silva,
Editors
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sector, whereas several million people are economically dependent on
these activities.

Since 1980, small-scale gold mining activities have increased
steadily. Now, small-scale mining might account for one-quarter of the
world gold output. Despite the current low gold price, the gold rush in the
artisanal sector does continue. A high percentage of these small-scale
miners use the mercury-based amalgamation process with potentially
catastrophic results for the environment and their own health. Some
hundred tons of mercury vapors are released every year into the
atmosphere. Since they quickly return to the river ecosystem with rain,
they add up to the mercury spillage occurring during the amalgamation
process. Participants of the Workshop know very well the seriousness of
mercury pollution in Brazil.

But not only Latin America is affected. Diagnostic missions of
UNIDO revealed the same practice of excessive use of mercury in other
parts of the world. It is well known that this amalgamation process is
devastating to health, not only to users but also to those indirectly
involved, including the unborn, through peripheral contamination and
introduction into the food chain. Within the last years, life-threatening
mercury pollution has been identified in most developing countries where
artisanal gold production is taking place.

UNIDO INTERVENTION PROGRAMME OBJECTIVE

Since many years, continuous efforts have been made by the
Organization to provide assistance to the small-scale mining sector, in
particular to the artisanal gold mining sector. The requests for assistance
in reducing mercury emissions were forwarded to UNIDO especially by
those governments, which had become increasingly aware and concerned
about the dangers involved in these activities. Since the issue of impact
on health and environment is multifaceted and complex, Governments
requested support, especially in education, training and technology
transfer for improving the situation.

In this respect, UNIDO had to offer cross-disciplinary
programmes, comprising measures for environmental protection,
introduction of new technologies and manufacturing of equipment and
training in these fields, especially training for women. In these
programmes, UNIDO is undertaking special efforts to ensure that women

Roberto C. Villas Boas , Christian Beinhoff', Alberto Rogério da Silva,
Editors
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participate and benefit equally from the introduction of new equipment and
processing techniques.

More than 10 countries have requested UNIDQO's assistance in
different projects related to artisanal gold mining. In general, these
governments have inadequate resources, lacking capacity and insufficient
institutional framework to control informal gold mining activities and the
resulting mercury pollution. UNIDO’s approach in addressing this problem
is to replace low recovery, high mercury consuming and discharging
processes with environmentally safe and high-yield gold extraction
alternatives that will sharply reduce or eliminate the use and discharge of
mercury. Thanks to the financial assistance of the Global Environment
Facility (GEF), UNIDO can focus now on selected areas, which are
subject to transboundary mercury contamination problems in shared river
basins or enclosed water bodies.

During the initial phase of the GEF Project, diagnostic missions
to countries with active artisanal gold mining activities have been
undertaken, especially to areas where waterbodies and basins with global
ecological significance are shared. In collaboration with host
governments, barriers limiting the adoption of cleaner artisanal gold
mining and extraction technologies have then been identified in the
following countries: Brazil (Amazon), Sudan (Nile), Tanzania (Lake
Victoria), Zimbabwe (Zambezi), Lao PDR (Mekong), Indonesia (marine
environment, Java Sea). In this phase, UNIDO was especially identifying
hot spots with the potential for affecting international waters in Africa, Asia
and Latin America.

IMPLEMENTATION STRATEGIES

The large-scale (follow-up) Project aims at establishing the
extent of mercury pollution through studying the general health conditions
of those living in selected areas, conducting geochemical sampling and
analysis in order to identify "hot spot" areas, collecting and analyzing
human specimens and other biological samples, studying mercury
migratory patterns in the area and assessing the impact and extent of
mercury pollution in waterbodies. In collaboration with respective
Governments, local laboratories will be identified and their resource
capacities enhanced in order to enable them to develop and conduct
continuous monitoring of mercury pollution of waterbodies in artisanal gold

Roberto C. Villas Boas , Christian Beinhoff', Alberto Rogério da Silva,
Editors
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mining areas. The Project will also formulate and carry out measures for
remediation of the identified "hot spots".

Since training and awareness raising are important tools for
developing the small-scale mining sector, UNIDO focuses also on

- On-the job training in cleaner technology;

- Training of women and women entrepreneurs, who have a big share
in the sector;

- Enhancing awareness through workshops on local, regional and
international level

- Raising the interest of the medias. Inter alia BBC and CNN have
already reported on mercury-related activities of UNIDO.

In order to introduce efficient and affordable technologies, the
project will analyze the existing processes and propose modifications for
technology and equipment. The aim of these activities are

- To familiarize local manufacturers with the design of non-
high-tech but efficient gold recovery equipment;

- To demonstrate alternatives to amalgamation;
- To prove the cost effectiveness of the new techniques;

- To develop micro financing programmes in cooperation with
the private sector.

On request of the participating governments, UNIDO will
- Review current policies and advise on legislation;
- Establish sustainable gold extraction indicators;

- Convene workshops to discuss recommendations on the legal
framework;

- Assist Governments to develop enforcement programmes and
set enforceable standards;

CONCLUSION

The involvement of the Global Environment Facility can be

Roberto C. Villas Boas , Christian Beinhoff', Alberto Rogério da Silva,
Editors
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considered as a breakthrough in reducing mercury emissions to
international waters. It has to be noted that the GEF will cover only the
difference, i.e. the increment, between the costs of the project with the
global environmental objective in mind, and the costs of an alternative
project that the country would have implemented in the absence of a
global environmental concern regarding mercury.

The cooperation of UNEP, UNIDO, and the GEF in programs
related to reducing mercury emissions has resulted in an increased
awareness about this problem in developing countries. This is reflected
by the increasing number of requests for technical assistance and an
obvious interest of governments and donor agencies in supporting these
activities. Funds made available so far do, however, not suffice to cover
the demand for assistance. Therefore, donor efforts need to be
encouraged and coordinated in order to improve the effectiveness of
assistance to the small-scale mining sector.

Coordination can be achieved by sharing information on success
and failure, by identifying areas where joint efforts may create synergistic
benefits, by meeting regularly to plan for future activities, by collaborating
in project implementation and creating opportunities for formal
cooperative agreements and joint project implementation.

Belém, 5 October 2001

Christian Beinhoff

Dr.-Ing.

Project Manager

United Nations

Industrial Development Organization
(UNIDO),

Vienna/Austria

Roberto C. Villas Boas , Christian Beinhoff', Alberto Rogério da Silva,
Editors
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MERCURY IN BRAZIL AS RESULT OF GARIMPO OPERATIONS
Prof. Dr. Roberto C. Villas Béas
CETEM/CNPq

ABSTRACT

The formidable impacts caused by mercury usage in industrial
activities, be it in chemical factories or energy production, as it is
inherent in coals used in thermal power plants, and in agriculture as
part of herbicides compounds are all well documented in the literature.
As well teeth amalgams are an old concern, recently revived in the
scientific literature.

From the end of the 80’s onwards the extraction of gold in rain
forest areas and wetlands, in the form of garimpo operations, are
receiving increased attention from scientists and public planners.

The purposes of this paper is to situate the problems caused
by garimpo extractions which utilize mercury in Brazil advancing some
interaction effects of such utilization within the ecosystems and
population health, as well as present some solutions to date to deal
with such a problem and, last but not least pointing out some of the still
pending problems.

INTRODUCTION

Etymologically, garimpo is a Brazilian word quite utilized
during colonial times, meaning the working of gold, diamonds and
emeralds mines, by a garimpeiro, that is a person with practical skills
but without the formal licensing of the legal authority, thus illegally
performing such extractions. Or, as stated in the Royal Decree dated of
march, 26, 1731” o nome com se apelida neste pais aos que mineram
furtivamente as terras diamantinas e que assim sdo chamados por
viverem escondidos pelas grimpas das serras” or, translating,” the
name given in this country to those outlaws miners that mines the lands
of Diamantina, being thus called due to the fact that they live in”
grimpas” on the hills” .

Roberto C. Villas Béas , Christian Beinhoff', Alberto Rogério da Silva,
Editors



10 Mercury in the Tapajos Basin

Throughout times it became synonim of small, artisan type,
operations, as contrasted to industrial mining.

By the end of the 80’s however, due to the paramount
extraction of gold in the amazon region, the word also means informal
mining, in the sense that the size of the operations might be small or
large, but always semi-outlawed or totally outlawed, since the legal
authorities did not produced a legal framework on time to
accommodate all the several particularities of the said operations. For
details on the terms being utilized to describe gold extraction activities,
the reader has to refer to VEIGA(1997).

Notwithstanding, garimpo is the best terms for such activity
worldwide, whenever the following facts are present:

= (Gold is extracted as free gold or alluvial gold;
=  Such extractions are in rainforest areas and tropical wetlands;

= The exploitation is performed under no legal framework, either
mining or environmentally;

= Normally no formal working links exist between the players in the
garimpo.

GOLD GARIMPO IN BRAZIL

The map (MARCONDES, 1996) that follows illustrates in
unquestionable manner the scattering of garimpos throughout the
Brazilian territory, the reason being purely geological, since in tropical
precambrian areas the presence of secondary compounds is favored,
gold not being an exemption, except for the case of not occurring as a
compound, but rather as the metal itself !

Garimpo in primary sources, as those of massive sulfides are unknown
for gold in the country, and those occurring as quartz veins,in modern
times, are quite rare, although sometimes seen.

Roberto C. Villas Béas , Christian Beinhoff', Alberto Rogério da Silva,
Editors
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Figure 1 — Mineral Resources of the Brazilian Amazon

One of the typical characteristics of the garimpos, in the
golden ages of the 80’s and 90’s, due the very favorable selling price of
gold ingots, was their mobility, in such a way that the authorities always
issued some kind of legal bill, after the site of operation has being
occupied, overnight, by thousands of garimpeiros, arriving from all
places.

Thus, the following table brings the areas, so called, reserved areas to
the garimpagem and the substance that was allowed to be
garimpada, as published by DNPM in 1994, and still pretty much the
same.

Roberto C. Villas Béas , Christian Beinhoff', Alberto Rogério da Silva,
Editors



12 Mercury in the Tapajos Basin

AREA ORE STATE COUNTY
Carnaiba Emerald Bahia Pindobagu

Rio Madeiral  Gold Rondonia Porto Velho
Alto Coité Diamond Mato Grosso Poxoreu

Rio Madeira Il Gold Rondonia Porto Velho
Séao Tomé Pegmatites R. G. Norte Lages

J. do Serido Pegmatites R. G. Norte & Paraiba Juazeirinho
Zé Vermelho  Gold Mato Grosso Alta Floresta
Cabecas Gold Mato Grosso Alta Floresta
P. de Azevedo Gold Mato Grosso Peixoto Azevedo
Tapajés Gold Para ltaituba
Cumaru Gold Para S. Felix Xingu
Tepequem Diamond&Gold Roraima Boa Vista

S. Terezinha Emerald Goias Sta. Terezinha
S. Pelada Gold Para Curianopolis
Rio Jurema Gold Mato Grosso Alta Floresta
Minas Several Minas Gerais Varios

Of these the largest areas are Tapajos, in the Itaituba county,
with 2.874.500 ha; Minas Gerais, in the counties of
Diamantina/Monjolos/  Gouveia/Dantas/Bocaiuva, with 1.178.375
ha;Peixoto de Azevedo, with 657.550 ha ; Alta Floresta, totaling
171.000 ha ; Cumard, in the county of Sao Felix do Xingu, with 95.145
ha, etc... just to give an account of the sizes we are mentioning.

Therefore, due to the given reality of the garimpo existence,
bills were passed in the house of representatives in order to provide a
legal structure for the activity, these being Bill of Law 7805/89, dated
20/06/1989, followed by Federal Decree 9812, dated 04/01/1990.

As for gold, the Brazilian garimpos may be grouped in five
main classes:

1.- Manual: quite rudimentary;

2.- Semi-mechanized: where the rocks at the river bottom are sucked
via hoses manually driven by divers and powered by Diesel motors
up to 32 HP;

Roberto C. Villas Béas , Christian Beinhoff', Alberto Rogério da Silva,
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3.- Drags: the same as above except that the hoses are thus
conducted by mechanical hoisting and no divers exist;

4.- Hydraulic: hydraulic loosening of the waste rock; as well caterpillars
and trucks might be seen, instead of the hydraulic monitors;

5.- Primary Ore: in quartz veins.

