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Abstract

Over 15 million people are involved in artisanal small-scale gold mining (ASGM) globally. Often, ASGM includes smelters
that use mercury to extract gold. If mishandled, these actions may cause adverse health effects for smelters and their sur-
rounding communities. There are multiple tools to reduce health risks while maintaining a sustainable economic profit, but
each method has trade-offs, such as cost, efficiency, and potential health impacts that are not widely understood. Multicriteria
decision analysis (MCDA) is a powerful tool in assessing multiple perspectives and factors that affect stakeholder decisions
and can be used to inform smelters and community members on reducing exposure to mercury. Here, MCDA was used to
determine the ranks of alternatives to reduce exposure to mercury based on socio-economic, ecological, and human health
criteria. Stochastic processes were used to evaluate 12 alternatives, including mitigation strategies (i.e., chelation therapy
techniques, retorts, water filters) as well as mercury-free mining substitutes. In this model, the borax method ranked first
72% of the time, followed by the gravity method (19%), a multicapture system retort (7%), and low-cost retorts (< 1%).
While MCDA is an excellent tool, results tend to be generalized across a heterogenous landscape. More localized factors
such as incorrect soil chemistry could cause performance challenges for options like mercury-free mining substitutes. To
aid more localized decision-making, a decision tree model was developed to aid stakeholders to explore which alternatives
are suitable based on context-specific factors using “Take-the-best” decision heuristics. This work can assist researchers
and stakeholders involved with ASGM to identify which options are scalable for their region as well as to mitigate adverse
effects of exposure to mercury.
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1 Introduction

Over 70 countries and 15 million people are involved in arti-
sanal small-scale gold mining (ASGM) (Telmer and Veiga
2009; United Nations Environment Programme 2013). In
mines that are unregulated and unmonitored, miners often
use hazardous chemicals and processes that lead to high
risks of detrimental effects on the miners, the surrounding
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community, and the environmental landscape (Esdaile and
Chalker 2018; Knoblauch et al. 2020; Kristensen et al.
2014; Ofosu et al. 2020; Ouma et al. 2017). In many cases,
mine workers known as smelters will use mercury to mix
with ore and burn off (often without collection vessels or
retorts) to extract the remaining gold as explained by (Cordy
et al. 2011). Using mercury is popular in Asia, Africa, and
South America due to the accessibility and affordability of
mercury, and the inability of officials to gain access, for-
malize, and regulate the gold mining industry adequately
(Adler Miserendino et al. 2013; Esdaile and Chalker 2018;
Zolnikov 2017). In Latin America, Colombia is the highest
mercury polluter per capita (Cordy et al. 2011), where 87%
of Colombia’s 4134 small-scale gold mines are unlicensed
(Giiiza and Aristizabal 2013; Zolnikov 2017). As a result,
communities surrounding the mines have observed massive
fish kills (Vélez-Torres et al. 2018), displacement and loss of
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livelihood for artisanal miners and farmers (Specht and Ros-
Tonen 2017; Veiga and Marshall 2019; Vélez-Torres et al.
2018), adverse human health effects (Morgan et al. 2020;
Salazar-Camacho et al. 2017), violence (Idrobo et al. 2014),
and higher rates of economic poverty (Acemoglu et al. 2012;
Betancur-Corredor et al. 2018).

To combat this issue, researchers from multiple fields
have developed strategies to mitigate the negative health
effects associated with exposure of mercury and improve
the economic sector, including chelation therapy techniques
(Berry and Ralston 2008; Chen et al. 2006; Jovel et al.
2018), low-cost potable water treatment (Petcher, Parker,
and Hasell 2019; Worthington et al. 2017), retorts (Argonne
National Laboratory 2013; Bosse Jgnsson et al. 2013; Garcia
et al. 2015; Kiefer et al. 2015; Washburn and Hill 2003), and
mercury-free mining substitutes (Appel and Jgsson 2010;
Peter Wiltje Uitterdijk Appel and Na-Oy 2014; Kgster-Ras-
mussen et al. 2016; Veiga et al. 2018). Unfortunately, there
has been a lack of implementation of these strategies due to
insufficient assessments evaluating multiple impacts on the
environment and human health, along with context-specific
factors. Factors such as public approval, as well as economic
and technological feasibility, contribute to local variation in
results (Esdaile and Chalker 2018; Hentschel et al. 2003).
Therefore, tools that can streamline information on trade-
offs of potential alternatives to reduce exposure to mercury
may improve the adoption of less toxic practices.

