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The Tapajos River basin in Brazil is one of the world’s regions most
affected by artisanal gold mining (ASGM), which is responsible for the

release of mercury and high energy consumption. Mercury, mixed with
gold-containing materials and then released through heating to extract

the gold, can be recovered using a simple distillation device called aretort.
Use of these tools has now become standard. In acomprehensive study, we
investigated the use of mercury and energy at 47 mining sites in the Tapajos
River basin. These included numerous mines that were operated informally
orinsome cases evenillegally and are therefore not accessible to outsiders.
Our survey shows that 1.7 kg of mercury are used per kg of gold extracted, of
which only about 0.19 kg of mercury is released into the environment when
retorts are used. Overall, this means an annual release of at least =2.5 tonnes
of mercury inthe region, even whenretorts are used. We also find that ASGM

contributes to climate change through energy consumption responsible
for therelease of about 16,000 kg of CO, equivalent per kilogram of gold.
This means that even artisanal gold mining, which uses retorts, has amajor
environmental impact.

Gold is acommodity that has captivated the human imagination for
thousands of years. Demand remains undiminished, withabout 4,000
to 5,000 metric tons being produced every year worldwide. About
one-third of this productionisrecovered fromrecycling (2021:1,136 t);
therestisnewly mined (2021:3,581 t) (ref.1). But the mining process is
associated with a high environmentalimpact. Due to gold’s low content
inrock, large amounts of energy are required. Major concerns arise
due to environmental damage by chemicals, social issues and regula-
toryand governance issues. Recycling gold could substantially reduce
environmental impact?, especially because large quantities of gold are
incirculation. Itis estimated that the anthropogenic gold stock is about
200,000 tons'. But the search for gold goes on because for many impov-
erished people, digging for gold is synonymous with digging for money.
Artisanal and small-scale gold mining (ASGM) supplies about 700 tons
every year' under particularly problematic conditions. Impacts such
as deforestation, the release of toxic chemicals such as mercury and
the high impact on climate change associated with fossil energy con-
sumption cannot be ignored. In ASGM, problems are exacerbated by

sometimes adverse working conditions and regulatory and governance
problems caused by unregulated and sometimes illegal mines.

In numerous field surveys and visits to a high number of ASGM
sitesin Brazil, mainly in the period of 2018-2022, we investigated mer-
cury use and impact on climate change, providing valuable empirical
data for further scientific discussion. Several points make Brazil an
interesting object of study. The distribution of ASGM based on the
population involved in mining>* shows that with the exception of
China, ASGM hotspots are located in tropical rainforests. Brazil is the
country with the highest ASGM population in the Amazon rainforest.
The world’s largest ASGM district, the Tapajos River basin, which is
where we conducted our fieldwork, is also in Brazil’. Especially in this
climate zone, economic activities such as ASGM, the protection of
nature and biodiversity and the rights of indigenous peoples clash,
as in hardly any other place on earth. ASGM thus represents a prime
example of conflicting sustainability goals.

The use of mercury still plays a decisive role in ASGM, although
its harmful effects on health and the environment are well known.
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Fig.1| The four main mining types of ASGM in the Tapajés. Photographs show (clockwise from top left) underground mining of primary deposits (fil@o), open pit
mining of primary deposits (fildo), open pit mining (baixao) of secondary deposits and dredge mining (draga) of secondary deposits.

ASGM in Brazil, whichis often in remote areas where the government
is unable to enforce the law, is an illustrative example of this. In 2017,
the United Nations Minamata Convention on Mercury came into force
with ratification by around 140 countries (including Brazil). ASGM is
one important issue in the convention, with article 7 requiring coun-
tries to draft National Action Plans (NAPs) for handling and reducing
mercury usage in ASGM® ¥, Butimplementation has been slow as gold
from ASGM is an economic factor and mercury still plays animportant
rolehere.Since the1990s, attempts have been made to recover mercury
through simple distillation devices, called retorts, and thus reduce
itsrelease into the environment’. But it is unknown how effective this
method is. Additionally, in Brazil, ASGMis being mechanized through
the use of excavators, which raises the question how this affects the
carbon footprint of gold™.

Artisanal gold mining is prohibited in certain areas of the Brazilian
rainforest, for example, in Reservas Indigenas and Parque National".
In these areas, ASGM is illegal and punishable by law. Outside these
areas, miningis allowed with a permit. This involves registration at the
national mining office (Agéncia Nacional de Mineracao) and filing an
environmental impactassessment (licenciamento ambiental) issued by
the federal states™ Thisis a highly bureaucratic process, and asaresult,
few miners (garimpeiros) have the complete permit. However, they have
the possibility to obtaina permit for mineral exploration with prospect
mining (pesquisa mineral com lavra experimental) for a limited time,
which is then used to mine gold. Although this practice is not illegal,
itisinanirregular grey area. There s also illegal gold mining, in which
the gold is laundered through legal mining operations that produce
no or only small quantities of gold". In addition to deficiencies in the
law, there are virtually no official controls in the vast rainforest, apart
from a few spectacular actions by the environmental authorities. As a
result, most gold mines are informal operations, making it difficult to
visit these mines, to gain trust and to conduct surveys. For this study, we
visited alarge number of bothillegal and informal mines and exemplary
licensed mines, which is a key feature of this study. A complete ban on
gold mininginthe Brazilian rainforest would fail as it would be impossi-
ble for the state to enforce and would only push gold miners furtherinto
remote areas where the potential for conflict with indigenous people
wouldincrease. Onthe other hand, greater formalization—that is, sim-
pler and faster authorization of gold mining accompanied by stronger
monitoring—would be afirst step towards improving mining conditions.

