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Abstract

Small-scale artisanal mine production processes are characterized by significant envi-
ronmental and human health impacts, especially in countries with ineffective economic
resources and policies. This study accurately quantifies the impacts of artisanal gold produc-
tion processes, identifying the dominating hotspots in a holistic perspective. The life cycle
assessment (LCA) methodology was applied to perform an environmental sustainability
appraisal for Doré and Cyanidation Gold (CyG) extraction from Mina Nueva, a small-
scale artisanal mine managed by the local population, located in Asociacién Campesina
del Valle del rio Cimitarra, near the city of Segovia in the department of Antioquia in
Colombia. The obtained single-score LCA results showed a total damage of 4.99 x 10°2 Pt,
of which 55.2% was associated with the cyanidation process, 34.4% with the whole-ore
amalgamation phase, and 10.4% with mine construction. A sensitivity analysis was also
performed to study the potential effects of particulate emissions generated by the mine
construction phase.

Keywords: Doré; CyG; ASM mine; whole-ore amalgamation process; cyanidation; life
cycle assessment

1. Introduction

The annual total gold supply in 2023 averaged 4881.8 t (without considering the
net producer edging of 17 t), of which the amount derived from mining (i.e., 3644.4 t)
accounted for approximately 74.65%, while the remaining (i.e., 1237.3 t) came from recy-
cling [1]. The extraction encompasses both large-scale industrial primary mining (LSM)
and artisanal small-scale mining (ASM) [2]. ASM is based on rudimentary, low-technology,
and labour-intensive methods [3] and is often also informal and, in some cases, illegal [4,5].
The proportion of Artisanal Small-scale Gold Mining (ASGM), which takes place infor-
mally or illegally, is estimated to be between 70% and 80% [6]. According to the United
Nations Office on Drugs and Crime, UNODC [7], informal mining comprises small and
medium-sized operating units individually owned and without any accounting records;
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it is characterized by preserving artisanal techniques without mechanical assistance and
small-scale operations. On the other hand, illegal mining is typically developed without
being registered in the National Mining Registry, hence without a mining title. It also
includes mining covered by a mining title, but where the extraction, or part of it, takes place
outside the area granted in the licence. It is extremely difficult for governments to obtain
precise data for gold production from ASGM due to unreliable census methods, informality,
and, in some cases, illegality [8,9]. International institutions estimated that ASGM accounts
for approximately 12-20% of the annual newly mined gold supply [10-12], corresponding
to 380-870 t of gold each year [8,9] and providing direct livelihoods for ca. 15-20 million
people [8,12,13].

In 2023, worldwide gold demand was 4448 t (excluding OTC, i.e., over-the-counter) [14].

Despite representing a vital source of livelihood for hundreds of thousands of peo-
ple [5], gold mining is also responsible for extensive environmental impacts, such as water
contamination, deforestation, and loss of biodiversity [15-17]. Indeed, inadequate waste
confinement and restoration of disused mines lead to a continuous and progressive release
of toxic waste into the environment [18,19]. One of the primary sources of contamination is
the extensive use of mercury in the amalgamation process [20,21], where the amalgam con-
sists of 40-50% mercury and 40-60% gold and silver [18,20,22]. During the amalgamation
combustion process, workers are exposed to high levels of colourless and odourless elemen-
tal mercury vapours [18,23]. Retorts are sometimes used, but they are not 100% efficient,
with mercury continuing to be leached [21]. Additional human health and environmen-
tal hazards arise from further exposure to the mercury released into the soil and water
compartments during waste processing [16,24].

Cheng et al. [9] recently reported an amount of Hg globally used in the ASGM sector
of 640-1000 t/y, with 248-838 t/y of Hg emissions. Telmer and Veiga [25] estimated that
35% of the emitted mercury is released directly to the atmosphere, with the rest being
instead released to the hydrosphere.

Mantey et al. [26] experimentally assessed (through Atomic Absorption Spectrome-
try, AAS) the extent to which ASGM influences mercury concentrations within different
environmental media in the Western Region of Ghana, reporting average values equal to
13.3 mg/kg in slurry, 9.5 mg/kg in waste, and 12.2 mg/kg in soil, the latter exceeding
the limit value of 1 mg/kg indicated by the SGVs—Soil Guideline Values for residential
land use [27]. Indeed, it should be kept in mind that residential land often falls within the
context of mining, since miners and their families typically live in the areas adjacent to
the mines [28]. Mantey et al. [26] also analyzed the Hg content of surface drainage/water,
which was found to average 12.9 mg/L, exceeding the potability value of 6 ug/L defined
by the WHO—World Health Organization [27].

Mercury exposure can also affect the food chain; therefore, mercury poisoning repre-
sents a significant environmental and health concern [29], not limited to the mine neigh-
bourhoods, placing at risk the health of billions of people [18,25,28,30].

A collection of data obtained from different studies and contexts on Hg content in
urine samples from individuals involved or not involved in ASGM activities is reported
in the protocol by Veiga and Baker [28]. Citing a few examples, a study carried out
in Venezuela shows mercury levels in urine ranging from 2.5 to 912 pg/g creatinine,
reaching extreme values between 1221 and 3260 pg Hg/g, with an overall average of
104.59 ug Hg/g. According to WHO, a subject exposed to about 40 pg/m> of Hg in
the air should show a value of 50 ug Hg/g creatinine, set as the maximum individual
concentration in urine. Even at concentrations as low as 100 ug Hg/g creatinine, multiple
health problems, including neurological damage, can occur. Mercury poisoning can be
fatal or cause permanent damage to the nervous system, for example, through inhalation
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of 1200 to 8500 ug Hg/m?, equivalent to 1500 to 10,625 ug Hg/g creatinine, respectively.
A study performed in Tanzania shows values above the limit set by WHO even in areas
around ASGM activities [28].