Screening tools can assist in decision-making for mining
industry stakeholders, including the environmental impact
assessment (EIA) (Morgan 2012; O’Faircheallaigh 2010),
life cycle assessment (LCA) (Guinée et al. 2011), health
impact assessment (HIA) (den Broeder et al. 2017), and
social impact assessment (SIA) (Jones et al. 2017; Mancini
and Sala 2018). However, these tools only provide a por-
tion of the entire system that affects decision-making in this
industry (Morgan et al. 2020). In particular, there have been
only a few decision-making models that include community
input in the design set-up of factors in these analyses, such as
the Delphi process (Basu et al. 2015) for policy formulation,
design thinking (Sinan Erzurumlu and Erzurumlu 2015) for
international gold mining company’s operations, and spatial
multicriteria approach for selecting mining sites (Amoah and
Stemn 2018). There is a critical need for a decision analysis
framework that considers multiple, uncertain criteria and
perspectives with community stakeholder integration to find
a sustainable strategy for ASGM applications.

Multicriteria decision analysis (MCDA) is a powerful
decision support tool applied in healthcare (Moreno-Cal-
derdn et al. 2019), water treatment (Jones et al. 2019), eco-
logical conservation (Aguirre-Salado et al. 2017; He et al.
2018), and pollution management (Linkov et al. 2005). The
popularity of MCDA has increased over the last decade as
an approach that often integrates multiple assessments (i.e.,
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EIA, SIA, and HIA), interdisciplinary teams, and stake-
holder knowledge and feedback to identify sustainable and
holistic solutions (Cegan et al. 2017). In this study, we pre-
sent MCDA as a tool for assessing alternative approaches
to gold mining with mercury while considering socio-eco-
nomic, environmental health, and human health factors. Data
and knowledge from Cauca, Colombia, were used as an illus-
tration of how to apply MCDA methods with context-spe-
cific information. After obtaining MCDA results, we used a
decision tree analysis to help communities identify strategies
on a local scale, based on their environment and resources.

2 Methods

2.1 Stochastic multicriteria acceptability analysis
(SMAA)

Lahdelma et al. established a method to assess multiple
criteria with uncertainty known as stochastic multicrite-
ria acceptability analysis (SMAA) (Lahdelma et al. 1998).
SMAA uses probability distributions to assess variable cri-
teria performance of each alternative to overcome uncertain
criteria weights and measurements, along with incomplete
information on model parameters (Pelissari et al. 2019).
The method uses Monte-Carlo simulation and sensitivity
analyses to assign a probability of each alternative to be
ranked for a specific category to account for the scope of
criteria weights (Pelissari et al. 2019). The overarching idea
of SMAA is to provide decision support through descrip-
tive measures calculated as multidimensional integrals over
stochastic parameter spaces (Okul et al. 2014).

For this study, the open-source software JSMAA
(Tervonen 2014) was used to perform the SMAA meth-
ods. JSMAA implements SMAA-2 for utility-theory based
choosing/ranking, along with SMAA-O for ordinal criteria,
and SMAA-TRI for outranking-based sorting (Tervonen
2014; Williams et al. 2014). Decision criteria values for each
alternative were stochastically sampled and weighted within
the JSMAA software using 10,000 simulations to construct
rankings and optimal criteria weighting vectors (Tervonen
2014).

2.2 Criteria

Remedial strategies/technologies often involve criteria such
as the distribution of costs, environmental impacts, safety,
human health, and ecological risk, or social values (Kiker
et al. 2005). Alternatives were stochastically weighted within
the JSMAA software based on a simple additive utility func-
tion (Keeney and Raiffa 1976) using categories of socio-
economic, human health, and environmental impact factors.
Additionally, utility functions for criteria were assumed to
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be “neutral” straight lines between the highest and lowest
criteria value (Kiker et al. 2008). For criteria that favored
higher values by stakeholders, ascending slopes were used,
while criteria that stakeholders favored lower values for had
descending slopes. Each criterion was assumed to be inde-
pendent of one another and is defined in Table 1.

2.2.1 Economic feasibility

Total cost (in USD) was used as an indicator for the eco-
nomic cost criterion that factors in initial plus operating
costs of a technology’s operational life. All alternatives
(except mercury-free mining substitutes) assumed that the
total cost included business as usual (BAU) operational costs
of mercury purchase as well as the direct cost of the tech-
nology. For example, some miners pay to purchase mercury
while others pay a fee to have their ore processed which
contributes to the total cost of BAU (0 — 100 USD) (Appel
and Na-Oy 2014; Garcia et al. 2015; Veiga et al. 2018).

