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Abstract 

Total mercury (THg), methylmercury (MeHg) in water, sediments, macrophytes, 

fish and human health risks were analyzed and assessed from abandoned gold mining 

ponds (AGMPs)/ mining areas in Western Colombia to know its present environmental 

condition. Concentrations of THg in water (avg. 13.0 ±13.73 ng L
-1

) was above the EPA 

threshold level (12 ng L
-1

), suggesting possible chronic effects. Sediment sample revealed 

that the ponds are methylated (%MeHg: 3.3–11%). Macrophyte Eleocharis elegans 

presented higher THg content in the underground biomass (0.16 ±0.13 µg g
-1 

dw) than in 

the aerial biomass (0.05 ±0.04 µg g
-1 

dw) indicating accumulation of THg. MeHg was the 

most abundant chemical species in fish (MeHg/THg: 83.2–95.0%), signifying higher 

bioavailability and its risk towards human health. Fish samples (15%) indicate that THg 

were above WHO limit (0.5 µg g), particularly in Ctenolucius beani, Hoplias malabaricus) 

and lowest in Sternopygus aequilabiatus and Geophagus pellegrini. Bioaccumulation and 

biomagnification of MeHg were higher in the carnivores representing a source of exposure 

and potential threat to human health. Fulton’s condition factor (K) for bioaccumulation 

indicate a decrease with increasing trophic level of fishes. Overall results suggest, mercury 

species found in different AGMPs compartments should be monitored in this region. 
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Graphical abstract 
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Abbreviations 

AGL  - Above ground level 

CPSF  - Carnivores with preference for small fishes 

D  - Drainage site samples 

EDIm  - Estimated Daily Intake per/meal 

EPA  - Environmental Protection Agency 

HQ  - Hazard quotient 

K  - Fulton´s Condition Factor 

KW  - Kruskal-Wallis 

M  - Macrophyte samples 
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MeHg  - Methylmercury 

MW  - Mann-Whitney U test 

OPAM  - Ominivores with a preference for animal material 

OPVM  - Ominivores with a preference for vegetable material 

P  - Pond sites 

S  - Surface sediment sample 

SD  - Standard Deviation 

THg  - Total mercury 

TL  - Tropical level 

UGL  - Under ground level 

VFP  - Voracious fish predators 

W  - Water samples 

WHO  - World Health Organization 
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1 Introduction 

 Mercury (Hg) is a persistent pollutant that receives a growing worldwide concern 

mainly due to its high toxicity, bioavailability and bioaccumulation capacity in the food 

web system (Nogara et al., 2019). Its presence in the environment is associated with 

different natural and anthropogenic sources, such as small-scale mining through abandoned 

artisanal and small-scale gold mining areas (ASGMs). Gold mining activities often releases 

Hg primarily in its elemental form (Hg
0
), which leads to contamination of the soil and 

adjacent aquatic systems (Lacerda and Salomons, 1998; Van Straaten, 2000). However, Hg 

acquires special importance due to its high potential for biotransformation onto MeHg, 

which is a potential neurotoxin capable of causing severe damage to the aquatic biota 

(Beauvais-Flück et al., 2017) and human population (Sakamoto et al., 2019). 

In aquatic systems (eg. rivers & lakes), Hg can easily bind to particles, and then 

deposit onto the bottom sediments, where higher accumulation and production of MeHg 

happens (Ullrich et al., 2001; Vieira et al., 2018). Hg methylation in water and sediments is 

facilitated primarily by sulfate-reducing bacteria and iron-reducing bacteria (Benoit et al., 

2002; Kerin et al., 2006). The MeHg formed is available to be bioaccumulated and 

biomagnified throughout the aquatic trophic network (Zhang et al., 2018). In addition, the 

availability and methylation of Hg is directly dependent on local environmental conditions 

and geological composition of sediments/rocks in the region (Gerson et al., 2018; Vieira et 

al., 2018). Moreover, based on the geological composition and the porosity of rocks/ 

sediments the distinct toxic metals present in the environment can be removed through 

different adsorption/ absorption process (Albayati et al., 2014; 2019). The adsorption 

process in the environment is also controlled by the pore size, structure, capacity to interact 

and the interaction with metallic ions (Bozorgi et al., 2018; Sabri et al., 2015; Albayati et 
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al., 2017). Removal of some metals were also done based on the adsorbed particles of 

zeolites and the micro porous solid acids which can be used to purify various industrial 

effluents (Albayati and Doyle 2014; Albayati 2019). In some cases, elimination was done 

based on techniques which include process that involve coagulation-flocculation, microbial 

decomposition, filtration/ membrane separation, liquid-liquid extraction, wet air oxidation 

and some electro chemical methods (Albayati et al., 2019; Alardhi et al., 2020). 

Recently, the determination on concentration pattern of Hg ions is also done in a 

rapid phase mainly through separation of bulk polymer nanoparticles, which has tetrakis (3-

hydroxyphenyl) porphyrin (Shamispur et al., 2013). Likewise, Hg ions is also detected 

using glassy carbon electrode which is modified with an imprinted nano beads of polymeric 

and multiwall carbon nanotubes (Rajabi et al., 2013; Rajabi et al., 2015). 

The novel idea of this research article is identifying the concentration pattern of 

THg and MeHg in four different environmental matrices simultaneously and its direct 

relation/ risk to the human health in the region. 

1.1 Hg contamination pathways 

Multiple studies on Hg contamination have extensively documented the impacts of 

ASGMs on the environment (i.e., soils, sediments, macroinvertebrates, macrophytes, fish) 

and human health, particularly in riparian regions located at far off sites from the gold 

mining areas (Marrugo-Negrete et al., 2008a; Lino et al., 2019; Carranza-Lopez et al., 

2019). Most of the studies have focused on determination of THg concentrations, which 

will not reflect the immediate risk of contamination which is specific to its most toxic and 

bioaccumulative chemical form (MeHg) (Coquery et al., 2003; Muresan et al., 2008; Mason 

et al., 2019). However, studies on the environmental matrices on the concentration pattern 

of MeHg in the lentic aquatic environments of the ASGM environments, and the 
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toxicological risk for people who regularly consume fish caught in these systems, are still 

very scarce.  

1.2 The Colombian case 

The abandoned gold mining ponds (AGMPs) at the former gold mining sites of the 

San Juan Mining District in western Colombia are particularly susceptible to high 

concentrations of THg and MeHg in their environmental compartments. These high 

concentrations act as natural sinks of the legacy Hg during the amalgamation, evaporation 

cycles, dry and wet deposition of Hg (Roulet et al., 2000; Muresan et al., 2008; Selin, 2009; 

Salazar-Camacho et al., 2017; Gutiérrez-Mosquera et al., 2018). In addition, Hg is released 

directly into the environment by amalgamation and gold separation practices in this district, 

which is estimated to have been around 19 Mg during the gold rush in the 2001-2015 

period (MME & UPME, 2014). Consequently, the aquatic systems in this region is likely to 

serve as a bond with the human populations who directly depend on the consumption of 

fish from the ponds as a primary source of protein, and this process also leads to chronic 

negative effects on the health of the local habitants (Salazar-Camacho et al., 2017; 

Gutiérrez-Mosquera et al., 2018). 

This research is aimed to determine the concentration levels of THg and MeHg in 

water, sediments, aquatic macrophytes, fish in the main abiotic and biotic compartments of 

the abandoned by ASGM ponds in the San Juan Mining District in western Colombia. 