Thisis particularly true for the handling of mercury in the mines.
Contrary to many opinions, the purchase and use of mercury is allowed

in Brazil under certain conditions, and mercury use in ASGM is still
standard practice. There is a lack of clear specifications and govern-
ment monitoring'. Although there was astrict government regulation
in 1989 that required ASGM to register mercury recovery facilities",
this was withdrawn in 2015'. Here, too, greater formalization of gold
mining could substantially improve mining conditions. This would
also help Brazil to comply with the spirit and the letter of the Minamata
Convention, that is, to substantially reduce the use of mercury. But
Brazil has not even fulfilled the formal requirements of the Minamata
Convention, which it signed in 2017, and is now more than two years
behind in submitting its NAP to the United Nations''%,

A unique feature in the Tapajds region is that ASGM uses several
different mining methods, which were thus able to be investigated
in this study: mining of secondary deposits on land (baixdo) and by
dredges (dragas) and mining of primary deposits underground andin
open pits (fildo) (Fig.1).Inso-called primary deposits, goldisembedded
inrock veins. When primary gold deposits are eroded and flushed out
of therock as fine gold dust or as small grains, they are called second-
ary deposits. Baixdo is the most common method in the region. This
process uses water jets to elutriate gold-bearing soil, pumping it over
sluice boxes and amalgamating the gold with mercury, a process well
described in many studies'**°. The gold production process of the
dragasis very similar to the process on land but without the need for
water jetting, as the sediments fromthe riverbeds can be pumped over
the sluice box directly”. A common technique for mining the fildo in
ASGM uses amalgamated copper plates to trap the gold in the crushed
ore*>. Sometimes the crushed oreis also leached with cyanide instead
of or in combination with mercury use before cyanidation® on the
amalgamated copper plates to extract the gold. The latter technique
should beeliminated as part of the NAP of the United Nations Minamata
Convention on mercury.

Social conditions in ASGM mines, deforestation rates and the
effects onhealthof mercuryinrivers and soils have been studied many
times®*%., Our team published a separate article on the social aspects
of the ASGM sector in the Tapajos region, for example, the absence
of the state, the illegality and informality of mining operations, poor
working conditions, difficult living conditions, unstable payment of
wages and autonomy?®. Much research on mercury in soils, plants,
waters, fish and humans has also been done in the Brazilian Amazon
rainforest since the end of the 1980s>'°?°%%, Studies of the specific
amounts of mercury used and recovered in ASGM are, however, rare.
They have small sample sizes of very few different types of mine, and
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Fig.2| A typical retort. Photograph shows a typical retort as used in the
Tapajos region.

thereare problems in comparability”. Evenless research has been done
onenergy intensity and the climateimpact of ASGM. Studies on energy
intensity, all in countries other than Brazil, mostly refer to individual
mines and specificregions, and there are methodological problemsin
comparing the results® >, The international discussion about climate
change and the contribution of mining to greenhouse gas emissionsis
gaining importance, which was the motivation for us not only to look
atmercury in ASGM but also to determine energy use.

Thereis still agap in knowledge about the current extent of mer-
cury use, retort efficiency and the carbon footprint of ASGM. The
Tapajos region, which is known to produce at least 15 tons of gold per
year”, provided the opportunity to collect a larger amount of empiri-
cal data for different mining methods within a reasonable amount of
time. Thisincluded mines that were inaccessible to outsiders and about
which little in situ data are typically published. In our study, we were
ableto collectand analyse dataonenergy consumption, mercury use,
loss and recovery from over 100 data samplings at different mines. The
Tapajos region is also well suited to this research because here ASGM
shows a development in mechanization that might sooner or later take
placeinother regions of the world. In addition, since the 1990s, there
have been several programmes to train miners in the use of retorts,
but there is no record of how many of ASGM sites (garimpos) in the
region use retorts™.

Theloss and recovery of mercuryin ASGM

Retorts are very simply built (Fig. 2). Using a gas burner and a distilla-
tion, the mercury is evaporated from the amalgam and recovered. The
distribution, purchase and use of mercury is not prohibited in Brazil
whenitislicensed by acompetent environmental agency, for example,
the Brazilian Ministry of Environment*?*, The policies and regulations
of ASGM in Brazil are much discussed and criticized because they are
too complex, especially for garimpeiros, difficult to monitor and offer
many loopholes'®*>***, On the basis of our surveys, the retorts cost
about BRL 1,300 (Brazilian real), while a kilogram of mercury costs
about BRL1,400. Depending onthe quality of the retort and the experi-
ence of the user, a retort can pay back its cost already after its second
use. The results of the measurements of mercury loss and recovery are
showninFig.3.The sum of the mercury lost (blue bar), mercury recov-
ered from squeezing the amalgam through a cloth (orange bar) and
mercury recovered with the retort (grey bar) equals the total amount
of mercury used. In Fig. 3, the values are scattered depending on
the experience of the garimpeiros, the quality of the retorts and the
geological circumstances, for example, ore grade.