2.2.2 Public/community approval

To determine the acceptability of a technology, smelters are
more likely to implement a technological solution if it is
as effective or more effective than current practices, and if
minimal maintenance is required to update the technology as
discussed in challenges of adopting mercury-free technolo-
gies (Esdaile and Chalker 2018; Kiefer et al. 2015). Non-
mining members tend to prefer methods that reduce expo-
sure to mercury (Vélez-Torres et al. 2018). Three indicators
were selected to satisfy the acceptability criterion of an
alternative for miners and non-miners. For miners, accepta-
bility was determined by the alternative’s percentage of gold
capture efficiency (GCE) from raw ore and the longevity,

Table 1 Summary of criteria for SMAA for gold mining techniques

or the operating life, of an approach before resources are
replenished in the units of days. Ascending utility values
were set to measure GCE by evaluating the percentage of
gold extracted from the ore, and descending utility values
were used to measure the number of days for longevity. For
non-miners, mercury emission from mining was chosen as
an indicator for minimizing mercury exposure. Descending
values were chosen and evaluated based on the percentage
of mercury that escaped the amalgamation process (Jovel
et al. 2018; Kiefer et al. 2015; Washburn and Hill 2003).
Alternatives that were used in conjunction with the existing
(BAU) method of mining (i.e., chelation techniques, water
mitigation strategies, retorts) would assume BAU measure-
ments of gold extraction efficiency and mercury emissions,
while mercury-free mining strategies had individual GCE
inputs based on literature values (Appel and Jgsson 2010;
Peter Wiltje Uitterdijk Appel and Na-Oy 2014; Cordy et al.
2011; Garcia et al. 2015; Kgster-Rasmussen et al. 2016).

2.2.3 Ecological and human health impacts

Ecological impacts were evaluated by determining the
remaining forms of mercury present (RF) and the pathway
reduction (PR) of a technology as described by (Kiker et al.
2008). There are three potential forms of mercury that could
be present in the environment: elemental, ionic, and methyl,
with four potential routes of exposure on environmental
factors including air, water, soil, and food (Fisher 2003).
All forms and pathways can be toxic to humans, such as
inhalation of elemental mercury, consumption of ionic mer-
cury via water, dermal contact or accidental soil ingestion
of inorganic mercury, and ingestion of methylmercury via
food (WHO, 2017). Other studies have shown the toxicity
of mercury to other organisms, such as birds (Whitney and

Criterion Definition

Utility value Units

Cost The total cost accounts for the initial implementation cost of the

Descending USD

technology plus operating costs over the technology’s operating

life
Hg emissions (HgE)
Gold capture efficiency (GCE)

The percentage of estimated mercury emissions after mining
The percentage of gold captured during the mining process

Descending %
Ascending %

Longevity Operating life of an approach before resources are replenished Ascending  Days

EIA This criterion describes the potential environmental impact of an ~ Descending  Unitless
alternative using the methodology used in the CRC report (CRC
2017)

HG forms remaining (R.F.) Number of the mercury forms (elemental, ionic, methyl) remain-  Descending # of Hg forms
ing after implementation

Pathway reduction (P.R.) The number of routes of mercury exposure (inhalation, water Ascending  # exposure routes
ingestion, and food ingestion) reduced

HQ score for non-smelter (HQ (C)) HQ score for members of the community (excluding smelters) Descending  Unitless

HQ Index score for non-smelter (HQ (S)) HQ score for smelters involved in ASGM operations Descending  Unitless
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Cristol 2017), reptiles (Haskins et al. 2019), fish (Eagles-
Smith et al. 2018), and plants (Mahbub et al. 2017). Thus,
it is imperative for human health and ecosystem health to
assess the forms present and pathways available for mercury
to cycle in the environment.

A technology either prevented all forms of mercury from
entering the environment (i.e., retorts and mercury-free min-
ing substitutes) or had no impact on phasing out forms pre-
sent in the environment (i.e., water filters and chelation ther-
apies). Accordingly, we examined how alternatives reduced
exposure to mercury during inhalation of the smelting pro-
cess (when mercury is burned off to separate from gold),
water consumption, and food ingestion. For example, water
filters decrease mercury consumed via water consumption
but do not reduce exposure via food ingestion and inhala-
tion (Worthington et al. 2017). Thus, water filters reduce
one potential pathway (PR =1), but all potential forms still
persist in the environment (RF = 3).

2.2.4 Hazard quotient

Technological performance variation and community demo-
graphics (i.e., occupation and age) can vary the impact on
human health for an individual. For example, an alternative
may be intended to reduce a pathway(s) or Hg form(s), but
failure to properly maintain the technology can lead to vari-
ation in the performance that impacts human health. Other
factor that can lead to variation in human health impacts is
whether an individual is a smelter. In ASGM communities
that use mercury to obtain ore, smelters are at a significantly
higher risk of exposure to mercury than other members of
the community (Basri et al. 2017; Steckling et al. 2017;
Weinhouse et al. 2020).