More, especifically, the studies were done on samples from 1) water column and drains; 2) 

surface sediments; 3) macrophytes above the ground/ underground biomass, and 4) in the 

fishes present at different trophic levels in the ASGMs.  
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2 Material and methods  

2.1 Study area 

This study was carried out in former ASGMs sites located in the municipalities of 

Tadó and Unión Panamericana, two important mining locations in the San Juan Mining 

District, Department of Chocó, Western Colombia (5°15'N and 76° 33'W - 5°16'N and 76° 

37'W) (Fig. 1). Tadó municipality is located in the basin of the San Juan River, which is the 

main tributary that drains into the Pacific Ocean. The municipality of Unión Panamericana 

is located in the Atrato River basin and it is also the third most important river in Colombia, 

draining into the Atlantic Ocean. Recent judgement (Judgment T-622 of 2016) by the 

Constitutional Court of Colombia has guaranteed its protection due to the strong 

environmental damage done by the ASGMs in this region.  

Climatic condition in this region is tropical with an average annual rainfall of 8000 

mm/year, temperature of 28 ºC and evapotranspiration of 1329 mm/year respectively. 

Regional geological setting in the study area indicates iron rich laterite soils dominated by 

fine-grained lithic sandstones, arcillolites, peat, conglomerates originating from the 

Miocene period (IGAC, 2011). In addition, the gold and platinum contents are found in 

alluvial terraces which consist of mudstones, tuffs which were of the Cretaceous and 

Quaternary periods (Gómez et al., 2015). In the state of Chocó, the population is mainly of 

Afro-Colombians with important indigenous reserves. It is also an important biodiverse 

place on the planet with the greatest tradition and production of gold in the country. The 

ASGM activity in the study area produces nearly 28,000 kg Au/year, almost 50% of the 

country's gold production of 58,000 kg Au/year which is next to states of Antioquia and 

Bolívar in Colombia (MME & UPME, 2014).  
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The surface area of the artificially man-made ponds varied between 200 and 10,000 

m
2
 in size and it varied in depth varying from 1 to 30 m, which are partially connected to 

the surrounding rivers. As part of daily food necessity, these ponds are used by local 

inhabitants to catch fish for nourishment, commercial fish farming and for common use like 

swimming by children, adults and laundry activities by women (Suppl. Fig. 1a-c). 

2.2  Field sampling 

 During 2017 dry season (February–March), water, sediments and macrophytes 

samples were collected once in from the abandoned gold mining ponds (AGMPs) of the 

study area (Fig. 1). The period of dry seasons was preferred as the climatic conditions favor 

accumulation of geochemical elements, which could reflect the maximum level or the peak 

of diagnetic process in water and sediments after the usually heavy monsoon seasons every 

year. The group of ponds were identified based on the period of abandoned periods after the 

gold mining activities which varied from 2 to 20 years. The different samples collected at 

each site are listed in Suppl. Table T1.  

2.2.1 Collection of water samples  

Twenty-eight unfiltered water samples (500 mL per station) were collected from the 

abandoned gold mining sites (e.g. 17 from the AGMPs and 11 at the mine drainage area) 

(Suppl. Table T1). The water samples were collected at 0.5 m depth with a polycarbonate 

Van Dorm bottle and aqueous samples were immediately transferred into clean 

polyethylene containers, acidified with HNO3 to pH <2, and kept refrigerated until the 

analysis (Marrugo-Negrete et al., 2008a). Additional water samples were collected at the 

same depth for in situ measurement of the auxiliary parameters related to the water quality 

components like the hydrogen potential (pH), temperature (T), dissolved oxygen (DO), 

turbidity (NTU), conductivity (cond.) and reduction oxide potential (Eh). 
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2.2.2  Collection of sediment samples 

Thirty-six sediment samples were collected by lowering an Eckman dredger from a 

tubular floating boat (Suppl. Table T1). The collected samples (   0.5 kg) were individually 

packed in vacuum plastic bags and preserved at 4 ºC until they arrived in the laboratory. A 

representative portion of each sediment sample was lyophilized (Telsar LyoQuest) at -50 

°C for 16 to 24 hours. Variations in Hg concentrations due to grain size distribution were 

minimized by selecting the fine sediment fraction (<63 μm). Finally, the finer fractions 

were packed in Falcon tubes and stored at -10 ºC until analysis.  

2.2.3 Collection of macrophyte samples  

Three macrophytes species, Eleocharis elegans, Tripogandra serrulata (Vahl) 

Handlos, Becquerelia cymosa Brongn were collected from different AGMPS, respectively 

(Suppl. Table T1). At each pond, three individuals of the most common and available 

colonizing macrophytes were randomly collected. The plants were carefully washed with 

running tap water and de-ionized water. Subsequently, the plants were divided into 

aboveground/ underground biomass and dried at 40 °C.  The plant material was ground to 

have a homogenous material and it was stored at 4 °C using Falcon tubes (Mechora et al. 

2014). A specimen of the different macrophyte species was dried and pressed for 

taxonomic determination in the herbarium of the Universidad Tecnológica del Chocó 

(UTCH), Colombia. 

2.2.4 Collection of fish samples  

A total of 117 fish samples belonging to 8 species of different trophic levels (41 non-

carnivores and 76 carnivores) were caught by local fishermen during two fishing campaigns 

(October 2017 and December 2017) in the ASGM ponds (Suppl. Table T2). The artificial 

ponds correspond to common fishing sites, where it was possible to capture specimens with 
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traditional fishing methods (hooks and trawls). The collected fish species were: Hoplias 

malabaricus; Ctenolucius beani; Rhamdia quelen; Caquetaia kraussii; Sternopygus 

aequilabiatus; Astyanax atratoensis; Geophagus pellegrine and Cyphocharax magdalenae, 

which were mostly consumed by local populations. Fish samples were packed in 

polyethylene plastic bags, labeled and transported with ice to the laboratory, where the 

length and weight of each specimen were recorded. The scales were removed from each 

fish samples and a portion of the dorsal muscle tissue was dissected using plastic knives. 

Subsequently, the samples were lyophilized (Telsar LyoQuest) and stored at -12 ºC until 

analysis. In addition, they were categorized according to their trophic levels (eating habits).  

2.3  Analysis of mercury species in water, sediment, macrophyte and fishes 

 Filtered water samples were digested with diluted KMnO4-K2S2O8 solution for 2 h at 

95 °C (USEPA 1994). The collected water samples were processed with dilute KMnO4-

K2S2O8 solution for 2 h at 95 °C (USEPA 1994). Sixty mL of previously preserved water 

sample (at 11.6 M HCl) was taken separately and was distilled at 125 °C under a nitrogen 

flow of 1 L/min in a Band distiller. The distillation was done until 25 mL of the distillate 

was collected in the volumetric flask. The collected distillate was adjusted to a pH value of 

4.9 with an acetate buffer, which was transferred to a vial and sealed. A 1% w/v tetraethyl 

borate solution (1% w/v) was added with the help of a syringe (USEPA, 1998b). 

Subsequently, a solid phase micro-extraction was processed by introducing a 100 µm 

PDMS fiber into the vial using a holder, which was placed in the headspace and 

approximately 0.5 cm above the aqueous layer. Vigorous shaking was applied for five 

minutes and now the fiber was retracted into the needle and it was inserted into the GC 

injector port for thermal desorption (Diez & Bayona, 2002). The detection limit for the 
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present study was 10.0 ng L
-1

 and the instrument was calibrated using adding a 10 ng/L 

methymercury chlorides solution. 

