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A B S T R A C T   

With the aim of protecting human life and the environment, the Minamata Convention seeks to reduce and 
monitor mercury (Hg) concentrations in the environment. Artisanal and Small-scale Gold Mining (ASGM) has 
been identified as the most important anthropogenic source of Hg at a global scale and an important route of 
human exposure to Hg. In this context, this study assessed total Hg (THg) in blood, urine and hair, and meth-
ylmercury (MeHg) in human hair samples from 238 participants with occupational exposure to Hg in the most 
relevant ASGM communities of Colombia. Mercury concentrations in different biological matrices were related to 
several variables of interest such as age, gender, body mass index, fish consumption, exposure time, and specific 
occupational activities, such as amalgamation and amalgam burning. The median values of THg in blood (3.70 
µg/L), urine (4.00 µg/L) and hair (1.37 mg/kg), and hair MeHg (1.47 mg/kg) for all participants were below 
permissible concentrations set by WHO. However, about 40% of the miners showed Hg concentrations in blood, 
urine and/or hair above the WHO thresholds. In all the biological matrices studied, miners burning amalgams 
showed significantly higher concentrations than miners who did not burn amalgams, with values 7-, 7-, and 8- 
fold higher in blood, urine and hair, respectively. A multiple linear regression model revealed that burning 
amalgam and fish consumption were significant predictors of Hg exposure in miners. Miners from Guainía had 
the highest concentrations in urine and hair, most likely due to the high manipulation and burning of amalgam, 
and a high fish consumption. In contrast, miners from Caldas showed the lowest Hg concentrations in all the 
biomarkers because they do not manipulate or burn amalgam, as well as reporting the lowest fish consumption. 
Our study also highlighted that gold miners exposure to Hg depends on their work practices. Therefore, the 
implementation of a health education programme on gold mining strategies is required, especially in Guaina, 
Vaupés, Córdoba, and Antioquia departments.   

1. Introduction 

Artisanal and small-scale gold mining (ASGM) is the largest source of 
mercury (Hg) emissions and releases worldwide (UNEP, 2018). The 
breakdown of anthropogenic Hg emissions by sectors shows that the 
predominant source sector is ASGM (about 38%) followed by stationary 
combustion of coal (about 21%). ASGM releases about 1220 Mg of Hg 
into the terrestrial and freshwater environments (UNEP, 2018). Over the 
last 50 years, Hg has been used in ASGM practices in more than 70 
countries by approximately 14–19 million people-including 4 to 5 
million women and children, employed as miners (Telmer and Veiga, 
2009). In ASGM, gold is extracted using rudimentary techniques, 

including the mixing of Hg to bind traces of gold contained in the ore 
through the panning process. The amalgam is heated using a blowtorch 
in a processing centre called entables, or even in the backyards of houses. 
In some cases, miners sell the amalgams (with up to 50% Hg) to gold 
shops in villages where the gold-shop workers evaporate the Hg (Veiga 
et al., 2014). Burning the amalgam vaporizes Hg into gaseous form 
leaving behind gold. The Hg vapors contaminate the environment, 
which are highly toxic if inhaled by miners or residents living nearby 
(Telmer and Veiga, 2009). During gold recovery, Hg is released to soil, 
water, and air, and in aquatic environments part of it is converted into 
methylmercury (MeHg) (Selin, 2009). Besides being extremely toxic, 
MeHg bioaccumulates and biomagnifies up the food chain (Fuentes- 
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Gandara et al., 2018). As a consequence, fish consumption is thus 
another important route of human exposure to Hg worldwide. 

The main adverse health effects of Hg exposure include neurotox-
icity, teratogenicity, nephrotoxicity, and immunotoxicity (Sweet and 
Zelikoff, 2001; Counter et al., 2002). In ASGM, based on global human 
biomonitoring data (Steckling et al., 2017), between 3.3 and 6.5 million 
of the miners suffer from moderate to chronic metallic Hg vapor intox-
ication. In Colombia, Hg emissions from ASGM are estimated to be 
around 150 Mg/year, being the world’s highest Hg polluter per capita 
(Cordy et al., 2011). In particular, 44% of 1122 Colombian municipal-
ities have a tradition of artisanal (informal) mining (UPME-MME-UC, 
2016) and 23% of them have ASGM, which is the result of poverty and 
lack of employment opportunities in rural areas (Veiga and Marshall, 
2019). Colombia is the world’s fifth producer of gold with about 54,000 
kg of gold per year, mainly in the departments of Antioquia (19,000 kg) 
and Bolívar (5700 kg), which represent 91% of annual gold production 
in the country (Guiza and Aristizabal, 2013). 

There are different sources of human exposure to Hg, for instance 
non-occupational groups are primarily exposed through diet and dental 
amalgam, whereas occupational exposure to Hg is mainly caused by 
inhalation of elemental Hg and consumption of fish from contaminated 
water bodies. Therefore, elemental Hg vapor is the primary form to 
which ASGM miners are exposed to, and this can be accurately measured 
in urine (WHO, 2003). Urinary Hg is widely used to assess long-term 
exposure to the body burden of inorganic Hg, and these biosamples 
are a useful indicator for Hg renal load, as it is derived directly from Hg 
deposited in renal tissue after acute exposure (Bose-O’Reilly et al., 
2010). Total Hg in urine may also be a proxy for total Hg body burden, as 
the kidney tends to be the main deposition site, especially under chronic 
exposure to Hg vapour (Clarkson and Magos, 2006). Total Hg concen-
tration in blood is also considered a reliable biomarker of exposure 
(Branco et al., 2017), which is responsible for the distribution of all 
forms of Hg to the different organs (Clarkson et al., 2007). In individuals 
consuming high amounts of fish, the concentrations of Hg measured in 
the blood are generally interpreted as MeHg exposure (Berglund et al., 
2005; Bose-O’Reilly et al., 2010). Nevertheless, environmental exposure 
to Hg through the consumption of fish is evaluated by means of hair 
analysis (Salazar-Camacho et al., 2017; WHO, 1990). This biomarker is 
preferred over blood because it is less invasive and it accumulates MeHg 
through the formation of the MeHg-cysteine complex in keratin. 