A hazard quotient (HQ) was used to account for varia-
tions in human health impacts of an alternative by assess-
ing the potential exposure risk to miners (HQ(S)) and to
non-mining community members (HQ(C). The HQ of both
groups was assessed separately, as they have different poten-
tial exposure pathways and amounts. The HQ is calculated
as the ratio of the potential exposure of a substance and the
level at which no adverse health effects are expected (US
EPA 2014b). The HQ was calculated assuming that the risk
for a smelter would be via the possible routes of exposure,
which are air, water, and food (Bose-O’Reilly et al. 2016).
Everyone else in the community (non-smelters) has an HQ
score calculated based on routes of water and food only.
The result of an HQ score determines if one is above or
below an HQ threshold, which is set at 0.2 (Health Canada
2010) and 1.0 (US EPA, 2014b). An index value was used
to represent each HQ with respect to the two thresholds.
If an HQ score was below the Health Canada limit (0.2),
then 0 was used as the assigned index value for the criteria.
If the HQ score was between the Health Canada and the

@ Springer

United States Environmental Protection Agency (US EPA)
limit (0.2 <HQ < 1.0), an index of 1 was assigned. If the HQ
score surpassed the US EPA limit (1.0), an index value of
2 was assigned.

As shown in previous studies, HQ scores differ based on
length of time exposed to a source, body weight, rate of
exposure, and concentration of the contaminant (Castilhos
et al. 2015; Chien et al. 2006; Olivero-Verbel et al. 2016;
Riaz et al. 2019). Variance can be attributed to a number of
factors such as length of exposure and body weight. Some
smelters may work longer hours and be exposed longer than
other smelters. Infants and children are more vulnerable
than adults due to their low body weight. To capture risk
for the most vulnerable in the community, HQ scores were
calculated based on infant values (body weight, ingestion
rate, etc.) as a conservative estimate for non-smelters and
adult values were calculated for smelters. Details on the HQ
calculations can be found in Table S1. of the supplemental
section.

2.2.5 Environmental impact assessment

ASGM operations can disturb the land surface including ero-
sion, associated turbidity and sedimentation in water bodies,
vehicle/machinery air emissions, cyanide leaching, etc. (US
EPA, 2014a). A qualitative EIA tool (CAFTA DR 2011;
Morgan 2012; OPIC 2011) was used to assess the environ-
mental impact of mining in the region. The scaling system
is defined as slight impact (0), minor impact (0—4), minor/
moderate impact (5-6), moderate impact (7-8), moderate/
major impact (9-10), and major impact (11-16) (Bluedot
Associates 2020). This assessment is subjective, and the val-
ues vary based on the individual, location, and compound.

In Cauca, Colombia, the Regional Corporation of Cauca
conducted an EIA to estimate that current ASGM practices
have a “moderate impact” environmental impact (CRC
2017). Any alternative that did not reduce or remove the
amount of mercury released into the environment (i.e.,
chelation therapies, BAU, water mitigation approaches) was
given an identical moderate impact score (7-8). Alterna-
tives that reduced the amount of mercury released into the
environment were given lower EIA scores by one category
(minor/moderate impact). Mercury-free mining techniques
had the lowest EIA scores due to the complete removal of
mercury in future mining practices (minor impact) (Appel
and Jgsson 2010; Appel and Na-Oy 2014; Kgster-Rasmus-
sen et al. 2016).

The decision criteria are summarized in Table 1. When
evaluating criteria uncertainty, uniform distributions were
assigned as a conservative assumption for the range of dis-
tribution due to the absence of specific information on their
variability reported (Fox et al. 2010).
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2.3 Alternative techniques to mitigate negative
effects of mercury

Table 2 lists the alternatives assessed in the MCDA. Socio-
economic factors were considered by eliminating alterna-
tives that would harm the livelihood of communities affected
by ASGM practices. For example, we investigated diet modi-
fications to reduce methylmercury exposure by limiting fish
consumption as an alternative, but ultimately removed this
option. This adjustment was made because communities sur-
rounding the mines rely on fishing and family agriculture as
their livelihoods, which would result in the rejection of this
alternative (Vélez-Torres et al. 2018).

2.3.1 Chelation techniques

For decades, researchers have studied compounds to assist
in reducing the amount of Hg in the body. Selenium (Se)
is an element ingested to bind and form a compound with
available Hg to excrete the compound out of the body (Chen
et al. 2006; Hui et al. 2016; Li et al. 2012; Spiller 2018).