 Dry sediment sample were digested and analyzed for THg using sulphuric 

acid/nitric acid technique (USEPA1998a). Likewise, the analysis of MeHg was generated 

using the ultrasonic bath technique where KOH/CH3OH was used for extraction (Caricchia 

et al., 1997; Pinedo-Hernandez et al., 2015). Both the analysis was done using GC-ECD 

Perkin Elmer, Autosystem, XL. Determination of sediments was done using 0.5 g of dry 

sediment which was digested using H2SO4/HNO3 (7:3, v/v) and KMnO4 (5%, w/v) at 100 

°C for 1 h (USEPA 1998a), where the detection limit was 0.026 μg g
-1

 dry weight (dw) for 

THg. MeHg in sediments was determined using 2 g, which was mixed with by 5 mL 

KOH/CH3OH (25%) in an ultrasonic bath (45 min) (Caricchia et al., 1997; Pinedo-

Hernández et al., 2015). Subsequently, the solution was cooled and 5 mL of H2SO4 (4 M, 

saturated with CuSO4), 5 mL of KBr 4 M, and 4 mL of toluene was added and it was 

shaken manually for 3 minutes. The sample was centrifuged thrice with the addition of 2 

mL of toluene for 10 minutes each at 2200 rpm and the organic phase was collected. In 

addition, the collected extract was mixed with 1 mL of cysteine solution and was back 

extracted twice. The extracts were collected in the same vial with a mixture of toluene (0.5 

mL), CuSO4 saturated solution (0.5 mL) and 4 M KBr (1.0 mL). The organic phase was 

removed from the aqueous phase and finally 2.0 µL was injected into a GC–ECD Perkin 

Elmer, Autosystem XL. 

Plant materials (macrophytes) and fish samples were digested using HNO3/H2O2 

and H2SO4/HNO3 acid mixtures and was analyzed using Gas Chromotography (Model PE 

Autosystem XL). Plant materials (0.5 g dry weight, dw) was subjected to microwave-
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assisted digestion using an HNO3/H2O2 acid mixture (5:2 v/v) (Jedrzejczak et al., 1996). 

The microwave oven used was a Milestone ETHOS TOUCH 127697 series with a 

temperature control range of 100–175 ºC and a pressure of 1500 kPa.  

Fish samples (0.5 g wet weight, wet wt.) were digested with H2SO4/HNO3 (2:1 v/v) 

for 3 h at 100 °C (Sadiq et al., 1991; Marrugo-Negrete et al., 2008b). The detection limit for 

THg in macrophytes and fish was 0.014 µg g
-1

 dw and 0.013 µg g
-1

 wet wt., respectively, 

calculated based on the mean plus three times the target deviation. All THg analyzes were 

performed by cold vapor atomic absorption spectroscopy (CV-AAS) using a Thermo 

Scientific iCE 3500 series. The MeHg in fish was determined by gas chromatography with 

electron-capture detection (Marrugo-Negrete et al., 2008b), using a MeHg calibration curve 

(methylmercury chloride, Sigma-Aldrich, St Louis, MO, EE.UU). Briefly, 0.2–0.3 g fish 

was digested with HCl, NaBr and toluene. After centrifugation and several steps of 

extraction with cysteine, an aliquot of the organic phase was injected into the gas 

chromatograph (Model PE Autosystem XL). Detection limit for MeHg in fish was 0.009 µg 

g
-1

, calculated from three standard deviations of the mean and from ten blank solutions. 

2.4 Quality assurance  

Analytical quality control to determine the THg was validated in triplicate with 

certified reference materials for soil/sediments (CRM008-050, THg 0.72 ±0.03 µg g
-1

 dw), 

plant of tomato leaves (CRM 1753a, 0.034 ±0.0015 µg·g
-1

) and dogfish muscle (IAEA-407, 

0.222 ±0.024 µg g
-1

 dw) with a recovery percentage of 95.20%, 98% and 97%. 

respectively. In fish, analytical quality control used to determine MeHg was evaluated in 

triplicate with a certified reference material “dogfish muscle” (CRM DORM-2, 4.47 ±0.32 

µg g
-1

), obtaining a recovery percentage of 105 ±5%. All chemicals were purchased from 

J.T. Baker and was directly used without any treatment. Calibration curve for the whole 
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analysis was revised for every tenth sample during operation and was generated based on 

single element procedure (Albayati and Kalash 2020; Al-Khodar and Albayati, 2020). 

2.5  Risk assessment for human health by fish consumption  

The risk assessment test was assessed based on the calculation of the Hazard 

Quotient (HQ), developed on the basis of EPA’s Risk Assessment Guidance for Superfund 

(USEPA, 1989; Palacios-Torres et al., 2018; Avigliano et al., 2019). This ratio of these 

values was evaluated to unerstand the non-carcinogenic human health risk from exposure to 

MeHg through consumption of fish. The HQ relates the daily intake or exposure to MeHg 

per meal (EDIm, μg/g·day) to a reference dose (RfD, 0.1 µg/kg BW/day for MeHg), that is: 

HQ = EDIm/RfD. The intake (EDIm) is estimated from the following equation: EDIm = 

(C*I)/BW; where: C is the average MeHg concentration in fish; I is daily fish consumption 

(470 g/day) (Fuentes-Gandara et al., 2018), and BW is the average weight of a normal adult 

(80 kg) (USEPA, 2014). An HQ <1 means that the adverse health effects in sensitive 

human populations are negligible, while an HQ> 1 indicates that non-cancerous systemic 

effects may occur, particularly focused in pregnant women and children.  

The allowable number of fish meals of a specific size that may be consumed over a 

given period of time without causing any chronic systemic effect (Crmw, in meal/week) 

was also evaluated using the equation, Crmw = 49/(C*BW) (USEPA, 2000). Based on an 

average adult body weight of 80 kg (USEPA, 2014), the MeHg acceptable daily intake 

(ADI) can be approximated 8 µg/day (56 µg Hg/week) (Hosseini et al., 2013). 

In addition, the weight (g) and length (cm) of fishes were used to calculate the 

Fulton's condition factor (K = 100 W/L
3
), which estimates the health condition of the fishes 

(Froese, 2006; Martyniuk et al., 2020; Famoofo & Abdul, 2020). A value K ≥ 1 suggests 

good growth condition of the fish, while a K < 1 suggests that the organism is in poor 
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growth condition compared to an average individual with the same length in other natural 

condition. 

2.6  Statistical analysis  

Overall, the generated data are presented as the median (min-max) or average ± 

standard deviation (SD). As the data did not follow normal distribution, statistical analyzes 

were performed using non-parametric methods. Mann-Whitney U (MW) test was employed 

in order to evaluate the differences between two means and Kruskal-Wallis (KW) test for 

multiple comparisons. Likewise, spearman correlation analysis and linear regression were 

used to study the relationships between Hg and other variables. All statistical analyzes were 

performed in GraphPad Prism 5 and the statistical significance criteria were set at <0.05. 

For Hg data below the detection limit, an average value equal to 50% of the limit value was 

used. 

3 Results and discussion 

3.1  Mercury concentrations in water  

Results of the auxiliary physical-chemical parameters measured in water are 

presented in Table 1. In general, the study sites had warm water (avg. 28 ºC), relatively 

acidic (pH: 5.4 - 6.2), low oxic (avg. 3.7 mg/L DO), with low turbidity (2.8 - 35.4 NTU) 

and electrical conductivity (<81 µS/cm). Mostly, the values of temperature, pH, OD, EC 

and turbidity permitted life to be conserved in these ecosystems. 