The arithmetic mean of mercury used is 1.7 kg per kg of fine
gold (Au). The arithmetic mean of mercury lost is around 0.19 kg
per kg of Au (blue line in Fig. 3), taking place at different stages of
the gold production. Spillage occurs while mixing the mercury with
the gold-bearing concentrate from the carpets or while panning the
mercury-concentrate mixture. This leads to metallic mercury emis-
sions to soil and/or river water. The recently introduced practice of
separate water basins for panning the gold in a closed system away
from the rivers (piscinas) is therefore especially important. Another
type of loss is leakage, when the mercury is evaporated in the retort,
whichresultsin mercury emissions to the atmosphere. Some mercury
alsoremainsinthe sponge gold, whichisfirst released after the sponge
gold s sold to gold shops and formed into a doré bar. There are some
indications that after the amalgam is burned for 15 to 20 minutes in a
retort, the content of mercury in the sponge gold is rather low*. This
practice differs from other countries where the amalgam is often first
burnedinthe gold shops.

Figure 3 clearly shows that the loss of mercury is substantially
lower than its use. This is a success of the use of retorts, which are
able to retain at least 75% of the mercury, depending on the qual-
ity of the retort and the experience of the user. What stands out in
Fig. 3 is that for the measurements on the Hg13, Hg24, Hg25 and
Hg55, the total mercury loss was negative. All the four cases were
ondragas, meaning that those four measurements recovered more
mercury from the riverbed than was originally used. This is in line
with results from Balzino et al.”’. We can conclude that there is a
significant amount of metallic mercury inriverbed sediment, most
likely from former mining activities. The high mercury levels in sedi-
ments in rivers and lakes in the Tapajos region is a well-researched
and long known phenomenon®?%,In 1994, Reuther already showed
that much of the metallic mercury directly released from the mines
persists as metallic mercury?. Dragas function as collectors of old
mercury deposits, but they have other major impacts onriver flora
and fauna. The substantially higher value from measurement Hg34 is
duetothefactthat old sediments were reprocessed from abandoned
garimpo tailings (rejeito) in which substantially higher gold content
was expected by the garimpeiros.

Inaddition to the mercury recovery potential of the retorts, we
also conducted asurvey about the acceptance of this technology in
the study area. Our results show that 88% of the garimposin the area
use a retort. This could be different in other regions, for example,
illegal mining in indigenous territories (reserva indigena). But as
mercury is expensive, there is an economic incentive for miners to
useretorts.

Relating our results for the average loss of mercury (0.19 kg Hg kg™
Au) to ASGM gold production in the state of Para, we estimated the
annual mercury emissions from ASGM. ASGM gold production is
reportedtobe 10 t Au per year and 18 t Au per year for 2019 and 2020,
respectively™. This results in total mercury emissions of at least 5 t of
mercury in the period of 2019 to 2020. By extrapolating our findings
from Para on ASGM gold production to the total gold production in
Brazil of 54 tons (ref. 13), we arrive at total emissions of at least 10 t
of mercury in the period of 2019 to 2020. This number assumes that
every garimpo uses aretort, which meansitis an optimistic estimate.

Energy consumptionby ASGM

Discussions about the environmental impact of ASGM mostly focus on
mercury or deforestation, while energy consumption and its impact
on climate change are often neglected. Figure 4 shows our results of
34 surveys for energy intensity per kg of fine gold (Au) of the different
types of gold mining technique in the Tapajos region. Most available
datawereonthe production of gold from secondary deposits onland
with excavators. This is also the most common form of gold miningin
the Tapajosregion.Inthe figure atrend canbe seeninwhich the energy
intensity per kg of fine gold (kg diesel kg™ Au) of each type of miningin
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Fig.3|Mass balances of mercury loss and recovery. Values in kg Hg per kg of
fine gold (Au) from secondary deposits mined by dredging or in overground (OG)
operations in the Tapajos region (raw data in Supplementary Table 1).

ascending order is:mining of primary deposits underground (2,230 kg
diesel kg™ Au), mining of secondary deposits on land with excavators
(4,410 kg diesel kg™ Au), mining of secondary deposits on riverbeds
with dredges (6,410 kg diesel kg™ Au) and mining of secondary deposits
on land without excavators (7,340 kg diesel kg™ Au).

A possible explanation why secondary mining with excavators
has lower fuel consumption than the old method without excavators
is that digging a pit with an excavator is more efficient than water jet-
ting a pit. Mechanization also makes work for the garimpeiros easier®
and provides the possibility to remove the fertile topsoil and backfill it
later, which, however, based on our experience is rarely done. On the
other hand, gold production as awhole is faster with the use of heavy
machinery. This might lead to a classical rebound effect, meaning
that more mines, and thus more areain the rainforest, are openedina
giventime period. Additionally, the use of excavators mightlead to the
development of more infrastructure such asroads and airstripsin the
region®. A possible explanation of the lowest fuel consumption for the
underground mining of primary deposits is that much of the energy
expended in this type of mining is from explosives (=20 kg explo-
sives kg™ Au) and manual work. The large-scale gold mine (LSGM)
Serabi (Fig. 4, bar onthetop), located in the same region, has lower fuel
consumption (3,820 kg diesel kg™ Au) than the mining of secondary
depositsonland with excavators. Serabiis also the only type of mining
observedinourresearchthatatleast partly uses energy fromthegrid.
Energy from the grid was converted to diesel equivalents (Methods) in
Fig. 4 (greenbar at the top).
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Fig.4 | Energy consumption per kg of fine gold. Values in kg diesel equivalent
(diesel-eq) per kg of fine gold for different gold production techniquesin the
Tapajos region (without transport). Note: OG and UG stand for overground and
underground, respectively (raw datain Supplementary Table 3).