Although most miners are aware of the above-mentioned mercury-related hazards,
and despite the low recovery rate of ca. 30% [31,32], it is still used at ASGM sites [17] due
to its relatively low cost, easy accessibility, simplicity, and rapidity of use [15,18], together
with the lack of viable alternatives [33].

Indeed, a popular and more efficient alternative procedure for gold extraction is
cyanidation [15,17] with cyanide, a chemical classified as highly polluting under the Wa-
ter Framework Directive 2000/60/EC [34]. Particularly, sodium cyanide (NaCN) can be
extremely hazardous at pH levels below 10, where hydrogen cyanide (HCN), a harmful
gas at low level of long-term exposure and lethal at high exposure levels [35], can form
vapours [31]. Moreover, cyanidation is frequently applied to waste from the amalgamation
process that still contains precious metals and also mercury, thus forming cyano—mercury
complexes [33]. Consequently, poor waste management practices result in mercury com-
plexes that are easily solubilised by rain, thus quickly transported to streams, thereby
increasing mercury’s bioavailability [18].

Concerning the present case study, according to the literature survey by Cheng et al. [9],
Colombia is among the top five countries with the most significant ASGM. Gold production
plays a dominant role in the economy of Colombia [36]. Approximately 72% of the country’s
gold mining activity is performed in ASM, with 66% of the total being unregulated by the
central government [37]. ASM can employ up to 300,000 people country-wide, of which at
least half are ASG miners; however, only four out of ten miners are legal, and of those legal
miners, only 50% comply with health and safety regulations [10].

The department of Antioquia represents the mining hub of Colombia [36], producing
approximately 50% of Colombian gold [37] and releasing an average of 48 t of mercury
into the environment every year [33]. The Colombian government has been attempting
to address the use and release of mercury into the environment for years. For example,
Law No. 1658 of 2013 encourages agreements, cooperative conventions, programmes,
and international cooperation projects designed to limit the use of mercury or eliminate it
altogether through the training of small-scale gold miners and research promotion. The
Colombian government in 2013 regulated the use of mercury in all the industrial activities
of the country [38], imposing in 2015 (law 2015 Resolucién 631 [39]) a limit of 2 ugHg/L in
wastewater produced in gold mining.

The aim of the present work is to assess the potential environmental impacts associated
with the entire gold extraction process using the life cycle assessment (LCA) methodology.
This study focuses exclusively on environmental impacts and does not evaluate governance,
social, or conflict-related dimensions, as defined in responsible-sourcing or due-diligence
frameworks. The contribution of each processing phase to the total impact were quantified
in order to highlight the environmental hotspots of the analyzed system. This was achieved
by building a specific inventory for each phase of the mining activities, employing primary
and also secondary or tertiary data for those processes with low data availability. Although
the consequences of amalgamation and cyanidation on both human and environmental
health are well known, to the best of the authors” knowledge, only a few studies are
available in the scientific literature on the specific effects of mine construction, including
the work by Valdivia and Ugaya [40]. In order to overcome the above-mentioned gap,
a sensitivity LCA analysis was also performed with the effect to account for particulate
emissions potentially generated during the mine construction process and their effects on
workers” health.
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Nowvel Contributions of the Study

The present study advances the existing ASGM-LCA literature in several key aspects.
Unlike most previous assessments, which focus primarily on mercury emissions from
amalgamation or on isolated processing steps, this work provides a comprehensive, full-
system life cycle assessment of artisanal gold production based on a real operational case
in Colombia, encompassing mine construction, whole-ore amalgamation, and cyanidation
within a unified system boundary. The analysis demonstrates that, beyond mercury-related
impacts, cyanidation can represent a dominant contributor to multiple midpoint impact
categories and to the overall environmental single score. Moreover, this study explic-
itly introduces particulate matter emissions associated with mine construction through
a dedicated sensitivity scenario, an impact pathway that has been largely overlooked in
ASGM-LCA studies to date. By quantifying their potential influence on human health
impacts, the work reveals previously unaccounted environmental hotspots and provides
new insights into the relative importance of different extraction phases. Overall, the study
broadens the environmental perspective on ASGM and offers a more holistic basis for
identifying priority areas for mitigation and future sustainability interventions.

2. Materials and Methods
2.1. A Brief Social and Environmental Overview of Mina Nueva Mine

Mina Nueva is a locally managed ASGM situated in the Zona de Reserva Campesina
del Valle del rio Cimitarra (ZRC-VRC) (Figure 1), near the city of Segovia in the Antioquia
department, one of the 32 departments of Colombia, in the northwest of the country. The
ZRC-VRC is an area of great biodiversity [41], water, and natural resources [42]. It is a
marginal rural area in the Serranfa de San Lucas jungle whose communities are poor and
riven by armed conflict [43]. Small-scale artisanal gold mining is the most popular local
occupation [44-46].
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Figure 1. Physical map of the ZRC-VRC showing its artisanal gold mining production area and Mina
Nueva site, Colombia.

The ZRC-VRC covers 1880 km?. Its population is approximately of 29,000 people,
mainly farmers, miners, and fishermen living in 120 villages. There are approximately
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30 artisanal mines in an area of ca. 700 km? within the ZRC-VRC. The villages have average
populations of ca. 300 people [44,45].

Mina Nueva is a “Beta” type mine, in which underground mines follow gold veins
in quartz matrix rocks [47]. In 61.82% of the cases, the Beta process is preferred to other
mining methods. The present case study included interviews with a total of 55 local people
aged between 20 and 30, ten of whom work at the Mina Nueva mine. Mina Nueva was
opened in 2012-2013, leading to the settlement of approximately 200-300 people, mostly
miners with their families. Surveys showed that mining is the village’s primary source of
livelihood, followed by commerce, livestock farming, timber production, and agriculture.
Wood from the jungle is used as a support structure in the mine shafts, without any type of
reforestation activity occurring [45,48].