The National Department of Mineral Production, herein
denominated DNPM, vyearly issues the publication SUMARIO
MINERAL BRASILEIRO, and quite regularly the most complete
ANUARIO MINERAL BRASILEIRO, both bringing all of the most
important statistics in the mineral arena in the country. They shows the
extraordinary decrease in garimpo gold production from the nineties
onwards, due to the very low selling price of the troy once. Some
analysts affirm that only at a US$ 400.00 per once troy will bring back
garimpo production in larger scale, besides the fact that, according to
MARON (1999), after the Kandir Bill in 1996, that allowed less taxation
of primary and semi-manufactured Brazilian products, the largest part
of the Brazilian gold is being exported as such, since that part of gold
that goes into the domestic market is quite taxed!!

For an overview of some of the legal, economical and social
problems of garimpos the reader is invited to consult MIRANDA et al.
(1997)(SED 38); for an overall account of the mineral economic facts
related to gold, please seek http://www.dnpm.gov.br.

An interesting feature of gold price fluctuations , however , is
given by this graph , recently published by PANORAMA MINERO (
January 2000) shown the variations of gold prices within a 24 hours
period, in Sydney, Hong Kong , London and New York , accordingly to
NY Time.
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THE MERCURY PROBLEM

In rainforest areas and tropical wetlands, whenever a situation
as the one aforementioned arises, mercury originates from gold
extraction, garimpo, operation, both in the form of elemental mercury,
used to amalgam gold, and mercury vapor, either elemental or
oxidized, originated from the burning of the amalgam, thus liberating
gold and mercury, as well. Such mercury compounds will then be
released to the environment, carelessly, due to the very fragile legal
framework in which such operations are carried out, not to mention the
law enforcement alone, into rivers, into soils or just into the
atmosphere.

For a complete account of the several unit operations carried
out at gold garimpos sites in Brazil, please see FERNANDES et al.
(1991), FARID et al.(1992), RODRIGUES et al.(1994), RODRIGUES
FILHO (1995,1996), DA SILVA et al. (1996), BRAGA and ARAUJO
(1995), ARAUJO and SANTOS,(1995) and VILLAS BOAS (1997).
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The environmental problems associated to the presence of
mercury in the environment, being it in a liquid, ionic, or vapor form are
all well documented in the literature, for instance D’ITRI (1990),
CAMARA (1993), PECORA (1970), amongst others (5™ I.C. on Hg,
1999). However, no alternative route to Hg amalgamation is in effect,
and processes as cyanidization, a problem in itself, oil or wax
agglomeration, halide extraction, etc. neither compete economically nor
are suitable for garimpagem, see CRAMER(1990)!

FERGUSSON(1990) lists some of the alkyl derivatives of the
heavy metals relevant to the mercury environmental geochemistry and
chemistry, the interests being in the toxicity of such compounds and the
fact that methylation does occur for many of the heavy metal elements.

Methylation represents the transfer of a methyl group from one
compound to another, the process occurring biologically or abiotically.
Bacteria and fungi so far reported to methylate Hg, As, Se,Te,Pb,Cd,TI
and In, are usually aerobic, exception being clotridium sp and
methanobacterium which are anaerobic.

There is good evidence for biomethylation of mercury, arsenic,
selenium and tellurium; however there are doubts regarding that of the
other heavy metals.

In 1964 the cobalt complex ion (CH3Co(CN)5)3-, which is the
model for vitamin B12 was show to methylate mercury. WOOD(1968)
suggested that the methylating agent associated with methane-
producing bacteria was methylcobalamin, i.e. the methyl derivative of
vitamin B12, where the CN- group is replaced by CH3-.

On the other hand, methylation by non-enzymatic MeCoB12
may be treated as abiotic, except that the reagent itself is produced
biotically and may be re-methylated biotically. The two main abiotic
methylation processes are transmethylation, and to a lesser degree
photochemical.

Several features of the chemistry of mercury facilitate its
existence in organo-species and is quite important to consider when
dealing with the mercury problem in tropical estuaries, not to mention
the aforementioned role of the vitamin B12 as a methylating agent,
sometimes not taken into account even by scientists visiting garimpo
areas !!
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16 Mercury in the Tapajos Basin

One of these features is that both Hg2+ and CH3Hg+ are soft
acids and bond pretty well to soft bases such as S2- and SH-, the
cation being large and polarizable, and because of the positive charge,
in itself a good polarizing cation with tendency to constitutes covalent
bonds. The Hg-C bond, though not that thermodinamically strong (60 to
120 kJ/mole) is stronger that Hg-O bonds, therefore persisting in the
environment.

Bacteria that might be associated with mercury methylation are
located in the bottom of sediment rivers, estuaries and the oceans,
besides the intestines and feces, soils and yeast, the factors that
influences their methylating action being temperature, Hg and bacteria
concentrations, redox conditions, pH, type of soil, type of sediment,
sulphide concentrations.

Methylmercury accounts for circa 0.1 to 1.5 % of the total
mercury in sediments, and around 2% of the total in sea water, but in
fish it accounts for over 80% of the total. It is not clear, however, if the
CH3Hg+ is taken in by the fish from the water or formed within the fish,
or both.

The changing chemistry of mercury was already pointed out by
RENUKA(1993) and it is always a point of concern among those who
are devoted to the study of mercury and mercury compounds.

In Brazil, remediation procedures for exhausted gold ores,
however carrying mercury were tried, and an electroxidation method
was introduced in garimpo sites in order to reclaim mercury from
tailings as described by SANTOS E SOBRAL (1998). A discussion will
be given in a later section of this paper to this process.

The rationale behind the several research project conducted
throughout the major garimpo areas in Brazil was to seek answer for
the following questions:

What is the fate of mercury into the environment ?

Is there any alternative reagent to mercury that is competitive
with it?

How to avoid environmental damage from these operations
and from mercury ?
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At the beginning of the 90’s, the Brazilian House of
Representatives decided to seriously look upon the mercury problem in
garimpos and commissioned CETEM — Center for Minerals Technology
— of the Brazilian Research Council — to perform a four year program
for that matter, utilizing all available resources in the country or outside
the country.

Several links were thus established between CETEM all of the
other institutions that were interested in mercury, from several
viewpoints, namely, mining, reclamation, health, environment, ecology,
legislation, social structure, economy, etc...

All major research organizations in the field participate in such a
program, plus government institutions dealing with the mining and
environmental issues, plus the garimpeiros unions, these institutions
being:

= Research: CETEM, UFRJ, UFPa, UFF, FIOCRUZ, EVANDRO
CHAGAS, UFMT.

=  Federal government: MME, MMA, DNPM, IBAMA.

=  State government: METAMAT, SEICOM/Pa.

= County government: Prefeitura de Poconé, Prefeitura de Alta
Floresta, Prefeitura de Itaituba.

= Unions: Sindicato Nacional dos Garimpeiros da Amazonia,
Sindicato dos Garimpeiros de ltaituba.

And the task was to answer the aforementioned questions plus
some others that throughout the research path were discovered to be
of significance to the final goal.

THE PARTICULATE MATTER

Besides mercury, the release of particulate matter coming from
earth-moving also contributes to the deleterious effects on the biota
and health. Physical impacts on the environment coming from mining
activities are related to the release of particulate into rivers, lakes
oceans and the air.

Roberto C. Villas Béas , Christian Beinhoff', Alberto Rogério da Silva,
Editors



18 Mercury in the Tapajos Basin

These,as known, interact with the environment and may
substantially alter the biota. Little is known of such effect when
associated with heavy metals cations, mercury included; later, we shall
discuss in more detail some satellite photos taken of particulate
carrying mercury in the upper atmosphere.

If one utilizes the partition coefficients (Kd’'s) as proposed by
DUURSMA(1994),the partitioning of the contaminants may thus be
determined, between the several compartments of interest, i.e. water,
sediment, particulate and biota, hence furnishing useful empirical data
in determining the percent distribution between dissolved and
particulate matter, accumulation in organisms, etc.. and a very
intriguing fact is that a newly contaminated tropical estuary might be a
sink for a long period, afterwards becoming a source as equilibrium is
attained faster that in temperate climates.

A very extensive program, named CAMGA-TAPAJOS,
monitoring the garimpos at the Rio Tapajos area was conducted by
SEICOM/Pa(1992) and the following table may be inferred.

Environmental impacts derived from extraction and concentration
techniques for gold recovery in Rio Tapajos, as related to
particulate matter

Physical
Causes and/or Biological Antropic
Chemical
E C | erosion/increasing damaging fishing
X O |suspended load activities
T N |[changes in color, | changesin
R ¢ |turbidity and other | ecological habitats
A E organol_eptic water increase in water
c N properties treatment costs
T T | silting-out and
I R [changes in river losses of natural
o A |courses changes in resources
N T | water pollution (soaps | ecological habitats
| | and oils) endemic diseases
(0] losses of natural
N resources
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SOME DATA COLLECTION OF INTEREST

Some relevant physical chemical data collected, are herein
summarized, in order to present the kind of problems that are found in
garimpos. We ftried not to be exhaustive, for that matter see
Proceedings of the 5" I.C. on Hg as a Global Pollutant, but just present
data that are quite representative of the overall posed problem and that
we were directly involved.

a)Background and sediment mercury concentrations, measurements in
local air, gold shops and urban areas were made, as well as Au/Hg
ratio, and the content of mercury in processed tailings determined.

These measurements and determinations were reported in the
literature, see VILLAS BOAS (1997), VEIGA et al. (1991),
RODRIGUES FILHO and MADDOCK (1997), FARID (1992), BRAGA
and ARAUJO (1995), and ARAUJO and SANTOS (1995), all from
CETEM. Tables 1 and 2 summarize these findings.

Table 1 - Mercury concentrations in sediments, air, gold shops and

tailings
Area Mercury®
Background Sediments Air (ug/m®) Gold Shops Au/Hg | Tailings
(ppm) Cn/Bn® (ug/m®) (ppm)
Poconé ~0.10 1.5t024 0.14-1.68 ~100 1:1.5 1-25
Alta Floresta ~0.07 1.5t0 48 up to 5.8 up to 41 1:1.5 5-134
Itaituba ~0.15 1.5t0 24 up to 6.6 >9.9 N.A. 47

© concentration from several field samples.

®) Cn/Bn accounts for the ratio between the concentration of Hg in the -
74um fraction and the background value of Hg in the same fraction.

Table 2 - Field results for Peixoto de Azevedo ©.

Source Hg input Recovery | Total Losses Losses to Losses to Water
kg/mont kg/month kg/month Air kg/month
h kg/month
Garimpo
do 16 3.20 12.8 7.7 5.1
Melado

©“"BRAGA and ARAUJO, 1995.
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Several other important data on soil, sediments and water
were collected, analyzed and presented elsewhere (LACERDA, 1992,
1994, 1996, 1997; RODRIGUES FILHO,1994; FARID, 1992;
TUMPLING et al, 1995; MUELLER, 1996), among others.

Also data on the health status of the living community were
collected an reported elsewhere (CAMARA,1993; TOBAR, 1996;
HACON, 1996), among others trying to establish correlation between
mercury poisoning among the local population, including the
garimpeiros, and eating habits, concurrence of diseases, and
inhalation of mercury vapor. These subjects are also present still today
in several papers of this 5" I.C.

b) Mercury dispersion in Alta Floresta: later in 1996, another grant, via
PADCT enabled CETEM to coordinate an effort involving several
other institutions, some of the already mentioned and some new
ones, as INPE, the National Institute of Space Research, and
USP through the Institute of Physic, dealing with mercury
measurements in the atmosphere in the region of Alta Floresta.
The findings of such a project were published elsewhere, see
COELHO (1997).