The concentrations of THg in water samples collected from different sampling sites 

are presented in Fig. 2a. In general, THg concentrations varied from <10 to 50.2 ng L
-1

, 

with an average of 13.01 ±13.73 ng L
-1

. Nearly 28% of water samples in ponds were below 

the detection limit of 10 ng L
-1

. None of the 28 water samples evaluated (17 from ponds 

and 11 of drainages) showed a MeHg concentration greater than 10 ng L
-1

 (detection limit). 
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In AGMPs, THg concentration pattern indicates that 53% are above the threshold effect 

level (TEL) of 12 ng L
-1

 (USEPA, 1992), which is used to evaluate for protection against 

toxic levels of bioaccumulation in aquatic organisms, including fishes for human 

consumption. In the ponds, THg concentrations exceeded upto 10-fold the values 

established for pristine freshwater ecosystems indicating Hg contamination in the region 

with highest concentrations of THg observed at P8, P28, P32 samples, respectively 

(ATSDR, 1997; Wang et al., 2019). In the drainage sites, THg concentrations ranged from 

<10 and 42.6 ng L
-1

, with an average of 11.25 ±14.25 ng L
-1

. Similarly, 27% of the samples 

(D3, D6 and D7), exceeded the reference value (12 ng L
-1

) of USEPA (1992). No 

significant differences were detected between the average THg content in waters of 

AGMPs and the mine drainage sites (MW: p = 0.20). 

The lower detection of MeHg concentration below the detection limit is due to the 

biotic processes (i.e. plankton-adsorption) and abiotic photochemical reactions (i.e. Hg 

photolysis) occurring in the water column (Ouédraogo and Amyot, 2013; Fernandez-

Gomez et al., 2013; Pestana et al., 2019a). The above process will lead to the photolysis of 

Hg and dissolved organic matter complexes (Hg-DOM), which forms HgS in the water 

column, declining the bioavailability of Hg and the generation of MeHg (Wang et al., 

2019). Moreover, when observing the geochemistry of Hg in sediments it all depends on 

the volume of water in the reservoir, coagulation of dissolved organic matter and 

sedimentation of mercury bearing particulate organic matter that controls the THg and 

subsequently MeHg in the water column (Albayati et al., 2017; Bozorgi et al., 2018; Rudd 

et al., 2018). 
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3.2  Mercury concentrations in sediments  

 The average concentrations of THg and MeHg in the sediments of all the sampling 

sites were 0.21 ± 0.25 µg g
-1

 and 15.13 ± 25.63 ng g
-1

, respectively. The formation and 

accumulation of MeHg in the sediments was evaluated using the proportion MeHg/THg, 

which varied between 3.3 and 11% with an average of 6.5%. Higher THg contents are 

characteristic feature of abandoned gold mining sites that have used Hg
0
 (which has a low 

mobility due to its high density, 13.6 g/cm
3
) mainly due to the amalgamation method used 

to extract the metal. Results for THg and MeHg in sediments were published in a previous 

study performed in the same area (Gutiérrez-Mosquera et al., 2020).  

3.3  Mercury concentrations in macrophytes  

THg concentrations of the selected aquatic macrophytes are presented in Fig. 2b. In 

the above ground biomass samples, THg concentrations varied between 0.01 and 0.16 µg g
-

1
, and in underground biomass samples it varied in between 0.05 and 0.54 µg g

-1
. 

Specialized studies in other regions on macrophytes indicate that the THg in the tissues 

varied from <0.01 to >10 μg g
-1

 (Moore et al., 1995). However, the organs of Eleocharis 

elegans presented a different distribution pattern in the contents of THg, which were 

significantly higher in the underground biomass samples (0.16 ± 0.13 µg g
-1

) than in 

aboveground biomass (0.05 ± 0.04 µg g
-1

) (MW = 19; p = 0.0003). The highest 

concentration of THg was recorded in the underground biomass of the E. elegans collected 

in the sediments from the most contaminated site (P14: avg. 0.64 µg g
-1

). In this case, the 

average THg content in the E. elegans tissue represented 26% - 119% (avg. 60.39%) of the 

average concentration recorded in the corresponding sediment. It has been reported that 

aquatic macrophytes often accumulate metals directly from the sediments, showing higher 
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metal concentrations than the sediments in the region (Coquery and Welbourn, 1995; 

Marrugo-Negrete et al., 2010). 

Most of the studies indicate that THg are higher in the underground biomass where 

the pattern in the sediments was also higher (Coquery and Welbourn, 1995; Ellis and 

Eslick, 1997). Moreover, the spatial distribution of Hg in the sediments is a major factor 

controlling the adsorption capacity of the emergent macrophytes (Millán et al., 2014). In 

the AGMPs of the present study, the distribution of macrophytes presented a distorted 

pattern which are mainly present in the border regions (littoral zone or shallow-water). 

However, when the number of samples are statistically analyzed, they indicate a pattern 

which can be identified based on the concentration of THg in the sediment. For example, 

the higher concentration of THg in macrophytes were observed in ponds with higher THg 

in the sediments (i.e. P14). This indicates a direct relationship with the biotic material and 

the sediments present in the pond and in this case Eleocharis sp. can be a good indicator 

that the site is contaminated.  

Based on concentration pattern in macrophytes, the average THg contents (in µg g
-1

) 

in the aboveground biomass decreased in the order: Tripogandra serrulata (Vahl) Handlos 

(1.16) > Becquerelia cymosa Brongn (0.09) > Eleocharis elegans (0.05); and in 

underground biomass it decreased in the following order: Eleocharis elegans (0.16) > 

Becquerelia cymosa Brongn (0.13) respectively. The concentration pattern also suggests 

that the dense submerged macrophyte community existing in the ponds act as a retention 

area for contaminants (Molisani et al., 2006; Pestana et al., 2019b). During the 

decaying/decomposition process of macrophytes in the sediments, the liberated Hg can be 

converted as mobile (MeHg) and it turns as a red tropical zone (Olivero-Verbel et al., 2015; 
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Strickman & Mitchell, 2018). In any ecosystem management program, these macrophytes 

can be periodically evaluated and extracted which can also be termed as a “bio-input”. 

3.4  Mercury concentrations in fish  

General biometric characteristics and concentrations of MeHg and THg in muscle of 

117 fish (8 species of different trophic levels: H. malabaricus (41); C. beani (1); R. quelen 

(4); C. kraussii (29); S. aequilabiatus (1); A. atratoensis (3); G. pellegrine (25); C. 

magdalenae (13) collected from the study area are summarized in Suppl. Table T2. The 

trophic level (TL) of the fish caught ranged between 2.0 and 4.5.  

The average value (1.6 ±0.59) the Fulton’s condition factor (K) of all evaluated fishes 

was above 1.0, indicating good growth condition of the fishes in the region. Further, it was 

observed that 10.3% of the evaluated fish were in a poor condition (K < 1.0). Fish samples 

with low values of condition factor indicate that the low fat deposit is due to reduced food 

availability and/or increased physiological demands for energetic resources (Jonge et al., 

2015). Furthermore, non-carnivorous species presented a significantly better condition (K = 

2.1) than carnivorous species (K = 1.4) (p <0.0001) (Suppl. Table T2). 

About 39% of the samples (H. malabaricus, C. beani and R. quelen) have a TL 

between 3.7 and 4.5 which is an direct indicators of the carnivorous eating habits. 

Moreover, 26% of the samples (S. aequilabiatus and C. kraussii) have a TL values between 

2.9 and 3.7, suggesting that they have omnivorous feeding habits with preference for 

animal material. The species A. atratoensis, C. magdalenae and G. pellegrini, represent 

35% of the captured samples and have a TL less than 2.9 indicating the herbivorous and/or 

omnivorous behavior with preferences for plant material (not carnivorous) (Annual et al., 

2018; Garnero et al., 2020). 
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The overall average concentrations of MeHg and THg in fish muscle were 0.22 (± 

0.23) and 0.25 (± 0.25) μg g
-1

 wet wt., respectively. The highest average concentrations of 

MeHg and THg (0.41 ±0.18 and 0.46 ±0.20 μg g
-1

 wet wt.) were measured in H. 

malabaricus, while lower concentrations (0.08 ± 0.04 and 0.10 ± 0.05 μg g
-1

 wet wt.) were 

measured in C. magdalenae. On average, the concentrations of MeHg and THg decreased 

in the following order: C. beani > H. malabaricus > R. quelen > C. kraussii > A. atratoensis 

> C. magdalenae > S. aequilabiatus > G. Pellegrini respectively (Suppl. Table T2). 