As far as miners are concerned, male activities typically include extraction of the rocks
and cyanidation, while women are usually devoted to separating the gold-bearing material
from the inert rock. There is no child labour, but the workers’ children are present at the
mining site due to the lack of geographically accessible schools [45,48].

2.2. Life Cycle Assessment (LCA)

The LCA methodology was applied in accordance with UNI EN ISO 14040-14044
regulations [49,50], and its constituting phases are detailed hereafter.

2.2.1. Goal and Scope Definition

The aim of this study was to evaluate the potential environmental impacts associated
with Doré and Cyanidation Gold (CyG) extraction from the Mina Nueva mine, a locally
managed small-scale and artisanal mine in Antioquia (Colombia).

Specifically, Dore is obtained from the whole-ore amalgamation phase and the sub-
sequent thermal separation of mercury [51], while CyG is obtained from the cyanidation
phase [52].

2.2.2. The Function of the System, the System Studied, and Its Functional Unit

The function of the system is the extraction of Dore and CyG, representing the end
products of the studied Mina Nueva artisanal small-scale mine.

The system studied is the actual scenario of Mina Nueva mine, as described in the
previous Section 2.1.

Since the study is mostly based on primary data (as detailed in the following sections)
and is not directly scalable to higher amounts, the functional unit selected was the mass
of Doré (12.58 g) and the mass of CyG (13.18 g) ready for sale, as obtained on average
per day by the miners. These 25.76 g of valuable materials were derived from 128.6 kg of
mineral rock, the latter corresponding to the average daily input of the two “Cocos” used
for the whole-ore amalgamation process. In the studied system, gold is recovered within an
integrated ASGM processing chain in which recovery steps occur sequentially, while gold-
bearing products are co-produced from the same ore feed and operational infrastructure;
defining the functional unit on the basis of daily production allows a consistent allocation
of material and energy flows across co-produced gold-bearing outputs.

2.2.3. System Boundaries

The system boundaries include the mine construction process, the whole-ore amalga-
mation process, and the cyanidation one. They are summarized in the flowchart reported
in Figure 2.

The full detail of the different processes is reported in the Supplementary Materials
section, also supported by detailed flowcharts (Figures S1-55), the experimental composi-
tion of both Dore and CyG (Tables S1 and S2), and a series of photographs captured on site
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(Figures 5S6-529). Specifically, Figure S1 refers to the deforestation of the area selected for
the mine construction. Figures 52-54 show the system boundaries limited to the whole-ore
amalgamation phase steps. Thermal separation of mercury from amalgam produces 12.58 g
of Doré containing 47.08% of gold and 47.92% of silver, as detailed in Table S1. Figure S5
shows the system boundaries limited to one cycle of the cyanidation phase, for 6000 kg of
residues from the previous whole-ore amalgamation phase. The as-obtained CyG contained
45.90% of silver and 33.47% of gold (33.47%), as detailed in Table S2.
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Figure 2. Flowchart showing the system boundaries of Dore and CyG extraction at the Mina
Nueva mine.

2.2.4. Data Quality, Life Cycle Inventory, and Life Cycle Impact Assessment

When available, primary data supplied by project partners and collected on site from
October 2015 to December 2017 at the ZRC-VRC in Colombia were used.

The study was the result of an international collaboration between ACVC (Asociacién
Campesina del Valle del rio Cimitarra, the Cimitarra River Valley Farmers Association),
CeTAmb LAB (Research Laboratory on Appropriate Technologies for Environmental Man-
agement in Countries with Limited Resources) of Brescia University (Italy), and the De-
partment of Environmental Engineering of the University Institute de la Paz (UNIPAZ) in
Barrancabermeja (Department of Santander, Colombia).

Since ASGM practices are widely characterized by low mechanization, rudimentary
processing technologies, and persistent informality, which limit rapid technological upgrad-
ing, and Colombian ASGM operations have evidenced only gradual and partial adoption of
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cleaner technologies over the last decades [53], the process configuration and material flows
documented for Mina Nueva in 2015-2017 can be considered representative of current
artisanal gold extraction practices in the region.

The research team performed field measurements to detail the balance of matter and
the complete inventory of the LCA model and collected direct information for both the
whole-ore amalgamation and cyanidation processes. Specifically, 7000 m? is the land area
that is transformed from a natural condition (forest) into an area used for mechanical and
manual processing, storage, power plant, mercury grinding and washing, dry crushing,
sediment accumulation for cyanidation, and community cyanidation houses. Tunnels
for gold rock mining are created on an area of 8000 m?. An area of 192 m? is created for
collecting water extracted from groundwater. These field data were integrated with further
data collected through questionnaires and interviews with miners and local people. The
primary data related to mercury concentrations in the various gold production stages,
in both solid residues and wastewater amalgamation and cyanidation, were obtained by
experimental sampling activities on the field and the surrounding sites and analyzed in
the Chromatography and Mass Spectrometry Laboratory (Crom-Mass) at the Universidad
Industrial de Santander, in Bucaramanga, Colombia. These analyses were carried out using
the Lumex 915+ differential atomic absorption spectrophotometry analyser and combined
with an RP-91C, required for the analysis of the mercury content of liquid and solid
samples. The analyses of gold grade in mineral rock and amalgamation slurry, together
with the analyses for the determination of Dore and CyG compositions, were carried out
at the CIMEX—laboratory of the Institute of Minerals of the Universidad Nacional de
Colombia, Medellin.

When primary data were not available, they were estimated, or data from the pub-
lished scientific literature or from the Ecoinvent database (v. 3.10) were used [54].

Where transport and thermal and electrical energy were concerned, the datasets of
the Ecoinvent v.3.10 database were used, typically referring to the ‘Rest of the World’
geographic scenario.

The inventory was modelled in SimaPro v. 9.6.0.1 [55] by following the attributional
approach based on the allocation at the point of substitution, i.e., APOS system model that
performs an expansion of the allocation system to include all treatment processes required
for any generated byproducts [56].

