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Abstract: Artisanal gold mining (AGM) is a very important topic, of which the environmental and
social impact has been widely studied. However, there are few studies on operational efficiency,
financial analysis, and the lack of mine planning. The purpose of this work was to investigate whether
AGM operation without mercury is sustainable. The following parameters were analyzed in the
case study: the general situation, interaction with the company that owns the area, production,
drilling and blasting, loading and transport, freight to the centralized plant, workforce, materials and
supplies, geological control planning and the relationship with the processing plant. Even without
the mercury variable, AGM was found to be unsustainable. The lack of planning and operational
inefficiency did not allow for continuous operation. The results of this research provide guidance on
the future steps the current government and society should take to achieve sustainable AGM.

Keywords: mining sustainability; artisanal small-scale gold mining; Hg-free

1. Introduction

The concept of “sustainable mining operations” is based on the efficiency of operations
and rigorous mine planning and adherence to the plan to ensure maximum efficiency.

In most cases, small-scale mining (SSM) fails to employ proper mine planning. The
core of mine planning lies in the knowledge of the mineral body that depends on geological
research, which is in turn based on expensive exploratory drilling campaigns. The lack of
capital access within SSM constrains the implementation of the aforementioned procedure.

The main subjects addressed by scholars regarding artisanal and small-scale mining
encompass the formalization of operation, followed by assessing environmental and health
impacts, the relationship between small mining and communities, conflict between small
and large mining, and case studies in different countries [1–13].

Projects that analyze technical aspects of operations integrated with the environmental
impacts are novel and scarce [14–16].

In the last two years, a recurring theme in studies has been the impact of the pandemic
on the mineral economy and its social impact [17–20].

Formalization is still a very important topic worldwide, especially in places far from
urban centers that are difficult to control, such as the Amazon [21–23].

Each country in Latin America has different bottlenecks. For example, in Colombia,
although mining is seen as an economic growth import, small-scale mining is controlled by
violent national groups [24].

Many Latin American governments believe that the centralization of purchasing
minerals and constructing more efficient processing plants is the solution for increasing the
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formalization of activities. With these new mechanisms, small-scale miners have obtained
a greater revenue from the production and sale of minerals [25,26].

This research was conducted in a mercury-free AGM region, in order to determine
whether Hg-free AGM operation is sustainable.

1.1. Artisanal Mining in Chile

In Chile, most operations are formalized; therefore, the topics addressed differ from
those of other countries. ENAMI, a government mining company founded in 1960, focuses
on small- and medium-scale mining, encouraging the formalization of and reduction in
environmental impacts.

The Atacama region still faces problems of formalization and environmental impacts
due to mercury use. Nevertheless, this is not a scientific issue, because the solutions
are already well defined. The regional government declared its intention to invest CLP
792 million in the construction of three Hg-free concentration plants in the provinces of
Chañaral, Copiapó and Huasco in northern Chile [27].

Environmental impact has been the subject of a few recent peer-reviewed publications
on small-scale mining in Chile. However, in the last three years, only four articles were
published relating to technical aspects [28–31].

As established earlier, SSM is affected by a lack of planning, but also by high operating
costs (OPEX, due to scale effects) and a high variability in income [32].

Operational health and safety are also one of the most critical issues in small mining.
It is common to read news of accidents related to a lack of technical knowledge and the
non-application of good practices, which are consolidated in the mining sector in medium
and large companies. The main causes are related to landslides, a lack of geo-mechanical
studies and the improper handling of explosives [33–35].

Veiga and Fadina [36] analyzed the relationship between miners and mineral proces-
sors. According to them, a successful system for eliminating mercury use is having a central
plant, and the miners sell their ore to processing plants instead of processing it themselves:
they make more profit than when they use mercury for amalgamation.

1.2. The Support of Public Agencies for Small-Scale Mining in Chile

Figure 1 shows the complex network of public agencies and their contribution to the
small-scale mining sector in Chile (for any substance, not only Au). In Chile, artisanal
mining is considered a subset of small-scale mining. Such support includes financial help,
access to loans and technical assistance. The most important contribution, in terms of
environmental protection, is the fact that the ores (or ore concentrates) are bought and
processed in centralized plants that operate with industrial standards and do not involve
pollutants such as cyanide or Hg. This was the same condition observed by Veiga and
Fadina [36], but with the distinction of the processing plants belonging to a public company
instead of a private one.