Some interesting features emerged from the data shown in the
figures (Apud NOBRE et al. 1996) regarding the atmospheric
dispersion of contaminants, after 7 days from the emission, at the level
925 hPa, from a source with constant intensity, active for 5 days,
beginning in 20/08/95 and located in Alta Floresta. At the seventh day,
it can be observed that the dispersion was directed to the west as well
as to the north and south directions, certainly due to the effect
produced by the Andes, as a geographical barrier. Thus, in a few days,
contaminants such as mercury, emitted from the Alta Floresta region,
may deposit in relatively distant hydrological basins. A look at the
satellite photos due show the extraordinary, predicted, mobility of air
parcels carrying mercury aerosols throughout the atmosphere, with pre
andine, caribean and even at the La Plata estuary consequences !
SILVA FILHO et al.,, (1999), discusse the mercury distribution in
surface soils in central amazon.

c)Accredited analytical procedures, for total mercury, were used for
soils, and water, see WILKEN,(1991); PADBERG, (1991), and air
emissions in Alta Floresta, via denuders, as discussed by MARINS
(1996), or via CVAAS and PIXE for the particulate, see HACON et
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al(1995); ARTAXO (1996) and GERAB (1996). The results for
sampling of the gold shops ambient showed that the major part of
the mercury associate to the particulate, coming from the hoods is
in the gross fraction of the aerosol; however, an important fraction
of mercury is within the fine particulate, thus facilitating its transport
together with the "queimada” aerosol; about half of the mercury
associate to the particulate is non-volatile, being strongly attached
to the particles, see FERNANDES et al (1996).

Also, a biomonitor, i.e. Tillandsia usneoides, a bromeliad for
atmospheric mercury was tested (MALM et al., 1996) showing
promising results at a comparatively low cost, although some
advocates that, FONSECA et al (1999), its use is indicated only to
areas where Hg concentration are higher that 5ug/m3 of air; also
interesting other discussions are available such as SCHWUGER et
al.(1999); KVIETKUS et al (1999); GUIMARAES et al.,(1999); CECILIO
et al.(1999); PINTO et al.(1999); MAURO et al. (1999) amongst others;
methylmercury determinations, were conducted at the Instituto de
Biofisica of UFRJ, as shown by PFEIFER et al. (1991) and much later
on, via the guidance of AKAGI (1996), and HORVAT (1997), CETEM
was able to perform them MELAMED (1999).
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Mercury dispersion in Alta Floresta, considering a constant
source of emission of 3.5 units initiated at 20/08/95. (a) first day; (b)
second day; (c) seventh day; (d) ninth day after the beginning of the
emission.(APUD NOBRE et al, 1996)

SOLUTIONS FOUND

Problems with mercury release in garimpo are well
widespread in the Pacific Rim, Latin America and Africa requiring the
conception, design and implementation of adequate methods for
mercury utilization, monitoring and mitigation.

The solutions to the problem of mercury usage were divided into two
classes:

= in those areas where the problem already exists

= future avoidance of the problem
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In order to tackle both, the local involvement of the community
is a must (in Brazil it is quite common to find, besides labor and
employee unions, Rotary’s and Lion’s Clubs that act as facilitators).
Nobel Prize HOFFMAN (1995), presented the methodological
approach that we utilized in those already mentioned areas. Such
methodology takes into account the fact that the samples we were
collecting involved people living in communities; therefore a historical
context of that particular community, a social profile of that community,
a description of the political power underlying that community. And the
legal aspects of the extraction activiies and the environmental
concerns of that community were established and analyzed by social
researchers, see BARRETO (1991); BARRETO et al.(1996);
PORTELA(1991); BARBOSA and LOBATO (1992) and MENEZES
(1996).

Results were then discussed in several meetings with local
community involvement, utilizing in this communication procedure all
the available social entities that were stakeholders for that problem,
i.e., the Lyons and Rotary Clubs, the Unions, both worker” and bosses”
and societal commitments were reached in other to mitigate the
problems associated with Hg releases.

These commitments involved:
= the understanding of the problem
=  the will to commit community efforts in dealing with it

= to gather all the stakeholders involved in the discussions and to
reach a consensus approach (those that favored the procedures
and those that didn’t)

= once the consensus was reached the following solutions to
mitigate the problems were established a)closed circuit utilization
of mercury in the concentration/amalgamation steps; b) burning of
the amalgam in retorts in the field, and use of fume hoods in gold
dealers’ shops; and c¢) confinement of processed material in
specially build settling ponds.

= these measures were taken both for the present operations and
proposed to avoid future problems.

= for the present operations, after sampling the levels of mercury,
risk areas were assessed, isolated and remediation measures
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were performed, regarding mercury fixation and/or recovery as
below.

Immobilization of hg

Mercury can be fixed by sulphur in polysulphides. This
method, however, which can be utilized for the inactivation of Hg in
solid masses, has been criticized on the grounds of the equilibrium
constants for the several Hg-S bonds. No field tests were conducted,
but a quite interesting paper on the subject is that of BENOIT et al.
(1999).

However, laboratory testing was performed utilizing
polysulphide solutions, obtained from a mixture of sulphur flowers and
soda ash, i.e., commercial grade sulphur and sodium hydroxide. The
results, although looking promising could not be numerically assessed,
in terms of the actual degree of fixation, (we are talking of sites
containing below 10 ppm of total mercury) due to the still difficulty in
analyzing HgS below 1 ppm, as shown by WILKEN and ALLEGRA
(1991).

Recovery of Hg

Whenever possible, mercury has to be recovered. One method
tested by CETEM is that of electrooxidation (SOUSA, 1991;VEIGA et
al., 1991; SOBRAL and SANTOS, 1995). Its main feature is generation
of hypochlorite ions by oxidation of chloride ions to elemental chlorine
that in a aqueous media results in hypochlorite. Such a process may
be viewed as an electrolytic segregation process, because small
amounts of NaCl are intermixed with the resulting residue (“ ore” ) in an
aqueous pulp that is electrolyzed. The general reactions may be written
as:

Hg +2CI0™ +4Cl™ +2H,0 < Cl, + HgCl;” +40H" (1)
and

2Au + 7NaCl + NaClO, +3H,0 <> 2NaAuCl, + 6NaOH (2)

the dissolved gold being electrowon jointly with mercury.

Mercury recovery from tailings was conducted by installing and electro
oxidation pilot demonstration unit in which up to 92% Hg recovery was
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achieved for a 6 h electrolysis time, in a 100 g/L NaCl solution, with an
average energy consumption of 177 kWh/t, at pH 6-7, from tailings
containing 6.8 mg/kg of Hg, producing a final solid material with 0.5
mg/kg of Hg. The dissolution of mercury may be viewed as:

2NaOCl+Hg” +4HCl — 2Na* + HgCl;” +2H,0+Cl, (3)

and mercury being deposited as elemental mercury.

A series of pilot plant runs were conducted in the location of
Rio do Rato, Itaituba. The results of this field campaign are given below
(SANTOS & SOBRAL, 1995).
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Mercury concentration in the residue during electroleaching, i, =
0.8 A/dm?; 49.1 g NaCl/dm®; 17 mL HCI; time 4 h; 1550 rpm.
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Mercury concentration in the residue during electroleaching, i, =
0.8 A/dmz; 4919 NaCl/dm?®; 25 mL HCI; time 4h; 1550 rpm

Others

Other more obvious, and common senses solutions and
measures were found and implemented, such as:

= no spilling of mercury during the amalgam phase, being a matter of
mercury management throughout the process

= use of amalgamation vessels

=  processing of the ore in close-circuit

= use of retorts in order to collect the mercury vapors
= use of fume hoods at the gold shops

Also an overall manual on how to process alluvial gold ores
and manipulate mercury safely was issued (CETEM, 1994;1995;
DNPM, 1996). Also, an overall account of part of this experiences are
available,see SADEK et al. (1999).
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MERCURY IN PRESENCE OF HUMIC ACIDS

The importance of the study of the mechanisms through which
humic acids interacts/reacts with mercury compounds were stressed by
MELAMED et al. (1997); VILLAS BOAS et al. (1997) and, among
others, VARSHAL (1999).

Tests utilizing Ca to revert the effect of humic acid on the
enhancement of Hg® solubility, MELAMED and VILLAS BOAS (1998),
show that the increased solubility of Hg® due to the Aldrich humic acid
was reverted in the presence of Ca. The need to verify such an
amendment, and the possible development of this technology in the
presence of natural organic acids MELAMED et al. (1999) is a must.
Interestingly, the data shown in indicate that Ca prevents the
dissolution of Hg® rather than a competitive complexation mechanism.
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PENDING PROBLEMS

Pollution Limits: in order to assess if a substance, or
compound, is effectively deleterious to animal health and or to the
environment its past usage records are reviewed and reassessed. It
also may be tested in simulation experiments on living organisms.
Analytical and instrumental methodologies are to be available for lower
detection limits, otherwise temporary lower detection limits are fixed.
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Tests driven under simulation conditions have to be standardized or via
consensus. These are very important to inform on individual risks and
the lowest observed adverse effect level., as well, but how to conduct
this in the amazon ?

Compartments: the interactions between pollutants, environment and
compartments are to be carefully assessed and speciation techniques
are becoming a must in order to define the toxicity of the substance or
compound, see for this matter, COQUERY et al. (1999).

Responsabilities: in fixing the lower and upper limits of pollution; they
are not JUST a technical responsability; they are a POLYTICAL
responsability that will include, besides technical evaluation, an
economical evaluation and their social consequences (health,
education, employment). Here lies a very intriguing problem since in
the majority of rain forest areas, garimpo activities are considered to
be illegal, what difficult quite a bit its willingness to collaborate in
environmental and health matters, or, as in the case o Brazil its
legalization procedures are so cumbersome that, in fact, the great
majority just remains illegal. At the 5. IC. several papers dealed with
the threats to public health and, eventual, responsabilities (PIVETTA et
al., 1999; PASOOQOS et al., 1999; HACON et al, 1999; SANTOS et al.,
1999;VASCONCELLQOS et al. 1999;GRADJEAN et al., 1999;JESUS et
al.,, 1999; MATTOS et al. 1999; SANTA ROSA et al., 1999;TAVARES
et al.,, 1999; MIEKELEY et al. 1999;MERGLER et al. 1999; GUAN et
al.,, 1999; DESCHAMPS et al. 1999;0LIVERO et al. 1999; TUCEK et
al. 1999). Also, several papers presents views on educational
programs and, eventual, responsabilities (KLIGERMAN et al., 1999;
CAMARA et al.,, 1999;DESCHAMPS et al., 1999; DAVIDSON and
VEIGA, 1999;GUERRIER et al., 1999;VEIGA et al. 1999; WHEATLEY,
1999; SHAMLAYE, 1999;); at the industry level(KINDBOM and
MUNTHE, 1999 ; GUSTAFSSON, 1999)

Fish Species: once methyl mercury is formed it goes via the food
chain reaching higher concentrations in fish species that are located at
the top of the aquatic food chain, due to biomagnification effect through
throfic levels. The amazon area is the richest worldwide in fish species;
what is the threshold figure for every fish specie regarding mercury
level concentrations in order to assess if such a fish is” intoxicated” with
it ?And,then, what about RfD for methyl mercury ? See, for instance,
quite interesting discussions on RfD for methyl mercury (SCHOENY et
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al.,, 1999; CASTILHOS and BIDONE, 1999); several reported
measurements in the brazilian amazon (KEHRING and MALM,
1999;BRABO et al., 1999;MORAIS et al.,1999);NAKAZONO et al.,
1999; SANTOS et al., 1999; LIMA et al., 1999: REOULET et al., 1999),
in the wetlands (PINTO et al., 1999), the role of selenium (BARBOSA
et al., 1999). The need of differential guidelines for permissible mercury
levels in water, depending upon the fact that such a water, and fish
species,is in a tropical or non-tropical area (RIBEIRO et al., 1999).

Sinergisms: in Nature quite rarely 2 + 2 is equal 4 ! Therefore, a better
understanding of the several interplays between the many physical,
chemical and bio variables that affect a given speciation mechanism
within a given compartment is still lacking Not to mention in health, for
instance, when trying to detect if a given symptom derives from
mercuarialism or, on the other hand, say, malaria (TOBAR, 1996);
Some papers are important in this regard (SILBERGELD;et al.,1999.;
STRICKLAND et al., 1999). Also of interest is” a holistic approach to
mercury liberation and its toxicity” (GHOMSHEI et al., 1999).

Mathematical Models: well always a problem, this we all know since.
they intend to represent/simulate a complex system through certain
number of compartments that interact with each other; here again,
synergisms !Therefore, mathematical models, before utilized, have to
be thoroughly understood.Some discussions on the use of models are
clarifying (ROULEAU and PELLETIER, 1999; BENOIT et al., 1999).