The use of avoided products was limited to the management of recovered materials,
which are represented by the water in the mine construction process and the recovered
mercury in the whole amalgamation process and the cyanidation process. The attributional
modelling approach was selected according to the goal of the present study (as previously
detailed in Section 2.2.1) that clearly lies in the early stages of any eventual future decision-
making process by local policy makers [57,58].

It is important to note that the quality of potentially extractable Doré and CyG varies
depending on the type of mineral rock input, the amount of mercury used, and the condi-
tions of the artisanal mills, especially in the case of small-scale artisanal mines.

The complete inventories for all the different phases (i.e., mine construction, whole-
ore amalgamation, and cyanidation) are detailed in Table S3 (referred to the functional
unit, i.e., 2.576 x 1079 kg of Doré and CyG), together with the necessary assumptions
and calculation made for their modelling, as well as the precise names of the Ecoinvent
datasets employed. The main assumptions adopted in the analysis are outlined below.
Mercury emissions to water and soil associated with the whole-ore amalgamation phase
were calculated based on experimentally measured mercury concentrations in the sludges
produced during the three amalgamation cycles. Owing to the uncontrolled disposal
of these sludges into the environment, mercury releases were assumed to be equally
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distributed between the water and soil compartments (Table S3). Mercury emissions to
air during the same whole-ore amalgamation phase were estimated in the absence of
direct air-sampling data. The estimates relied on an assumed mercury recovery efficiency
of 99.9% for the thermal separation unit, as indicated by on-site operators during the
preparation of the mass balance (Figures 52-54). Mercury and cyanide emissions during
the cyanidation phase were estimated based on stoichiometric reactions (Equations (51)—(S6)
in the Supplementary Material) and primary input data, including the amount of NaCN
used and the results of experimental mercury characterization in the sludges. Consistent
with the approach adopted for the whole-ore amalgamation phase, also in the cyanidation
phase the uncontrolled discharge of effluent wastes into the environment was assumed to
result in an equal distribution of the calculated mercury and cyanide emissions between
the water and soil compartments (Table S3). In the absence of site-specific monitoring
data, assigning emissions exclusively or predominantly to a single compartment would
introduce an implicit bias toward one exposure pathway. The 50:50 soil-water distribution
was therefore adopted as a neutral and conservative assumption.

A sensitivity analysis was also performed in order to investigate the potential effects
on human health of fine particulate emissions that may be generated during the creation
of the mine, the amount of which was assumed based on the literature in the absence of
primary data.

The Life Cycle Impact Assessment (LCIA) was performed by using the global scale-
oriented method ReCiPe2016, both at midpoint and endpoint levels, with a hierarchist
(H) perspective [59], modified by the authors who supplemented it with relevant emitted
substances (i.e., “Mercury compounds” and “Cyanide compounds™), not otherwise con-
sidered by the method, by adding them as contributors to human- and ecotoxicity-related
impact categories. To calculate the ReCiPe 2016 characterization factors (CFs) of these
newly added substances, the TRACI (i.e., Tool for the Reduction and Assessment of Chem-
ical and Other Environmental Impacts) 2.1 method [60] was used as a reference method
through a proportionality relationship with the CFs of other compounds contributing to
the same impact categories and present in both methods. This approach was considered
methodologically justifiable for comparative purposes, since both methods rely on the
USEtox framework [61] for modelling fate, exposure, and effects in human toxicity and
ecotoxicity categories.

Please refer to the Supplementary Material section for the details of the modifications
performed to the impact assessment methods. Particularly, the characterization factors cal-
culated for the newly added substances are detailed in Tables S4 and S5. The calculation of
the potential environmental impacts was performed for 1 kg of valuable material obtained
(corresponding to 488.35 g of Doré and 511.65 g of CyG). By considering the previously
detailed functional unit (i.e., the average daily production of 0.02576 kg of Mina Nueva
products), the amount of 1 kg for which the calculation was performed corresponds to
the amount of Mina Nueva products obtainable in approximately 39 operational days. By
considering the gold contained in both Doré and CyG (i.e., 47.08% and 33.47%, respectively),
the amount of 1 kg of valuable material for which the calculation was performed also corre-
sponds to 0.4012 kg of recovered gold. Therefore, in order to enhance the comparability
with other ASGM and conventional gold LCA studies, the results of the present study were
also referred to 1 kg of recovered gold.

3. Results and Discussion

The potential environmental impacts associated with the production of 1 kg of Mina
Nueva products comprising both Doré and CyG are detailed at a midpoint level (i.e.,
classified in impact categories and quantified with respect to the corresponding substance
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of reference) in Table 1. In order to obtain the environmental impacts associated with 1 kg
of recovered gold (detailed in Table S6), the results of Table 1 can be simply divided by the
amount of gold contained in 1 kg of Mina Nueva products (i.e., 0.4012 kg).

Table 1. Midpoint environmental impacts associated with the obtainment of 1 kg of Mina Nueva
products comprising both Doré (0.48835 kg) and CyG (0.51165 kg).