Urine mercury concentration is indicative of chronic, longer-term 
exposure, whereas blood mercury concentrations reflect more recent 
exposure. The half-time of inorganic Hg in urine has been estimated at 
40–80 days (Akerstrom et al., 2017), and the half-time of MeHg in the 
whole body and blood has been estimated at about 70 and 50 days, 
respectively (WHO, 1990). Hair is a long-term indicator of mercury 
exposure because once mercury is incorporated into hair it never sepa-
rates and remains consistently. Assuming an average hair growth ratio of 
about 1 cm/month, historical Hg intake levels can be estimated. The 
half-life in hair ranges from 35 to 100 days indicating that MeHg is 
excreted from the body slowly (Díez et al., 2009). 

Mercury can be incorporated into hair in other ways, such as the 
absorption of volatile species (i.e., elemental Hg), which can be affected 
by artificial hair-waving and hair coloring/dyeing (Dakeishi et al., 
2005), and growth rates, which are considered sources of pre-analytic 
variation. This can cause biases and misleading interpretations. 
Despite these limitations, the versatility provided by scalp hair analysis 
(Montuori et al., 2004; Díez et al., 2007) to assess Hg exposure has been 
successful in determining levels and pathways of exposure in different 
populations (Díez et al., 2008; Díez et al., 2011), especially in remote 
areas (Marrugo-Negrete et al., 2013; Serrão et al. (2018)). 

To date, the impact of ASGM on the exposure of Colombian gold 
miners to Hg is unknown. To fill this gap in knowledge, this study i) 
evaluated Hg chemical forms in different biological matrices from 
miners working in the most relevant gold mining sites in Colombia; ii) 
estimated their actual exposure to elemental Hg, MeHg, and THg by 

analysing urine, hair, and blood, respectively; and iii) created a database 
to meet the objectives of the Minamata Convention for Colombia, and 
identifying if the most susceptible population groups living in Hg 
impacted areas are still at risk. The article 7 and annex C of the Mina-
mata Convention addresses the development of national plans for 
determining the impact of ASGM ang highlights the need of public 
health strategies. The findings of this work can help to develop man-
agement strategies for reducing human exposure to Hg in mining areas 
of Colombia and therefore, it is of general interest not only to the sci-
entific community but also to society. 

2. Materials and methods 

2.1. Area of study 

The study was conducted in 14 mining areas from 8 departments of 
Colombia: Antioquia, Bolívar, Cauca, Córdoba, Caldas, Guainía, Putu-
mayo and Vaupés (Fig. 1). The most operational gold mining sites were 
selected in the following municipalities because they are important 
ASGM centres, with an elevated number of gold miners and workers in 
gold shops. Selected municipalities and department were: Segovia, 
Zaragoza and Tarazá (Antioquia), Hatillo de loba (Bolívar), Buenos Aires 
and Suarez (Cauca), Puerto Libertador (Córdoba), Marmato and Riosu-
cio (Caldas), Puerto Inírida (Guainía), Puerto Guzmán-Villagarzón, 
Puerto Caicedo and Puerto Leguizamo (Putumayo), and finally Taraira 
(Vaupés). 

Gold mining strategies are completely different between the 
Amazonian and Andean regions, with alluvial gold deposits in Ama-
zonia, and vein-type deposits in Andean ranges. Furthermore, alluvial 
gold deposits usually need much less mercury, since fine gold particles 
have gathered at the bottom of the water body and its separation is based 
on physical methods (panning and others), meanwhile vein deposits 
correspond to quartz-gold mineralization, demanding more mercury for 
the separation process (Cremers et al., 2013). 

The departments of Guainía and Vaupés correspond to Amazonian 
areas, whereas the rest correspond to Andean regions. Accordingly, and 
due to the greater Hg use in the Andean regions, we expected to find a 
higher Hg pollution there in comparison with the other regions. 
Nevertheless, during our field sampling campaigns, we observed similar 
use of machinery such as wash plants, pan feeders, ball mills, small jaw 
crushers, sluice boxes, trommels and shaking tables to concentrate gold 
ore from mining sites regardless of deposit-type. 

3. Study design 

3.1. Participants 

The recruitment strategy was predefined to include miners with 
occupational exposure to Hg in the following two categories: miners 
who manipulate Hg and those who burn amalgam; therefore, environ-
mentally exposed residents and family members of miners were not 
included. A total of 238 local mine workers were involved in the study 
over the period of 2016–2017. Since the emphasis of this study was 
ASGM-specific occupational activities, with direct or indirect contact to 
Hg, this sampling included local miners involved in any step of the gold 
mining process, such as workers and millers mixing the ore, miners 
managing the amalgam burning process, and refiners, also called gold 
shop workers or dealers (Steckling et al., 2017). We distinguished 
miners between two categories: panners, who are exposed to elemental 
Hg via skin contact and inhalation of volatilized Hg from the amal-
gamation process; and amalgam burners, directly exposed to elemental 
Hg vaporization via inhalation. 

All the studied individuals understood the purpose of the study and 
agreed to participate of their own free will. Participants signed an 
informed consent form after explaining the objectives and scope of the 
study, as well as the possible repercussions on their health. The 
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guidelines of the Research Ethics Committee of the Universidad de 
Córdoba (Colombia) and the pertinent Resolution 8430 of 1993 of the 
Ministry of Health were considered. The study included adult women 
and men (≥18 years) mine workers. 

We collected information on the weight, height, age, gender, expo-
sure time, specific occupational activities, and dietary habits of all the 
studied individuals. The questionnaire included questions about their 
habitual intake of fish, with queries focusing on the frequency of fish 

Fig. 1. Map showing the location of the 8 Colombian departments where this study was performed. The study was conducted in 14 mining areas located in 
Antioquia, Bolívar, Caldas, Cauca, Córdoba, Guainía, Putumayo and Vaupés. 
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consumption during the last 6 months, using the following six options: 
never, 1–2 times per month, 3–4 times per month, 1–2 times per week, 
3–4 times per week, 5–7 times per week. 