Geo and Biogeochemistry of Hg: the geo and biogeochemistry of
heavy metals in general is still a very much open question and that of
mercury is not an exemption. Very intriguing questions as the role of
the presence of other metal species as regard mercury accumulation in
soils are still to be answered As for tropical soils the always present
iron (VEIGA, 1993; RODRIGUES FILHO, 1995; LACERDA, 1996)
needs more research (see ZEIDEMANN et al., 1999; FOSTIER et al.
1999,; RIBEIRO Jr. Et al. 1999 at this 5. I.C.). Quite useful papers
are,on this matter, on the role of total Hg, methyl Hg and Hg(ll)
(BAILEY et al., 1999; HINES et al., 1999).; on the origin of mercury in
amazon soils, anthropogenic or natural ?,(MILLER et al., 1999)

Decomissioning: borrowed from the nuclear industry this term means
what to do after mine closure, as regard the mine site itself, the
environment surrounding the mine site, the living community etc. This
subject, as taken for the garimpo areas spread out through Latin
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America, the Pacific Rim and Africa is, again, a completely open
question; no valid decommissioning methodology and procedure has
been established as yet. Several papers dealing, in one or another
form, with such subject are , (VEIZAGA and BOURGOIN,
1999;MACHADO, 1999; PESTANA and LECHLER, 1999; SOUZA et
al., 1999;ARAUJO NET, 1999;BERMUDEZ and VEIGA, 1999) on gold
extraction; others on mercury extraction (RYTUBA, 1999; KIM et al.,
1999; COVELLI et al., 1999) and, yet some quite relevant for guideline
establishments (LAPERDINA, 1999; ASHLEY, 1999; QU, 1999;
WHYTE and KIRCHNER, 1999).

Sustainable Development: well this is a very interesting issue, since
we are discussing, at this talk, mercury and sustainability; but, again,
such.an issue requires some framework to start with, not to mention
the, unbelievable, war striking in Europe. Well, this apart, sustainability
of some dangerous pollutant has to be brought either by banning it or
managing its use. At our findings, throughout these campaign
experiences that we reported in this talk, we found mercury sustainable
IF some measures were taken; these measures were already exposed
earlier in this talk, and all of them needed a strong commitment of the
communities involved as well as local authorities. However this is not a
solution overall accepted. At this 5™ IC. Some very interesting papers
on this are available (GUSTAFSSON and REIN, 1999); REIN and FIN,
1999; REIN, 1999; ANDREWS and SWAIN, 1999; PONCE et al. 1999;
PILGRIM et al. 1999); a paper on appropriate treatments for surplus
and waste mercury” (ANSCOMBE, 1999) that is very appropriate since
the US Stockpile was responsible some years ago for the release
(selling) of large quantity of mercury flasks ! A paper proposing a
network to look at the impacts of global warming and the cycling of
mercury (REUTHER, 1999) And, last but not least, an intriguing paper
(REYES and GALVAN, 1999) on the economics of mercury pollution
and its negative externality !!
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TAPAJOS GOLD GARIMPOS
Alberto Rogério Benedito da Silva

Geologist, environmental and mining consultant, and vice-coordinator
for Mining and Metallurgy Chamber (Para Trade Association) -
e-mail: rogerio@supridad.com.br — juruti@yahoo.com.br'

1. GENERAL ASPECTS

The Tapajos Region is situated in the Southwest of the Para
State, 1,300 km straight line from Belem. The principal access is from
Itaituba through commercial and private flight mainly monoengining
(small air taxi) and through Tapajos River and Transamazonica and
Santarem-Cuiaba road (map 1)

The Para gold garimpagem is very important to the regional
economy. Its was considered the biggest mining gold production until
1995 (graphic 1).
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In the Amazon Region, the garimpagem (map 2) has an area
of 236,000 km?® (4,34 per cent of the total area). In the Para State,
these areas reach 150,000 km? being Tapajos the largest garimpeira
area in the world — 100,000 km? — and the most important garimpeira
gold producer in Brazil (map 3). From 1979 to 1984, the federal
government delimited a series of “Official Garimpeira Reserves” that
correspond to 31,500 km? (13,3 per cent of the total area — table 1).
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Concerning to the heavy mineral history, we can observe that
the main gold discoveries belong to individual works. The biggest world
gold rush such as the Urais Mountain (Russia - 1744), the California
(USA - 1849), the Australia (1851), the Klondike (Canada - 1896), the
Witewatersrand (South Africa - 1896), the Tapajos (1958) and Serra
Pelada (1980 both in Brazil). All lot them were characterized for a great
number of people whom, empirically, looked for their economical
independence, by individual work.

The gold is present in the Brazil's chronological history, since
1500, when the Letter of Pero Vaz de Caminha mentioned Brazil as a
gold producer. The Magna Letter of 1603, which instituted the tax
called gold fifth (quinto do ouro), already mentioned Para as a gold
producer. In 1747, it was discovered, for the first time, gold in the
Tapajos Region, and, in 1853, the same occurred in the Amapa State.

In 1958, the great first gold rush began in the Tapajos Region,
transforming that area in the principal gold producer in Brazil. It was
supplanted only by Serra Pelada’s garimpo that was discovered in
1980 and whose the gold production decreased year by year from
1983.
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Another important step to the Brazilian gold market occurred in
1986, when the Sao Paulo Stock Market (BMF) started up the
organization of the Gold Brazilian Secondary Market, an idea of the
Brazil Central Bank. The Federal Constitution of 1988 according to Law
n®. 7.766, of 1989, considered gold as a financial asset. The last
progress occurred in August, 1994, when the Para State Government,
through the Camga-Tapajos Program, tried to implant the Gold
Regional Secondary Market, in Itaituba. The task force had the
collaboration of many institutions, but the Brazil Central Bank leaded
the operation. The Gold Regional Secondary Market did not obtain
success, however, it began the garimpos model transformation,
including the official areas legalized in the Tapajos Region.

Table 1 — Garimpeira Official Area

Place DNPM number Date Area (ha)
Rondénia 1,345 | 10/07/79 18,935
Rondbénia 1,034 |21/07/80 26,642
Roraima 143 | 03/02/84 12,000
Itaituba — Para 882 | 28/07/83 | 2,874,500
Serra Pelada — Para Law number 7,194 | 11/06/84 100
Cumaru do Norte — Para 25 [10/01/84 95,145
Peixoto de Azevedo — 550 | 10/05/83 121,000
Mato Grosso

Source: DNPM

The gold has been present in humanity’s history for 20,000
years, since Paleolithic period in Egypt, where had begun the gold
metallurgy and techniques. The gold metal attracts many people from
all the world, because of its beauty, rarity, durability and considerable
valorizations. Among centuries, investors and countries have
considered the gold as the most efficient and secure way to maintain
reserves and value. The General Charles De Gaulle, the France
President, in the peak of the discussion of the gold standard in the
international monetary system, in the 60’s of the last century, indicated
the gold as instrument that will be eternal and universally accepted as
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the only form of unalterable and constant reserve. For this reason,
when occur international crises like strikes, wars or financial and
inflationary instabilities, the investor falls back upon the gold as a
refuge to assure your profitability.

The Amazon Region gold garimpos, the Tapajos Region
particularly, has different periods of evolution. Until 1978, the activity
was followed by Mining DNPM’'s Code, which characterized the
garimpagem as a mining rudimentary research and individual work.
Garimpeiros, when seeking the ore, followed the smaller creek and,
when they found, for empiric processes, the auriferous anomalies, they
exploited the baixdes (gold alluvial flat). After that, garimpeiros isolated
the strip for recovering the gold area in 10 meters by 10 meters, called
“cata”, or an area of 5 meters by 5 meters called “banda”. For gold
exploitation, at first, it is necessary to remove the overburden and the
gravel to recover the gold. If the access was difficult, the next step
would be built an airstrip. The airstrip would allow people, goods,
equipments for gold exploitation to come in and out, all controlled by
garimpo’s owners.

The rose of gold prices in the international market, surpassing
US$ 800 per ounce, in London Metal Exchange (LME), reflected in the
Brazilian and regional market. One of them was the new gold rush in
the Amazon Region.

In addition, in the garimpos area, the exhaustion of gold
alluvial flats, the logistics in garimpos (airstrip, shopping, etc.), and the
gold’s discovery in the active bed of the rivers, without or with reduced
overburden, allowed garimpeiros to look for more investments in the
mineralized areas providing garimpo gold production mechanization.
And through suctions pump that exploited the active bed of the
drainages, the garimpos mechanization started. The following steps
were: the introduction of chupadeiras (two suctions pump, the first one,
to remove the overburden and the other one, to make the suction of the
gravel or mineralized level) in elluvial and colluvial deposits; and, in the
primary gold, garimpeiros used scrappers and hammer mills.

For this reason, there was a contradiction: meanwhile,
garimpeiros removed large ore volumes, in function of potent
equipment utilization, the final concentration continued in the traditional
cobra-fumando (sluice for recover the gold). Then, the garimpeiros
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exploitation exhausted the secondary deposits, accumulating great
tailing dams volume. After that, they began to detect primary gold
mineralization, whose exploitation technology is not well dominated by
them. In fact, there were great environmental impacts and the
discovery of a series primary gold mineralizations occurrence.
Nowadays, primary gold mineralizations show the transformation of
the garimpagem model, such as in South Africa, Canada, United
States, Australia, etc.

In international level, the artisanal mining has been discussed
in a series of events:

= United Nations Seminar — Zimbabwe (1993) — called orientations
for the development of the small and medium scale-mining. It
involved the following themes: financial, legal, and fiscal aspects;
technical, environmental and social aspects; and investments
aspects; marketing and government support. The main final
decisions were: definition of alternatives for the small scale-mining;
maximization of benefits of the small-scale mining; creation of
conditions to legalize the small-scale mining and to improve small-
scale mine performance, through government support; use of
clean technologies, involving all small-scale mining; and offered
equipments for the small and medium scale-mining.

= World Bank Conference to the artisanal mining (garimpo) —
Washington (1995) — discussed the following points: support to the
garimpo as an economical and sustainable activity for people
without resources in underdeveloped and developing countries;
evaluation of the economical potential associated to the activity;
and, recovery of degraded areas. The principal conclusions were:
the garimpo has many facets and it imposes a series of complex
and controversial subjects; the garimpo is a associated to poverty,
but also to opportunities; reforms in the garimpo request an unified
strategy; and, the principal objective is to transform the garimpo in
small-scale mines.

= Second Conference of African Ministers responsible for the
development and utilization of mineral and energy resources —
Durban, South Africa (1997) — in this event the panel included:
Small-scale mining, contribution for the poverty reduction and
perspectives for technical cooperation in Africa.
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Conference on Shifting Sands: changing investment climate for the
International Mining Industry - Toronto, Ontario (1999) — a forum of
the event was the Commitment to social responsibility: easer, and
probability cheaper than you think.

The United Nations Organization (UN) maintains a department

of economic and affairs, with a special consultant for small-scale
mining.

The research Excavating, loading and haulage equipment,

accomplished by Parker Bay Company, in February, 1999, indicates
that the small-scale mining involves 13,742 equipments, with a value of
US$ 30.4 billion, operated in 760 places and 63 countries

2. GARIMPO’S MODELS

In the Amazon Region there are different gold garimpos

model:

Madeira River — this exploration occurs in the active riverbed, with
the use of potent pumps, whose infrastructure is above the one
that it is used in the other areas. The rafts remove a big volume of
material, whose suction caliber is around 10 inches. The level
mineralized recovered are layers of gravels or latheritics
concretion, with local called as “mocororo”. The ore recovered can
be made inside or in the margins of the Madeira River, causing a
great environmental impact, since the overburden or the
mineralized level is removed, or yet for the effluents released and
for the own metallic mercury.

Tapajos — garimpos activity consisted in selected the strip
selection, demarcating barrancos (garimpos site) and removing
overburden, followed by gold recovered. Until 1978, the
mechanization improved and use of dredges or rafts was started.
Later, with the gold discovery out of flat alluvial, it was started also
the gold exploitation in sequeiros (elluvial and colluvial ores),
through chupadeiras (two suctions pump, the first one, to remove
the overburden and the other one, to make the suction of the
gravel or mineralized level). After 1990, it was discovered in the
garimpos the primary gold mineralization in the rocks or quartz
lode. Nowadays, there is a great amount of occurrences primary
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gold that attracts mining companies to make joint ventures with the
garimpo owners. This model is also applied to the North of Mato
Grosso Region.