. Mine Construction Whole-Ore Cyanidation
Impact Category Unit Total Process Amalgamation Process Process
Global warming kg CO, eq 4.66 x 100 1.14 x 10% 1.44 x 109 2.08 x 10%
Stratodsfpk}gi‘gr?zone kg CFC11 eq 3.56 x 1093 1.10 x 1093 1.06 x 1003 1.40 x 103
Ionizing radiation kBq Co-60 eq 6.01 x 107 8.03 x 100 1.80 x 101 3.41 x 10%
Ozone forﬁi‘tﬁn’ Human kg NOx eq 291 x 100 1.21 x 107 7.64 x 10% 9.40 x 10%°
Fine p?;tr‘;‘;lg;matter kg PM2.5 eq 8.66 x 10% 3.22 x 10% 2.21 x 10% 3.23 x 10%
Ozone formation, kg NOx eq 3.00 x 10! 1.23 x 107 7.92 x 100 9.76 x 102
Terrestrial ecosystems
Terrestrial acidification kg SO, eq 1.83 x 107 7.06 x 10% 4.75 x 10% 6.49 x 10%
Freshwater eutrophication kgPeq 7.37 x 1070 8.18 x 10792 2.33 x 107% 423 x 1079
Marine eutrophication kg N eq 4.60 x 10791 1.36 x 10792 1.76 x 10701 2.71 x 1079
Terrestrial ecotoxicity kg 1,4-DCB 1.46 x 10% 1.08 x 10% 7.66 x 10% 6.87 x 10%
Freshwater ecotoxicity kg 1,4-DCB 1.80 x 109 1.97 x 10% 4.44 x 100 1.73 x 10%
Marine ecotoxicity kg 1,4-DCB 7.85 x 10% 3.68 x 109 1.95 x 1092 5.53 x 1002
Huma‘:&iﬁ;"genm kg 1,4-DCB 2.00 x 10% 3.16 x 102 4.85 x 10 1.20 x 10%
Human r;gi‘i'gft;mnogemc kg 1,4-DCB 5.95 x 10% 3.24 x 102 240 x 104 352 x 10%
Land use m?a crop eq 8.26 x 1002 4.26 x 1002 1.67 x 1092 2.34 x 10%
Mineral resource scarcity kg Cueq 1.66 x 109 2.67 x 10% 9.36 x 102 7.23 x 10%
Fossil resource scarcity kg oil eq 1.29 x 10% 3.16 x 100 4.01 x 107 5.70 x 100
Water consumption m3 —3.39 x 102 —5.48 x 102 8.72 x 107 1.22 x 10%

From Table 1, it is clear that, for the majority of the impact categories considered
by the employed method, the cyanidation phase is the one characterized by the highest
impacts. The whole-ore amalgamation phase is the one contributing most to the impact
categories Terrestrial Ecotoxicity and Mineral Resource Scarcity, while the mine construction
phase significantly affects ozone formation, Human Health, Ozone Formation, Terrestrial
Ecosystems, and Terrestrial Acidification categories. The results of Table 1 are summarized
in terms of relative impact percentages in Figure S30 of Supplementary Materials section.

In order to assess the reliability of the LCA results obtained in relation to the possible
uncertainties characterizing the inventory data, an uncertainty analysis was performed
using the Monte Carlo (MC) stochastic method [62]. The MC analysis was performed on
the previously reported characterization (i.e., midpoint) results, using 1000 iterations for
each calculation and a 95% confidence interval (CI). The results are reported in Table S7 of
the Supplementary Materials, which shows the mean, the median, the standard deviation
(SD), the coefficient of variation (CV), the 2.5th and the 97.5th percentiles (i.e., 2.5% and
97.5%, respectively), and the standard error of the mean (SEM).

The MC results indicate that several impact categories relevant to the interpretation of
the system exhibit low to moderate uncertainty, with CV (i.e., the ratio between the standard
deviation, SD, and the mean, giving a measure of relative uncertainty) generally below
10-15%. These include Global Warming, Fossil Resource Scarcity, Mineral Resource Scarcity,
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Fine Particulate Matter Formation, Terrestrial Acidification, Ozone Formation (Human
Health and Terrestrial Ecosystems), Freshwater Ecotoxicity, Land Use, and Stratospheric
Ozone Depletion. For these categories, the mean and median values are very close, and the
2.5-97.5% percentile ranges are relatively narrow, indicating robust results.

Importantly, these robust categories correspond to impact indicators that are dis-
tributed across all main process phases, as shown by the midpoint results (Table 1). The
consistency of process contributions, combined with low uncertainty, supports the robust-
ness of the comparative assessment.

In contrast, toxicity-related impact categories, particularly human non-carcinogenic
toxicity, are characterized by high CV, in some cases exceeding 100%. These categories
are also dominated by a single life-cycle phase (primarily the whole-ore amalgamation
and cyanidation processes), and their results are strongly influenced by background data,
fate—exposure modelling, and the presence of long-tailed emission distributions. This
behaviour is consistent with well-documented limitations of midpoint toxicity indicators
in LCA, especially when using generic characterization models [59].

In addition, for selected substances not originally included in the ReCiPe 2016 Mid-
point (H) method, supplementary characterization factors were introduced based on pro-
portional scaling with TRACI 2.1, which shares a common USEtox-based modelling frame-
work for toxicity-related impact categories. While this approach allows the inclusion
of environmentally relevant mercury- and cyanide-related emissions, it mainly affects
the absolute magnitude of toxicity-related midpoint indicators and their contribution to
endpoint damage categories and single-score results. Therefore, toxicity dominance and
the following single-score outcomes should be interpreted primarily in a comparative
sense, with emphasis on relative trends and process contributions rather than on absolute
numerical values.

Overall, the identification of the most impactful life-cycle stages and environmental
hotspots must be primarily supported by the climate-, resource-, and air-emission-related
midpoint categories that are characterized by low uncertainty. On the opposite highly
uncertain categories provide complementary insights into potential environmental hotspots
without altering the comparative interpretation of the system.

The endpoint (i.e., damage-oriented) results are obtained by grouping the results of
the eighteen impact categories into the three damage categories (namely, Human Health,
Ecosystem, and Resources) and by referring them at the point at which the environmental
effect potentially occurs.

In order to more immediately compare the contributions of the different phases
constituting the analyzed system (i.e., mine construction, whole-ore amalgamation, and
cyanidation) to the whole environmental loads, the single-score results (i.e., expressed as
environmental point, Pt: the higher its value is, the higher the potential environmental im-
pact of that particular process results) are obtained, as calculated by the impact assessment
method after normalization and weighting operations. They are summarized in Figure 3,
and they are detailed in Table S8 of the Supplementary Material (the single-score results
associated with 1 kg of recovered gold are instead detailed in Table S9).