Another key variable to assess the occupational exposure was the 
number of years the participants have been working as miners; this 
variable has been termed “exposure time” (in years). Three time periods 
were distinguished: 0 to 10 years, 10 to 20 years and 20 to 40 years. 

In this study, we distinguished two kinds of miners depending their 
exposure during operations, one was called “manipulate amalgam”, 
referring to those operators who directly handled Hg with their hands to 
amalgamate the ore, and the second one was named “burn amalgam”, 
denoting the amalgam burners in open pans or using retorts (fume 
hoods) that heat the amalgam and emitted Hg vapour. Panners and 
amalgam burners were subsequently classified into four qualitative 
categories for simpler analysis: group A: miners that do not use Hg (n =
101); group B: miners that only manipulate Hg (n = 61); group C: miners 
that manipulate and burn amalgam (n = 53); and group D: miners that 
only burn amalgam (n = 23). Participants included in group D are 
amalgam burners from processing centers and mainly gold-shop workers 
dedicated to burn the amalgam. 

3.2. Sample collection 

Blood, hair and urine samples were taken to analyze concentrations 
of total Hg (THg) in all the biological matrices and MeHg in hair. Two 
samples of blood, 4 mL each, were obtained by venipuncture from each 
study participant, and were deposited in Vacutainer tubes with the 
anticoagulant K2-EDTA (Gutiérrez-Mosquera et al., 2018). 

Hair samples were collected from the inferior occipital region by 
cutting very close to the scalp and stored in sealed envelopes duly 
labelled for transport to the laboratory (Salazar-Camacho et al., 2017; 
Marrugo-Negrete et al., 2013). Great care was taken to avoid cross- 
contamination of samples during collection. Fresh urine samples from 
volunteers were taken in plastic bottles (prior instructions were 
distributed by the study researchers to avoid contamination) (Gutiérrez- 
Mosquera et al., 2018). All samples were coded and transported to the 
toxicology and environmental management laboratory at the Uni-
versidad de Córdoba. Both blood and urine samples were stored at 4 ◦C 
for later analysis. 

3.3. Analytical process 

3.3.1. Total Hg in blood 
To assess the Hg level in blood, 4 mL blood samples were digested by 

a microwave-assisted mixture of HNO3/H2O2 (7:2) in an Ethos Touch 
microwave oven (280 ◦C, pressure of 80 bars, and a power of 1400 W) 
for 30 min (Kim and Lee, 2010). The analysis of total mercury in the 
blood was performed using Application of Cold Vapor Atomic Absorp-
tion Spectrophotometry (CVAAS), using Thermo equipment Scientific™, 
model iCE, 3000 series, at a wavelength of 253.7 nm (Calao and 
Marrugo-Negrete, 2015). A limit of detection (LOD) of 0.5 µg/L was 
determined as three times the standard deviation of ten blank samples. 

3.3.2. Total Hg concentration in urine 
Urine samples were analyzed in a similar way to the blood, using 

microwave digestion and analysed by CVAAS. The method for the 
determination of Hg was validated using the urine reference material 
SRM 2670a Toxic Elements in Urine Freeze Dried (95.1 ± 0.98 µg/L). 
The average recovery rate was 99% and LOD was 0.14 µg/L (Doria et al., 
2013). 

3.3.3. Total Hg and and methylmercury determination in hair 
Hair samples (30–50 mg) were digested with a 2:1 v/v mixture of 

H2SO4/HNO3 at 100–110 ◦C for 2 h, and analysed for THg, following the 
methodology of atomic absorption spectroscopy in cold vapour (Mar-
rugo-Negrete et al., 2013). The analysis was conducted in a Thermo 

Electron AAS series 4 (Thermo Electron Corporation, United Kingdom). 
The limit of detection (three standard deviations of the mean of ten 
blank measurements) was 100 ng/g. Certified reference materials were 
used for quality control. THg concentrations measured in the material 
certified for the hair CRM-397 (12.3 ± 0.5 mg/kg dw) and IAEA-086 
(0.573 ± 0.039 mg/kg dw) were 11.8 ± 0.31 mg/kg dw and 0.533 ±
0.021 mg/kg dw, respectively. The recovery percentage was 96% and 
LOD was 0.1 mg/kg (as three times the standard deviations of ten blank 
measurements). 

For MeHg measurements in hair, approximately 100 mg of the 
sample was weighed and subjected to alkaline digestion with L-cysteine. 
The mixture was then acidified and extracted twice with toluene. The 
aqueous phase was taken and extracted again with toluene. The ob-
tained phase was analysed by gas chromatography (Perkin Elmer 
Autosystem XL Model) coupled with electron capture detection (GC- 
ECD) (Pinedo-Hernández et al., 2015). The MeHg concentration 
measured in the certified material for hair was 0.279 ± 0.034 mg/kg dw, 
which is in good agreement with the certified value (IAEA-086, 0.258 ±
0.022 mg/kg dw). The average recovery rate was 108% (Salazar- 
Camacho et al., 2017) and LOD was 0.2 mg/kg. 

3.4. Statistical analysis 

The Hg concentrations did not follow a normal distribution and 
therefore nonparametric tests were used. Due to the non-normal distri-
bution of data, the medians and the interquartile range (IQR, 25th 
percentile, 75th percentile) have been selected to summarize the results. 
The differences between the established groups were tested for signifi-
cance using Kruskal-Wallis tests, and a Spearman correlation test was 
used to establish associations between variables. Multiple linear 
regression (MLR) analysis using a non-automated stepwise method was 
used to assess the relation between the covariates. All statistical analyses 
were conducted with the IBM SPSS Statistics, version 26. Statistical 
significance was defined as p < 0.05. 