ENAMI

Of the public agencies indicated in Figure 1, the only one dedicated to small- and
medium-sized companies is ENAMI, which promotes and sustains small- and medium-
sized mining companies [37].

i. ENAMI buys the minerals from miners

ENAMI buys both run-of-mine (ROM) ores and concentrated minerals, with the
minerals of interest being copper, gold and silver, whether major or minor. The material is
processed in controlled and clean plants (therefore, no Hg or other pollutants are involved)
and sold by ENAMI itself. In 2020, 1557 small miners were registered to sell their minerals
to this agency [38].

The purchase value at which ENAMI buys from the mines is a function of (a) the main
mineral grade; (b) the type of processing ENAMI executes; (c) the international value of the
mineral being processed; (d) the dollar exchange rate with the Chilean Peso; (e) penalties
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for contaminants and moisture content; and (f) added value for secondary minerals. A
table of all the values mentioned above is published monthly on the ENAMI website.
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Figure 1. Map of the role of government agencies in small-scale mining in Chile.

ii. Non-refundable financial support

The types of financial support mechanisms are:

• Development of the Competitive Capacities Program: The objective of the program
is to incorporate and develop technical and business management capacities. The
maximum amount is USD 2500 for individual projects and USD 20,000 for projects
of associated miners. The nomination options are fostering innovation, technological
transfer and training.

• Recognition of resources and/or reserves and mine planning: This involves financing
exploratory drilling or reconnaissance tunnels for the preparation of a mining project.
To apply for this financing mechanism, it is necessary to wait for a national competition
managed by ENAMI.

• Technical assistance: This is specialized consultancy for the development of mining
projects, including the study of the entire mineral production chain, from topographic
surveys to the sale of ores.

• District Studies Program: This involves bidding for geological studies of areas prede-
fined by ENAMI. The maximum annual amount is USD 150,000 per mining district. In
this case, the benefit to small-scale miners is having access to maps to help postulate
other development instruments.
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• Production Support Program: This attends to the specific technical requirements of
the miners, such as equipment repair, mining works or the purchase of materials. The
maximum amount is USD 5000 per project.

iii. Loans

The value of loans is deducted from the sale of material to ENAMI. The grace period,
discount rate and payment period vary according to the program.

• Support for safe production: This is a loan to adapt the mine closure plan, ground
support, ventilation, emergency exits, and other works related to occupational hygiene
and safety; payment for consultancy in management and risk prevention; quality; and
the environment. The maximum amount is USD 30,000 per project. The payment
period is 5 years, with a grace period of up to 1 year. The method of payment sales
discounts at the rate of 1 USD/ton of mineral sold to ENAMI. There is no warranty,
and the interest rate is fixed by ENAMI.

• Mine Reactivation Program: This is a program for putting an inactive mine back into
production. The amount per project is USD 35,000. The return period is up to 2 years.

• Credits for the operation: This is a loan to stabilize cash flow and finance the purchase
of minor equipment and other materials. The maximum amount is USD 50,000, with a
payment term of up to one year and a grace period of three months. The interest rate
is set semi-annually, and the commission is 2.5%.

• Credit for mine development: This is funding for open-pit or underground develop-
ment to access the orebody. The maximum amount is USD 300,000, with a term of up
to 5 years and a grace period of 1 year. The interest rate is set semi-annually. In this
case, it is necessary to present real guarantees. The loan is released gradually as the
progress of the project is monitored.

• Credit for investments: This is a loan for the purchase and renovation of equipment,
innovations, the construction of access roads, environmental care and working capital,
among other activities related to mining work. There is a term of up to 5 years
with a grace period of 1 year. The interest rate is defined every six months and the
commission is 2.5%. In this case, it is necessary to present real guarantees. The project
will determine the value and the loan is released gradually as the progress of the
project is monitored.

• Emergency credit: This is a loan to solve unforeseen situations caused by natural
catastrophes. There are limits of USD 25,000 if raw minerals are sold and USD 50,000
if mineral products are sold. There are terms of up to 1 year, with a grace period of 3
months. The interest rate is set semi-annually, and the commission is 2.5%.

Other roles of ENAMI are:

• Supervising miners who have some type of promotion or active credit.
• Interaction with big-scale mining companies: the rental of areas belonging to large

companies.
• Leasing properties: the lease of mining prospects from ENAMI to small-scale miners.