The overall process is characterized by an environmental impact of 4.99 x 109 Pt.
Cyanidation is the phase that mostly (for 55.23%) contributes to that impact, followed by
whole-ore amalgamation (for 34.39%) and mine construction (for 10.37%). Human Health
is the damage category mostly affected, since it contributes 96.52% to the overall impact,
followed by Ecosystem (contributing for 2.19%) and Resources (contributing for 1.29%).

The Human Non-carcinogenic Toxicity impact category (comprised in the Human
Health damage category) is the one mainly (for 47.08%) contributing to the overall environ-
mental impact. The damage on Human Health is mainly (for 20.81%) due to the emission
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of mercury (II) into air, the latter being associated for 53.05% and 46.94% to the whole-ore
amalgamation and cyanidation phases, respectively.

B Human health ® Ecosystems Resources

300

250

200

& 150

100

50 -

Mine construction process Whole-ore amalgamation ~ Cyanidation process
process

Figure 3. Single-score results associated with the obtainment of 1 kg of Mina Nueva products,
comprising both Doré (0.48835 kg) and CyG (0.51165 kg).

The high contribution of the Human Non-carcinogenic Toxicity impact category indi-
cates that the dominant environmental burden associated with the Mina Nueva system is
linked to chronic exposure to toxic substances rather than to acute or carcinogenic effects.
In real-world terms, this finding reflects the prolonged and repeated exposure of miners to
hazardous substances released during ore extraction, handling, and processing, including
metal-bearing dusts and contaminated effluents. Such exposures are often insufficiently
mitigated in artisanal and small-scale mining operations, where the use of personal pro-
tective equipment and emission control systems is limited. Moreover, non-carcinogenic
toxic effects may also extend beyond the workplace, affecting local communities through
the dispersion of contaminants in air, soil, and water resources. The predominance of
this impact category therefore highlights a persistent and diffuse health risk that may not
manifest immediately but can significantly impair workers” health and community well-
being over time, reinforcing the need for preventive measures, monitoring, and targeted
mitigation strategies.

The environmental impacts associated with each of the three macro processes were
then analyzed in order to identify the main causes. The detailed single-score results are
reported in Figures S31-533 and Tables 510-512, and only briefly summarized hereafter.

Concerning the mine construction phase, its total environmental damage is
5.18 x 10°! Pt, with the Human Health damage category representing the dominant
(for 96.65%) contribution, particularly (for 34.41%) due to the emission of chromium into
water as a consequence of the energy consumption by the diesel generator for the venti-
lation of the tunnels, extraction of water from the aquifer, and handling of the extracted
rocks by the trolley.

In the case of the whole-ore amalgamation process, its total damage (referred to
0.48835 kg of Doré) is 1.72 x 10°? Pt, with Human Health being the main (for 95.75%)
damage category, particularly as a result of the emission of mercury (II) in air, which is
totally associated with the tailings sent in cyanidation process.
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Concerning the cyanidation phase, the overall impact (referred to 0.51165 kg of
CyG)is 2.76 x 10% Pt, with the Human Health damage category representing the largest
(for 96.97%) contribution. Its contribution is mainly due to the release of mercury com-
pounds into the soil without being treated (22.38%).

Sensitivity Analysis

A sensitivity analysis was performed to compare the current scenario described above
(from now named Scenario 1) with an alternative scenario (Scenario 2) that includes the
implementation of fine particulate air emissions generated during the creation of the
mine. This alternative Scenario 2 was idealized to accommodate workers’ concerns about
particulate emissions generated during the blasting of the mining rock, despite the fact that
no environmental sampling is available. Based on the literature sources, a dust generation
rate of 10 kg of dust per kg of gold concentrate (80% Au) was adopted [40]. It should
be noted that this value originates from studies conducted under controlled or semi-
controlled conditions, in which dust abatement systems (e.g., water-based dust extraction)
are typically in place. To adapt this literature-based value to the investigated ASGM
case study—where no engineered dust control systems are implemented—the reported
dust removal efficiency of 99.28% was taken from a dedicated literature analysis [63].
This value represents the abatement efficiency embedded in the reference data and was
therefore inversely applied to approximate uncontrolled dust emissions under ASGM
operating conditions. Given the high variability and site-specific nature of dust generation
in artisanal and small-scale mining activities, this assumption was intentionally explored
within a sensitivity analysis rather than incorporated into the baseline scenario. This
approach allows the potential influence of particulate emissions on impact categories
related to particulate matter formation to be evaluated, while explicitly acknowledging the
uncertainty associated with the absence of direct measurements.

The calculated amount of dust for Scenario 2 was allocated among the three different
particle sizes (i.e., <2.5 um, >2.5 pm and <10 pm, >10 pm), according to the guidelines
provided by the United States Environmental Protection Agency for emissions arising from
material handling and processing of aggregate and unprocessed ore (including emissions
from milling, grinding, crushing, screening, conveying, cooling, and drying of material
generated through either the movement of the material or the interaction of the material
with mechanical devices) [64]. The details of the calculations performed are reported in
Table S13 of the Supplementary Materials.

The comparison between the two scenarios performed in terms of single score is
detailed in Table 2 and summarized in Figure 4. The total damage for Scenario 2 (i.e.,
3.57 x 10% Pt) is approximately six times higher with respect to the damage associated
with the original Scenario 1. This difference is exclusively due to the midpoint impact
category Fine Particulate Matter Formation being equal to ca. 301 kgPM2.5 eq. for Scenario 2,
thus more than thirty times the value calculated for Scenario 1 (i.e., 8.66 kgPM2.5 eq. as
previously reported in Table 1).