4. Results 

4.1. Study population 

Within the total studied population (N = 238), 15% (N = 35) cor-
responded to female and 85% (N = 203) to male (Table 1). There was no 
statistical difference between gender, although all biomarkers presented 
higher values in women than men. The median age of the miners was 39 
years (IQR, 30–50), which was similar for all the studied departments. 
The minimum age was 18 and the maximum age was 70 years. The 
median body mass index (BMI) was 24.0 kg/m2 (IQR, 21.7–27.4). 

All the individuals studied were dedicated to mining activities, with 
males performing most of the jobs in mining, including crushing and 
milling of ore, manipulation and burning of Hg, and the women more 
dedicated to gold selling, bartering, and burning of amalgam. Within 
each group, females were more dedicated to activities such as handling 
of Hg and burning of amalgam (65%), whereas this percentage was 
lower in males (53%). 

About 80% (190) of the people studied used Hg in activities such as 
amalgamation (n = 114), and/or heating (n = 76). Of the 114 people 
who manipulate amalgam, 17% were women and the rest were men. 
Concerning people involved in burning amalgam, we observed that 18% 
were women and 82% were men. In Caldas, none of the participants 
were engaged in mining activities related to direct contact with mercury 
as panners or amalgam burners. 

With respect to the time of exposure to Hg from mining activities, the 
median value was 12.0 years. A total of 48% of the respondents reported 
working between 0 and 10 years, 26% between 0 and 20 years, and 26% 
over 20 years. 

Frequency of fish consumption was classified into four qualitative 
categories for simpler analysis: never, <1–2 times per week (low), 3–4 
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times per week (medium), and 5–7 times per week (high). In general, 
fish intake in these participants was relatively low, with 72% of people 
consuming ≤1–2 fish/week. Interestingly, in Caldas none of the miners 
consumed fish with a frequency greater than 1–2 fish/week, being the 
only site where there were no fish consumers. 

4.2. Total mercury concentrations in blood 

Table 2 summarizes the median and IQR of THg concentrations in 
blood within the different departments and the entire group of miners. 
Except for Córdoba, Vaupés, Guainía and Antioquia, values were very 
different from the reference value (i.e., 15 µg/L), below which no 
adverse health effects are expected (Schulz et al., 2011). Nevertheless, 
all the departments had at least one individual over the reference limit, 
except in Cauca, Bolívar, and Caldas. Out of the whole group, 23% of 

subjects (n = 54) exceeded the threshold limit considered to be safe for 
occupational exposure. Greater than half of the workers (n = 32) 
exceeding the safe threshold limit belonged to miners from Córdoba and 
Vaupés. In Córdoba, almost half of the workers (47%) exceeded the 
limit, whereas in Vaupés 78% had THg concentrations in blood above 
the threshold value. Median values by Colombian department followed 
the order: Vaupés > Córdoba > Guainía > Antioquia > Putumayo >
Bolívar > Cauca > Caldas. 

Mercury concentrations in blood were higher in females (4.9 µg/L, 
IQR 1.7–16.7) than males (3.6 µg/L, IQR 1.4–12.2). Mercury in blood 
from participants working in the mines for over 20 years were 3-fold 
higher than those with exposure times between 0 and 10 years (mean, 
7.4 µg/L vs. 2.7 µg/L). Median values of amalgam burners (16.4 µg/L, 
IQR 8.1–18.1) were much higher than the rest of miners (2.3 µg/L, IQR 
1.1–5.3). 

Table 1 
Description of variables of interest from the Colombian departments evaluated in this study. GM: Geometric mean.   

All Departments  
(N = 238) 

Córdoba  
(N = 20) 

Antioquia  
(N = 28) 

Cauca  
(N = 45) 

Guainía  
(N = 12) 

Putumayo  
(N = 32) 

Vaupés  
(N = 27) 

Bolívar  
(N = 27) 

Caldas  
(N = 47) 

Gender, male, N (%) 203 (85) 14 (70) 27 (96) 33 (70) 10 (83) 23 (72) 25 (93) 25 (93) 46 (98) 
Age, year, mean 40.3 35.1 42.1 38.8 36.1 42.2 52.5 41.2 35.0 
Fish consumption, N (%)          

never 8 (3) – – – – – – – 8 (17) 
low: <1–2 times/week 163 (69) 1 (5) 26 (93) 36 (80) 1 (8) 21 (65) 20 (74) 19 (70) 39 (83) 
medium: 3–4 times/ 
week 

50 (21) 19 (95) 2 (7) 9 (20) 2 (17) 7 (22) 3 (11) 8 (30) – 

high: 5–7 times/week 17 (7) – – – 9 (75) 4 (13) 4 (15) – – 
BMI, GM 24.5 22.7 25.0 25.9 20.9 23.5 25.4 24.2 25.1 
miner, N (%)          
direct contact with Hg 137 (58) 20 (100) 28 (100) 14 (31) 11 (92) 30 (94) 21 (78) 13 (45) 0 (0) 
panners* 114 (48) 14 (70) 15 (54) 14 (31) 7 (58) 30 (94) 21 (78) 13 (45) 0 (0) 
amalgam-burners* 76 (32) 9 (45) 15 (54) 8 (18) 6 (50) 7 (22) 6 (22) 10 (37) 0 (0) 
time working, year, GM 10.2 12.7 13.3 14.0 6.9 5.7 17.8 13.5 6.2  

* panners: miners who are exposed to elemental Hg via skin contact and inhalation of volatilized Hg from the amalgamation process; amalgam-burners: miners who 
are directly exposed to elemental Hg vaporization via inhalation. 

Table 2 
Concentrations of THg in blood, urine and hair and MeHg in hair of residents from the Colombian departments evaluated in this study. IQR: Interquartile range (25th 
percentile − 75th percentile). Values in bold means higher than threshold.   