Significant differences were detected in the average contents of MeHg and THg in most of 

the species studied (KW; p <0.0001). Within the same species H. malabaricus and C. 

kraussii, the values varied from 0.119 to 0.900 μg g
-1

 wet wt., and 0.012 to 0.731 μg g
-1

 wet 

wt., which is also evidenced by the high values of standard deviations (Suppl. Table T2). 

The above inference can also be directly related to the abandoned period of the AGMPs, 

where methylation process plays a major role. 

Once grouping the data as carnivorous (TL > 2.9) and non-carnivorous (TL < 2.9) 

species (Anual et al., 2018), carnivorous fish showed higher concentrations of MeHg and 

THg [0.31 (± 0.24) and 0.34 (± 0.27) μg g
-1

] significantly greater than the non-carnivorous 

fish [0.07 (± 0.05) and 0.08 (± 0.06) μg g
-1

] (MW: p < 0.0001). The proportion in the 

contents of MeHg and THg between carnivorous and non-carnivorous species was 4.4:1. 

The significant differences that is observed in the contents of MeHg and THg in fishes of 

different trophic groups (MW: p <0.0001) is mainly related to the different conditions in the 

AGMPs (Fig. 3a). Similarly, larger fish samples (length > 200 mm), presented 

concentrations of MeHg (0.36 ± 0.23 μg g
-1

, n = 48) 2.8 times higher than smaller fishes 

(0.13 ± 0.17 μg g
-1

, n = 69) (MW: p < 0.0001) due to the changes in the methylation process 

in the AGMPs and geological composition of sediments/ rocks. 
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Comparing the levels of MeHg in species with more than 3 of the specimens captured 

in the ponds during different periods of abandonment (2 to 6, 7 to 12 & 13 to 20 years) 

(P25, P27 and P27) indicate that there are no significant differences recorded (KW: p> 

0.05) (Fig. 3b). Likewise, when the specimens were compared among the two 

municipalities there was no significant differences observed (KW: p > 0.05) (Fig. 3b).  

The average proportion of MeHg/THg expressed as a percentage was calculated to 

illustrate the relative abundance of MeHg with respect to THg. No significant differences 

were detected in the proportions of MeHg/THg between species (KW: p <0.0626). 

However, when grouping the species based on eating habits, the proportion of MeHg/THg 

was only marginally higher in carnivorous species (89.2 ±3.5%) than non-carnivorous 

species (88.1 ±3.6%) (MW, p = 0.043), suggesting greater efficiency of MeHg assimilation 

by carnivorous species. The lowest and highest proportions of MeHg/THg were measured 

in R. quelen (83%) and C. beani (95%), respectively. In general, MeHg was the most 

abundant chemical species in fish samples (avg. MeHg/THg: 90%), suggesting greater 

bioavailability and health concern for predators and humans. Even though, MeHg 

concentration in the water column were below the detection limit (< 10 ng L
-1

), the 

concentration pattern of MeHg in fishes is due to the trophic level and the absorbing 

capacity of the trophic bases which amplifies the concentration (Bowles et al., 2001). 

3.5 Bioaccumulation and biomagnification process of MeHg in AGMPs 

Bioaccumulation and tropical transfer of MeHg is often affected by the biology, sex, 

biometrics of fish species (length and weight), type of aquatic ecosystem, climatic 

variations and bioavailable Hg in the water column (Dural et al., 2007; Naeem et al., 2011; 

Mason et al., 2019; Silva et al., 2019). Likewise, it is also affected by the type of fish 

species and its habits in different ponds (Dural et al., 2007). In the present study, the 
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difference in MeHg in different species is mainly due to the food habits in the ponds where 

it has biomagnified among the tropic level of fishes indicating a sequence of: Voracious 

fish predators (VFP) > Carnivores with a preference for small fishes (CPSF) > Ominivores 

with a preference for animal material (OPAM) > Ominivores with a preference vegetable 

material (OPVM) respectively (Fig. 3a) (Bastos et al., 2015; Azcuedo-Silva et al., 2018; 

Lino et al., 2019).  

Based on the comparison of years in the AGMPs in the two municipalities the 

concentration pattern of MeHg does not indicate any major statistical difference in the three 

species [G. pellegrini (Gp); C. kraussii (Ck); H. malabaricus (Hm)] (Fig. 3b).  

The intensity and significant association between different tropic levels and MeHg 

confirms the transfer of MeHg. Higher values of MeHg indicates that it is mainly due to the 

higher exposure time to MeHg especially in the older fishes than in the younger ones. 

Moreover, it is also due to the low excretion rate of MeHg and higher affinity of thiol 

groups of proteins in the fish muscles, which allows its bioaccumulation and 

biomagnification based on time (Armstrong 1979; Nogara et al., 2019). 

Considering the total data set, it is observed that condition factor (K) decreased 

substantially with increasing trophic level (r = -0.67; p < 0.001) and MeHg concentrations 

of fish (r = -0.48; p < 0.001) (Suppl. Table 2). Based on species, a significant negative 

correlation between MeHg vs K in C. magdalenae (r = -0.68; p = 0.0108) was only 

observed. Overall, the results in this study indicated that the evaluated fishes attain a better 

condition (high K) when the MeHg and THg concentrations are low. This is also supported 

by the negative value of MeHg indicating bioaccumulation of K as observed in Lophius 

vomerinus (Erasmus et al., 2019), Astyanax aff. fasciatus (Liebel et al., 2013) and Abramis 

brama L. (Farkas et al., 2003). Moreover, the increase in MeHg and decrease of K indicates 
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rearrangement of energy due to detoxification mechanism. This also suggest that the 

depleting reserves were on an upward growth due to the bioaccumulation of MeHg 

(Erasmus et al., 2019). Even though K can be used to elucidate the effect of MeHg on fish 

health, this should however be interpreted cautiously because various factors such as sex, 

the population, prey quality and quantity consumed, season, or differences in environmental 

conditions play a role in influencing the condition factor (Froese 2006; Martyniuk et al., 

2020). 

3.6 Absorption of MeHg in AGMPs 

Fish size is normally used as substitute for age (Annual et al., 2018). In fact, due to 

a longer exposure time, it is common that older specimens show higher Hg contents than 

younger ones (Zhang et al., 2018). In the present study, fishes with body length > 20 cm 

has 2.8-fold higher MeHg than the smaller fishes. This also suggest that the predators and 

humans consuming larger fish will be highly exposed to MeHg (Marrugo-Negrete et al., 

2020).   

4 Statistical relationships 

The concentrations pattern of MeHg and THg were strongly correlated among each 

other (r = 0.99, p <0.0001, n = 117). The correlation between THg and MeHg 

concentrations in fish muscle were studied together with the biometrics (Suppl. Table T3). 