= Southeast of Para — this area contains young drainages, mainly
because of the high erosion degree. The predominant gold
exploitation is by chupadeiras and hammers mills. This model is
also applied to the area of the Yanomamis, in Roraima State.

= Serra Pelada - this garimpo is different from the others, in the
Amazon Region. Although the garimpagem began in a creek -
Grota Rica —, the gold exploitation was dislocated quickly to the
small hill drained by Grota Rica, called “Babilonia”, where, the gold
was found in semi-altered sandstones breccias rocks and grew
manganesiferous siltstone. The Serra Pelada’s garimpo presented
a high gold and garimpeiros concentration. For this reason, the
“catas” (gold exploitation site in the garimpo) dimension were 3
meters by 2 meters. The total Serra Pelada area is 30,000 m? and
its form is like an ellipse, more similar to a bean grain. Another
important Serra Pelada’s characteristic was the high number of
“bamburros” (discovery of high gold concentration in reduced
area), which provided, also, great “reques” or “recos” (donation of
small amounts of ore, with high auriferous concentration), reaching
sometimes gold’s kilograms. In addition, the federal government
applied investments to remove the overburden in more than
1,500,000 m* to maintain the pit for garimpagem and to the
correction of the pit's border. There are more 4,000 “catas” in
Serra Pelada. The excavation in the pit reached the water table, so
it was necessary to use bigger water bombs to drain all the water
of the pit bottom to allow the garimpeiros will be able to work in the
area.

= The nineties — several Federal Government economical plans, the
evolution of the price of the petroleum higher than the price of the
gold, the declination of the prices gold ounce in the international
gold market, reflecting in the Brazilian gold market; the end of the
conflict between garimpeiros and mining companies, the reducing
of the secondary gold deposits, followed by discovery of primary
gold in rock, demanding cleaner technologies unknown by
garimpeiros; the environmental pressures of the organized civil
society; the legislation exigencies, as well as, the garimpeiros
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organization in union and association, created the new conscience
in the garimpo owners.

Today, there is a harmonic and democratic coexistence
between garimpo owners and the mining companies. The first one,
consider the joint venture the only alternative to advance in the
garimpos evolution. And the second one are conscious that the work of
the garimpeiros is very important to eliminate the research’s initial risk,
because when garimpeiros discovered the primary gold mineralization,
the mining company’s research will be facilitated.

Nowadays it is very common in the Para State, mainly in
Tapajos Region, joint ventures between mining companies and
garimpeiros. State Government promotes these partners.

3. RESEARCHES

The garimpagem in the Tapajos Region has been usually
researched for government institutions. The first research was
executed by Assistance Garimpeiros Foundation (FAG), in the 60’s of
the last century. The National Department for Mineral Promotion
(DNPM), Federal Government, has made some research in the
Tapajos Region. The Para’s State Secretary for Industry, Commerce
and Mining (Seicom) has also made important research looking for
organizing and transforming the actual garimpos model.

In the beginning of 80’s, ecologists and communities accused
garimpeiros of a great environmental degradation. Meanwhile, the
mercury was identified in the garimpos and it caused big reflexes in the
national and international media.

Researches Studies:

= DNPM - it is responsible for the first collection of samples dosed
for total mercury, including qualitative evaluations, environmental
impacts studies, garimpeiros statistics, and environmental
education, this one included in the Camga-Tapajos Program.

=  Commission of the European Union (CUE), Sol 3 — Center for
Studies and Researches of Europe, London’s Imperial College,
Seicom and Group for Studies and Defense of the Ecosystems of
the Lower and Medium Amazonas (Gedebam) - the goal was to
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study the Tapajos Valley, however it just realized the first project
phase for Mercury contamination on the Brazilian Amazon. It was
collected samples in four areas, two considered as critics, both
inside of the garimpos area (Crepori and Cuiu-Cuiu), and two
outside of the garimpos area (Jacareacanga and ltaituba).

= Commission of the European Union (CUE), Imperial College
Consultancy (lcon), Seicom, DNPM, Evandro Chagas Institute
(IEC) and Tapajos Gold Association (Amot) — this project was
considered as second phase of the first project financed by the
Commission of the European Union. It had four goals: technical
alternatives (improvement in the evaluation of the garimpeira sites,
with introduction of preliminary evaluation whose purpose was to
reduce the risk for garimpeiros, mercurial studies impacts, but
targeting to the occupational health; laboratories to assist people
affected by possible mercurial contamination; and environmental
information, compatible with garimpeiros culture.

= Cetem, Seicom, Evandro Chagas Institute (IEC) and DNPM - this
project was applied in the Rato Creek. The researches involved
mercurial contamination and impacts evaluations.

= Tropical Medicine Center of the Para Federal University (UFPa)
and Japan International Cooperation Agency (Jica) — represented
by doctor’s team that has studied mercury risk groups, located in
the Tapajos River. The merit of this research is the clinical
accompaniment of possible mercurial intoxication.

= Evandro Chagas Institute (IEC), DNPM, Seicom and Japan
International Cooperation Agency (Jica) — responsible for
occupational health and the mercurial contamination evaluation.
The Evandro Chagas Institute keeps the largest mercury database
in the Amazon Region, with about 16,000 samples, most of them
already treated. It reaches about 6,000 in the Tapajos Region.

= Promin — it was elaborated still in the Camga-Tapajos Program.
The Company for Researches Mineral Resources — Brazilian
Geologic Survey (CPRM) executed studies in the second half of
the 90’s of the last century. The Tapajos Mineral Province Project
(Promin) whose principal intent were to make the regional
geological mapping, however it also executed a series of the
primary gold evaluation occurrences, as well as mercurial
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contamination studies in some garimpo areas in the Tapajos
Region.

= Camga-Tapajos Program - includes Tapajos Region it was
executed since 1991, through the Para State Government, by
Seicom. The Tapajos Region was chosen because the garimpeira
activity is very important for the regional economy. For this reason,
the Para State Government decided to study this area and created
the Program for Garimpagem Controls (Camga-Tapajos Program),
whose as final goal, in the medium/long-terms, was to minimize the
great impacts in the garimpeira area as well as to transform the
actual garimpo models. From that moment, the gold could be
explored inside of the mineral, environmental and social legislation,
with benefits to the communities involved in the garimpos
exploitation and with focus to the sustainable development.

The reasons to develop the Tapajos Region program
consisted in: being the largest Para and Brazil garimpeira area,
involving the largest activity population, producing more of the half of
the Para gold production, suffering the largest environmental impacts,
and involving the largest number of garimpeiros leaderships.

The most important points to the Camga-Tapajos Program:
being target to the Region, involving previous actions discussion,
capitalizing positive effects from the other projects, partnership
involving the public government and communities, responsibilities
participation, promoting the activity organization (Amot), democracy in
the actions.

The Camga-Tapajos Program concerned in six subprograms:
social and economy, impacts studies, solid tailing dams contention,
technological alternatives, environmental information as well as
establishment for agriculture-extractivism, with garimpagem model’s
change.

The Camga-Tapajos Program research involved:

= Social and economy context — extractivist structures, including soil
and subsoil occupation; garimpeiras shopping, the social
relationships study in the gold garimpos sites; agriculture and
“garimpeiros” workers — the relationship between the mineral
extractive activity and the agriculture; women of the gold, the force
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of the feminine work in the garimpos; gold production unit study;
and the urban nuclei studies

= Impact studies context — monitoration for mercurial contamination
in the water and fish in the Tapajos River, study for the current
environmental impacts of the mineral extrativism and mercurial
pollution and mercury in Itaituba, coordinatinated by Cetem

=  Environmental information context — informative campaigns and
courses highlighting the main garimpeiras communities

= Establishment and transformation of the garimpagem model —
increment to the gold production. The objective was to attract
investments, through joint ventures between mining companies
and garimpos owner. It is, in the specific case, necessary the
promotion for Para State Government and all areas must be in
mineral and environmental legalization. The first one by DNPM
(Small-Scale Mining Permission) and the second one by Sectam
(Environmental Licenses)

4. TAPAJOS GOLD OFFICIAL PRODUCTION

The Tapajos area garimpeira corresponds to 100,000 km? (60
per cent of the Amazon garimpeiras area) and it is considered the
largest gold garimpeira area in the world. Its area is larger than
Portugal, also bigger than Switzerland and Netherlands, together. The
official Garimpeira Reserves area is 28,000 km”. Since 1958, it has a
real production, on average, about 10-12 tons per year, has about 500
airstrips that support around 2.200 garimpos site. Its gold production is
primary gold (rock and quartz lode) and secondary gold (alluvium,
colluvium and elluviam). The Tapajos Region is the most researched in
the whole Amazon garimpeiras areas and has the largest number of
total and organic mercury samples collected (around 6,000 samples).
Other important point is garimpeiros organization such as Tapajos Gold
Association (Amot) that involves the principal garimpeiro owners and
the experiences on joint venture with mining companies (about 26 joint
venture for gold evaluation executed in the second half of the 90’s last
century).

The progressive gold exploration in the Tapajos Region
permitted garimpeiros to discover around 500 occurrences for primary
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gold, including about 200-quartz lode, of which 50 are in activity. The
new reality imposes to the Tapajos auriferous province a new profile
and the production is mostly from veins and quartz lodes that
corresponds to 60 per cent of the Tapajos gold production.

5. TAPAJOS GOLD PRODUCTION

The Tapajos official gold production (table 2), between 1991
and 2000, represented 36 per cent of the Para gold production, three
times more than the Cumaru-Redegao-Tucuma Region and ten times
more than any other Para gold production area. It is very important that
Para gold performance influenced by Igarape Bahia gold mine in the
Carajas mineral province (Companhia Vale do Rio Doce) which
produces around 10 tons per year.

= Table 2 - Para gold production/91-00 (ton)
Para  Tapajos C-T-R*  Others
> .1 P l.g

15

10

Source: DNPM/SRF
* C-T-R - Cumaru-Tucuma-Redencao

6. ENVIRONMENTAL IMPACTS

In the last fifty years, the environmental impacts in the Amazon
Region mineral industry projects were divided in three phases:

= No environmental impact conscience — the best example is the
Icomi project in the Serra do Navio, in the Amapa State. It was
responsible for a big environmental impact, including topography
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alteration, aggression to the forest and a considerable tailing dam
volume.

Minimum environmental impacts conscience — the best example is
Mineracao Rio do Norte project, in the Trombetas Region that
polluted the Batata Lake and invested US$ 80 million to recover it
and change the bauxite mine exploitation.

Maximum environmental impacts conscience — this is the current
phase and the best example is Carajas (iron, manganese and
gold) project.

However, the garimpeira activity, mainly because of its semi-

artisanal exploration, has caused serious damages to the environment,
some almost irreparable, for instance: the antrophic activity, physical
chemistry and biological degradation, reflecting in drainages.

Antrophic activity — the garimpagem does not differ from the other
mining activities regarding to the forest degradation. The
deforestations are limited to the garimpos sites, reaching the
ciliary’s forests (vegetation along drainages) and the areas where
they build their villages or currutelas (communities population
nuclei). When the access is difficult, it is necessary to construct
airstrips, the main logistic support to the garimpeiros (personal
goods and equipments movement). In fact, there are not many
garimpeiras areas with agricultural activities and cattle, this last
one has caused intensive antrophic degradation though.

The currutelas were formed without any previous planning

causing the population increase and a chaotic dispersion. Therefore,
sanitation and public health is not usually a concern to these
communities and it reflects in forest alteration.

Physical degradation — the garimpos gold exploitation occurs
inside or next to the drainages causing great environmental
impacts to the water, and reflections in the alteration of the
drainages, provided by overburden removal in the unconsolidated
deposits (alluvium, elluvium and colluvium) and levels mineralized
recovered. The physical degradation occurs in any exploitation
mining, manual or semi-mechanized (“‘chupadeiras”, dredges or
rafts) provoking a considerable solid effluents in the river and
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resulting in a great visual environmental impact observed hundreds
of kilometers downstream.

The environmental impacts in the drainage alters the waters
coloration, reducing visibility and expelling life from their natural
habitats and, it imposes the elimination and removal of the original
phlore and phaune in the ecosystems.

The physical impact effects are well characterized in the
drainages worked by garimpeiros. They cause the appearance of small
lakes dammed by the gold recovered in the garimpeiros propriety, that
are truly endemic focuses.