Comparison to other gold production techniques
The carbon footprint expressed in kg carbon dioxide equivalent
per kilogram fine gold (kg CO,eq kg™ Au) of each type of mining
in ascending order is: mining of primary deposits underground
(9,750 kg CO,eq kg™ Au), mining of secondary deposits on land
with excavators (18,000 kg CO,eq kg™ Au), mining of second-
ary deposits on rivers with dredges (25.700 kg CO,eq kg™ Au)
and mining of secondary deposits on land without excavators
(29.200 kg CO,eq kg™ Au). Figure 5 compares the impact on cli-
mate change per kg of fine gold (Au) for different gold produc-
tion techniques, based on our study using literature sources. Our
findings show that the climate impact by ASGM is between 10 and
30t CO,eq kg™ Au (blue areain Fig. 5). The values for ASGM are in a
comparable range to more recent surveys for LSGM by the company
SKARN (left bar in the green area in Fig. 5)*.

Inour study, we observed alower energy intensity, and therefore
lower climateimpact, withincreasing mechanization (compare the sec-
ond and fourth barsinFig. 5) because of increased process efficiency.
This means that increasing mechanization can actually lead to lower
climate impact. But as discussed above, this development could also
lead to a rebound effect, which in turn would lead to higher climate
impact for the whole ASGM system in Brazil.

The garimpos are in remote areas in the Amazon rainforest and
all the materials (for example, diesel) have to be transported to the
sites by planes, boats or cars depending on the season and location.
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Fig. 5| Climate impact of gold production from ASGM and LSGM. Comparison
of our study and different literature values in kg CO, equivalent per kg of fine gold
(Au) (datain Supplementary Table 4). Note: WGC stands for World Gold Council.

What stands out is that, according to our study, logistics in the garim-
pos (red section of the first four bars) only has a small contribution
(1,260 kg CO,eq kg™ Au) to overall climate impact. During our expedi-
tionin 2018, we also did a two-day company visit to the LSGM site Serabi.
The underground gold mineislocatedinaformer garimpoin our study
area.InFig.5itcanbe seen that the climateimpact by Serabi (fifthbar) is
similarly low asunderground ASGM (first bar) and has the lowest climate
impact compared to the other gold mining techniques. This contrasts
with the energy intensity values, where Serabi was comparable to mining
of'secondary deposits with excavators (blue areain Fig. 4). The reason
for thisis that Serabi utilizes about =40% of their energy from the grid,
whichin Brazil consists of only =10% non-renewables®.

The climateimpact of industrial gold productionincludes uncer-
tainty arising from a variety of different technologies, countries, energy
carriers and deposits, to name just afew sources®**%*, The most accu-
rate data currently available are probably that of SKARN, as they are
based on an evaluation of almost 500 assets®. The value for LSGM is
therefore around 21,000 kg CO,eq kg™ Au. Overall, the carbon foot-
prints of ASGM and LSGM are comparably high.

For consumers who are not only looking for responsibly sourced
gold (that is, without poor working conditions and perhaps without
the use of mercury) but are also concerned about climate change,
gold from modernindustrial recyclingis clearly the best solution with
avalue of 53 kg CO,eq kg™ Au (bar on the far right). Although, we can
recycle only whatisin circulation and the amount of gold scrap cannot
satisfy market demands.

Discussion

Ourresearch found that retorts are an effective and cheap technology
for the reduction of mercury emissions. Moreover, we show that the
effortstakenintheregionsince the1990s to traingarimpeirosinthe use
of retorts were successful. But our study also shows that even with the
use of retorts, the level of emissions occurring is still too high. Brazil’s
1989 regulation on mercury use in gold mining (which is no longer in
force) specifies the use of retortsin ASGM and amercury recovery rate
of 96% (ref. 34). Our analysis shows that this rate is still far from being
reached today. Therefore, our results provide animportantinsight for
policymakers to take further steps to curb ASGM mercury emissions
beyond the use of retorts.

Aninteresting detail was the observation thatin some cases, mer-
cury recovery was more than100%. The reason for this is probably that
the metallic mercury contentin sediments is already high because gold
has been mined in the region for decades with the help of mercury,
and mining has also been carried out at old sites or riverbeds. It is not
fully understood under what circumstances methylation of this mer-
curytakes place, nevertheless the high mercury contentin sediments
means that no matter how carefully and responsibly agarimpois using
mercury, itsrelease will continue to occur in future gold mining in the
region. Thus, a greater focus on the relationship between mercury
emissions and sedimentation could produce interesting findings. A
large-scale survey on mercury contamination of soils in the region
would also be very helpful at this point.

Additionally, we found that there hasbeenrelatively little research
on ASGM impact on climate change. Our research shows that ASGM
climate impact in the Tapajos varies depending on the process tech-
nology used butisoverallin comparable ranges to those of LSGM. The
increased use of excavators in the garimpos during the last 20 years
couldleadtoalower specific energy intensity due to anincrease of effi-
ciency. Besides its positive effects, this trend could alsolead to rebound
effects or acceleration of infrastructure development, for example,
building roads in the rainforest. Our findings regarding the relatively
high climate impact of ASGM could have significant implications for
certification of environmentally responsible ASGM sites, which has
focused on mercury emissions and typically not considered climate
impact. This means that when gold extraction in ASGM is labelled as
‘responsible’, ‘fair’, ‘sustainable’ or ‘green’, its mining may minimize
mercury loss but potentially create a non-negligible amount of CO,
emissions. As the impact on climate change by gold mining mainly
results from burning fossil energy, high investment in regenerative
energies would be necessary.