Table 2. Detailed comparison between Scenario 1 and Scenario 2 expressed in terms of single-score
results. FU. = 1 kg of Mina Nueva products comprising both Doré (0.48835 kg) and CyG (0.51165 kg).

Damage Category Unit Scenario 1 Scenario 2
Human health Pt 4.82 x 10" 3.55 x 10%
Ecosystem Pt 1.09 x 10 1.09 x 10%
Resources Pt 6.44 x 10% 6.44 x 10%
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Figure 4. Single-score environmental impact comparison between the two scenarios considered
referred to the obtainment of 1 kg of Mina Nueva products.

Although the results obtained in the sensitivity Scenario 2 are in line with interviews
conducted with miners who reported large amounts of airborne emissions of fine particulate
matter as a result of ore rock blasting (to which the workers are exposed for long periods of
time), surely the lack of primary data concerning dust emissions during mine construction
phase represents a limitation of the present study. Therefore, an uncertainty analysis
was also performed for Scenario 2 using the Monte Carlo simulation [62]. In particular,
the calculated emissions in air of particulate matter were associated with the highest
degree of uncertainty, applying to those values the pedigree matrix approach [65] for
the calculation of the corresponding geometric standard deviation (SD2). The worst-case
values of the five qualitative criteria (i.e., reliability, completeness, temporal correlation,
geographical correlation, and further technology) were considered, as detailed in Table S13
of the Supplementary Materials. The results of the Monte Carlo uncertainty analysis
performed for the Fine Particulate Matter Formation impact category (Table 3) indicate
a moderate-to-high variability in the simulation outcomes. The coefficient of variation
(CV =41.5%) suggests that the results are substantially influenced by the uncertainty of the
input parameters used in the life cycle inventory.

Table 3. Results of the uncertainty analysis for the Fine Particulate Matter Formation impact category,
of 1 kg of Mina Nueva products comprising both Doré (0.48835 kg) and CyG (0.51165 kg), obtained
by considering Scenario 2 and using the ReCiPe 2016 Midpoint (H), method modified by the authors.

Impact Unit Mean Median SD CV % 2.5% 97.5% SEM
Category
Fine particulate
matter kgPM25eq  3.00 x 1002 272 x 102 124 x 102 415 x 100 1.40 x 10%? 6.39 x 1002 3.93 x 10%
formation

The mean value (300) is slightly higher than the median (272), implying a positively
skewed distribution, with occasional high-impact iterations affecting the average. The
standard deviation (124) and the 95% confidence interval (140-639) confirm a considerable
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spread in the possible results, which highlights the model’s sensitivity to variability in
particulate emission-related data.

Nevertheless, the standard error of the mean (SEM = 3.93) is relatively low, indicating
that the mean estimate is statistically robust and would remain stable upon repeated
simulations. The findings demonstrate that while the model exhibits a certain degree of
uncertainty, the central tendency of the results can be regarded as reliable for comparative
assessments. The width of the confidence interval should, however, be taken into account
when interpreting differences between scenarios.

Scenario 2 was developed exclusively as a sensitivity analysis to explore the potential
influence of fine particulate matter emissions during the mine construction and blasting
phase in the absence of primary monitoring data. The assumptions adopted represent
a conservative, worst-case framework and should not be interpreted as a realistic or
predictive emission scenario. Consequently, the results associated with Scenario 2 are not
intended for quantitative comparison, regulatory assessment, or benchmarking against
other mining operations. Rather, they should be interpreted as an exploratory tool to
assess the model sensitivity to particulate emissions and as an indication of the possible
magnitude of human health impacts if such emissions are substantial and poorly controlled.

4. Limitations and Potential Improvements of the Study

The present study is affected by some limitations mainly related to data availability and
the need to introduce assumptions that are common in life cycle assessments of artisanal
and small-scale gold mining systems. Although primary data were collected for several
process inputs and outputs, direct environmental measurements were not available for all
emission pathways.

Due to the uncontrolled disposal of sludges from the whole-ore amalgamation into
the surrounding environment, mercury releases were assumed to be equally distributed
between the water and soil compartments. Mercury emissions to air during the same
phase were estimated in the absence of direct air-sampling data, relying on an assumed
mercury recovery efficiency of 99.9% for the thermal separation unit, as indicated by on-site
operators during the mass-balance reconstruction. While this assumption is consistent with
typical retorting efficiencies reported in the literature, on-site atmospheric measurements
would be required to better constrain this emission pathway.

Similarly, mercury and cyanide emissions during the cyanidation phase were calcu-
lated using stoichiometric reaction-based calculations combined with primary data on
NaCN consumption and experimental mercury characterization in the sludges. In the
absence of controlled waste management practices and site-specific monitoring data, the
uncontrolled discharge of effluents was assumed to lead to an equal distribution of mercury
and cyanide emissions between the water and soil compartments.

The uniform soil-water partitioning of mercury and cyanide emissions surely rep-
resents a simplifying assumption adopted to describe uncontrolled ASGM disposal prac-
tices in the absence of site-specific data. While alternative compartmental partitioning
would affect the relative contribution of soil- versus water-mediated exposure pathways, it
would not significantly alter the qualitative conclusion regarding the dominance of human
non-carcinogenic category, which is governed by substance-specific toxicity rather than
compartment allocation.

Additional uncertainty arises from the estimation of particulate matter emissions
during the mine construction phase, which were derived from secondary literature data
due to the lack of on-site measurements. Furthermore, the derivation of additional char-
acterization factors for selected substances required assuming proportionality between
the ReCiPe 2016 Midpoint (H) and TRACI 2.1 methods, based on their shared reliance
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on the USEtox framework. While this approach is methodologically justified, it repre-
sents an approximation that may affect the absolute magnitude of toxicity-related impact
scores. Therefore, the resulting toxicity-related midpoint, endpoint, and single-score results
should be interpreted as approximations, suitable for comparative analysis and hotspot
identification but not as fully standardized ReCiPe values. Future work should aim to
directly implement updated USEtox characterization factors or to compare multiple LCIA
methods in parallel in order to further reduce uncertainty and improve the robustness of
toxicity-related impact assessment.