Chen et al. found that Se in the diet of miners exposed to
Hg resulted in 40-75% more excretion of Hg in serum or
urine compared to the control group (Chen et al. 2006). Li
et al. discovered that Se intake of approximately 42.1 pg via
selenium yeast resulted in a 1.5-2.5-fold increase of excre-
tion of Hg compared to the control group over 30 days (Li
et al. 2012). There are common foods high in selenium, such
as Brazil nuts (Moreda-Piiieiro et al. 2011), accessible near
many active ASGM operations in South American regions.
Other researchers have studied how different elements, along
with Se, can assist with Hg excretion. For example, one
research group found that elements, such as Se and methio-
nine, are naturally found in red pepper juice, and bind with
Hg with a binding affinity to mercury at approximately 99%
(Jovel et al., 2018). However, studies on chelation techniques
are limited in determining how effective these approaches
are at facilitating demethylation of methylmercury, redis-
tribution of mercury to less sensitive organs in the body,
binding of selenium to inorganic Hg to create an inert and
soluble form of Hg, and excreting the bound Hg out of the
body (Spiller 2018). For this alternative, we used literature

Table 2 List of alternatives to mitigate negative effects of mercury and range of inputs for the various criteria

Alternatives Criteria
Cost GCE, HgE, (%) Longevity (days) PR.; HQ(C); EIA Source
(USD) (%) R.F, HQ(S)

Water Filter* 105-115 40-98 1-10 25-31 1 1 7-8 (Anagnostopoulos et al. 2012; Gupta et al.
3 2 2014; Worthington et al. 2017)

Brazil nuts* 0-101 40-98 25-60 0-1 0 2 7-8 (Chen et al. 2006; Hui et al. 2016; Li et al.
3 2 2012)

Vegetable Juice* 0-101 40-98 5-15 0-1 0 2 7-8 (Jovel et al. 2018)
3 2

Steel retort* 50-150 40-98 40-70 180-365 3 1 5-6 (Garcia et al. 2015)
3 2

Water pipe retort* 35-135 40-98 30-60 180-365 3 1 5-6 (Bosse Jgnsson et al. 2013; Kiefer et al. 2015)
3 2

Glass bowl Retort* 5-105 40-98 25-45 14-62 3 1 5-6 (Garcia et al. 2015; Kiefer et al. 2015)
3 2

MCS* 500-600 40-98 15-25 365-530 3 1 5-6 (Argonne National Laboratory 2013)
3 1

Gravity mining 500-1500 50-85 O 180-365 3 0 04 (Veigaetal. 2018)
0 0

Borax method 0-50 85-95 0 0-31 3 0 0-4 (Appel and Jgsson 2010; Appel and Na-Oy
0 0 2014; Kgster-Rasmussen et al. 2016)

Switch water Source 0-105 40-98 10-25 0-7 1 1 7-8 (CRC 2017; Morgan et al. 2020)
3 2

BAU 0-100 40-98 50-82 180-365 0 2 7-8 (CRC 2017; Garcia et al. 2015; Kg@ster-Ras-
3 2 mussen et al. 2016; Sundseth et al. 2017)

There are 12 alternatives that include approaches to reduce exposure to mercury or eliminate mercury in the mining process all together. Eight
criteria were used to assess each alternative. SMAA was used to assess the uncertainty of criteria ranges sampled using a uniform distribution

and linear utility curves

GCE Gold capture efficiency, HgE Hg emissions, P.R. Pathway reduction, R.F. Hg forms remaining, HQ (C) Hazard quotient associated with the
non-smelter community members, HQ (S) Hazard quotient associated with smelters in the community

*Alternatives combined with BAU gold mining techniques
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values for incorporating vegetable juices and Brazil nuts in
diets to reduce mercury levels in target organ systems (Jovel
et al., 2018; Li et al. 2012). As in the case of other chelation
studies, we assumed that the community would have to con-
sume the selenium product every day that this is a low-cost
option (< 1 USD), and the environmental and human health
impacts criteria (EIA, HQs, forms present, pathway reduc-
tion) stay the same as BAU criteria measurements.

2.3.2 Drinking water mitigation

Current commercial filters for remediation of mercury in
water are cost-prohibitive for low-income settings. However,
researchers working with biosorbents made from low-cost
and accessible materials, such as sugar cane (Gupta et al.
2014), cooking oils (Worthington et al. 2017), and malt
spent roots (Anagnostopoulos et al. 2012) show great prom-
ise for Hg remediation in water. While this work reduces the
economic and human health burden on ASGM communities,
treatment is often limited to Hg (II), which leaves behind
other forms of mercury in the water supply, such as methyl-
mercury. In this analysis, we assumed the impact of low-cost
water filters for Hg (I) removal would have no effect on
overall environmental impact (8-9) and forms present in the
environment will stay the same as this alternative only treats
drinking water. The calculated HQ and subsequent thresh-
olds decreased among the community (0O—1) and smelters
(1-2), and one route of exposure—water consumption—was
reduced by one (1). Another approach to mitigate exposure
through drinking water sources is to obtain drinking water
supplies upstream from mining sites where sources have
significantly lower levels of mercury and would have the
same criteria values as water filters since they perform the
same function, except for a lower cost (CRC 2017; Morgan
et al. 2020).