Another environmental impact, even more reduced, but equally
serious, is trash left by garimpeiros in the area, such as recipients and
food packages (canned and plastic, mainly). They are thrown near
home and carried for the drainages or dammed in depressions.

= Mercury

e« Chemical degradation — considering that the drainage receives all
the impacts, the chemical degradation includes gold exploitation
phases from the removed overburden to the gold recovered.

In the garimpos area, the petroleum derivates are the most
important for gold exploitation. Nowadays, gold exploitation is
mechanized and the diesel and oil lost is not controlled.

The mineralized column, mainly in the overburden, has
abundance in fine sediments (clay predominance) and in the pre-
concentration in “cobra-fumando” (sluice for recover the gold) of which
the fine fraction is a barrier for the gold recovery, because it creates a
superficial tension in the water. Since then, the garimpeiros add
excessive detergents and break this tension, contributing again to the
chemical aggression in the ecosystem

The metallic mercury or Hg (chemical symbol) is a silver liquid
metal whose density is 13,5 times more than the water. It is also highly
volatile, has cumulative character, forms amalgam with the gold and is
used, frequently, in the gold recovery in the Amazon and Tapajos
Region garimpagem area. From the mercury used in the gold
recovered, a small part form the amalgam (mercury and gold league)
and the other one goes to the main drainage. The incorporate fraction
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in the drains is divided in two segments: one is buried in the metallic
form, and the other one goes to the hydrographic basin in the metallic
form. When the mercury is transformed from metallic to inorganic and
to the organic form using reaction with bacteria in the limnologhicus
habitats, it can cause great damages for all ecosystems, including the
human life.

There is no trade between mercury amalgam and the gold so it
is necessary to separate the mercury before the commercialization. In
most of the garimpos area, this separation is made improperly and
causes the mercurial vapor release that is extremely harmful for the
environment, polluting the area and contaminating the garimpeiros.

e Biological degradation — the most affected is the human being,
mainly in the garimpos area. The mercury reaches the throphic
chain and becomes very dangerous to the ecosystem, mainly if
there is the transformation to organic mercury, which is the most
toxical derivative.

The organic mercury contaminates the algae, then the fish that
eats these algae will be contaminated and, subsequently, the human
being that will eat this fish. Mostly, the victims are riverside habitants
whose fish from the river is their main food. This is mercurial
contamination through trophyc chain.

Another kind of mercurial contamination is the vapor of the
amalgam burn. The average absorption of the human body is 70 per
cent of this vapor. In some cases, it can reach until 100 per cent. The
mercury vapor is the most common mercurial contamination in the
garimpos area.

Other biological degradation comes from the antrophic activity,
because of the absence of sanitation and public health in the garimpos
area. The biological degradation reflects in and out of the garimpos
area, for example, through the destruction of ecological niches and
biomass loss as economical resource.

The alteration of original habitats, mainly the phaune and
phlore in the aquatic habitat, as well as the biota contamination are
considered the main negative aspect for artisanal gold exploitation.

The Pan-American Organization of the Health web site shows
the main use of the mercury, such as: grains, seeds, several cultures,
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ink, leather, naval shipyards, batteries, photographic cameras and
industrial parks, including the use in dental amalgam. The mining
presents a small portion, around 1 per cent, in which it is not
contemplated the garimpos gold consumption. Therefore, the mercury
is out of the official statistics.

Nowadays, the mercurial contamination can be also caused by
soil erosion, forests burn and lakes formed by hydroelectric. Moreover,
it is observed the decline of garimpos gold production and the mercury
release in the ecosystem. According to current researches, the
environmental and human health is important; however the first priority
should be the communities education for accomplishing it.

To solve the mercurial contamination in the gold garimpos
area, it is necessary clean technology, based on environmental and
human health aspects. The first consists in looking for healthy and
sustainable technologies, with technical alternatives and regularization
garimpagem sites by DNPM and Sectam. The second involves the
environmental education through appropriate campaigns according to
the reality of the garimpos area, in order to change the current
garimpeira culture. The result would be creating a sustainable standard
to the gold garimpos.

In regards to the human health, case studies, involving risks
groups, are important as well. For instance, there is the one made by
Tropical Medicine Center with clinical and therapeutic studies.

If both — clean technology and human health — are taken in
consideration in the gold garimpos area, there will be an appropriate
and modern gold garimpos exploration benefiting the regional
communities.

If the Tapajos Region mercurial contamination is compared to
the Minamata contamination in Japan, there are big differences
between them. In the first one, the environment is tropical, the area is
infinitely larger, the mercury used in the gold garimpos area is metallic
form, the residence of the mercury in the air is unknown in the tropical
atmosphere as well as the regional background in the gold garimpos
area.

In addition, while the Tapajos Region has only 43 years of gold
garimpagem activity, the Minamata contamination has 68 years (1907
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— 1975) which affected the time needed for mercury methilation. In fact,
maybe it is unlikely to have the Minamata disease in the Tapajos
Region.
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In the Amazon Region, there are 11,284 samples of mercury
(table 3 and 4, and map 4), almost all already analyzed. Most of those
samples come from the Tapajos Region (53 per cent) with some
exceptions such as those from Monte Alegre and Juruti Municipalities,
a small part from Tapajos Region collected for regional background
and samples from Acre State. According to the researches, 575
samples were analyzed for organic mercury, and the Tapajos Region
represents 375 (table 4).
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Table 3 — Total mercury samples

Place Sample Total Samples
Tapajos-Para Hair, water, blood, sediment, sool, 5,951
dust, urine, plant, vapour
Rio Negro-Amazonas Water-fish 150
Surucucu-Roraima Water-fish 125
Juruti-Para Fish 300
Monte Alegre-Para Hair, fish 423
Tartarugalzinho-Amapa Hair, sediment, fish 85
Gurupi-Para Swin, blood, urine, hair, sediment 292
Serra Pelada-Para Hair, soil, sediment 101
Carajas-Para Hair, water, sediment, fish 155
Cumaru/Tucuma-Para Water, hair, blood, sediment 144
Norte do Mato Grosso- | Water, sediment 150

Mato Grosso

Rondonia Hair 1,059
Rio Madeira — Rondénia Water, sediment, fish 180
Acre Water, hair, blood, sediment, soil 1,022
Melgago (Caxiuana) — Para | Hair, sediment, fish 426
Cachoeira do Arari-Para Fish 167
TOTAL 11,284

Source: DNPM/IEC/CPRM/ESICOM/CETEM/NMT-UFBa/INPA/ PADBERG/SOL

3/GEDEBAM

Table 4 — Organic mercury samples

Place Sample Total Sample
Tapajos — Para Hair 355

Tapajos — Para Water, sediment, fish 20

Gurupi — Para Hair 200

TOTAL 575

Source: DNPM/SEICOM/CETEM/NMT-UFPa/Quebe’s University/ PADBERG/SOL

3/GEDEBAM
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Hg GEOCHEMICAL DYNAMICS AS A REFERENCE FOR
ENVIRONMENTAL CONTROL IN GOLD MINING SITES

Saulo Rodrigues-Filho, Mario G. Ribeiro Jr. and Roberto C. Villas Bbas

Center for Mineral Technology, CETEM/MCT, Cidade Universitaria,
21941-590 Rio de Janeiro, Brazil

ABSTRACT

This paper proposes a geochemical assessment methodology
applied to the receiving environment under a historical perspective
which takes into account sources and fate of mercury. It is thought to
constitute a valuable tool in choosing alternatives for site rehabilitation
and hazards prevention, since it reconstructs the Hg geochemical
dinamics on the mine site before and after mining operations.

The elemental mercury used for amalgamating the gold particles,
which is the final stage of the mineral processing, has caused
abnormal Hg concentrations in waterways. This occurs principally in
the amazon region, where the gold occurrences are mostly associated
with alluvial deposits. The close association of these deposits with
drainage waters means that the mercury lost during open-circuit
amalgamation process reachs the waterways becoming prone to
interactions with water and biota.

INTRODUCTION

The increasing societal demand for actions and strategies towards
sustainability of small-scale gold mining in developing countries has led
experts to face the challenge of managing the harzards associated with
mercury pollution from active and abandoned mine sites. Mercury
pollution in drainage systems and its health effects are the most
frequent subjects on environmental researchs dealing with small-scale
gold mining worldwide. Also, filling of river beds with mineral matter
originated from runoff of abandoned mining waste piles and tailings
generally causes both silting of waterways and elevation of Hg
concentrations in the environment.

For a better understanding of current environmental changes,
namely those caused by mining operations, it is required to investigate
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the existing geochemical patterns prior to the establishment of a mining
activity. The environmental history of a drainage system is commonly
achieved via analyses of sediment cores taken in low-energy deposits,
such as overbank and lake sediments.

The use of common geochemical and mineralogical records as
indicators of Hg pollution might introduce, however, some uncertainties
with regard to the partitioning of anthropogenic and lithogenic Hg, once
lithogenic Hg concentrations in sediments may range from 0.05 to 0.30
Mg/g according to the mineralogy found within catchment soils
(Rodrigues-Filho and Miller, 1999).

Based on observations from temperate regions, several authors
pointed out that definitive evidence for soil erosion may be difficult to
obtain from sediment chemistry because changes in soil mineralogy
are too subtle to detect (Engstron and Wright Jr., 1984; Chesworth,
1972). However, this seems not to be the case in tropical regions,
where chemical weathering causes marked mineral transformations
and the relative accumulation of less mobile metals in surface horizons
under neutral or oxidizing conditions, such as Al, Ti, Fe, Mn, Be, Ti, Cr
and Ni. Thus, geochemical contrasts among soil horizons favor the
reconnaissance of source imprints in sediments (Wasserman, Silva-
Filho and Villas Boas, 1998).

Mineralogy of tropical soils also helps a great deal in identifying
sediment provenance, since contrasting accumulation of quartz
and secondary minerals within weathering profiles is a well
documented fact (Lucas et al., 1993; Kopp, 1986; Irion, 1984;
Curi and Franzmeier, 1984). Goethite and gibbsite generally
occur in the uppermost soil horizon as a result of hydration of
hematite and leaching of silica from kaolinite, respectively
(Nahon, 1986).

SOURCES OF Hg IN THE BRAZILIAN AMAZON

Estimates of total gold production from small-scale gold mining
(garimpos) in the Amazon account 60-70 t/a from 1980 to 1990, while
almost 50% of that were due to the production from the Tapajos region,
state of Para (SEICOM, 1992). During the 90°s, garimpo gold fields
experienced a decline period mainly due to lowering of the ratio gold
price/production cost.
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A ratio produced-Au/released-Hg of 1.4 has been calculated for
the gold fields in Alta Floresta, state of Mato Grosso, where processing
technology usually consists of concentration through sluice and
amalgamation as a separate process (CETEM, 1992). This Au/Hg
ratio, however, is much higher in those sites where concentration and
amalgamation are carried out together using copper plates into the
sluice. This practice has been reported in many garimpos of the
Tapajos region (SEICOM, 1992). Thus, a reasonable estimate of the
Hg load released to the Brazilian Amazon due to gold mining for the
last 20 years accounts more than 1000 tonnes.

Another source of Hg in the Amazon is the atmospheric Hg
released from deforestation, evapo-transpiration of leaves, vegetation
decay and global volcanic activity. Among these sources deforestation
is likely to contribute with a significant load, which has been estimated
from the biomass distribution in the Amazon as 710 tonnes for the last
20 years (Veiga et al., 1994).

The following three major Hg sources are pointed out for the
Brazilian Amazon, while four different types of gold fields are classified
according to the technology employed, proximity to waterways and
awareness of miners, which are indicative of distinct polluting potentials
(Table 1) :

1. Small-Scale Gold Mining (garimpos de ouro)

- Gold fields of active alluvial deposits — explored by rafts
(garimpo de balsa) ;

- Gold fields of inactive alluvial deposits — explored by hydraulic
jet (garimpo de baixdo);

- Gold fields of lateritic deposits — explored through open pit
(garimpo de sequeiro);

- Gold fields of primary deposits — explored through open pit or
shaft (garimpo de fildo);

2. Deforestation and vegetation decay;

Naturally Hg-enriched soils through long-term atmosferic
precipitation.
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Table 1 — Polluting potential of different gold fields in the

Brazilian Amazon

Type of Hg-containing | Atmosferic Silting of Nomadic
Gold Field waste emission drainage character
Raft - alluvial High High High High
Hydraulic jet High High High High
- alluvial
Lateritic Au Moderate Moderate Moderate Low
Primary Au Moderate Moderate Low Low

Naturally Hg-enriched soils are simultaneously source of Hg to
drainage systems and fate of long-term atmospheric Hg precipitation. A
previous study assessing mercury pollution in two gold mining regions
of the Brazilian Amazon has shown that Fe-rich soils and sediments
play a major role in retaining/transporting Hg (Rodrigues-Filho and
Maddock, 1997). There, a possible association between Hg and Al
hydroxide was not taken into consideration.

