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Juan Antonio Guerrero Barrantes h, Midori Chinen Gushiken g, Joel Vasquez Bardales g, 
Miles Silman b,c, Luis Fernandez b,c,i, Cesar Ascorra b,c, Dennis del Castillo Torres j 
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A B S T R A C T   

Gold mining is the largest source of mercury (Hg) pollution worldwide. The discharge of mercury in the envi-
ronment bears direct human health risks and is likely to increase cascading effects throughout local food chains. 
In the Peruvian Amazon the mining process consists of slashing and burning trees, followed by extraction of gold- 
bearing sediment, amalgamation with Hg and gold recovery, leading each year to the degradation of 6,000- 
10,000 ha and the release of 180 metric tons of Hg per year to the enviroment. The purpose of this study was to 
determine soil Hg levels in soils of abandoned alluvial gold mine spoils and undisturbed forest in the Madre de 
Dios region, the epicenter of alluvial gold mining in Peru. We selected gold mine spoils of the two most important 
technologies locally applied for gold extraction, i.e., Minimally Mechanized Mining (MMM) and Highly Mech-
anized Mining (HMM), in the native communities of Laberinto and Kotzimba, respectively. We collected 127 and 
35 soil samples (0-20cm depth) from potentially contaminated sites and undisturbed forest, respectively. 
Physicochemical analysis and determination of Hg levels were determined for all soil samples. None of the 
samples had Hg concentrations above Peruvian, Canadian and British Environmental Quality Standards for 
Agricultural Soil (6.6mg/kg). Hg levels in MMM and HMM were not significantly different between the two 
areas. The main variables explaining variation of soil Hg concentrations were the vegetation cover, soil organic 
matter, soil pH and clay particle content, which explained up to 80% of data set variation. Surprisingly, highest 
Hg concentrations were found in untouched old-growth forest bordering the mine spoils, but there was also a 
trend of increasing Hg concentrations with the regenerating vegetation. Our findings suggest that Hg concen-
trations in old mine spoils are low and shouldn’t stand in the way of efforts to restore soil conditions and develop 
sustainable land uses. However, it is urgent to end the use of Hg in mining operation to decrease human and 
environmental risks.   
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1. Introduction 

Alluvial gold mining has become a key driver of deforestation, 
environmental pollution and potential to harm human health in the 
Peruvian Amazon. Artisanal and small-scale gold mining (ASGM) in the 
Madre de Dios region, also known as the “Peruvian Capital of Biodi-
versity”. This region accounts for 10 metric tons (7%) of the total 
registered annual gold production in Peru of approximately 144 metric 
tons, and represents 71% of the Peruvian artisanal and small scale gold 
mining production (Ministerio de Minas y Energía, 2019). Gold mining 
in Madre de Dios has already resulted in the deforestation and severe 
degradiation of 95,750 ha of old growth forests (Caballero Espejo et al., 
2018). The average annual deforestation rate is above 6000 ha/yr 
(Asner et al., 2013) and leads to an estimated topsoil loss of 1.3 t ha− 1 

year (Gomez, 2013) by mixing it with infertile old sediments that mining 
extracts. Alluvial gold mining in Madre de Dios generally involves slash 
and burn deforestation, followed by old sediments extraction that uses 
highly mechanized mining (HMM, excavators front loaders), and mini-
mally mechanized technology (MMM, suction pumps and water can-
nons) that brings them from different depths to the surface (Caballero 
Espejo et al., 2018). During this process, the topsoil, characterized by a 
fine texture, is scattered and coarse gravel, stones and boulders from 
deeper soil layers become predominant at the surface (Salinas, 2007). 
Gold particles are captured through amalgamation with mercury (Hg), 
then recovered by burning, which evaporates Hg and sends it into the 
atmosphere (Alvarez et al., 2011; Salinas, 2007). All these stages are 
typically carried out on site, hence generating an importance source of 
Hg pollution in the local environment. It is estimated that between 
fourteen of Hg are emitted for every gram of gold produced and up to 
50% of the Hg used in ASGM is released directly to the environment in 
spoils and when amalgam is burned (Cordy et al., 2011). In Madre de 
Dios was register Hg loses of 181 t every year (Arana and Montoya, 
2017). 