2.3.3 Retort Techniques

Retorts are equipment used to capture mercury before the
chemical is emitted as vapor into the environment during
the smelting process. Researchers have explored multi-
ple designs for retorts ranging from higher-cost retorts for
ASGM applications (Argonne National Laboratory 2013)
to retorts made froSm glass-salad bowls (Garcia et al. 2015;
Kiefer et al. 2015). In this analysis, we considered multi-
ple retorts, such as the mercury capture system (MCS)
retort developed by the US EPA and Argonne National Lab
(Argonne National Laboratory 2013), steel retorts used in
Antioquia, Colombia (Garcia et al. 2015), water pipe retorts
utilized in multiple countries (Bosse Jgnsson et al. 2013;
Kiefer et al. 2015), and glass bowl retorts made by ASGM
workers (Garcia et al. 2015; Kiefer et al. 2015). Each retort
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has various costs, mercury removal efficiency, and longevity
associated with them as reported in Table 2.

2.3.4 Mercury-free mining substitutes

While millions of miners utilize mercury to extract gold
from ore, there are profitable and less toxic alternatives for
artisanal miners. The two most popular substitutes for mer-
cury-free ASGM is the gravity method (Veiga et al. 2018),
which typically requires jigs, shaker tables, and sluice boxes,
and the borax method (Appel and Jgsson 2010; Appel and
Na-Oy 2014; Kgster-Rasmussen et al. 2016). Veiga et al.,
2018 studied various scenarios under the “MacGyver
approach” to assess the cost and efficiency of obtaining gold
from ore with low-cost and accessible materials (Veiga et al.
2018). The cost—benefit analysis of the report was used to
show an increase in profits compared to typical ASGM oper-
ations in scenarios when gold recovery rates were higher
than 50% with the “MacGyver approach,” and an improved
self-empowerment of workers was reported as an uninten-
tional positive result (Veiga et al. 2018). This approach is
suitable when fine grain size is not an issue (Esdaile and
Chalker 2018). The “borax method” is another mercury-free
gold mining approach with the following steps (Appel and
Na-Oy 2014):

1. The ore is crushed and drained into a sluice to obtain the
heavy minerals.

2. The concentrate is placed in a small piece of plastic with
equal amounts of borax and a few drops of water.

3. The material is placed into a clay-bowl and heated with
a gasoline burner or acetylene flame.

4. The molten gold falls to the bottom of the bowl.

5. The gold is recovered.

In summary, the “borax method” obtains up to 95% of
gold from the ore (GCE ~95), is environmentally benign
(EIA ~4), and eliminates mercury exposure (HQ=0) as
reported in (Appel and Jgsson 2010; Appel and Na-Oy 2014;
Kgster-Rasmussen et al. 2016).

2.3.5 Business as usual (BAU)

BAU was used as a baseline alternative to compare the
economic cost, social acceptability, and environmental,
and human health impact of current mining practices in
regions without retorts or exposure-reduction strategies to
the other alternatives in this study. While data on BAU prac-
tices are limited due to the ambiguity and complexity of
actors involved and not reporting illegal activity, there are
a few reports available on ASGM operation with mercury
in Colombia and other countries to determine the current
costs, efficiency, and impacts on environmental and human
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health (CRC 2017; Kiefer et al. 2015; Morgan et al. 2020;
Seccatore et al. 2014; Veiga et al. 2018).

2.3.6 Decision tree analysis

While MCDA can give insights on to which alternatives rank
high when considering cost, efficiency, health, and other cri-
teria previously mentioned, it makes general assumptions
and does not take into account local conditions within the
region. For example, mercury-free mining substitutes only
work effectively in specific soil types. The borax method
is efficient when sulfides are not present (Appel and Jgs-
son 2010; Peter Wiltje Uitterdijk Appel and Na-Oy 2014;
Kgster-Rasmussen et al. 2016) and gravity methods are
appropriate when grain sizes are relatively large (Kgster-
Rasmussen et al. 2016; Veiga et al. 2018). In addition to
challenges associated with soil type, the ASGM sector is
convoluted in how miners operate. Some operations con-
sist of miners of ten or more working together and process-
ing the ore (Veiga et al. 2018), while some miners work as
individuals and provide the amalgam they obtain to another
group in the assembly line to process it (Bosse Jgnsson et al.
2013; Kiefer et al. 2015). Miners that work together and are
more formalized can invest more in technological solutions
to maximize benefits. The results of the MCDA were organ-
ized into a decision tree to make the results more scalable
by using simple heuristics with a “Take-the-Best” approach
(Gigerenzer and Goldstein 1996; Raab and Gigerenzer
2015). The decision tree will consider the highest ranked
alternative that is a result of the MCDA, and ask simple yes
or no questions that stop when the cue favors an alternative.
The questions are based on soil chemistry, soil size, and
monetary resources available for a single or group of miners.