2. Materials and Methodology
2.1. Study Population

This field study collected sample data from the mining area of Chancón (see Figure 2).
This area has already been the focus of previous small-scale mining studies [30,38].

Mines in the Chancón sector (see their distribution in Figure 3) are all underground, in
hard rock and operate utilizing drilling and blasting methods.

When cataloging the mines for census purposes, public agencies cited a previously
encountered difficulty in identifying the mines due to the local custom of changing the
tunnel name whenever a new mine owner assumes the mine. In order to minimize this
problem, the local government agency for mining (called “SEREMI Mineria”) created a
project to identify the tunnels with standardized plaques at the entrance to each mine
(Figure 4) and location signs along the way (Figure 5).
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2.2. Methodology

The first phase of the study was to catalog the mines currently in operation in the
Chancón sector. The indicators were collected in situ, starting with a visit to the tunnel and
an interview with the miner in charge of the operation. The questions were adapted for the
area from the general questionnaire previously developed by Seccatore et al. [39].

The number of mines operating in the area varied significantly over time, mainly as
a function of the gold price and the organization of the company. In 2012, the regional
government cataloged 158 tunnels, of which 129 were classified as irregular (active or
not), 24 were abandoned, and only 5 were active [40]. In 2014, ENAMI identified 40 active
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mines [41]. At the time of the field survey (2019–2023), approximately 30 mines were in
operation, and it was possible to visit 23 of them, of which only 19 fed our database, as
four of the miners failed to answer many of the questions or did so in an untrustworthy way.
None of the visits made it possible to complete the questionnaire, especially the questions
about cost per item, such as explosives, diesel, water, maintenance, labor, etc. In the area,
costs were associated with the cost per meter of the tunnel advanced. By disregarding the
section of the tunnel, which is irregular and varied from time to time, it was impossible to
calculate the cost per ton of mineral, the stripping ratio or mineral dilution.

3. Results

The area of Chancón is peculiar with regard to the organizational models among small-
scale miners. The legal concessions in the region only belonged to three different companies,
which will be referred to as Company A, Company B and Company C, for confidentiality.
Company C owned approximately 80% of the concessions, land and property.

In the case of negotiations with Company C, the area was divided into three-dimensional
“cubes”, and each cube was leased to an “owner”. These owners paid a fee to Company C,
depending on the mineral grade sold to ENAMI, as shown in Table 1.

Table 1. Discount rates paid to Company C as a function of the mineral grade of the ROM.

Mineral Grade Discount

0.00–5.00 g/t 22%
5.01–6.00 g/t 27%
6.01–7.00 g/t 33%

>7.01 g/t 38%

Daily production varied significantly, from 2 to 40 tons per day. Figure 6 shows the
production distribution of the 19 mines visited.
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The mineral ROM grades of the mines were between 1.8 g/t and 5.0 g/t, with an
average of 3.7 g/t. As discussed before, the sections of the tunnels were irregular, and so
the dilution and stripping ratio influenced the inconsistencies of the grade sampled in the
whole ROM. A common practice was to blend the material to keep it at about 5 g/t, to
avoid the higher discounts imposed by Company C.

Mine operations were composed of drilling and blasting, loading and transport to
the mine stockpile and then transport from the stockpile to the ENAMI plant. The miners
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did not see potential value for the waste rock, so this was randomly deposited on the
mountain slopes of that region. The workforce, inputs, geological control, planning and
other observations are detailed below.

3.1. Drilling and Blasting

This was an operation that can be considered as the standard for the whole of the
Chancón area. It consisted of an emulsion 1′′ per 8′′ cartridge as a primer for a column
charge of ANFO (ammonium nitrate/fuel oil). The emulsion is initiated by a fire cap and
safety fuse. Hole distributions on the tunnel face and their 3D inclination depend purely
on the sentiment of the driller. Figure 7 (manual drilling) and Figure 8 (explosives ignited
by the fuse and fire cap) show examples of the drilling and blasting activity.
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The mines visited were being operated by a drilling team with a manual jackleg drill
and one set of air compressors with a diesel generator per drill. Even in mines with only
one drilling crew, the number of drills was 2–3 for maintenance backup purposes.