The average levels of Hg in soils of the world ranges between 0.58 
and 1.8 mg kg− 1DM (Kabata and Pendias, 2011). The highest soil Hg 
concentrations are found in mine spoils. For example, in the Idrija 
Hg-mine (Slovenia) total Hg concentrations in contaminated soils varied 
between 8.4 and 415 mg kg− 1 (Kocman et al., 2004). The highest Hg 
levels in soils of mining tailings were measured in Africa amounting to 
901.5 mg kg− 1 DM Hg in Ghana (Clifford, 2017), 1414 mg kg− 1 Hg DM 
in Tanzania (van Straaten, 2000) and 1500 mg kg− 1 DM in Kenya 
(Odumo et al., 2014). 

Contamination of the ecosystem with Hg is of particular concern in 
the Amazon due to tropical climatic conditions under which Hg becomes 
extremely mobile. In equatorial regions, relatively elevated concentra-
tions of Hg have been measured in the superficial mineral horizons of 
forested oxisols of, for example, French Guiana (Marc Roulet and 
Lucotte, 1995), the Brazilian Tocantinas River Valley (Aula et al., 1994) 
and the Tapajós River Valley (M Roulet et al., 1996), with concentra-
tions ranging from 0.80 to 210 mg kg− 1DM. Hg pollution associated with 

gold mining has become a huge social and environmental problem in 
Madre de Dios (J Álvarez, V Solano, A Brack, 2011). It was registered Hg 
levels in different compartments of the Peruvian Amazon. For instance, 
riverine sediments near ASGM contained 0.95 mg kg− 1 and up to 0.29 
mg kg− 1 in Madre de Dios and Malinowski river respectively (Diringer 
et al., 2015; Martinez et al., 2018). Also, it was determined a close 
relation between deforestation and Hg mobility in Colorado watershed 
near ASGM areas, where The Puquiri River and Colorado River outlets 
significantly higher Hg levels, 15–50 ng l− 1, potentially leading to bio-
accumulation in fish and exposure to communities downstream. 
(Diringer et al., 2019). Furthermore, Hg levels in impacted soils were 
below 6.6 mg kg− 1 the Environmental Quality Standards for Soil of Peru 
(ECA) (MINAM, 2017) likewise Román-Dañobeytia et al. (2020), 
Soto-Benavente et al. (2020) and Velásquez Ramírez et al. (2020) 
research, getting 0.04 and less than 0.1 ng kg-1. However, we can not yet 
omit Hg harmfulness in the environment, especially in soil. 

Recent gold mine spoils are expected to be potential sites of 
contamination with Hg, but exposure risks are still not well understood 
in ASGM areas which is of concern because some mine spoils in the 
region are already being reforested without a clear assessment of 
exposure risks to Hg. The objective of this research is to determine Hg 
levels in soils impacted by two of the most frequently used gold mining 
methods employed in Madre de Dios: minimally and highly mechanized 
mining. We hypothesized that soil Hg levels in mine spoils depend 
mainly on the type of mining operations, vegetation cover and physico- 
chemical soil characteristics. 

2. Materials and methods 

2.1. Study area 

We carried out the present study in soils impacted by alluvial gold 
mining in the Madre de Dios Region (Fig. 1). The impacted areas were 
selected according to the two locally most used technologies to extract 
sediments: Highly Mechanized Mining (HMM) and Minimally Mecha-
nized Mining (MMM) (Fig. 2). HMM uses heavy machinery such as ex-
cavators, front loaders, and dump trucks, whereas MMM uses suction 
pumps and high pressure water cannons to liquefy stream-side sedi-
ments, which are transported to sluice boxes via diesel-powered water/ 
sediment pumps (Caballero Espejo et al., 2018). The selected mines 
where MMM technology had been used were Santa Rita human settle-
ment, Laberinto district, and San Jacinto Native Community. The 
selected mine spoils where HMM technology had been used was Villa 
Santiago human settlement and Kotzimba Native Community. In these 
areas, mercury was used to form gold-mercury amalgam in the mining 
spoils, then in miner’s camp, it is roasted to get gold. 