Afurther limitationisthat ourresults refer to the Tapajos region.
Inother regions, the situation may be different. However, the extensive
gold miningin the Tapajésregionis diverse andisindicative of how gold
mining could develop in other regions of the world, especially through
mechanization by machines but also through the use of simple tools
suchasretorts. Inthis respect, we consider our analysis to be relevant
for ASGM in other countries as well.

Our overall conclusionis that Brazil must finally adoptits NAP of
the Minamata Convention and thus fulfil the United Nations require-
ments on mercury. Additionally, a better and simpler formalization
of ASGM permits and effective compliance monitoring are needed.
But regardless of this, energy-intensive gold mining, including arti-
sanal mining, still has along and hard way to go to reduce its impact
onthe climate.

Methods

Different research methods were used to collect primary data on the
consumption of diesel and petrol, mercury use and loss and the quan-
tity of gold extracted. Primary data were gathered through meas-
urements, interviews and questionnaires. The raw data for all our
measurements can be found in the Supplementary Tables. For this
study, several field trips were undertaken, mainly in the period of
2018-2022to gather as much primary data as possible, largely through
measurements of mercury and energy use and through open-ended,
information-oriented interviews with complementary observations*.
Allinterviewees were aware of the purpose of theinterviews and agreed
toit. Research expeditions were made to small villages in the Tapajos
regionand the cities of Santarém, Itaituba and approximately 50 min-
ing sites. Many contacts emerged from people one member of the
researchteam personally knew, which gave us access tosites that would
otherwise beinaccessible to outsiders. Starting with known contacts,
snowball sampling was used to expand the network and to avoid bias*.
Garimpeiros and donos (garimpo managers) are key actorsin the sec-
tor, and thus the survey questions were formulated to mainly target
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these groups. In addition, politicians, scientists, shop owners, nurses,
teachers and many other groups were interviewed. These interviews
were also used for a social analysis published in 2020%.

Theloss and recovery of mercury by using retorts was measured
47 timesin situ and is expressed in a mass balance for different ASGM
sitesinthe Tapajos region. Thisisinline with the guidance documenton
how to develop NAPs by the United Nations Environmental Programme
project PlanetGOLD**. To enable comparability of results (both within
the study and with other reported results), it is crucial to know the fine
gold (Au) content in the different gold products. For the most part,
there are two physical forms of gold products in the garimpos: sponge
gold and doré. Sponge gold is the product retrieved by evaporating
mercury fromthe amalgam. Itis then sold to gold shops, whichrefineit
with boraxtoretrieve the doré. As the sponge goldis sold by individual
garimpeirosin different villages and at different times, it was not pos-
sible to determine the gold content in relation to the specific weight
of sponge gold. However, we were able to gather primary data on the
weight of both sponge gold and doré 12 times from different dragas and
we determined afine gold content of =<88% Au (mass fraction). The fine
gold contentin the doré (mass fraction) was determined using primary
datafromteninterviewees (mainly gold shop owners) from six differ-
ent towns and differs depending on the production process: mining
of secondary deposits on land (baixdo: =91% Au) and by gold dredges
(dragas: =93% Au) and mining of primary deposits underground and
in open pits (fildo: =78% Au).

The use, loss and recovery of mercury and the extracted gold
were analysed by 47 mass balances on site*. This direct measurement
approach is recommended by the United Nations Global Mercury
Assessment**®, To determine whether retort use in the garimpos
we visited were exceptions or the rule, we conducted an anonymous
random survey on retort use with 42 interviews in different bed and
breakfasts, restaurants, shops, bars and cabarets in the study area.
Of the interviewees, 27 were garimpeiros and 14 were managers or
owners of garimpos.

The mass balance approach used in this study for mercury is par-
ticularly suitable inthe rudimentary conditions of the garimposin the
Brazilian Amazon rainforest. However, it also poses limitations as we
donotknow the elemental composition of the samples, but only their
absolute weight. Therefore, we cannot say exactly how much mercury
is lost at which specific process step, and we were unable to trace the
accumulation of mercuryinthe environment. If the mass balances for
mercury use were supplemented by a handheld X-ray fluorescence
spectroscopy, it would be possible to gain more informative results.
Mass balances would also need to be supplemented with soil, water
and flora measurements directly at the site.

The nearimpossibility of doing unannounced or even undercover
observations of the garimpos means there is an additional, uncon-
trolled factor that individuals may have modified an aspect of their
behaviourinresponse to their awareness of being observed by our team
(Hawthorne effect). The implications of this might be that less care is
takeningold productionthanwe observed. But it seems very unlikely
that garimpeiros work less carefully with mercury, because losing
mercury that could be recovered would entail afinancial loss for them.

Gold production is characterized as an energy-intensive indus-
try with many associated impacts on climate change*. It is not well
understood yet how the ASGM sector performsin regard to this matter.
We collected data on the energy consumption of 34 different mines
using different production processes. We calculated the amount of
diesel used and gold produced over a fixed period of time, conducted
information-oriented interviews with complementary observations
and looked into the accounts of the donos.

From some surveys we obtained data on other energy carriers,
for example, petrol for chainsaws. To unify terminology and facilitate
comparability, we converted these values to their equivalent mass of
diesel based on their heating value.

Additionally, we estimated the fuel demand for the logistics
(mainly for transportation of fuel to the garimpos) needed for the
production. Depending on the season and the location or the connec-
tion to the road network, the most important means of transport are
boats, pickups, trucks and light aircraft. On the basis of our estimates,
transport fuel consumption is around 330 kg diesel kg™ Au. This con-
sumptionisnotincludedin Fig. 4 and would be added on top of every
single data point (except Serabi).