Results for correlation analysis for all species and sampling sites indicate that MeHg and 

THg increases with reference to weight (r = 0.63; p <0.0001) and the length of the fish (r = 

0.66; p <0.0001). The analysis based on fish species only showed that significant 

correlations exits between the concentrations of THg and MeHg vs the biometrics [eg. C. 

kraussii and C. magdalenae (p <0.05)].  
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Usually, MeHg concentration in fishes indicates positive correlations particularly 

with the species based on higher tropic levels (e.g. carnivorous species) (Al-Majed and 

Preston, 2000). However, the evaluation of H. malabaricus did not show any significant 

correlations between the THg and/or MeHg vs the biometry of the species, which is also 

considered as a strong predator of smaller fish species (Marrugo-Negrete et al., 2007, 

2020). The lack of correlation between the biometrics of the species are mainly owing to 

the diet alterations in different ponds and due to the local change in 

environment/displacement due to the contaminated to less contaminated or enriched sites 

(Maurice-Bourgoin et al., 2000; Mason et al., 2019; Pinzón-Bedolla et al., 2020). In 

addition, the capture of these species at different time periods during their growth also 

affects the concentration pattern of MeHg content in the species (Dural et al., 2007; Bastos 

et al., 2015; Pestana et al., 2019b). However, the strong correlation between MeHg and the 

biometric features of the omnivorous species C. kraussii indicate that MeHg is absorbed 

constantly during their life time, which is also associated with the feeding habits of species 

at different tropic levels (Azevedo et al., 2018). 

5 Human health risk assessment 

 The estimated values of Estimated Daily Intake per/meal (EDIm), Hazard Quotient 

(HQ) and Maximum Allowable Fish Consumption Rate in meals/week (Crmw) are 

presented in table 2. Among the fish species evaluated, G. pellegrini with an HQ of 3.53 

has the lowest potential risk, while H. malabaricus and C. beani with HQ values of 24.09 

and 79.31, presented the highest potential risk. 

Human exposure to Hg from fish consumption was also evaluated by comparing the 

results with the maximum concentrations of Hg recommended by World Health 

Organization (WHO) for human health protection. It is observed that 15% of the 117 
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specimens evaluated [(e.g. H. malabaricus (16), C. beani (1) and C. kraussii (1)] are 

carnivore type exceeding the maximum concentration of THg allowed in fish for human 

consumption (0.5 μg g
-1

 wet wt.) (WHO, 1990) (Fig. 5). A stricter guideline value (0.20 μg 

g
-1

 wet wt.) was established by the WHO (1990) to protect the most vulnerable groups of 

people. In the present case, the percentage of fish samples that exceeded this value was 

43% in H. malabaricus (38), C. beani (1), C. kraussii (8), R. quelen (1), G. Pellegrini (1) 

and C. magdalenae (1) (Fig. 4). 

The Hazard Quotient (HQ) values indicated that there is a potential risk by the 

consumption of any one the species, since HQ >1 (except G. Pellegrini sp. when EDI is 

100 g/day), where systemic effect will occur in the region based on their diet practices 

(Table 2). However, to reduce the chronic risk to human health it is always necessary to 

restrict the number of weekly meals (fish) based on the Crmw values. 

 Concentration pattern of THg in different species when compared with the WHO 

established values indicate several species [except A. atratoensis (Sardine) and G. 

Pellegrini (Mojarra)] higher than the limit (0.2 μg/g) (Fig. 4). This clearly infers that it is 

unfit for consumption and it is especially vulnerable to humans, especially to children under 

15 years old and for pregnant women. Both vulnerable groups should be aware on the risk 

posed due to the consumption of fish species and should be kept low as possible. 

 Evaluation of different matrices (water, sediment, macrophytes, fish) and the 

concentration, distribution of Hg in the AGMPs indicate that the Hg used in gold 

amalgamation is subsequently released and deposited in the sediments. The deposited 

sediments are oxidized by the organic acids of the dead plants that have decomposed in the 

bottom of the ponds during different time periods and it is methylated by sulfate reducing 

bacteria (Strickman et al., 2018; O´Connor et al., 2019). Moreover, the methylated Hg is 
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subsequently consumed or absorbed by the smaller fish and then by the larger fish species. 

It is a clear phase, where the Hg in the sediments is transferred to the water column which 

is subsequently absorbed or captured by the aquatic plants. Finally, they are released back 

into the reservoir during the decomposition process indicating the biogeochemical cycle 

(Olivero-Verbel et al., 2015; Strickman & Mitchell, 2018; Wang et al., 2020).  

6 Comparison studies 

The concentrations of Hg in the environmental matrices (water, sediments, 

macrophytes and fish) of this study were compared with other aquatic systems impacted by 

gold mining in different parts of the world (Table 3).  

In water, the concentrations of THg of this study (<10–50.20 ng L
-1

; avg. 

13.01±13.73 ng L
-1

) are lower than those typically found in lotic aquatic systems in the 

Northwest of Colombia, such as in San Martín de Loba (17–39 µg L
-1

) (Olivero-Verbel et 

al., 2015) and the Achí swamps Bolívar (160–460 ng L
-1

) (Marrugo-Negrete et al., 2008a). 

It is also lower when compared with other countries such as the ASGMs and rivers of 

Suriname (Gray et al., 2002), Pra river basin, Ghana (Donkor et al., 2006) and Cikaniki 

river, Bogor, Indonesia (Tomiyasu et al., 2017). However, they were higher than the 

reported concentrations from other regions, such as the West Wits Gold Mine, 

Johannesburg, South Africa (Lusilao-Makiese et al., 2016) and Rio Madeira basin, Brasil 

(Viera et al., 2018). 

Likewise, the average concentrations of THg (range: 0.04–1.27 µg g
-1

; avg. 0.21 

±0.25 µg g
-1

) in the AGMPs of this study are higher than the background values [0.05 µg g
-

1
 for THg (Rudnick & Gao, 2014)] and the average value of THg reported for the river 

Atrato in the Department of Chocó (0.081 µg g
-1

) (Palacios-Torres et al., 2019). However, 

they are not as high as the values reported in other mining regions of Colombia, for 
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example: in the Grande Achí swamps (0.49– 1.08 µg g
-1

) (Marrugo-Negrete et al., 2008a), 

San Martín de Loba (0.40 – 63.46 µg g
-1

) (Olivero-Verbel et al., 2015) and from other 

countries, such as the ASGMs of Senegal (Gerson et al., 2018), Rio Madeira basin, Brasil 

(Lino et al., 2019) and artificial reservoirs/ rivers from Cote d'Ivoire (Mason et al., 2019). 

However, it is emphasized that the MeHg/THg ratio of 6.5 (avg.) and the maximum of 11% 

in the sediments was higher than the typically reported proportions in uncontaminated 

aquatic sediments (0.1 - 1.5%) (Ullrich et al. 2001; Issaro et al., 2009) and those observed 

in all the aquatic systems reported in this study [except in the Pra river basin - Ghana (max. 

68%)] (Donkor et al., 2006). This is a clear evidence of the excessive ability of these 

ecosystems to methylate mercury.  

On the other hand, the contents of the THg in the macrophytes of this study are 

higher than those reported for other species present in uncontaminated lentic systems in 

Brazil (Pestana et al., 2019). However, they are in par with the values reported by Olivero-

Verbel et al., (2015) and Molisani et al., (2006) in moderate to severely contaminated state 

in the aquatic systems with THg. 

In general, THg concentrations for all fish samples (range: 0.01–1.43 μg g
-1

; avg. 

0.25 μg g
-1

) are higher than those reported for San Martín de Loba, Colombia (Olivero et 

al., 2015) and artificial reservoirs/ rivers of Cote d'Ivoire (Mason et al., 2019). Low values 

are observed when compared to fishes from the Grande swamp, Colombia (Marrugo-

Negrete et al., 2008a), Pra river basin, Ghana (Donkor et al., 2006), Tapajós river basin, 

Amazona, Brazil (Lino et al., 2019) and Atrato River, Colombia (Palacios-Torres et al., 

2018).  