The advance per blast was between 1.0 and 1.8 m, with an average of 1.5 m. The
efficiency of advancing after a tunnel blast was a key indicator in tunneling science; it is
the ratio between the drilled length (pull) and the actual pull obtained. It is commonly
lower than 100%, and only excellent blasting in very competent rock achieves the full
efficiency. This indicates how much work (drilling) and material (explosives) were wasted
in the incomplete advance of the drilled length. In economic terms, this was loss in the
investment: drilling and charging 1.0 m and obtaining a 0.9 m advance meant that 10% of
the investment to advance the 1.0 m was lost. In previous studies on rock blasting in a mine
within the region [31], actual measurements of the pull efficiency were performed. In the
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case of the present work, for practical reasons, it was impossible to perform measurements
in all the mines. Therefore, miners were directly asked for their average efficiency. Due to
lack of technical knowledge, the miners had some confusion regarding this aspect; therefore,
our interviews obtained “perceived” pull efficiency (see Figure 9). This shows that the
miners did not consider the pull efficiency to be an important concept, as they did not
understand it. Most miners thought that they obtained all that they drilled, which was
hardly the case using the rudimentary techniques of fire fuse and manual ignition. Some
even considered their efficiency to be superior to 100%, a clear physical impossibility.
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An indicator of the operation inefficiency was the frequent use of secondary breaking,
whether manual (with a sledgehammer) or with explosives and/or hydraulic hammers, as
shown in Figure 10.
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3.2. Loading and Hauling to the Mine Stockpile

This operation was extremely variable: from 100% manual operations, up to the use of
3 ton capacity transport equipment.

In most of the mines visited, the equipment was owned, but cases of equipment being
rented or shared by more than one mine were also registered. Figures 11 and 12 show
examples of the hauling equipment used in the area.
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3.3. Transport from the Mine Stockpile to the Plant

To deliver the material from the mine to the ENAMI processing plant, the miners
needed to pay for transporting the ore on large trucks to the plant (Figure 13). The transport
fee ranged between 2 and 4 USD per ton, depending on the distance from each specific
mine to the plant. The closest plant was within the area of Chancón. There was another
ENAMI plant about 250 km to the north; the transport fee was USD 18 per ton, and miners
sent their ore there only when the mineral grade was very high.
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3.4. Workforce

This was different to other areas of artisanal mining, where the work was remunerated
by participation in production (as documented in [42]); the remuneration in Chancón was
a monthly salary. There were also day labor contracts for occasional jobs or to increase
production when extracting high-grade ores.

Across the region, there was still the antique figure of the “chanqueiro”. A chanqueiro
is a skilled miner who can visually appreciate fragments of the ROM and assess which of
them are rich in ore. The chanqueiro manually selects the rocks in the ore pile that will
be sent to the processing plant. Whoever transports the ROM also performs this visual
separation of the mineral.

Work shifts varied for each mine: the most common was from Monday to Friday, with
a 7–8 h shift and occasionally part-time on Saturday. Only one of the mines visited adopted
the 5 × 5-day shift system employed in large-scale mining. This shift system comprises
5 days of work and 5 days off. In large-scale mining, the production never stops, as the
size of the workforce allows for alternating teams to cover any days off. In this case, the
workforce of these mines is limited; hence, for the 5 days off, the mine does not operate.
The owner declared that he prefers not to have two teams taking alternate turns, as he
believes that it is better for each operator to be responsible for the equipment that they use.

In general, a team of miners consisted of one driller, one drilling assistant and a hauling
machine operator. The driller and the machine operator were trained and, generally, did
not take turns.

The presence of female operatives was almost non-existent in the operation and
management of the mines. Only one woman was observed as an active miner, specializing
in the use of loading–hauling equipment. In addition to her, another woman worked as a
prospector. Generally speaking, female presence was associated with being caregivers or
cooks, whose husbands are mine managers or mine watchmen.

3.5. Materials and Supplies

In the case of materials and supplies, the owners knew their consumption over a
period but did not document cost control or expenses.

• The operation consumed around 200 L of water per day. The sources were local spring
water, mine drainage water, water brought in from the city or water from a reservoir.
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• Potable water for human consumption was about 20 L per operator per day.
• Diesel consumption varied between 250 and 3000 L per month. This wide range

was due to the fact that some mines employed used equipment bought from large-
scale mines.

• Oil consumption for equipment lubrication was not registered by the miners, as
equipment maintenance was only carried out inconsistently.

• There was no electricity beamline. Two mines had solar-powered systems for their
office and cafeteria.