To determine logistics fuel consumption in the garimpo, we used
satelliteand georeferenced datato determine average distances between
fuel stations, small towns and garimpos. Additionally, we had interview
data for specific fuel consumption for different trucks and airplanes.
From some surveys, we obtained data on other energy carriers such as
kerosene or petrol. To unify terminology and facilitate comparability, we
converted these to their equivalent mass of diesel based on their heat-
ing value. For the LSGM site Serabi, we also had to convert one energy
carrier (electricity) to diesel equivalents. This was done using primary
data gathered at the company visit in Serabi in 2018 on site-specific
diesel consumption per electricity amount generated (=0.28 |kWh™).

Finally, we estimated the associated climate change impact from
our survey results on fuel consumption in the section ‘Energy consump-
tion by ASGM’ and the transport and explosives of gold production
from ASGM using the ecoinvent v.3.9.1 database®’.

We observed idiosyncratic and non-standard bookkeeping prac-
tices by garimpeiros, some of whom wereilliterate?. We attempted to
validate these figures by comparing them with data from the literature,
machine datasheets, mass balances and natural laws. Verifiably incor-
rect or non-sensical values were removed. Outliers in the data were
retained if there was a possible explanation for them.

Ethical statement

Allour research was conducted inaccordance with the statutes of the
Ethics Committee for Research and Publication Projects of Pforzheim
University, whichisinline with the ethical requirements of the German
Research Foundation (DFG). Allinterviewees were aware of the purpose
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Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All raw data (anonymous) and data analysis cited in the article are
provided in the Supplementary tables.

References

1. Gold Focus 2021 (MetalsFocus, 2022).

2. Fritz, B., Aichele, C. & Schmidt, M. Environmental impact of
high-value gold scrap recycling. Int. J. Life Cycle Assess. 25,
1930-1941 (2020).

3. Find Data (Delve, 2022); https://delvedatabase.org

4. Hruschka, F. World Maps of Artisanal and Small-scale Mining
(ASM Inventory, 2022); https://artisanalmining.org/

5. Lobo, F., Costa, M., Novo, E. & Telmer, K. Distribution of artisanal
and small-scale gold mining in the Tapajos River basin (Brazilian
Amazon) over the past 40 years and relationship with water
siltation. Remote Sens. 8, 579 (2016).

6. UNEP Minamata Convention On Mercury: Text And Annexes (United
Nations, 2013); https://wedocs.unep.org/20.500.11822/8541

7. Crespo-Lopez, M. E. et al. Mercury: what can we learn from the
Amazon? Env. Int. https://doi.org/10.1016/j.envint.2020.106223
(2021).

8. Hilson, G. et al. Formalizing artisanal gold mining under the
Minamata convention: previewing the challenge in sub-Saharan
Africa. Environ. Sci. Policy 85, 123-131(2018).

Nature Sustainability | Volume 7 | January 2024 | 15-22

20


http://www.nature.com/natsustain
https://delvedatabase.org
https://artisanalmining.org/
https://wedocs.unep.org/20.500.11822/8541
https://doi.org/10.1016/j.envint.2020.106223

Article

https://doi.org/10.1038/s41893-023-01242-1

mn

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Global Mercury Project, Summary Report (UNIDO, 2004).

de Matos Bandeira Junior, C. & de Carvalho, L. G. Transformations
in artisanal and small-scale gold mining work and production
structures in the tapajos region of Brazil’s amazon. Resour. Policy
https://doi.org/10.1016/j.resourpol.2023.103597 (2023).

Terras Indigenas Situacao Fundiaria (FUNAI, 2022); http://mapas2.
funai.gov.br/portal_mapas/pdf/brasil_indigena_10_2022.pdf

Lei No. 7.805, de 18 de Julho de 1989 (Jusbrasil, 1989);
https://www.jusbrasil.com.br/legislacao/103411/lei-7805-89
Manzolli, B., Rajao, R., Braganca, A. C. H. & Oliveira, P.D. T. M.
Legalidade Da Producao De Ouro No Brasil (Belo Horizonte,
Editora IGC/UFMG, 2021).

Instrugdo Normativa 8, de 08 de Maio de 2015 (IBAMA, 2015);
https://www.ibama.gov.br/component/legislacao/?view=legislac
ao&legislacao=135696

Portaria Normativa No. 435, de 9 de Agosto de 1989 (Portaria
Normativa, 1989); https://faolex.fao.org/docs/pdf/bral14360.pdf
Portaria 435, de 09 de Agosto de 1989 (IBAMA, 2015); https://www.
ibama.gov.br/component/legislacao/?view=legislacao&legislac
ao=91175

National Action Plans (UNEP, 2023); https://mercuryconvention.org/
en/parties/national-action-plans

Clifford, M. J. Future strategies for tackling mercury pollution

in the artisanal gold mining sector: making the Minamata
Convention work. Futures 62, 106-112 (2014).

Cleary, D. Anatomy of the Amazon Gold Rush (Palgrave Macmillan,
1990).

Veiga, M. et al. Manual For Training Artisanal And Small-Scale Gold
Miners (UNIDO, 2006).

Balzino, M., Seccatore, J., Marin, T., Tomi de, G. & Veiga, M. M.
Gold losses and mercury recovery in artisanal gold mining on the
Madeira River, Brazil. J. Clean. Prod. 102, 370-377 (2015).