3 Results and discussion
3.1 Ranking alternatives

Twelve alternatives were assessed through the SMAA pro-
cess (the MCDA table of all 12 alternatives is in the supple-
mental section as Table S1). Generally, the highest ranked
alternatives are mercury-free mining substitutes, followed
by retort methods, drinking water filters, switching water
sources to locations upstream of mines, no intervention,
and chelation techniques. After assessing the twelve alter-
natives, the six lowest performing were screened out of fur-
ther analysis. The six highest ranked alternatives along with
BAU were re-ranked and are presented in Table 3. Given the
uncertainty bounds for criteria and with stochastically sam-
pled preference weights, the borax method is ranked as the
highest ranked alternative 67% of the time followed by the
gravity method ranked first 23% and MCS 3% alternatives.
BAU is ranked as the lowest performing alternative (rank 7)
70% of the time (Table 3).

The alternatives achieve their highest ranking based on
their performance with the central weight vectors of each
criterion (Fig. 1). Central weight vectors can elucidate on
which alternatives stakeholders may choose based on their
criteria weight preference. Mercury-free mining substitutes
achieved their highest ranks with equal central weights
across all criteria. The equal weights demonstrate that
stakeholders who prefer these methods tend to weigh all
decision criteria (cost, human health, environmental health,
etc.) more uniformly. Retorts shown in Fig. 1 perform high
in relation to cost, GCE, and longevity as demonstrated by
the higher weights than other criteria. These alternatives do
not rank as high when it comes to human health criteria
and environmental criteria. Yet even with favorable criteria

Table 3 Ranking table of

mercury mitigation alternatives Alternatives Rank 1 Rank 2 Rank 3 Rank 4 Rank 5 Rank 6 Rank 7
Borax method 0.67 0.23 0.04 0.02 0.02 0.01 0.00
Gravity method 0.23 0.56 0.06 0.05 0.04 0.03 0.03
MCS 0.03 0.05 0.41 0.16 0.15 0.15 0.05
Steel retort 0.05 0.08 0.23 0.32 0.23 0.08 0.01
Water pipe retort 0.02 0.06 0.18 0.31 0.31 0.11 0.02
Glass bowl retort 0.00 0.01 0.05 0.10 0.18 0.47 0.19
BAU 0.01 0.01 0.03 0.04 0.06 0.15 0.70

The six highest ranked alternatives and the BAU alternative with the probabilities of ranking hierarchy are
shown. The bolded numbers highlight the alternative with the highest probability for the column ranking.
The borax method has the highest percentage (72%) at rank 1, gravity method has the highest percentage
as second rank (66%), MCS has the highest percentage at third rank (65%), steel retort has the highest per-
centage at fourth rank (47%), water pipe retort has the highest percentage at fifth rank (45%), glass-bowl
has the highest percentage at sixth rank (63%), and BAU has the highest percentage as the lowest rank

(86%)

BAU Business as usual (no changes), MCS Multicapture system retort
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Fig.1 Central weight vectors bar plot of mercury mitigation alter-
natives. Central weight vectors of each alternative show the criteria
weight distributions that allow each alternative to achieve its high-
est rank. The borax method is the highest ranked alternative and has
evenly distributed weights for the criteria list. The central weight
vectors can help identify which decision criteria stakeholders may
prefer based on favored alternatives. BM Borax method, GM Grav-

weights, these alternatives rarely score higher than third
ranking, the highest percentage of first rank at 6% for MCS,
in the MCDA table. These results predict that stakehold-
ers who favor BAU and retort technologies tend to favor
cost and gold capture efficiency over other criteria, such
as health of the environment or community health. While
the borax method and gravity techniques are as efficient,
there is higher variation in how efficient these methods are
compared to mercury-use methods, due to the variability
of the training and resources (Peter Wiltje Uitterdijk Appel
and Na-Oy 2014; Kgster-Rasmussen et al. 2016; Veiga et al.
2018). Hence, formalization of the mining sector, education
of mercury toxicity, and training of alternatives contribute
significantly to the success of implementing sustainable
reduction-exposure methods (Cordy et al. 2011; Esdaile and
Chalker 2018; Garcia et al. 2015; Kiefer et al. 2015; Veiga
and Marshall 2019).