Despite these limitations, the life cycle inventory was reported in a complete and
detailed manner, explicitly documenting all assumptions, data sources, and calculation
procedures in order to ensure maximum transparency and reproducibility of the study.
This level of detail allows the results to be critically assessed, updated as improved primary
data become available, and directly reused in future life cycle assessments of artisanal and
small-scale gold mining systems.

5. Conclusions

In this work, an environmental sustainability analysis of the current artisanal gold
mining process carried out in a small-scale artisanal mine in Colombia was performed by
applying the LCA methodology.

For the majority of the impact categories at the midpoint level, cyanidation resulted
the most impacting phase. This is confirmed by considering the single-score results. Indeed,
the environmental impacts of the different phases constituting the overall studied process
are characterized by the trend: mine construction < whole-ore amalgamation < cyanidation.

In particularly, the total environmental impact associated with the production of 1 kg
of valuable materials (comprising 0.48835 kg of Doré and 0.51165 g of CyG) produced
by the Mina Nueva mine was 4.99 x 10°? Pt. The main contributors to the impacts in
the most affected categories were the emissions of mercury into air associated with both
amalgamation and cyanidation.

A sensitivity analysis was performed to investigate the effects (on human health)
related to fine particulate emissions potentially emitted in air during the mine creation
phase. Since air samplings of these emissions were not available, literature data were
used. This sensitivity scenario was characterized by an environmental impact, expressed
as single score, of 3.57 x 10° Pt—more than six times higher with respect to the original
scenario—as a consequence of the introduction of air emissions of fine particulate matter,
which increased the environmental damage related to the Human Health damage category.
The results of the sensitivity analysis performed are well in line with human health-related
issues reported by local miners worried and bothered by dust, despite being equipped with
face masks. However, the results of Scenario 2 were derived from secondary data; hence,
an interesting future development would be to replace the secondary data related to the
atmospheric release of fine particulate matter during the mine construction phase with data
derived from on-site environmental sampling. Therefore, they should not be considered
for their quantitative values, but rather as an admonishment for potential human health
impacts that is typically neglected by published ASGM-related LCA studies.

From a practical viewpoint this study indicates that mitigation strategies in artisanal
and small-scale gold mining should primarily target cyanidation and amalgamation, which
represent the main environmental hotspots, particularly due to mercury emissions. The
sensitivity analysis further shows that particulate matter released during mine construction
may substantially increase human health impacts, highlighting a risk often overlooked
in ASGM LCAs. These findings support the adoption of mercury-free technologies, the
implementation of basic dust-control measures, and the need for on-site environmental
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monitoring. In addition, the quantified impacts per kilogram of valuable material provide
a useful benchmark for sustainability initiatives and responsible sourcing programmes.

From a policy and management perspective, the findings of this study provide quanti-
tative, life-cycle-based evidence that can support both national regulatory frameworks and
international responsible-sourcing initiatives for artisanal and small-scale gold mining. In
the Colombian context, the identification of cyanidation, amalgamation, and potentially
mine construction as key environmental and human health hotspots is directly relevant
to the implementation and enforcement of existing policy instruments, such as Law No.
1658 of 2013 on the reduction and elimination of mercury use and Resolucién 631 of 2015,
which regulates wastewater discharges from mining activities. The results may assist
local authorities in prioritizing environmental monitoring efforts, refining technical guide-
lines for ASGM formalization processes, and evaluating the effectiveness of mitigation
measures promoted under current legislation, including mercury-free technologies and
basic dust-control practices. At the international level, the transparent quantification of
environmental impacts associated with ASGM provides a robust evidentiary basis that
can complement qualitative risk assessments used in responsible sourcing schemes and
due-diligence processes, such as those outlined in the OECD (Organization for Economic
Co-operation and Development) Due Diligence Guidance for Responsible Supply Chains of
Minerals from Conflict-Affected and High-Risk Areas. In this sense, the study contributes
environmental performance indicators that may support the integration of life cycle think-
ing into sustainability standards, certification schemes, and supply-chain due-diligence
frameworks, thereby strengthening efforts to reduce environmental and human health risks
associated with ASGM.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/su18020770/s1, “Supplementary Materials_Ruffini_et_al R2” file.
This supplementary material includes the details of the system boundaries of the LCA model,
supplied with the detailed flowcharts of the mine construction phase (Figure S1), the whole-ore
amalgamation phase (Figures S2-54), and the cyanidation phase (Figure S5), with the experimentally
determined composition of Dorée (Table S1) and CyG (Table S2) and a series of photographs related
to the activities carried out at Mina Nueva mine (Figures S6-529); the detailed Life Cycle Inventory
(LCI) used to build the LCA model (Table S3); the details of the modifications performed to the
ReCiPe 2016 Life Cycle Impact Assessment methods with the newly calculated characterization
factors at midpoint (Table S4) and endpoint (Table S5) levels; some supplementary results including
the relative midpoint environmental impacts associated with 1 kg of valuable Mina Nueva products
(Figure S30); the detailed midpoint results associated with 1 kg of recovered gold (Table S6); the Monte
Carlo uncertainties associated with 1 kg of valuable Mina Nueva products (Table S7); the detailed
single-score results associated with 1 kg of valuable Mina Nueva products (Table S8) and to 1 kg of
recovered gold (Table S9); the single-score results of the mine construction phase (Figure S31 and
Table S10) of the whole-ore amalgamation phase (Figure S32 and Table S11) and of the cyanidation
phase (Figure S33 and Table S12); the detailed calculation performed for the particulate matter
emissions characterizing the mine construction phase of Scenario 2 with the associated uncertainties
as calculated by the pedigree matrix (Table S13).
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