Priester, M., Hentschel, T. & Benthin, B. Tools for Mining.
Techniques and Processes For Small Scale Mining (Deutsche
Gesellschaft fiir Technische Zusammenarbeit, 1993).

Diringer, S. E. et al. River transport of mercury from artisanal and
small-scale gold mining and risks for dietary mercury exposure in
Madre de Dios, Peru. Environ. Sci. Processes Impacts 17, 478-487
(2015).

Thomas Hentschel, F. H. & Priester, M. Global Report on Artisanal
and Small-Scale Mining (International Institute for Environment
and Development, 2022).

Hilson, G. The Socio-Economic Impacts of Artisanal and
Small-Scale Mining in Developing Countries (CRC Press, 2003).
Springer, S. K., Peregovich, B. G. & Schmidt, M. Capability of
social life cycle assessment for analyzing the artisanal small-scale
gold mining sector—case study in the Amazonian rainforest in
Brazil. Int. J. Life Cycle Assess. https://doi.org/10.1007/s11367-020-
01828-3 (2020).

Reuther, R. Mercury accumulation in sediment and fish from rivers
affected by alluvial gold mining in the Brazilian Madeira River
basin, Amazon. Environ. Monit. Assess. 32, 239-258 (1994).
Berzas Nevado, J. J. et al. Mercury in the Tapajos River basin,
Brazilian Amazon: a review. Environ. Int. 36, 593-608 (2010).
Valdivia, S. M. & Ugaya, C. M. L. Life cycle inventories of gold
artisanal and small-scale mining activities in Peru. J. Ind. Ecol.
15.6, 922-936 (2011).

Cenia, M. C. B., Tamayao, M.-A. M., Soriano, V. J., Gotera, K. M. C.
& Custodio, B. P. Life cycle energy use and CO, emissions of
small-scale gold mining and refining processes in the Philippines.
J. Clean. Prod. 23, 1928-1939 (2018).

Kahhat, R., Parodi, E., Larrea-Gallegos, G., Mesta, C. &
Vazquez-Rowe, |. Environmental impacts of the life cycle of
alluvial gold mining in the Peruvian Amazon rainforest. Sci. Total
Environ. https://doi.org/10.1016/j.scitotenv.2019.01.246 (2019).

32.

33.

34.

35.

36.

37.

38.
39.

40.

Sousa, R. N. et al. Strategies for reducing the environmental
impact of reprocessing mercury-contaminated tailings in the
artisanal and small-scale gold mining sector: insights from
Tapajos River basin, Brazil. J. Clean. Prod. 18, 1757-1766 (2016).
Da Barboza Silva, R. et al. Analysis of the efficiency of Brazilian
mining legislation for the formalization of miners and the control
of the use of Hg in artisanal and small-scale gold mining (ASM).
Preprint at SSRN https://doi.org/10.2139/ssrn.4176048 (2022).
Sousa, R. et al. Policies and regulations for Brazil's artisanal gold
mining sector: analysis and recommendations. J. Clean. Prod.
19.6-7, 742-750 (2011).

Kligerman, D., C.,Rovere, E. L. L. & Costa, M. A. Management
challenges on small-scale gold mining activities in Brazil. Environ.
Res. 87.3, 181-198 (2001).

Kiefer, A. M. et al. Evaluation of mercury content in amalgams
from Munhena mine, Mozambique. J. Clean. Prod. 84, 783-785
(2014).

Siqueira-Gay, J., Metzger, J. P., Sdnchez, L. E. & Sonter, L. J.
Strategic planning to mitigate mining impacts on protected areas
in the Brazilian Amazon. Nat. Sustain 5, 853-860 (2022).

SKARN Mining-ESG Bulletin #14 (SKARN Associates, 2022).
Electricity Generation Mix in Brazil, 1 Jan-19 Oct, 2019 and 2020
(IEA, 2022); https://www.iea.org/data-and-statistics/charts/
electricity-generation-mix-in-brazil-1-jan-19-oct-2019-and-2020
Gold and Climate Change. An Introduction (World Gold Council,
2018).

41. Gold and Climate Change. Current and Future Impacts (World Gold
Council, 2019).

42. Flick, U., Kardoff von, E. & Steinke, |. A companion to qualitative
research (SAGE Publications, 2004).

43. Bell, E., Bryman, A. & Harley, B. Business Research Methods
(Oxford Univ. Press, 2022).

44. Guidance Document—Developing a National Action Plan in
Artisanal and Small-Scale Gold Mining (UNEP, 2017).

45. Himmelblau, D. M. & Riggs, J. B. Basic Principles and Calculations
in Chemical Engineering 8th edn (Pearson Education
International, 2013).

46. UNEP Technical Background Report To The Global Mercury
Assessment 2018 (AMAP/UNEP, 2019).

47. Wernet, G. et al. The ecoinvent database version 3 (part I):
overview and methodology. ecoinvent v.3.9.1. Int. J. Life Cycle
Assess. 21, 1218-1230 (2016).

Acknowledgements

This study was partly funded by the German Federal Ministry of
Education and Research as part of the project NaGold (O3FH045PX5)
(M.S.). We thank E. U. Viel, M. da Silva Costa and E. dos Santos Rocha
(all UFOPA, Santarém Brazil) for their assistance in data collection and
P. Lauer for proofreading.