3.6. Geological Control and Mine Planning

Geological control was performed visually at the tunnel face, by color or the presence
of accessory minerals that the miners generally associated with the presence of gold. A
common practice was to use the drill bar to drill up to 12 m and observe the color of the
flush water. The miners called this “exploratory drilling”.

Regarding the identification of the veins at the surface, the miners observed veins on
the outcrops and attempted to visually project the visible veins to the location of the veins in
the other mines. This operation was extremely imprecise. In the field, cases were observed
in which a tunnel had to drastically detour from its axis because the vein was 5 to 10 m
away from the estimated location. In other cases, advances of between 30 and 50 m have
been observed without “reaching” the vein. The associated costs of advances per meter are
documented by Seccatore et al. [30], and the chances of finding a vein and the associated
economical risk of losing the investment for tunnel advance in the case of “missing” the
vein are extensively documented, calculated and discussed by Espinoza et al. [38].

Without geological knowledge, it is impossible to perform mine planning. The miners
relied on a general idea of the direction of the next tunnel advance depending on the
visually determined direction of the vein. A monthly limit of ores that can be sold to
ENAMI exists, which is determined by SERNAGEOMIN, depending on the available
equipment in the mine.

3.7. Economic Analyses

As described in the methodology section, despite the detailed questionnaire, miners
could not define every separated item of cost. Instead, they considered the cost per meter
of tunnel advanced. The cost reported was 350,000 CPL/m for a tunnel with a section of
2.5 m × 2.5 m. The actual tunnel contour was irregular, but, for the sake of simplicity in the
calculation, it was considered a square. The average rock density was 2.7 t/m3. The cost
per mass of ROM was calculated using Equation (1), and the result was 20,741 CLP/t.

Cost/mass =
Cost/meters

ρ× A
(1)

Cost/mass: cost per mass of ROM (CLP/t).
Cost/meters: cost by extraction meters (CLP/m).
ρ: density (t/m3).
The income was calculated using the following equations:

INC = ROM× P (2)

INC: income (CLP).
ROM: run-of-mine (t).
P: ROM price at the mine (USD/t).
The price of the mineral is what ENAMI pays, minus the transportation cost of the

mineral from the mine to the plant and the fee that the miners must pay to the actual owner
of the mine.

P = VE − f − to (3)
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VE: amount paid by ENAMI.
F: mine-to-plant freight.
to: mine owner’s fee (Table 1).
ENAMI payments are subjected to different reductions, varying from taxes to penalties

related to the quality of the mineral sent to the plant.

VE = PR − reductions (4)

VE: amount paid by ENAMI.
PR: reference price for calculating fees.
Reductions: taxes, fees, moisture and contaminant penalty and loan payment.

VE = PR − tSM × PR − fRM × PR (5)

VE = PR × (1− (tSM + fRM)) (6)

tSM: taxes for small-scale mining in Chile.
fRM: Rancagua miners association fee (ASOMIN).

PR = gR × (VB + (gR − gB)×VS)− dcon ×VS (7)

PR: reference price for calculating fees.
gR: ROM grade.
VB: mineral base value of ENAMI.
gB: base grade of ENAMI.
VS: mineral scale value of ENAMI (discount based on the base grade).
dCon: fee for minerals to be concentrated on ENAMI.

P = ((gR × (VB + (gR − gB)×VS)− dcon ×VS)× (1− (tSM + fRM + fower))− f ) (8)

gR: variable g/t.
VB: CLP 119,342.
gB: 5 g/t.
VS: CLP 31,957.
dCon: 15%.
tSM: 4%.
fRM: 0.2%.
fower: 22%.
The results for differences in grades, costs and production rates are presented in

Tables 2 and 3. The production rates considered here are the most frequent rates indicated
in Figure 6. The costs indicated here do not consider the investments necessary for waste
excavation nor equipment purchase, maintenance or rental.

Table 2. Net cash provided by the grade and cost for 200 t/month.

Scenario 1—Net Cash Provided by Operating Activities for: 200 t/Month (CLP/Month)

Grade (g/t) INCOME
(CLP)

Cost CLP/t
10,000 15,000 20,000 25,000 30,000 35,000

2 18,664 1,732,712 732,712 (267,288) (1,267,288) (2,267,288) (3,267,288)
3 42,248 6,449,602 5,449,602 4,449,602 3,449,602 2,449,602 1,449,602
4 65,832 11,166,492 10,166,492 9,166,492 8,166,492 7,166,492 6,166,492
5 89,417 15,883,383 14,883,383 13,883,383 12,883,383 11,883,383 10,883,383
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Table 3. Net cash provided by the grade and cost for 300 t/month.