All Departments  
(N = 238) 

Córdoba  
(N = 20) 

Antioquia  
(N = 28) 

Cauca  
(N = 45) 

Guainía  
(N = 12) 

Putumayo  
(N = 32) 

Vaupés  
(N = 27) 

Bolívar  
(N = 27) 

Caldas  
(N = 47) 

THg blood (µg/L)          
Median 3.70 21.97 10.13 1.42 13.16 5.94 22.69 2.74 1.05 
IQR 1.43–12.89 4.48–49.38 6.82–16.42 1.05–2.32 9.17–32.12 3.21–15.17 16.73–35.54 1.43–4.89 0.52–1.91 
Minimum 0.05 2.31 2.58 0.75 3.77 2.58 5.53 0.76 0.52 
Maximum 282.97 56.50 59.94 9.54 39.08 32.56 282.97 10.21 7.42           

THg urine (µg/L)          
Median 4.00 17.27 11.52 2.05 14.58 5.49 10.12 3.27 0.58 
IQR 1.25–10.66 4.98–71.08 6.22–24.83 1.13–4.56 4.90–24.52 2.97–8.98 7.44–11.37 0.56–9.87 0.51–1.22 
Minimum 0.12 1.20 2.91 0.12 2.56 1.15 1.22 0.50 0.12 
Maximum 503.00 192.72 503.00 15.50 28.83 27.98 38.81 23.40 4.61           

THg hair (mg/kg)          
Median 1.37 2.57 4.37 0.81 23.26 1.36 6.06 0.90 0.33 
IQR 0.55–4.56 1.46–3.86 1.95–33.52 0.50–1.57 10.08–34.89 0.75–5.49 4.51–12.10 0.65–2.73 0.20–0.48 
Minimum 0.11 0.70 1.03 0.19 0.97 0.25 2.37 0.34 0.11 
Maximum 127.1 10.80 127.1 28.66 35.01 17.31 60.57 9.23 4.22           

MeHg hair (mg/kg)          
Median 1.47 1.30 1.18 0.47 15.09 2.01 3.87 1.05 0.22 
IQR 0.61–3.94 0.92–1.75 0.82–8.45 0.30–0.81 6.34–20.86 0.34–3.05 2.01–7.75 0.49–1.69 0.21–0.45 
Minimum 0.21 0.42 0.38 0.22 0.27 0.25 0.74 0.21 0.21 
Maximum 45.79 5.78 12.94 9.55 22.84 11.38 45.79 3.95 0.52           

%MeHg 40.18 51.87 33.24 27.25 61.01 40.11 53.41 51.33 18.27 
Mean 42.40 50.58 24.80 27.25 60.73 40.12 53.41 51.34 18.27 
Minimum 6.86 29.17 6.86 18.84 27.84 22.88 30.20 14.19 12.32 
Maximum 93.51 79.01 52.79 42.16 82.93 65.74 93.51 75.34 25.27 
hair-to-blood ratio 300 100 200 475 850 220 170 370 100 

WHO threshold values: blood (15 µg/L); urine (25 µg/L); hair (2.2 mg/kg). 

C. Calao-Ramos et al.                                                                                                                                                                                                                          



Environment International 146 (2021) 106216

6

4.3. Total mercury concentrations in urine 

Median urinary Hg concentrations were generally below the refer-
ence value for THg in urine (i.e., 25 µg/L) (WHO/UNEP, 2008) 
(Table 2). Only 22 persons exceeded this threshold in Córdoba (n = 8), 
Antioquia (n = 6), Guainía (n = 3), Putumayo (n = 3), and Vaupés (n =
2). The highest median concentration corresponded to Córdoba (17.3 
µg/L), followed by Guainía (14.6 µg/L), and Antioquia (11.5 µg/L); 
therefore, these three departments showed significant differences (p <
0.05) relative to Bolívar, Cauca, and Caldas. It should be noted that the 
median value from the 22 miners that exceeded this threshold was 
extremely high in Antioquia (162 µg/L). Moreover, the two individuals 
with the highest concentrations presented concentrations 20-fold and 
10-fold higher than the threshold level. Both individuals were Anti-
oquian miners working exclusively as amalgam burners. 

Mercury concentrations in urine were higher in females (4.7 µg/L, 
IQR 1.9–14.1) than males (3.8 µg/L, IQR 1.2–10.5). Miners that had 
been working for > 20 years had 2.2-fold higher Hg in urine (7.7 µg/L) 
than those worked between 0 and 10 years (3.5 µg/L). Amalgam burners 
had more elevated median concentrations (14.0 µg/L, IQR 10.1–26.6) 
relative to all other miners tested (2.0 µg/L, IQR 0.6–4.6). 

In the more highly exposed group of amalgam burners (group D), the 
median concentration in urine was 27.0 µg/L (IQR, 17.6–78.9), which 
was significantly higher (p < 0.05) than groups A to C, almost 25 times 
greater than the group with the lowest exposure (1.1 µg/L, IQR 0.5–2.2). 

4.4. Total mercury and methylmercury concentrations in hair 

Median values of THg concentrations in hair were relatively low, and 
below the permissible limits of 2.2 mg/kg established by WHO (JECFA, 
2006), except for Guainía (23.3 mg/kg), Vaupés (6.1 mg/kg), Antioquia 
(4.4 mg/kg), and Córdoba (2.6 mg/kg) (Table 2). Over the whole group, 
42% of subjects exceeded this threshold limit. Moreover, the median 
concentrations exceeded the 1.0 mg/kg U.S. EPA recommended limit 
(USEPA, 2005) in all the mining sites, except for Cauca, Bolívar, and 
Caldas. The subject with the highest median THg value was an amalgam 
burner from Antioquia who reported consuming large amounts of fish. 