Author contributions

Project planning: M.S., B.P.; funding: M.S.; methodology: B.F., B.P.,
M.S.; on-site data collection: B.P., B.F., L.d.ST., A.C.d.S.A.; data analysis:
B.F., B.P.; validation: M.S.; writing: B.F., M.S.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41893-023-01242-1.

Correspondence and requests for materials should be addressed to
Mario Schmidt.

Nature Sustainability | Volume 7 | January 2024 | 15-22

21


http://www.nature.com/natsustain
https://doi.org/10.1016/j.resourpol.2023.103597
http://mapas2.funai.gov.br/portal_mapas/pdf/brasil_indigena_10_2022.pdf
http://mapas2.funai.gov.br/portal_mapas/pdf/brasil_indigena_10_2022.pdf
https://www.jusbrasil.com.br/legislacao/103411/lei-7805-89
https://www.ibama.gov.br/component/legislacao/?view=legislacao&legislacao=135696
https://www.ibama.gov.br/component/legislacao/?view=legislacao&legislacao=135696
https://faolex.fao.org/docs/pdf/bra14360.pdf
https://www.ibama.gov.br/component/legislacao/?view=legislacao&legislacao=91175
https://www.ibama.gov.br/component/legislacao/?view=legislacao&legislacao=91175
https://www.ibama.gov.br/component/legislacao/?view=legislacao&legislacao=91175
https://mercuryconvention.org/en/parties/national-action-plans
https://mercuryconvention.org/en/parties/national-action-plans
https://doi.org/10.1007/s11367-020-01828-3
https://doi.org/10.1007/s11367-020-01828-3
https://doi.org/10.1016/j.scitotenv.2019.01.246
https://doi.org/10.2139/ssrn.4176048
https://www.iea.org/data-and-statistics/charts/electricity-generation-mix-in-brazil-1-jan-19-oct-2019-and-2020
https://www.iea.org/data-and-statistics/charts/electricity-generation-mix-in-brazil-1-jan-19-oct-2019-and-2020
https://doi.org/10.1038/s41893-023-01242-1

Article

https://doi.org/10.1038/s41893-023-01242-1

Peer review information Nature Sustainability thanks Gavin Hilson and
Armin Mathis for their contribution to the peer review of this work.

Reprints and permissions informationis available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,

as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2023

Nature Sustainability | Volume 7 | January 2024 | 15-22

22


http://www.nature.com/natsustain
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

nature portfolio

Corresponding author(s):  Mario Schmidt

Last updated by author(s): Sep 28, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

O 0OX X OO 5

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
Z~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  n/a

Data analysis MS Excel

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All raw data and analysis are in supplementary tables.

o)
Q
=:
C
o
i}
©}
=
g
5
@
i}
©}
=
2
«
(%)
C
3
3
Q
=
~

Lcoc Y210y




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender not relevant

Population characteristics
Recruitment

Ethics oversight

not relevant

not relevant

not relevant

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below

|:| Life sciences

that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Behavioural & social sciences |X| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Did the study involve field

these points even when the disclosure is negative.

In our study, data on energy consumption and mercury use and recovery in the Brazilian Amazon Rainforest were collected through
interviews and measurements.

Several field trips to aproximately 50 mining sites for interviews on energy consumption. For mercury use and recovery 47 mass
balances were done in the mining sites.

No sample size calculation was done, as it is very hard to gether data in the remote and irregular gold minining sites in the middle of
the Amazon Rainforest. We therefore tried to just gather as much data as possible.

Data collection was mainly done by Bernhard Peregovich (UFOPA) and Benjamin Fritz (HS PF). For energy consumption via interviews
and questionaires. For mercury use and recovery through measurements (mass balance).

2018 -2022

Verifiably incorrect or nonsensical values were removed. Outliers in the data were retained if there was a possible explanation for
them.

n/a; The measurements are unique.

Not relevant, because of the remote character of the mines, that are not open to the public, you can not be selective with you
participants. Most of the times, interviewees will not tell you too much about their background in order to stay anonymous.

n/a

work? |z| Yes |:| No

Field work, collection and transport

Field conditions

Location
Access & import/export

Disturbance

Mainly dry season in Brazilian Amazon Rainforest with little rainfall.

Our results refer to the Tapajds region.
not relevant

Possibly disturbance with positive effects as individuals might have modified an aspect of their behavior in response to their
awareness of being observed by our team (Hawthorne effect).

o)
Q
=:
C
o
i}
o
=S
g
5
@
i}
©)
=
2
«Q
(%)
C
3
3
Q
=
~




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies & |:| ChlIP-seq
|:| Eukaryotic cell lines & |:| Flow cytometry
|:| Palaeontology and archaeology & |:| MRI-based neuroimaging

|:| Animals and other organisms
|:| Clinical data

|:| Dual use research of concern

>
Q)
o
c
=
D
©
(@]
3
=
o
=
3
©
(@]
=
>
Q
wm
c
3
3
Q
<

XX NXXNXNX s

120C Y210\




	Mercury and CO2 emissions from artisanal gold mining in Brazilian Amazon rainforest

	The loss and recovery of mercury in ASGM

	Energy consumption by ASGM

	Comparison to other gold production techniques

	Discussion

	Methods

	Ethical statement

	Reporting summary


	Acknowledgements

	Fig. 1 The four main mining types of ASGM in the Tapajós.
	Fig. 2 A typical retort.
	Fig. 3 Mass balances of mercury loss and recovery.
	Fig. 4 Energy consumption per kg of fine gold.
	Fig. 5 Climate impact of gold production from ASGM and LSGM.