Similarly, Roulet et al. (1996) have observed a marked
accumulation of Hg in surface horizons of different Amazonian soils,
averaging 0.20 ug/g. The authors pointed out that these Hg levels are
one order of magnitude higher than those reported for temperate soils.
Furthermore, Hg accumulation appeared to be entirely controlled by Fe
and Al hydroxides. The closely associated contents of Fe and Al
oxyhydroxides did not allow the authors to evaluate whether Hg is
enriched on Fe or Al oxyhydroxides, or both.

A study on Hg dynamics from soils and lake sediments was
carried in Lake Silvana, state of Minas Gerais (Rodrigues-Filho and
Muller, 1999). There, a widespread Hg accumulation in surface
horizons of lateritic soils is likely to be mainly controlled by adsorption
onto gibbsite (Al (OH);). Hg concentrations in B horizons reach up to
0.28 ug/g and represent an increase to values 10 times higher than
those observed in the lowermost horizons. Hg in surface soils is likely
to be adsorbed onto gibbsite, since a positive correlation (r = 0.83)
exists between Hg and aqua-regia soluble Al within soil profiles (Fig.

1).
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Figure 1. Correlation between Hg and aqua-regia soluble Al in soil
profiles — Lake Silvana catchment.

It is noteworthy that a presumable Hg immobility during
weathering, as indicated by its accumulation in surface soil horizons, is
not in accordance with its ionic potential which points to its high
mobility. Metalic Hg (Hg°) seems to be easily oxidized to inorganic
salts, notably halides and sulfates, as a result of natural leaching or
weathering cycles (Jonasson and Boyle, 1979). Based on data from
Canadian soils, these authors have demonstrated that Hg
concentrations tend to be enriched in surficial humic soils, presumably
due to vegetation decay, but with enrichment factors relative to the
saprolite not greater than 2. There, concentrations in the B horizon
exhibit no enrichment relative to the saprolite horizon.

As ftropical ferralitic soils are thought to be as old as ~ 5 Ma.
(Nahon, 1986; McFarlane, 1983), the long-term deposition of
atmospheric Hg in soils rich in Fe and Al hydroxides is likely to explain
the widespread Hg accumulation in surficial ferralitic soils rather than a
weathering-driven accumulation process from the parent rock.
Therefore, most of the Hg found in surficial tropical soils is likely to be
derived from natural rather than anthropogenic sources, as sediments
with elevated Hg concentrations have been deposited in Lake Silvana
since 9000 yr ago, according to radiocarbon age determinations (Fig.
2) (Rodrigues-Filho and Mdller, 1999).
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Figure 2. Sumary diagram of sedimentary data - pollen, mineral
and metal - Lake Silvana

FATE OF HG IN TWO GOLD MINING AREAS OF THE BRAZILIAN
AMAZON

The municipality of Pocone is located at the northern edge of the
Pantanal wetland, state of Mato Grosso, an important ecological unit
for conservation, where savannah-like vegetation covers yellow-red
latosols. Most of the gold occurs as nuggets associated with lateritic
soils.

The municipality of Alta Floresta is located at the northern part of
the state of Mato Grosso, where the terrains are covered by typical
Amazon rain forest. Most of the gold occurrences are associated with
alluvial deposits, although more recently primary Au occurrences have
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been prospected. Also in the region of the Tapajos river, prospection of
primary Au occurrences has been observed.

Sampling campaign was designed to cover areas where different
variables could affect Hg concentration in sediments and soils —
namely rocky substrate, characteristics of drainage waters, vegetation,
pedological horizons (soils) and proximity to the gold fields (Rodrigues-
Filho and Maddock, 1997). “Geoaccumulation indexes” (Igeo) of Hg in
sediments were used to assess pollution levels in the aquatic
environment (Miller, 1979). The “Igeo” is defined as follows:

Igeo = log,.C,/1.5.B,

where, C, is the measured Hg concentration in the fraction < 2 ym
(clay), and B, is the background value of Hg found in sub-recent clayey
sediments.

Hence the “Igeo” in class 0 indicates absence of contamination,
and the “Igeo” in class 6 represents the upper limit of maximum
contamination. The Igeo can also be applied to the grain size fraction <
74 pm used in this study provided there is definition of background
values in this fraction.

An average Hg concentration of 0.10 yg/g was found based on
stations with no impacts of gold mining. This Hg background in the <
74 um fraction of fluviatile sediments was higher than that in lacustrine
sediments in remote areas of the Pantanal wetlands, with 0.02 ug/g
(Lacerda et al., 1991). This lower value in lacustrine sediments is
probably due to the distance from the lithogenic sources of Hg and to
the extremely low sediment transportation energy of the waters
throughout the Pantanal lowlands.

The Bento Gomes River is the depository of sediments
transported by tributary drainage waters and was the main focus of
study in the Pocone area.. At the sampling point where the river forms
a large lake, high concentrations of Hg (class 3) and other trace metals
were observed in sediments, denoting this lake as a sink for metals.
Downstream of the lake, Hg concentrations in sediments were
considerably reduced and come close to background levels.

In the Alta Floresta region, the close association of alluvial Au
deposits with the waterways has caused higher Hg concentrations in
sediments than those observed in the Pocone region. There was a
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clear predominance of Hg associated with the grain size fraction < 74
pum downstream of the main Hg sources in the Teles Pires River. Near
the main sources there was a predominance of Hg in coarser grain size
fractions > 74 um, indicating that the Hg is found principally in the
elemental form and is not prone to interactive processes with sediment
particles. Nevertheless, Hg concentrations detected in sediments of the
Tele Pires River close to the garimpos were the highest of the area
studied, reaching an Igeo class 5 or “highly polluted”.

Sampling at Alta Floresta was also meant to assess the
dispersion of Hg released during amalgam burning by the gold-buying
shops in the urban area. A total of 130 surface soil samples were
collected from a regular sampling grid of approximately 100 x 300 m,
covering an area of about 3.4 km*”.

Mercury concentrations in the surface soils were clearly
predominated by abnormal values related to Hg emission from gold-
buying shops. Superficial contamination of the soils occurs primarily in
the vicinity of the sources which indicates that some of the vaporized
Hg is quickly deposited. High anomalies (> 1.0 ug/g) were observed at
up to 600 m distant from the sources while less pronounced anomalies
(0.2 — 0.3 pg/g) were found up to 1000 m away. Dispersion of Hg in the
soils follows two directions: east and southwest. These directions
coincide with those for winds in the rainy season and confirms that rain
is principaly responsible for the short-term deposition of vaporized Hg.

One sediment core was also taken in a lake located in the vicinity
of Alta Floresta, which formed after the construction of a road in 1978.
The sediment core was composed of red clayey sediments and organic
matter in the first 10 cm, and a white gley between 10 and 40 cm.
Mercury concentrations show background values of 50 to 70 ug/g in
the lowest 30 cm section and a significant increase in the first 10 cm,
reaching up to 210 ug/g. It has been assumed that the marked change
of the sediment composition at 10 cm of depth was caused by the
formation of the lake itself in 1978. Hence, the Hg flux into the lake was
calculated by subtracting the obtained background concentration from
the measured concentration for each core section, according to the
following expression (Cundy and Croudace, 1995):

f(Hg) = p. (C; - Cy). s. 10*

where,
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f(Hg) = Hg flux (ug.m=2.yr")

b = sediment density (g.cm™)

C: = Hg concentration at a i depth (ug.kg™)
Co = background concentration(ug.kg")

s = sedimentation rate (cm.yr")

The distribution of Hg flux into this lacustrine environment from
1976 to 1996 has been calculated and compared with the gold production
from the Alta Floresta region, whose data have been reported by Hacon
(1996). Both gold production and Hg flux are positively correlated,
indicating that amalgam burning contributes to increase Hg
concentrations in lacustrine sediments (Fig. 3). This indication constitutes
a major environmental concern, since lakes play an important role in the
biogeochemical cycle of Hg. Rather than sinks, lakes are like reactors
capable of changing inorganic Hg into ready bioavailable organic
chemical forms.
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Figure 3. Gold production from Alta Floresta and mercury flux into
the lake studied.
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RECOMENDATIONS FOR DESIGNING A WORKING PLAN
TOWARDS ENVIRONMENTAL CONTROL IN GOLD MINING SITES

1. Mercury geochemical dynamics:

- Assessment of local Hg sources and their effects upon the
aquatic environment;

- Risk analysis using fishes as bioindicators;

- Indication of hot spots of Hg pollution in waterways and tracing
of Hg pathways through the food chain to human populations.

2. Mineral processing:

- Development of new technologies and adaptation of existing
ones towards prevention and abatement of Hg pollution
derived from small-scale gold mining;

- In situ demonstration to local miners and stakeholders of the
economic and environmental benefits derived from the
technological improvements.
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ABSTRACT

The indiscriminate and unsustainable use of elemental
mercury in garimpos has contributed for the dispersion of Hg through
out the environment. Once released to the environment, complex
chemical reactions at the inorganic and organic levels, might lead to
the formation of methyl-mercury, the most toxic form of the metal,
which is a high threat to humans. Speciation and complex formation
are key processes in the reactivity and transport of Hg in surface,
interstitial and ground waters. In this regard, parameters such as pH,
Eh, concentration of inorganic ligands such as chloride and sulfide, as
well as concentration of organic acids play an important role. The effect
of organic acids in Hg chemistry is of particular interest due to its
presence in dark river waters of tropical forests, where most of the
garimpo activity take place. This paper highlights some physico-
chemical reactions that affect the fate and cycling of Hg

INTRODUCTION

The unsustainable use of elemental mercury (Hg®) for gold
amalgamation, carried out by informal gold miners (garimpeiros), has
contributed to the dispersion of mercury through out the environment.
Once discharged to the atmospheric, aquatic and terrestrial
compartments, Hg® may undergo a series of transformations to methyl-
mercury (CH3Hg), the most toxic form of the metal, which is

incorporated in living organisms and accumulates in the food chain.

Methyl-mercury causes irreversible damage to the central nervous
system of man [Cleary et al., 1994; Wood et al., 1978].

The complexity of mercury chemistry and biochemistry is
related to its various possible species with different physico-chemical
properties. In this respect, the speciation of mercury depends on biotic
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and abiotic processes which are linked to the types of organisms and
concentration of ligands in a particular system. Mercury interactions in
the environment that affect its chemical behavior and bio-availability,
include sorption at mineral surfaces and formation of complexes with
organic materials.

With respect to interactions at the solid-liquid interface, it has
been considered that, mercury dissolved in surface water, interstitial
water and ground water, as well as adsorbed at the water soluble and
exchangeable phases of minerals, are more mobile and more bio-
available, while mercury adsorbed on Fe and Al oxides and at the
residual phases are less mobile and less bio-available [Gambrel et al.,
1980]. Thus, mercury speciation and the physical-chemistry of the
system play important roles in its transport, fate and bio-availability.

Organic acids are important components of dark river waters
in the tropics. Although the role of organic acids in mercury bio-
availability is not very clear, it has been shown that the solubility of
elemental mercury is enhanced in the presence of humic acid through
a solubilization-complexation mechanism, and that the organo-mercury
complex formed is relatively more mobile [Melamed et al., 1997].

This paper describes the importance of physico-chemical
interactions in soils and natural water systems in the geochemical
cycling of Hg.

UTILIZATION, DISCHARGE AND FATE OF MERCURY

Elemental mercury has been extensively used in rain forest
areas, including the Brazilian garimpos. Calculations indicate that, in
1989, at least 160 tones of Hg® were used in Brazil only. The efficiency
of Hg? to recover gold (Au) is related to the greate affinity of these two
metals to amalgamate, forming complexes such as: AuHgy, AusHg

and AusHg.