THg concentrations in hair were higher in females (3.1 mg/kg, IQR 

0.7–5.6) than males (1.4 mg/kg, IQR 0.5–4.4), with MeHg following a 
similar trend of higher values in women (1.8 mg/kg, IQR 1.0–3.9) than 
men (1.5 mg/kg, IQR 0.6–4.1). Concerning exposure time, miners 
working for >20 years had 3-fold higher Hg in hair (2.70 mg/kg) than 
those working for less than 10 years (0.92 mg/kg). Amalgam burners 
had median THg concentrations that were much higher (6.3 mg/kg, IQR 
3.9–15.8) than all other miners (0.75 mg/kg, IQR 0.41–1.52). For MeHg 
in hair, a similar trend was found, and values in amalgam burners were 
much greater (2.3 mg/kg, IQR 1.2–7.8) than non-amalgam burners 
(0.71 mg/kg, IQR 0.33–1.98). 

THg concentrations in hair were increased with the frequency of fish 
consumption (Fig. 2). The median Hg level in hair was 17.5 mg/kg (IQR 
12.6–34.9) for those who reported the highest consumption of fish (5–7 
times/week), which was 5 times higher than the median (3.3 mg/kg, 
IQR 1.9–6.9) of the group that ate fish 3–4 times/week and 73 times 
greater than the group that did not consume fish (0.24 mg/kg, IQR 
0.10–0.40). Significant differences (p < 0.05) in hair THg were found 
between all the groups and similar trends and associations were found 
for MeHg in hair of the same groups. 

MeHg measurements were performed on 132 of the 238 participants, 
with MeHg concentrations following a similar trend as THg. The 
department with the highest median MeHg concentrations in hair 
samples was Guainía followed by Vaupés, Putumayo, Córdoba, Anti-
oquia, Bolívar, Cauca, and Caldas. Our results showed that the median 
percentage of MeHg was approximately 40% (Table 2), with maximum 
and minimum values determined in Guainía and Caldas, respectively, 
which also had the highest and lowest fish intake, in the same order. 

Hair is considered one of the ideal biomarkers because it provides 
integrated data over time. In addition, hair has often been recognized as 
a biomarker for assessing exposure to MeHg, as this toxic organic form is 
incorporated into the hair follicle in proportion to its blood content 
(Gutiérrez-Mosquera et al., 2018; McDowell et al., 2004). In this regard, 
we found a positive significant correlation between MeHg in hair and 
THg in blood among the whole tested population (r = 0.679, p < 0.01). 
The mean MeHg hair-to-blood ratio for all the participants was 300, 
which was in the range of the value used in risk and exposure assess-
ments, i.e. 250, to facilitate the conversion of MeHg hair sample results 
to circulating MeHg blood levels, as defined by the Joint Food and 

Fig. 2. Total mercury (log THg) in hair in relation to consumption of fish. Outliers are represented by open circles. Continuous line is WHO (1990) limit of 10 mg/kg, 
dashed dotted line is JECFA (2006) limit of 2.2 mg/kg, and dashed line is US EPA (2005) limit of 1.0 mg/kg. 
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Agriculture Organization (FAO) and the World Health Organization 
(WHO) Expert Committee on Food Additives (JECFA 2004). The higher 
mean ratio by department corresponds to miners from Guainía (843), 
probably due to the higher fish consumption in this department 
(Fig. S1). Finally, a higher correlation coefficient for THg in hair vs. 
MeHg in hair was found to be R = 0.915 (p < 0.01), which is indicative 
of a highly significant correlation between them (Table S1). Moreover, 
the Spearman’s correlations between blood, urine and hair were statis-
tically significant, showing that among the three groups, THg in blood 
and THg in hair measurements correlated best (R = 0.842, p < 0.01). In 
additon, blood revealed a very strong positive correlation with urine (R 
= 0.809, p < 0.01), while a weaker positive correlation was found with 
hair MeHg (R = 0.679, p < 0.01). As can be seen from Table S1, organic 
mercury in hair showed the lowest correlation with urine (R = 0.583, p 
< 0.01), because urinary mercury reflects the exposure to elemental Hg 
vapor from burning amalgams, whereas MeHg in hair is related to the 
exposure to MeHg through fish consumption. 

4.5. Multiple linear regression analysis 

Multiple linear regression (MLR) analysis using a non-automated 
stepwise method was used to assess the relationships between 
different variables. Using MLR analysis, the factors identified as being 
most closely associated with the log-dependent variables (i.e, THg in 
hair, THg in blood, THg in urine or MeHg in hair) were different for each 
dependent variable. The co-variates checked in all the models were: 
department, gender, fish consumption, exposure time, burning 
amalgam, manipulate amalgam, and body mass index. Table 3 provides 
a summary of un-standardised (B) and standardised (β) model co-
efficients and their respective levels of statistical significance. The re-
sults of the stepwise method highlight that gender, exposure time and 
body mass index did not significantly affect THg concentrations. 

For THg in blood, two out of seven of the independent variables are 
significant: fish intake (β = 0.471; p < 0.01), and burning (β = 0.414; p 
< 0.01). Hence, the output regression model uses two indicators to 
predict blood Hg concentrations, with R = 0.729, by applying a stepwise 
method to select the best set of predictor variables from the regression 

equation. The model for THg in urine (R = 0.818) considers more pre-
dictors, and as expected, burn amalgam was the variable with highest 
weighting in this model (β = 0.539; p < 0.01), with fish intake (β =
0.226; p < 0.01) and department also having greater relevance (β =
-0.245; p < 0.01). 

On the other hand, the model for MeHg in hair confirmed that fish 
intake was the most effective predictor of Hg in hair (Díez, 2009; Díez 
et al., 2008). Our study found that fish consumption was the most 
important risk factor with respect to MeHg in hair, (β = 0.517, p < 0.01) 
and R = 0.693. Burning amalgam (β = 0.423; p < 0.01) and manipulate 
amalgam (β = -0.211; p = 0.001) were lower predictors for MeHg in this 
model. Finally, the multiple linear regression model of THg in hair (R =
0.823), was explained by two predictors, i.e. fish intake (β = 0.457, p <
0.01) and burning amalgam (β = 0.543, p < 0.01). 