Scenario 2—Net Cash Provided by Operating Activities: 300 t/Month (CLP/Month)

Grade (g/t) INCOME
(CLP)

Cost/t
10,000 15,000 20,000 25,000 30,000 35,000

2 18,664 2,599,068 1,099,068 (400,932) (1,900,932) (3,400,932) (4,900,932)
3 42,248 9,674,404 8,174,404 6,674,404 5,174,404 3,674,404 2,174,404
4 65,832 16,749,739 15,249,739 13,749,739 12,249,739 10,749,739 9,249,739
5 89,417 23,825,074 22,325,074 20,825,074 19,325,074 17,825,074 16,325,074

It was reported by the miners that it is necessary to develop up to 100 m in waste rock
until the mineral vein is reached. The cost of mere development in waste to encounter the
vein can reach CLP 35,000,000. Realistically, for Chancón, a reserve of about 193k oz Au
was plausible. This corresponds to 10 months of production for scenario 1 and 7 months for
scenario 2. These values are shown in Tables 2 and 3; conditions with a mineral grade below
3 g/t and OPEX above 25,000 CLP/t are unfeasible. We show these values in Tables 2 and 3
with a lighter tone for didactic purposes.

3.8. Accidents

Table 4 summarizes the accidents in Chancón documented by the public media. It is
plausible that the number of accidents that were not fatal is higher, as they may not have
been communicated outside the mine, therefore not having mediatic coverage.

Table 4. Accidents in Chancón reported by the public media.

Year Type of Accident Number of Miners Involved Fatal Source

2022 Fall from height 1 Yes 2022 [42]
2022 Rockfall 1 No 2022 [43]
2020 Rockfall 1 Yes 2020 [44]

2016 Premature detonation
of explosives 3 No 2016 [45]

Figure 14 and Table 5 summarize the fatal accidents in the whole mining industry in
Chile as reported by Sernageomin [46]. Table 5 details the accidents in the mining industry
over the last few months, before the redaction of this article.
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Table 5. Fatal accidents during mining operations in the second quartile of 2023 (Sernageomin).

Month Type of Accident Mine Type
Number of

Miners
Involved

Number
of Deaths

January Getting crushed Large 1 1
February Fall from height Small-Scale 1 1
February Rockfall Artisanal 2 1

March Vehicle out of control Exploration 1 1
April Fall from height Medium 3 1

Figure 15 shows the total number of accidents, both fatal and non-fatal, in the Chilean
mining industry between 2019 and 2022.
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3.9. Further Observations

• Of the mines, 60% had some type of funding from ENAMI. The range of funding was
between CLP 5,000,000 and CLP 75,000,000.

• The government is present in the region: at least every six months, an agency visits
each mine. In the case of mines with active financing, visits from the funding agency
may take place on a monthly basis.

• In general, miners had only one work front available, which did not allow for opera-
tional flexibility and generated periods of pure cost, extracting only waste rock.

The main problems that miners identified were:

• The time taken to analyze the samples of the material sent to ENAMI. The miners used
these results as a control tool to know what mineral grade was present in the ore they
extracted. Therefore, they would know if they were excavating in the right direction
or not. The average time to obtain the grade was 30 days; therefore, when the result
arrived, the area had already been mined.

• There is a systematic positive difference between the grade of the sample collected
by the miners and sent for analysis and the grade of the lot sent to the processing
plant and estimated by ENAMI. This is because the miners sampled the vein and, as
mentioned, did not contemplate the concept of excavation dilution due to the size of
the tunnel.

• The monthly production limit established by SERNAGEOMIN “strangled” cashflow,
which was already compromised by all the other reductions documented above.
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3.10. Issues with the Processing Plant

The biggest challenge observed was the reconciliation between the grades of the
samples collected by the grades of the lot delivered to the plant. Miners sampled the
“richest area” samples and did not consider the operational dilution, so the lot grade
was systematically lower than that of the samples. The difference between the analyses,
reported by the miners, was 100–400%.