A more detailed comparison of THg in the H. malabaricus with other studies in 

Colombia, such as the Ayapel swamp (0.28 μg g
-1

) (Marrugo-Negrete et al., 2007), 
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Magdalena river basin (0.11 μg g
-1

) (Alvares et al., 2012), suggests that the average 

concentration of THg for this species is considered to be high (0.46 μg g
-1

). However, they 

are lower than those reported for the Amazon (0.72 μg g
-1

) (Olivero-Verbel et al., 2016) 

and Río Atrato (0.62 μg g
-1

) (Palacios-Torres et al., 2018). In addition, H. malabaricus 

presented half the weight of specimens captured in previous ecosystems, which is 

associated with overfishing in AGMPs. If the THg contents in fish in this study are 

extrapolated based on their size and body weight, the THg concentrations that would be 

obtained will be much higher than those reported in other areas.  

In general, the MeHg/THg ratios obtained in this work are similar to those found in 

the Río Tapajós, Brazil (Lino et al., 2018) and Mojana region, Northwest Colombia 

(Marrugo-Negrete et al., 2008b, 2020) indicating its enrichment. 

7  Focus on remediation  

Overall, it is clearly evident that the organisms present in the region is contaminated 

and enriched with high magnitude of Hg levels in water and fish posing a potential health 

risk for wildlife and human population giving a direct message to avoid the consumption of 

these aquatic organisms in the regular food chain. An immediate measure to protect the 

sensitive human population is to installing health warning sign boards in the ponds and fish 

species with critical levels of THg. This must be accompanied by awareness programs for 

frequent fishers, so that they restrict the consumption of fish caught in the AGMPs. In 

addition, recent studies suggest use of adsorption methods, where the aqueous solution can 

be passed onto mesoporous materials in a bed-column removing the dissolved metals 

(Alardhi et al., 2020). Moreover, in a batch adsorption system by changing the pH values 

and the contact time with the solution/ temperature changes often help in removal of metals 

and has been proved in laboratory based studies (Albayati et al., 2020). 
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8 Conclusion 

The results generated is also the first of its kind in different matrices from the same 

region providing environmental assessment in relation to human health risk associated with 

Hg enrichment/ contamination and methylation in tropic lentic ecosystem in AGMPs. The 

results also infer that the underground macrophyte biomass represent a critical matrix for 

THg accumulation in the ecosystem. The enriched values/ concentration pattern of THg and 

MeHg in all the four environmental matrices is a clear indication for the high capacity of 

methylated Hg, which are transferred to the ecosystem. The bio-accumulation and 

biomagnification values of MeHg particularly in the fishes of tropical network represents a 

source of exposure and a potential health risk for fishing communities who´s diet is based 

on fishes caught from these ponds. In addition, the HQ values exceeded for both THg and 

MeHg recommended for the human populations. Based on the results, it is recommended 

consumption of fishes from the AGMPs should be avoided as a regular meal in this region. 

The above outcomes should open the eye for governmental and non-governmental 

institutions to carry out more extensive research on environmental health risk studies, 

particularly those based on consumers of contaminated fish caught from these AGMPs. 
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List of figures 

 

Figure 1 Location of the sampling sites in abandoned gold mines from Chocó region, 

Colombia. Gray symbols represent some of the ponds identified in the study 

area, while yellow symbols represent the ponds sampled. 
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Figure 2a-b Distribution of THg concentrations in water samples from ponds, adjacent 

drainages (a) and aquatic macrophytes (b) collected in different ponds 

abandoned by ASGM from Chocó region. The red line represents the value, 

12 ng L
-1

, TEL (USEPA) for HgT in freshwater systems. 

Jo
ur

na
l P

re
-p

ro
of



46 

 

 

Figure 3a-b  Distribution of THg contents (µg/g dw) in fish muscles collected in ponds, 

according to (panel a) their trophic level: omnivores with a preference for 

vegetable material (OPVM): TL < 2.9; omnivores with a preference for 

animal material (OPAM): 2.9 < TL < 3.7; carnivores with a preference for 

small fish (CPSF); 3.7 < TL < 4.0; voracious fish predators (VFP): 4.0 < TL 

< 4.5. (Annual et al., 2018), and (panel a) trends according to the 

municipality and periods of abandonment of the ponds. Geophagus 

pellegrini (Gp), Caquetaia kraussii (Ck), Hoplias malabaricus (Hm). 
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Figure 4   THg concentrations in samples of fish caught in abandoned gold mining 

ponds in the Chocó region. The red line represents the maximum 

concentration of THg, 0.5 µg g
-1

, suggested by the WHO, and in blue the 

maximum concentration to protect the most vulnerable group of people 

(WHO, 1990). 
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List of tables 

Table 1  Summary of physical–chemical concentrations of water quality measured in 

water of ponds abandoned by gold mining from Choco region, Colombia. 

 

Municipality 
Sampling 

sites 

Physico-chemical parameters 

pH 
T  

(ºC) 

Conductivity 

(μS/cm) 

Turbidity 

(NTU) 

Eh  

(mV) 

Dissolved Oxygen 

(DO) (mg/L) 

U
n

ió
n
 P

an
am

er
ic

an
a 

P1 6.16 27.0 79.2 34.1 59.1 5.7 

P2 6.20 27.0 22.8 5.1 96.2 4.9 

P3 - - - - - - 

P4 5.72 27.2 38.9 32.8 156 4.7 

P5 - - - - - - 

P6 - - - - - - 

P7 5.86 28.8 14.6 4.4 158.3 4.3 

P8 5.95 27.6 80.9 35.4 43.6 3.9 

P9 - - - - - - 

P10 - - - - - - 

P11 5.90 27.4 15.6 26.7 51.2 4.9 

P12 - - - - - - 

P13 - - - - - - 

P14 5.41 27.0 16.5 5.9 163.8 5.0 

P15 - - - - - - 

P16 5.63 28.1 13.2 8.1 163.0 6.0 

P17 5.75 28.0 27.8 19.0 161.2 5.3 

P18 - - - - - - 

P19 - - - - - - 

P20 - - - - - - 

T
ad

ó
 

P21 5.54 27.5 48.1 3.1 160.4 4.4 

P22 - - - - - - 

P23 - - - - - - 

P24 5.61 27.8 48.0 34.5 95.2 5.8 

P25 - - - - - - 

P26 - - - - - - 

P27 5.47 29.5 28.3 6.1 123.2 3.9 

P28 - - - - - - 

P29 5.78 28.5 28.4 2.8 105.2 4.1 

P30 6.03 29.0 23.2 10.7 128.8 4.1 

P31 5.78 27.5 23.5 4.5 138.6 3.6 

P32 6.11 30.2 17.4 3.2 147.4 5.5 

P33 - - - - - - 

P34 - - - - - - 

P35 5.96 30.8 29.3 3.3 154.2 3.8 

P36 - - - - - - 

 Mean ± SD 5.81±0.24 28.2±1.15 32.7±20.7 14.1±13.1 123.8±41.6 4.7±0.8 

 Min 5.41 27.0 13.2 2.80 43.6 3.6 

 Max 6.20 30.8 80.9 35.40 163.8 6.0 

 Max/Min 1.15 1.1 6.1 12.64 3.8 1.7 
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Table 2 Estimated daily intake per meal (EDIm) (μg/g day), hazard quotient (HQ) 

and maximum allowable fish consumption rate in meals/week (Crmw) in 

adults for fishes collected in AGMPs from Chocó region (Colombia). 