5. Discussion 

5.1. Human exposure to Hg according across regions 

We found significant differences between biomarkers when different 
departments or mining sites were compared. Córdoba, Guainía, and 
Vaupés were significantly different (p < 0.05) in all the biomarkers with 
respect to Cauca and Caldas. The highest concentrations of Hg in blood, 
urine, and hair were found in subjects from Guainía, Vaupés, Córdoba, 
and Antioquia. The rest of the mining sites studied were below safe 
threshold concentrations for each of the biomarkers assessed. In general, 
miners from Guainía had the highest THg values in urine and MeHg in 
hair (Table 2, and Fig. S2), related to the high manipulation and burning 
of amalgam, and also because this community had the highest fish 
consumption. However, the maximum value for blood (283 µg/L) and 
MeHg in hair (46 mg/kg) corresponded to a male from the department of 
Vaupés, with significant fish consumption habits, 5/7 times per week, 
and long-term exposure from burning and manipulating amalgams, >28 
years. Miners from Caldas had the lowest concentrations in all the bio-
markers, due to lower fish consumption and not manipulating or 
burning amalgam at their sites. Moreover, the participants studied in 
Caldas worked in three mines, where the developed mining is still un-
derground and only a few scrap merchants or barkers work in the rivers 
or streams. Traditional miners would typically extract their material 
from the sockets and bring it to more profitable miners, most of whom 
are have a primary mill and several secondary mills, re-millers or cocos. 
This mineral then passes to a concentration table, where the concentrate 
is collected in a pan to obtain gold with nitric acid (UNEP, 2012). It 
should be highlighted that the miners do not use Hg during this process. 
Afterwards, they collect the tails from the table and take them to a 
common facility in the area where the cyanidation process for gold 
extraction is performed (Velasquez et al., 2011). Finally, it should be 
noted that, on average, Caldas is one of those departments that had the 
shortest exposure time. 

5.2. Effect of work practices in human exposure to Hg 

In order to evaluate Hg exposure of miners based on whether they 
manipulate and/or burn amalgam, we evaluated the results from four 
groups (group A: miners that do not use Hg (n = 101); group B: miners 
that only manipulate Hg (n = 61); group C: miners that manipulate and 
burn amalgam (n = 53); and group D: miners that only burn amalgam (n 
= 23). The miners who manipulated Hg regularly showed higher median 
concentrations relative to those who did not (Fig. 3). THg concentrations 
in blood, urine, and hair, as well as MeHg in hair, increased from group 
A to group D (Fig. 3). Concentrations of THg of miners not using Hg 
(group A) were significant lower (p < 0.05) than the rest of the groups. 
For example, THg concentration in blood from miners using Hg was 6- 
fold higher than those who did not use Hg in their processes. On the 
other hand, miners of group B presented significantly lower concentra-
tions than those of groups C and D. Miners from group D presented 

Table 3 
Multiple linear regression analysis (constant (B) and slope coefficients (β) and its 
standard errors (SE), and p values for concentrations of THg in urine, blood and 
hair, and MeHg in hair. Independent variables entered: department, gender, fish 
consumption, exposure time, burning amalgam, manipulate amalgam, and body 
mass index. Dependent variables: log (THg) and log (MeHg).   

Unstandardized 
Coefficients 

Standardized Coefficients   

B SE β p 

Model for THg blood 
(Constant) − 0.266 0.074  0.000 
Fish consumption 0.246 0.025 0.471 0.000 
Burning amalgam 0.555 0.064 0.414 0.000  

Model for THg urine 
(Constant) 0.277 0.120  0.000 
Burning amalgam 0.747 0.057 0.539 0.000 
Fish consumption 0.122 0.027 0.226 0.000 
Department − 0.067 0.013 − 0.245 0.000 
Manipulate amalgam 0.124 0.055 0.096 0.025  

Model for THg hair 
(Constant) − 0.746 0.064  0.000 
Burning amalgam 0.766 0.056 0.543 0.000 
Fish consumption 0.251 0.022 0.457 0.000  

Model for MeHg hair 
(Constant) − 0.104 0.165  0.000 
Fish consumption 0.349 0.043 0.517 0.000 
Burning amalgam 0.475 0.072 0.423 0.000 
Manipulate amalgam − 0.249 0.075 − 0.211 0.001  
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significantly higher concentrations than those of group C, except for THg 
in blood. Mercury levels in miners from group D (i.e., only burn 
amalgam), were higher than in group C (i.e., burn and manipulate 
amalgam). In this respect, miners from group D, compared to those of 
group C, had 1.5, 3, 3, and 3 times higher THg in blood, urine, hair, and 
MeHg in hair, respectively. Some possible explanations might be that 
group C was composed of miners working in processing centers where 
the ore is ground in small mills with mercury and steel balls. After the 
grinding step, the fine product is transferred into bowls where the 
amalgam is separated by panning and finally burned in open air in 
“entables” or in their backyards when they are back home. At the end of 
the day, miners would usually burn around 2–4 amalgams. On the other 
hand, group D was mainly composed of amalgam burners working in 
processing centers and gold-shops that exclusively burned off Hg (about 
20 or more times per day), sometimes without the use of condensers 
(retorts) or with a poor efficient retorting process. Retorts are used to 
condense and capture volatilized Hg that is then recycled, thereby 
reducing occupational exposure to Hg. Unfortunately, the participants 
were not asked about their individual use of retorts, but this information 
may be available based on work habits in each department. Examining 
the place of origin of miners included in group C, it should be noted that 
they were mainly from Bolívar (n = 10) and Vaupés (n = 21), whereas 
miners from group D were mainly from Córdoba (n = 6) and Antioquia 
(n = 13). In these four departments, amalgams are burned mostly 
without retorts, and therefore the differences between both groups 
should be related to the amount of gold produced, which, as a whole, are 
higher in Antioquia and Córdoba (group D) than in Bolívar and Vaupés 
(group C). More gold production means more burning of amalgam and 
likely greater exposure to Hg (i.e. higher urine-Hg). Moreover, higher 
consumption rates of fish and exposure periods were also observed in 
miners from group D irrelative to miners of group C, increasing the Hg 
contribution to the body burden (Fig S3). These three scenarios support 
the results showing group D with higher Hg levels than group C. For 

future studies, besides fish consumption, a questionnaire related to the 
use of retorts and the number of amalgams burned per day would 
improve determination how local practices affect Hg exposure. 