Furthermore, if the grade of the lot was lower than the cut-off grade, miners lost the
amount they paid for freight. The current cut-off grade at Chancón is 2 g/t. There is a rule
according to which lots between 1 and 2 g/t are stored for 1 month: if the miner manages
to deliver a lot that is sufficient to be blended to a grade greater than 2 g/t, then the miner
receives the value of the low-grade lot. Otherwise, the material stays within the plant.

An alternative solution which was encountered was to send the material to a gravi-
tational pre-concentration plant, located about 300 km to the north of Chancón. This is a
private plant which carries out a pre-concentration, from the mill to the flotation cells, and
sells the concentrate to ENAMI (Figures 16–19). This reduced the grade variability. Miners
could follow the lot processing, and the amount of transported material was reduced by at
least 80%, which can be visually observed by the difference between the lots in Figures 16
and 19. The advantage was that the plant was completely mercury- and cyanide-free. The
disadvantage was that it generated flotation waste which, despite being an inert material,
needed to be deposited in a tailings dam.
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4. Discussion

The area of study is unique to South American artisanal mining sites. Even within
Chile, many artisanal miners still process their own ore, amalgamating it with mercury,
especially in the north. They are called “pirquineros”, and the common process is milling
the ore in what are known as “Chilean mills” or “trapiches”, which consist of a stone
basin in which the material is deposited and two stone wheels, which rotate around an
axis to mill the material. Mercury is usually added directly into the trapiche. This is
well documented in many works, such as [47–54]. As such, artisanal gold mining (AGM)
is generally associated with Hg pollution, as stated in the introduction, within studies
across the world. Therefore, previous initiatives have focused on the elimination of Hg
in Au processing. Table 6 reports a selected list of initiatives aimed at the reduction in or
elimination of Hg pollution.

Over time, initiatives moved from purely technological approaches to a more heuristic
approach, including a broader vision of the framework.

Regarding the attempts made in Table 6 (and as mentioned in the introduction),
one of the most prolific authors working and publishing in this field eventually came to
an unfortunate conclusion: “those approaches have not resulted in mercury reduction or
elimination” [36]. It is in that study that the authors came to the proposed solution from the
experience of “over 40 years of intensive research and field projects across 35 countries”:
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centralized, clean and modern processing plants where the miners’ ores are processed for
them. “The miners mine while the processors process”.

Table 6. A selected list of initiatives which attempted to reduce or eliminate Hg from Au processing.

Source Place Solution Proposed Type of Solution

[55] Latin America

Gravity concentration
Flotation

Electro-leaching
Cyanidation

NaCl electrolytic process
Retort for Hg recovery

Law enforcement
Technical assistance

Training artisanal miners

Technological
Policy

Strategic

[6] Transversal Construction of a training center
for miners Policy

[55]
Indonesia,
Ecuador,

Colombia
Mill leaching Technological

[56] Mozambique
Adopt clean technologies that obey
the criteria of being economically
beneficial, simple and expedient

Technological

[12] Transversal
Mercury removal technology, miner

education on mercury hazards,
economic gains and policy

Policy

[57] Colombia
Capacity building, education and
the presence of trainers prior to

introducing a new approach
Strategic

[58] Ecuador–Peru
Gold isolation via centrifugal and

magnetic removal of
gangue materials

Strategic

[59] Transversal Incentivize gravity concentration Technological–Policy

This conclusion formed the basis of this study: a clean centralized processing plant
with no Hg involved. Having eliminated Hg, is it currently a sustainable operation?

The authors’ findings indicated that no, it is not.
Albeit simplified, the general perception of sustainability or sustainable development

is based on three concepts, or “pillars”: social, economic and environmental factors (see
the discussion by Purvis et al. [60]). Considering these three concepts, the following
considerations can be made for the Chancón district:

• Economic point of view: The miners did not have a constant income; they had only
one producing front and advances in the hope of finding ores. The system was to work
as much as possible on the mineral with all the equipment and people available and,
when operating in waste rock, work gradually, according to how much was possible
to invest. Generally, the earnings from ore extraction were spent or saved and not
used as working capital to invest in waste rock extraction. There was no planning for
managing the sterile–mineral ratio (stripping ratio). If it were not for the support of
ENAMI, many miners would not be able to sustain their operating costs.