The study region is located between 188 and 332 m. a.s.l (meters 
above sea level) and characterized by a megathermal climate (tropical 
climate), with little or no water deficiency and possesses a saturated 
climate according to Thornthwaite Climate Classification (Feddema, 
2005; Thornthwaite, 1948). Annual precipitation, temperature and 
relative humidity vary between 2000 and 2610 mm, 18–24 ◦C and 
87–97% RH, respectively. Climax vegetation is composed of humid and 
very humid tropical forests according to Holdridge Life Zones System 
classification (Senamhi, 2017; Holdridge, 1967). The soil moisture is 
high throughout most of the year, classified as a Udic soil moisture 
regime. The soil temperature regime is classified as hyperthermic with 
mean annual soil temperatures above 22 ◦C (Soil Science Division Staff, 
2017). These kind of soils in the Peruvian Amazon were classified as 
Entisols according to Velasquez (2017). 

2.2. Soil sampling 

We collected 162 surface soil samples (0–20 cm depth), 122 samples 
corresponded to MMM and 40 to HMM. These samples include 127 and 
35 ones from impacted areas which are potentially contaminated sites 
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and non impacted areas such as undisturbed forest, respectively. Grab 
Samples were taken through stratified random sampling across 250 ha; 
The sampling number depended on accessibility and study area. Sam-
pling was carried out in accordance with the Guide for Soil Sampling of 
Peru (MINAM, 2014) to ensure our soil sampling plan would be suited to 
identify and characterize the location and expansion of the soil pollu-
tion. Soil quality was assessed in agreement with the Environmental 
Quality Standards for Soil of Peru (ECA) (MINAM (2017), the Canadian 
Environmental Quality Guidelines (CEQGs) (Canadian Council of Min-
isters of the Environment, 2007), and Soil Guideline Values of United 
Kingdom (SGVs) (Environment Agency, 2009). The sampling design was 
adjusted to different landscape (LUs), covering both gold mine spoils 
and referce forest. In the mine spoils we distinguished between LUs with 
(i) Uncovered Substrate (US, 52 samples), (ii) Uncovered Coarse Frag-
ments Mounds (UCFM, 32 samples), (iii) Covered Soil (CS, 10 samples) 
and (iv) Covered Coarse Fragments Mounds (CCFM, 6 samples); we also 
included non impacted areas composed of undisturbed forest adjacent to 
the mine spoils, further referred to as Reference Forest (RF, 62 samples) 
(Table 1). Each soil sample (Table 2) consisted of approximately 0.5 kg 
of topsoil. Field samples were homogenized, stored in clean poly-
ethylene containers and immediately transported on dry ice using 
coolers, until later freeze drying and analysis in the laboratory. 

2.3. Soil and Hg analysis 

Samples were mixed, stored, air dried, and passed through a 2.0 mm 
sieve, after which we determined particle size distribution (Bouyucos 
method); soil acidity in water extract 1:1 (weight of water/weight of dry 
soil), Soil organic matter (SOM) (Walkley Black Method) and Cation 
exchange capacity (CEC) (Ammonium acetate pH = 7) (ISRIC, 2002). 
These analyses were conducted at Soil Fertility Laboratory located in 
IIAP Research Center in Madre de Dios and twice replicates were 

Fig. 1. Study area located at mining spoils characterized by minimally mechanized (upper right panel) and highly mechanized (lower right panel) mining technology 
in the Peruvian Amazon region of Madre de Dios. 

Fig. 2. Technologies to extract sediments: minimally mechanized mining (left) and highly mechanized mining (right), located in Laberinto district and Kotzimba 
Native Community in the Peruvian Amazon, respectively. 

Table 1 
Landscape elements considered in this study  

Landscape unit (LUs) Characteristics 

Uncovered Substrate (US)a Uncovered ground with predominant sand particles. 
Impacted area. 

Uncovered Coarse Fragments 
Mounds (UCFM) 

Uncovered ground with predominant content of 
clast and pebbles. Impacted area. 

Covered Soil (CS) Covered ground by natural regeneration with 
predominant sand particles. Impacted area. 