Scientific name Common 

name 

MeHg 

(µg g
-1

) 

EDIm
*
 HQ

*
 Crmw

*
 EDIm

**
 HQ

**
 Crmw

**
 

Hoplias malabaricus Quicharo 0.41 2.41 24.09 0 0.51 5.13 1 

Ctenolucius beani  Aguja 1.35 7.93 79.31 0 1.69 16.88 0 

Rhamdia quelen  Barbudo 0.17 1.00 9.99 1 0.21 2.13 3 

Caquetaia kraussii  Mojarra 

amarilla 

0.14 0.82 8.23 1 0.10 1.00 4  

Sternopygus aequilabiatus  Veringo 0.08 0.47 4.70 1 0.23 2.30 7 

Astyanax atratoensis  Sardina 0.10 0.59 5.88 1 0.13 1.25 6 

Geophagus pellegrini  Mojarra 0.06 0.35 3.53 2 0.08 0.75 9 

Cyphocharax magdalenae Mazorca 0.08 0.47 4.70 1 0.10 1.00 7 

EDIm values higher than the PTWI (1.6 μg/g day: for children and women of childbearing age) are 

indicated in bold; 
*
Standard portion of fish consumed per meal: 470 g/day, according to Fuentes-

Gandara et al., (2018); 
**

Most conservative value of the amount of fish consumed per meal: 100 

g/day       

               values < 1;        values ≥ 1 

 

Table 3  Comparison of Hg concentrations in different environmental matrices of 

aquatic ecosystems impacted by gold mining in Chocó region, Colombia 

Locations 
Water (ng/L)*  Sediments (μg/g dw) 

References 
THg MeHg %MeHg  THg MeHg %MeHg 

Ponds abandoned by the ASGM, 
Chocó, Colombia 

13.01 ± 
13.73 

< 10 
- 

 
0.04 - 
1.27 

0.015 ± 
0.025 

6.5 
This study 

Atrato river, Chocó, Colombia - - 
- 

 0.081 - 
- Palacios-Torres et al. 

(2018) 
San Martín de Loba, south 

Bolivar, Colombia 

17.0-

39.18+ 
- 

- 
 

0.40 – 

63.46 
- 

- Olivero-Verbel et al. 

(2015) 

Ayapel and Achí swamps, 
Colombia 

- - 
- 

 
0.145 – 
1.021 

0.008-
0.068 

3-11 Marrugo-Negrete et 
al. (2015) 

Grande Achi swamp, Colombia 160-460 - 
- 

 
0.49– 

1.08 
- 

- Marrugo-Negrete et 

al. (2008a) 
Samuel hydroelectric reservoir, 

Brasil 
- - 

- 
 40.61

++
 0.69

++
 

1.50.5a 
Pestana et al. (2019) 

Tapajós river basin, Amazona, 

Brasil 
4.63  

4.14 

0.08  

0.06 

2.76  
2.56 

 74  32 
0.90  

0.84
++

 

0.3 – 3 
Lino et al. (2019) 

Rio Madeira basin, Amazona, 

Brasil 

2.02 – 

2.41 

0.31 – 

0.43 
17 – 15  

55.33 – 

77.52
++

 

0.24 – 

0.44
++

 

0.6 – 

0.4 
Vieira et al. (2018) 

Artificial reservoirs, Paraíba, 
Brasil 

0.05 – 
0.18 

- 
- 

 
0.02 – 
0.09 

- 
- Molisani et al. 

(2006) 

Surroundings of the ASGM and 
river, Suriname 

10 – 930 
0.05 – 
3.8 

- 
 

0.005 – 
0.2 

<0.02 – 

1.4
++

 

- 
Gray et al. (2002) 

Pra river basin, Ghana 
28.70 – 
462.10 

0.00 - 
19.64 

-  
0.02 – 
2.97 

0.002 – 
0.075 

1 – 68 
Donkor et al. (2006) 

Cikaniki river, Bogor, Indonesia 
0.4 – 

9.6
+
 

0.36 – 

0.56 

0.004– 

0.14 
 - - 

- Tomiyasu et al., 

(2017) 

Artificial reservoirs and rivers, 
Cote d'Ivoire 

4.57  

4.96 

>0.1 – 

0.37 
2.5  

6.7 
 2.4 – 147 

0.03 – 

1.3 

0.22 –  

5.01 
Mason et al. (2019) 

West Wits Gold Mine, 0.04 – 0.004 – 1 - 10  0.14 – 0.8 – 0.6 – Lusilao-Makiese et 
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All values were reported to two significant figures. aaverage±SD; bmedian concentration; *unfiltered water; **filtered 

water; +concentration in ng/mL; ++concentration in ng/g; ww = fresh weight. 

 

 

Supplementary Tables 

Suppl. Table T1 Details of the sampling in the ponds abandoned by gold mining from 

Choco region, Colombia 

Suppl. Table T2 Biometric characteristics, concentrations of MeHg and HgT in fish 

(μg g
-1

 fw) collected in abandoned gold mining ponds from Chocó 

region, Colombia 

Suppl. Table S3 Spearman correlation between biometrics vs HgT and MeHg in 

muscle of fish caught in AGMPs from Chocó region, Colombia. 

 

 

 

Johannesburg 5.48 0.27 0.84 9.2
++

 1.7 al., (2016) 

Surroundings of the ASGM, 

Senegal  

2.5 - 

2400 

0.007 – 

68 

- 
 0.06 – 3.4 

Up to 

0.019 

 
Gerson et al. (2018) 

Locations 
Fish (μg/g wet wt.)  

Macrophytes (μg/g 
dw) 

 

 

THg MeHg %MeHg  THg MeHg %MeHg 

Ponds abandoned by the ASGM, 

Chocó, Colombia 

0.25 ± 

0.25 

0.22 ± 

0.23 

90 
 

0.01 – 

0.54 
- 

- 
Este estudio 

Atrato river, Chocó, Colombia 
0.40  

0.03 
- -  - - - 

Palacios-Torres et al. 
(2018) 

San Martín de Loba, south 
Bolivar, Colombia 

0.02 – 
0.45 

- 
- 

 
0.06 – 
0.48 

- 
- Olivero-Verbel et al. 

(2015) 

Artificial reservoirs and rivers, 
Cote d'Ivoire 

0.03 – 

0.31 
- 

- 
 - - 

- 
Mason et al. (2019) 

Mojana region, Colombia 
0.03 – 

0.59 

0.02 – 

0.57 

74 – 95 
 - - 

- Marrugo-Negrete et 

al. (2020) 

Grande Achi swamp, Colombia, 
Colombia 

0.157-
2.04 

- 
- 

 - - 
- Marrugo-Negrete et 

al. (2008ª) 

Ayapel marsh, Colombia 
0.054–

0.951 
- 

- 
 

0.159-

0.982 
- 

- Marrugo-Negrete et 

al. (2010) 

Samuel hydroelectric reservoir, 
Brasil 

- - 
- 

 3.45
++

 2.79
++

 
8.9  

6.6 
Pestana et al. (2019) 

Tapajós river basin, Amazona, 
Brasil 

0.07 – 
3.51 

0.06 – 
3.30 

85 
 - - 

- 
Lino et al. (2019) 

Artificial reservoirs, Paraíba, 

Brasil 
- - 

- 
 

0.04 – 

0.31  
- 

- Molisani et al. 

(2006) 

Pra river basin, Ghana 
0.08 – 

4.47 
<0.007 

<1 
 - - 

- 
Donkor et al. (2006) 
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Supplementary Figures 

Suppl. Figure 1a-c Description of the human activities carried out in the ponds 

abandoned by gold mining from Choco region. A: panoramic view of 

the abandoned mining ponds. B: artisanal fishing activities by 

inhabitants of the surrounding communities. C: commercial 

aquaculture. 
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Research Highlights 

 THg and MeHg concentrations in water, sediments, macrophytes and fish in AGMPs. 

 Fifty-three percent of water samples are above THg guideline for the aquatic life. 

 Underground biomass of macrophytes are critical compartment of THg accumulation.  

 Sediment samples showed high ability to methylate THg. 

 MeHg and THg in fish indicates that it will affect humans leading to health risks. 
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