• Social point of view: Even though the operation produced a small economy and
socially impacted miners’ families and the surroundings (e.g., maintaining the presence
of a school), this impact was not constant. There was no real development in the region,
as there was no increase in or development of new schools, good medical care, clean
water, sanitation, etc. This was due to the precarious income described above.
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• Environmental point of view: As stated, Hg was not used in the area. Nevertheless,
Hg is not the only environmental externality of a mining operation. Waste rock was
simply deposited on the slopes of surrounding hills, creating a geotechnical hazard in
the form of slope instability (also considering Chilean seismicity) and the potential for
acid drainage. The mines were not closed, but simply abandoned, leaving a panorama
of empty holes on hillsides, with many dangers associated with abandoned tunnels.
There was no concern for material and equipment management. Machinery which
did not work was set aside to rust or be used as a source of scrap materials. Used tires,
diesel and motor oil were thrown away (one of the authors of this study needed some
used tires for another project and found four at the side of the first bend of the road).

• To parallel the list in Table 6 (of proposed solutions for the Hg issue adopted in
the past), the authors prepared a list of issues encountered, proposed solutions and
classifications of solution types for this Hg-free alternative (Table 7).

Table 7. Issues versus solutions for Chancón artisanal and small-scale Hg-free mining.

Issue Encountered Solution Proposed Type of Solution

High discount rates paid to Company C
(the company that owned 80% of the

concessions). The discounts are
determined according to a rigid table

with pre-fixed ranges of values of mineral
grades (0.1 g/t above the limit value of
the range, and the discount rate rises to

the upper range).

Negotiate new rates with the company.
Negotiate a continuous discount curve

based on the grade and not a discrete set
of values.

Economic
Note: The government could help in

the negotiation.

Waste rock: currently, it is dumped with
no criterion or control on the slopes

of hills.

Adopt a circular economy concept to give
economical value to waste rock, e.g., for
road pavement or construction material.

Transform an environmental passive
externality into an economic asset. Within
the concept of the zero-waste operation.

Technological
Market

Note: The government could create
projects for material use and valorization,
together with entities such as universities.

Drilling and blasting.
The drilling mesh, selection of the

number of holes and their distribution is
aleatorial. Hole ignition is still made by a

safety fuse.

Create rules for a blasting plan (drill plan,
charge per hole, initiation sequence) for
each type of rock, and train miners in its
implementation and realization. Adopt
modern techniques (such as shock-tube

initiation and employ delays). These
solutions were discussed by

Seccatore et al. [30,39]

Technological
Training

Lack of geological control and
mine planning.

Carry out studies for small-scale
geological characterization (with

auditable samples).
Create auditable geological models.

Implement a mine planning cycle for
small-scale mining

(thoroughly discussed in [14,61]).

Technology Transfer
Economic
Policies

Note: Central and local governments and
local agencies play a central role in

helping public or private financing of
these initiatives

Issues with the ENAMI processing plant:
its technological efficiency and real

recovery rate.

Public investment for upgrading the
ENAMI plant.

Promotion of investment to build
competitive private plants with
state-of-the-art technology and

higher recovery.
Build gravimetric concentration plants

close to the mines to transport
concentrate only.

Policy
Technological

Economic
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From the list of proposed solutions, only a few are purely technological; they go
hand-in-hand with policy making and economic investment.

5. Conclusions

Most academic studies on AGM are focused on mercury use and its environmental and
social impacts. They are mainly focused on people’s health, including both the miners and
the people around mines. Another much-studied aspect is the formalization of operations:
as anyone would agree, it is necessary to be familiar with the operations in order to do
something about them. Little is discussed about operational efficiency and mine planning,
which was the focus of this study.

This work was carried out in a Hg-free AGM region to answer the following question:
Are Hg-free AGM operations sustainable? The focus was to analyze sustainability in the
context of the following main pillars: social, economic, and environmental factors.

It can be concluded that, for an AGM operation to be sustainable, there are many
other requirements besides eliminating mercury. It is necessary to act on the three pillars
of sustainability simultaneously and implement a mine planning cycle with geological
knowledge, constant improvement, and operational efficiency.

With mining planning, it will be possible to respect the sterile–mineral relation (strip-
ping ratio). The waste rock can be extracted at the necessary pace to make mineralized
fronts available. The operation could continue steadily, in a similar manner to a standard
medium or large mining company.

In this study, we performed a transversal diagnosis of mining operations. Based on
the results exposed here, it is possible to implement simple operational improvements,
plan mineral exploration and, by employing a geological model, create a mining plan, thus
achieving sustainable operations.
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