Covered Coarse Fragments 
Mounds (CCFM) 

Covered ground by natural regeneration with 
predominant content of clast and pebbles. Impacted 
area.  

a This is not considered soil because it lacks of the organism effect, which is 
part of the five soil forming factor according to Jenny (1941). 
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assessed per each sample. 
Total Hg concentration in soils was determined by thermal decom-

position atomic absorption with a Milestone DMA-80 mercury analyzer. 
The analysis was conducted according to the USEPA Method 7473. To 
ensure quality control, there was a strict blank control by using one 
blank at the beginning of every test, the DMA –80 was calibrated with 
liquid standard solution (1000 ppm Hg), we used of reference material 
TILL-2 (74 ± 13 Hg ppb) and EMC with a recovery rate above 90% and 
two replicates were assessed per each sample. The Hg analysis was 
carried out at the Mercury and Environmental Chemistry Laboratory 
(Laboratorio de Mercurio y Quimica Ambiental -LAMQA) in the Research 
Institute of the Peruvian Amazon (Instituto de Investigaciones de la 
Amazonía Peruana – IIAP) in Puerto Maldonado, Madre de Dios. 

2.4. Data analysis 

We compared Hg levels in degraded soil, using non-parametric 
methods, Kruskal-Wallis (p-value<0.05) and Wilcoxon as Post-hoc 
test, because data were not normally distributed. First, we compared 
impacted (US, CS, UCFM and CCFM) versus non impacted areas (RF) 
(Table 3). Second, we compared between LUs (US, CS, UCFM, CCFM and 
RF) in Minimally Mechanized Mining Areas, and Highly Mechanized 

mining areas (Table 4). Third, we made a comparison between each US, 
CS, UCFM, CCFM and RF independely from the type of mining tech-
nology, and then between Minimally Mechanized Mining Areas and 
Highly Mechanized mining areas (Fig. 3). Normality was assessed with 
Kolmovorov test. 

Geostatistical methods (Montero and Larraz, 2008), and Principal 
Components Analysis (PCA) were used to understand the spatial 
behavior of Hg and the relationships among Hg levels and different 
explanatory variables. Experimental variogram models were generated 
in SGemS beta v.2.5 b (Stanford Geostatistical Modeling Software) and 
statistical analyses were carried out with ‘Rcmdr’ (v 2.5–2), ‘RcmdrMisc’ 
(v 2.5–1) and ‘RcmdrPlugin.FactoMineR’ (v 1.6–0) packages for R sta-
tistical program v 3.2.2 (R Development Core Team., 2017). We devel-
oped continuous soils maps through application of ordinary kriging (OK) 
based on Gaussian semi-variogram models in ArcGis 10.6 (ESRI Inc., 
USA). 

Furthermore, we applied a generalized linear mixed model (GLMM) 
to assess the role of different explanatory variables in explaining Hg 
levels in the collected soil samples, using sampling location as the 
random effect variable in lme4 package for R (R Development Core 
Team., 2017). To reduce collinearity in the fixed-effects variables, we 
carried out iterative runs of the variance inflation factor (VIF) until all 
variables had VIF<10. Retained variables were: the vegetation cover 
and mining type at each soil sample (LUs), its SOM, pH, CEC, clay and 
silt content. We log transformed Hg concentrations to more approximate 
normality and employed an information-theoretic approach in order to 
identify and select the best models for explaining Hg concentrations in 
soil. To this end, we constructed models with all possible combinations 
of explanatory variables described above using the MuMIn package for R 
program (Barton, 2018). All continuous explanatory variables were 
standardized by subtracting the mean value and dividing by twice the 
standard deviation to allow comparison of the coefficients of numeric 
variables with the binary variable of mining type (Gelman, 2008). 
Models were ranked according to the Akaike information criterion 
(AIC), which is commonly used for model selection and to account for 
potential biases due to small sample sizes. We calculated the difference 
in AIC value between each model and the best model (delta AIC: Δi). The 
best models were selected as those with Δi values < 2, and we carried 
out model averaging across these models to determine model co-
efficients (Barton, 2018). Model residuals were normally distributed and 
showed no specific arrangement with the fitted values or any of the 
explanatory variables. 

3. Results 

The soil samples from gold mine spoils had significantly higher pH, 
but significantly lower SOM, CEC and clay content than soils of refer-
ence forests (non-impacted areas) adjacent to the mines, (Table 3). 

The Hg levels of all soil samples were below permitted levels ac-
cording to the Peruvian Environmental Quality Standards for Soil (6.6 
mg kg− 1; ECA), Canadian Environmental Quality Guidelines (6.6 mg 

Table 2 
Characterization of study areas and sampling intensity.  