Elemental mercury is sometimes introduced during the ore
processing phase, or later, at the amalgamation step. In garimpos
where gold occurs in alluvial deposits, Hg°® is introduced in sluice
boxes, mounted on dredging barges or at the river borders. In this
case, the fate of Hg® is the water column and the river sediments. In
garimpos, in which the gold is relatively free, occurring in quartz veins,
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Hg® accumulates, at the end of the ore processing, in the tailings that
are disposed at the soil surface, susceptible to leaching, erosion and
volatilization or degassing.

In general, the processing phase is carried out in open circuit,
without the use of an amalgamation drum for instance, and without any
care to separate the tailings from the hydro-system. Approximately 20-
25% of the mercury emitted to the environment comes from the
amalgamation tailings.

At the last stage of gold recovery, the burning of the Au-Hg
amalgam, usually in open circuit, without the use of retorts, promotes
the emission of the Hg® vapor to the atmosphere of approximately 75-
80% of the total mercury input [Lacerda and Salomons, 1992]. The
"bullion" (a porous mass of gold), taken by the garimpeiros to the
dealer shops downtown, still contains 5% of Hg® which are also
transferred to the atmosphere due to an additional burning in open

circuit. Elemental mercury has substantial vapor pressure (2,46x10'1

Pa at 25 ©C) and Henry’s constant (0,32 at 25 OC) which explain its
high volatility [Iverfeldt and Lindqvist, 1986]. The relatively high first

ionization potential of Hg® (241 kcal mol‘1) justifies its presence in the
atmosphere, mainly in the reduced form (Hg®), despite the oxidizing
potential of the atmospheric system.

Once in the atmosphere, the Hg® vapor is oxidized to Hg(Il) by
reactions mediated by ozone (O3), ultraviolet radiation and water vapor
[Iverfeldt and Lindqvist, 1986], with formation of different forms of Hg(ll)

such as Hg2* and H922+, and HgCly.

During the raining season, Hg(ll) is deposited in the aquatic
environment and in soils. The Hg(ll) in these compartments may be
transformed, through either biotic or abiotic processes [Garvis and
Ferguson, 1972; Rogers, 1977], to methyl-mercury (CHzHg"). This
species is considered the most harmful form of Hg, being very stable in
acid pH and highly soluble in fats. Methyl-mercury can be highly
incorporated by the aquatic biota and, consequently, accumulate in the
food chain. At the top of the food chain, it is estimated that 90 % of
incorporated mercury is in the methyl form [Huckabee et al., 1979].

Many pathways lead to Hg contamination, reflecting the
complexity of Hg chemistry in the environment. Figure 1 shows the
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main pathways of concern of the mercury cycle and fate in soils,
atmosphere and river waters. These pathways are:

Direct input of Hg® into river waters

Volatilization of Hg® following burning of Au-Hg amalgam
Binding of volatilized Hg® to aerosol and transport
Deposition of Hg® in soils and waters

Oxidation of Hg® by ozone or radiation and deposition of Hg(ll) in
soils and waters

Methylation of Hg(ll) to methyl mercury

Adsorption of Hg(ll) to water suspended particulate matter and
sedimentation

Immobilization of Hg by anoxic layer sulfide

Reduction of Hg(ll) to Hg’ mediated by radiation mediated by
organic acids and volatilization at the water air interface.

Solubilization of Hg° through organic acid induced dissolution-
complexation

Leaching and transport of Hg(ll) through the soil matrix leading to
groundwater contamination

¢ Dimethylation of methyl mercury and volatilization at the water air
interface
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Figure 1 - Pathways of the mercury geochemical cycle

EFFECT OF PHYSICO-CHEMICAL INTERACTIONS ON Hg
SOLUBILITY, ADSORPTION AND METHYLATION

The complexity of Hg chemistry in the environment is related
to the fact that the metal forms many soluble ionic complexes with
various degrees of stability and the possibility of many oxidation states.
Depending on the redox conditions of the system, the forms Hg°® and
Hg(ll) may be present. Hg(ll) is the stable form at redox potentials
above 0.4 V.

The system pH also play a key role in different aspects of the
chemistry and physical-chemistry of Hg. Due to its strong ability to form
complexes, the ion ng+ is rarely found free under natural conditions.
In acid solutions, HgCI20 is the complex that usually occurs in soils
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[MacNaughton and James, 1974]. Above pH 7, the complex Hg(OH)20

is the stable form of Hg(ll). One straight forward implication of system
pH on Hg speciation is that this parameter affects the transport of Hg in
soils. The effect of pH on mercury adsorption indicates that the metal
behaves as other metals that form hydrolyzable cations. The increase
in Hg(ll) adsorption in an Oxisol is relatively high for a relatively small
increase in pH [Melamed and Villas Bbas, 1998], producing a sigmoidal
function usually referred as adsorption edge [Sposito, 1984], that
reflects the competition of the cationic species with H* for the surface
site.

The phenomenon of adsorption in soils is important in the
geochemical cycle because it has a direct influence in mercury mobility
and bio-availability. While specific adsorption may hinder metal bio-
availability, the non-specific adsorption, corresponding to the
exchangeable phase allows biotic and abiotic transformations.
Ramamoorthy and Rust (1976) concluded that the retardation
coefficient of Hg(ll) decreases in the order: level of organic matter >
CEC > surface area, reflecting a character of non-specific adsorption.
On the other hand, Melamed et al. (2000) showed the specific
adsorption character of Hg(ll) in an Oxisol, for its high affinity with Fe
oxides.

In addition to the redox potential and pH, the concentration of
ions such as sulfide and chloride are parameters of importance in the
chemical speciation of Hg in solution.

The concentration of CI” ions in solution has a great impact in
the mobility of Hg(ll) because the CI ligand forms anionic complexes.
These complexes have a much lower interaction at the soil/solution
interface, and thus, are relatively more mobile. Adsorption and
retention of Hg(ll) in an Oxisol were shown to be enhanced in a KCIOy4
system as compared to a KCI system [Melamed and Villas Bbas,
1998]. These findings are mainly relevant in estuarine environments,
where the concentration of chloride ions are relatively high.

Another important property of Hg is to form strong complexes
with the sulfide ion. In reduced conditions, the ionic form of Hg is stable

in the presence of HoS and HS™. However, at higher redox potentials,
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HgS precipitates, or in systems of high alkalinity, the ion HgSzz‘ is

formed. In redox conditions normally found in surface soils, mercury is
present as Hg(ll). The presence of sulfide may cause a decrease in the
conversion of Hg(ll) to CH3HQCI, as demonstrated with synthetic

solutions of HgCl,, Na,S and methylcobalamin, a methylating agent.
However, the presence of sulfide enhances the solubility of Hg®, with
the production of polysulfides in solution [Melamed and Villas Bdas,
2000].

Based on stability fields of Hg [Hem, 1970], one can estimate,
for values of Eh and pH found in river waters, a maximum dissolved

concentration of 25 ppb, even in spots saturated with Hgo. However,
the presence of organic acids, dissolved in soils and river waters of the
tropics, may oxidize Hg° enhancing its solubility above the values
forecasted for inorganic systems, by means of a dissolution-
complexation mechanism [Veiga, 1994; Melamed et al., 1997].

The solubility of Hg® in humic acid increases considerably with
time. Experiments demonstrated that after 30 days of reaction the
concentration of dissolved total Hg is, approximately, six times higher
than its concentration after 1 day.

Organic acids are composed of a mix of substances resulted
from the chemical and biological degradation of plants and animals
mediated by the activity of microorganisms. They are predominantly
aromatic, hydrophilic, chemically complex, and having a molecular
weight that varies from hundreds to millions [Stevenson, 1982]. These
substances since they vary in composition do not show specific
physico-chemical characteristics such as defined boiling point,
refraction index or elementary composition. They may be divided into
three major fractions: humic acid, fulvic acid and humine. These three
fractions are structurally very similar, differing in molecular weight and
quantity of functional groups [Barros et al., 1994]. Humic acid is the
main humic substance that can be found in rivers, soils and sediments.
One major characteristic of humic substances in general is their high
capacity of interaction with metallic ions, giving rise to stable
complexes. This ability is due to the high percentage of functional
groups having the oxygen element in their formula, as carboxyl,
phenolic hydroxyl and carbonyl groups [Jordao et al., 1993; Varshal et
al., 1999].
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At the acidic range of the pH scale, the excess of H* ions
competes with Hg(ll) ions for active sites on the humic acid molecule.
Another factor that may contribute to decrease the formation of organo-
mercury is the precipitation of humic acids at low pH values [Jordao et
al., 1993; Varshal et al., 1999]. As the pH rises, and the proton
concentration diminishes, this competition decreases, and the
formation of Hg(ll) complexes with humic acid increases.

Considering the active sites present in the humic acid
macromolecule, the carboxyl group is considered the most reactive,
because it is able to dissociate, releasing H® ions into aqueous
solution, as shown in the reaction:

/0 /0
¢/ = ¢ H®

R— —_— R—cC +

. .
OH oS

where R represents the organic chain.

The carboxylate ion, which resulted from carboxyl ionization, is
stabilized by two resonant forms, identical and having the same
energy, turning the equilibrium reaction to the direction of the
dissociation of the acid:

o //O

R—C <> R—C
A N
(0] (0]

The high dissociation capacity of the -COOH group increases
the chances of the formation of organo-mercury complexes to occur on
this site, since a higher quantity of -COO" ions are available for the
formation of complexes with a metal, as compared to the other acid

sites of the humic acid molecule. The formation of the organo-mercury
complex at the carboxylate site can be represented as follows:

0 0
7 D) i @
R—¢ + M R—CIO M
“oH H[f)‘ N H 0

0

where M™ = Hg?, HgCl,%, HgCly"
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The role of organic acids in mercury bio-availability is not very
clear. However, in addition of enhancing the solubility of elemental
mercury, the organo-mercury complex formed is relatively more mobile,
which was attributed to the size of the molecule having a much lower
interaction at the solid-liquid interface [Melamed et al., 1997]. The
possibility of donation of methyl groups from the organic acid chain to
promote mercury methylation is uncertain.

Although the sediment compartment is the most important
mercury methylation site, studies conducted by Mauro et al. (1999)
demonstrated the relevance of the roots of floating aquatic
macrophytes, where high production of methyl-mercury occurs. The
mechanism is attributed to the suitable environment, promoted by the
large macrophyte stands and high temperatures, for optimum growth of
sulfate reducing bacteria, which is considered the main Hg methylators
[Compeau and Bartha, 1984]. These microorganisms are usually found
where redox potentials are low, although they can also be found in oxic
environments [Jorgensen and Bak, 1991].

Methylation by macrophytes increases from 10 to 35 °C. At pH
values of 6 and 7, methylation was stimulated and a significant
decrease was verified at pH 8. Increasing KCIO, concentrations led to
a significant decrease of the methylation rates, while for KCI and CaCl,
solutions, only a slight decrease was observed.

Mercury adsorption kinetic studies [Melamed et al., 1997]
demonstrated that the rate of adsorption of Hg(ll) is much faster than
the rate of adsorption of methyl-mercury and that methyl-mercury has a
lower affinity for mineral surfaces as compared to Hg(ll). Thus, the
impact caused by methylation is two fold: it produces a compound that
accumulates in living organisms, and because methyl-mercury has
relatively lower affinity for mineral surfaces, it enhances the mobility
and the dispersion of Hg throughout the environment.

CONCLUSIONS

The processing of gold in open circuit, widely practiced by
garimpeiros, has been responsible for large quantities of elemental
mercury discharged to the different environmental compartments.
Many pathways lead to the formation of methyl-mercury, which
accumulates and bio-magnifies in the food chain.
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Adsorption in soils is important in the geochemical cycle
because it has a direct influence in mercury mobility and bio-
availability. In this regard, various physico-chemical parameters may
interfere. In the absence of chloride, specific adsorption of Hg, in soils
rich in Fe oxides, occurs and as such retention increases as the
system pH is increased.

The presence of sulfide hinders the methylation process,
however it enhances the solubility of elemental mercury.

The presence of organic acids dissolved in soils and dark river
waters increases the solubility of Hg®, resulting in the formation of a
organo-mercury complex that has a relatively lower interaction with
mineral surfaces.

Mercury methylation produces a compound that accumulates
in living organisms and contributes for the dispersion of Hg throughout
the environment, because methyl-mercury has a lower affinity for
mineral surfaces.
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