3.2 Choosing ranked alternatives based
on resources

A decision tree analysis (Fig. 2) was developed to help
mining communities choose among the top-ranked alter-
natives based on their resources (soil chemistry, soil size,
and financial resources), factors that are not evaluated in
the MCDA. The most significant challenges in implement-
ing mercury-free or mercury-mitigating technologies are
costs, scalability, remote access, ability to operate with
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ity method, MCS Multicapture system retort, SR Steel retort, WPR
Water pipe retort, GBR Glass-bowl retort, BAU Business as usual (no
changes), GCE Gold capture efficiency, RFF Remaining forms of mer-
cury after approach, EIA Ecological impact assessment, HOS Hazard
Quotient of a smelter, HQC Hazard Quotient of a non-smelter, PR
Pathways reduced by approach, HgE Hg emissions

intermittent or no central power supply, minimal training,
and to provide immediate and apparent benefits to min-
ers (Esdaile and Chalker 2018; Hinton et al. 2003). Since
ASGM spans over 70 countries (United Nations Environ-
ment Programme 2013), not every mining community
will have similar needs and assets. The MCDA provides
the highest ranked approaches but does not consider local
soil chemistry and budgets. As a result, the decision tree
was constructed to provide additional decision support for
localized conditions. For the borax method, it is most effi-
cient when sulfides are not present in the soil (Esdaile and
Chalker 2018; Veiga et al. 2014). If sulfides are present
in the soil, but the soil sizes are relatively large, gravity
methods are appropriate (Esdaile and Chalker 2018; Veiga
et al. 2018). If both qualifications are satisfied, combin-
ing borax and gravity methods will maximize the miner’s
ability to extract gold. If neither requirement is met, then
retorts are an option and are categorized by the number of
financial resources the miners can invest. The Argonne/
US EPA MCS retort is the most effective, but the most
expensive. For communities with fewer resources and sup-
port, steel retorts could be a desirable option to decrease
the exposure of mercury, followed by water pipe retorts,
and glass bowl retorts. Researchers and community lead-
ers should also consider developing portfolio analyses
that consider hybrid approaches, such as borax and grav-
ity mining methods.
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Fig.2 Decision tree analysis that outlines localized decision pro-
cesses of the top-ranked alternatives based on soil chemistry, soil
size, and ability for miner(s) to invest in an alternative. The decision
tree uses a “Take-the-Best” approach to choosing alternatives. Thus,
the first decision is to determine if the borax method is a suitable
alternative based on the soil type, since the method does not work in

4 Conclusion

ASGM is an enterprise that financially supports over 15 mil-
lion individuals, but can result in irreversible effects on the
health of those individuals and the environment. While there
are many options to reduce the risk of exposure to hazard-
ous chemicals commonly used in ASGM operations, the
trade-offs of these technologies are not thoroughly assessed
and communicated effectively to researchers and stakehold-
ers. By utilizing MCDA, we found that the highest ranked
alternatives were mercury-free mining substitute strategies,
including the borax method (highest ranked 72% of all com-
binations) followed by the gravity method (25% of all com-
binations) and mercury mitigation strategies, such as retorts
for mercury capture (< 1% of all combinations). Evaluating
the central weight vector for each alternative elucidated that
stakeholders who favor mercury-free mining alternatives
may tend to weigh all criteria more equally, while stakehold-
ers who prefer retorts or BAU may hold strong weights for
cost, efficiency, and longevity over other criteria.

While the MCDA in this study is a useful analysis that
considers cost, efficiency, longevity, human health, and envi-
ronmental impacts, it is abstract and not scalable as a tool
for more localized decisions. To accommodate these more

(Garcia et al. 2015;
Kiefer et al. 2015)

soil with high amounts of sulfide present. If sulfides are present, then
the decision tree evaluates if the gravity method is suitable based on
soil sizes, since this method does not work well in soil with fine grain
soil size. If these two methods are not appropriate based on the soil
type, the decision tree evaluates practicality of an approach based on
the amount of financial resources miners have to invest

local conditions, an additional decision tree was constructed
to identify which of the higher-ranked alternatives would be
locally appropriate based on soil chemistry and size, and the
amount of financial resources miner(s) are able to invest.
Decision tree results indicated that for ASGM communi-
ties living in volcanic, coastal, marsh, deltas, and swampy
regions, the borax method may not be suitable (Howarth
1984; Jgrgensen 1977). Additionally, ASGM communities
in regions with predominantly clay may need to consider
retorts based on financial resources.

This decision analysis framework combines MCDA to
assess trade-offs with simple heuristics to make the MCDA
results locally relevant and serves as an example here to
help reduce human health and ecological risk in ASGM
operations. Limitations of the model include potential crit-
ical criteria in technology adoption that are not accounted
for here due to limited data. Criterion that could strengthen
this work includes required staff and training to implement
a technology, local policies, cultural practices, and other
technology-specific or context-specific criteria. As risk
reduction options progress and evolve, decision support
tools can adapt with more information and data to incor-
porate into the process. The framework can be adapted
and modified as new knowledge arises to improve the

@ Springer
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economic prosperity and health of workers and preserve
environmental resources for the community. For successful
technology implementation, miners and interdisciplinary
teams must work together to formalize the mining sector,
educate community members of the risks of mercury, and
have frequent training of alternative approaches.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10669-021-09808-0.
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