Independent of the departments and the groups, we observed a 
positive correlation between the years of mining work (exposure time) 
and the concentration in all the studied biomarkers (p < 0.01; correla-
tion range: 0.214–0.280). Accordingly, THg concentrations in all the 
biomarkers increased as work time rose, with median values increasing 
significantly (p < 0.05) from 2.7 to 7.4 µg/L for blood, 3.5 to 7.7 µg/L for 
urine, and 0.92 to 2.7 mg/kg for hair. 

According to the models, a high association with MeHg (i.e. fish 
intake) should be observed, however, the % of THg as hair MeHg was 
relatively low (Table 2) compared to studies of people who have been 
exposed only through fish intake. These results suggest that exposure in 
the occupational setting is driven by non-MeHg predictors, i.e. burning 
amalgam, which is the principal predictor in blood, urine, and hair 
models in our models (Akagi and Naganuma, 2000). 

5.3. Environmental implications 

Our results suggest that ASGM miners from different sites are 
exposed to Hg based on the amount of gold produced (i.e. more amal-
gams burned), the methods employed to extract gold using mercury, and 
especially whether retorts are used. In this sense, some recommenda-
tions from the UNEP are: i) retorts should only be used in very well- 
ventilated areas, preferably outdoors or inside of a fume hood, ii) re-
torts should never be operated by children or by women of child bearing 
age, and iii) amalgamation burning must not take place in domestic 
residences and must be done distant from any house (UNEP, 2012). 
Besides the use of retorts, personal protective equipment (PPE) usage 
would limit personal exposure levels to Hg. In most of the studied sites, a 
very low level of PPE compliance was observed. This limited use of PPE 
and burning without retorts are common among ASGM communities 

Fig. 3. Mercury in urine (µg/L), blood (µg/L) and 
hair (mg/kg) in relation to the use of mercury by 
miners at various occupational groups. Group A: 
miners that do not use Hg (n = 101); Group B: 
miners that only manipulate Hg (n = 61); Group 
C: miners that manipulate and burn amalgam (n 
= 53); Group D: miners that only burn amalgam 
(n = 23). Boxes depict 25th, 50th and 75th per-
centiles and whiskers minimum and maximum 
values. Outliers are represented by open circles 
and extremes by asterisk.   
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worldwide (Afrifa et al., 2019). The high non-compliance with safety 
devices has been attributed to the low level of education, as well as a gap 
in engagement for capacity building and training of local miners. The 
mercury vapour inhaled by miners leading to impaired cognitive func-
tion, neurological damage, renal damage, and several other health 
problems (Esdaile and Chalker, 2018). Other studies (Bose-O’Reilly 
et al., 2017) reveal that amalgam burners showed the highest Hg levels 
in urine, blood and hair, and typical neurological signs and symptoms of 
chronic mercury intoxication. Our study reveals that the implementa-
tion of different social and political actions is required in ASGM com-
munities from Guainía, Vaupés, Córdoba, and Antioquia departments in 
order to decrease human exposure to Hg. 

There were no statistically significant differences in THg concen-
tration in blood (p > 0.05) between male and females, although females 
presented slightly higher concentrations (Fig S1,). This is consistent with 
previous studies that also demonstrated that gender is unlikely to be a 
determining factor in the accumulation of Hg in hair (Gracia et al., 2010; 
Díez et al., 2011). Similar findings were reported in other studies of 
ASGMs in Colombia (Gutiérrez-Mosquera et al., 2018; Salazar-Camacho 
et al., 2018). Evidence that low level of Hg exposure may affect prenatal 
neurodevelopment with long-term consequences has been presented 
(Vejrup et al., 2018; Grandjean et al., 2014). Therefore, at the concen-
trations measured in our study, MeHg-exposed women represent a po-
tential health concern in case of pregnancy. In mining areas, women 
must be particularly careful when burning or handling Hg (Navch et al., 
2006) and in women of childbearing age, or pregnant women, it is 
important to note that inhaled Hg vapours may pass through the 
placenta and be transferred to the developing foetus in the womb or to 
babies while breastfeeding (Bose-O’Reilly et al., 2008). 

6. Conclusions 

The present work investigated the occupational exposure of workers 
to Hg in the most relevant ASGM mining areas in Colombia. The most 
noticeable results were the significantly higher Hg concentrations found 
in blood, urine, and hair biomarkers in amalgam burners compared with 
the rest of the miners. Likewise, fish consumption and the time working 
in mining activities increased Hg body burden. Additionally, the sig-
nificant differences in the concentrations of Hg at specific sites in the 
different departments suggests that miner exposure depends greatly on 
their work practices. For example, Guainía workers had the highest 
concentrations of mercury due to amalgam burning practices and high 
fish consumption rates. In contrast, miners from Caldas had the lowest 
reported Hg concentrations due to neglible fish consumption and pro-
cessing practices that did not involve high exposure to Hg. Areas with 
high production of gold are also an important factor, since large gold 
production areas like Antioquia had miners with higher Hg concentra-
tions. Different processing activities carried out in gold mining are clear 
sources of exposure, especially if they are not carried out properly and 
without using safety equipment. For this reason, small scale gold mining 
and processing continues to be a concern for everyone involved in this 
sector, and for people who may consume food contaminated by these 
mining activities. Consequently, the implementation of educational ca-
pacity building programmes and technical support for the manufacture 
of effective homemade retorts in the ASGM sector is still a challenge in 
several areas of Colombia, and fits very well with article 18 of the 
Minamata Convention of Mercury. 
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