Technologies to 
extract sediments 

Selected 
areas 

Landscape units 
(LUs) 

Area 
(ha) 

Top 
soil 
samples 
(n) 

Minimally mechanized Laberinto 
district 

US 1.97 12 
UCFM 0.37 12 
CS 0.31 2 
CCFM 0.31 2 
RF 66.08 27 

Santa Rita 
human 
settlement 

US 46.93 16 
RF 99.5 24 

San Jacinto 
Native 
Community 

US 4.64 12 
UCFM 1.02 7 
RF 21.15 8 

Highly 
mechanized 

Kotzimba 
Native 
Community 

US 4.24 9 
UCFM 0.26 10 
CCFM 0.47 3 
CS 0.72 6 

Villa Santiago 
human 
settlement 

US 0.62 3 
UCFM 0.15 3 
CCFM 0.11 1 
CS 0.07 2 
RF 1.54 3 

Uncovered Substrate (US). 
Covered Soil (CS). 
Uncovered Coarse Fragments Mounds (UCFM). 
Covered Coarse Fragments Mounds (CCFM). 
Reference Forest (RF). 

Table 3 
Summary statistics of Hg levels (mg kg-1 DM), characteristics and properties of the collected soil samples from impacted areas (US, CS, UCFM and CCFMand No 
impacted area (RF) (n=162).  

Parameters    

Impacted areas (US, CS, UCFM and CCFM) n=100 

Non-impacted area 
(RF) 
n = 62 

Mean Median Min Max SD Mean Median Min Max SD 

Hg (mg kg− 1DM) b 0.02 0.01 0.003 0.06 0.01 a 10.10 0.09 0.005 0.28 0.06 
Clay particle (%) b 5.61 3.80 0.60 37.40 6.51 a 11.56 9.80 0.60 30.80 6.57 
Sand particle (%) a 87.36 94.20 37.40 98.80 14.82 b 60.45 59.70 16.60 97.40 16.08 
Silt particle (%) b 7.0 2.60 0.80 38.60 9.02 a 27.98 27.70 0.00 66.80 13.03 
pH a 5.22 5.27 4.16 6.25 0.44 b 4.73 4.72 3.99 5.72 0.42 
Soil organic matter (%) b 0.48 0.17 0.03 3.45 0.68 a 3.23 2.89 0.07 8.34 1.95 
CEC (Cmol (+) kg− 1) b 6.06 4.80 3.20 17.60 3.15 a 15.92 14.56 4.48 28.32 5.95  
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kg− 1; CCME) and Soil Guideline Value of the United Kingdom (10 mg kg 
− 1); Table 4). Surprisingly, the Hg levels of soils in impacted sites were 
significantly lower than in non-impacted Reference Forest (p < 0.05) 
(Table 4). Hg in the covered sites CS (0.025 ± 0.012 mg kg− 1) and CCFM 
(0.041 ± 0.007 mg kg− 1) were higher than uncovered sites US (0.012 ±
0.012 mg kg− 1) and UCFM (0.022 ± 0.017 mg kg− 1), but there was no 
difference in Hg levels of impacted areas according to the type of mining 
(Kruskal-Wallis p-value: 0.945) (Fig. 3). 

A plot of the first two axes of a PCA (Fig. 4) shows that Hg levels was 
strongly positively related with CEC and SOM and negatively with pH. 

The information-theoretic modeling approach identified four models 
with Δi<2 that explained 80–81% of the variance in soil Hg levels 
(Table 5). Six different explanatory variables were present in these 
models, of which only vegetation cover, SOM and pH were retained by 
all models (Table 6). 

We also mapped the spatial distribution of Hg in two mining areas 
(with more accessibility), one in Laberinto District (Fig. 5) and one in 
Kotzimba Native Community (Fig. 6) characterized by Minimally and 
Highly mechanized mining technology, respectively. Both Hg semi 
variograms showed nugget values of 0.00, ranges about 100–600 and 
sills 0.000053–0.0024. We fitted exponential models to both variograms 
for interpolation and mapping purposes (see Fig. 7). 

4. Discussion 

4.1. 1 Soil characteristics and Hg levels in mined landscapes 

The main characteristics of mine spoils are loss of top soil and 
extreme soil profile remodeling caused by sand and rock fragments 
moved from deeper soil layers to the top, with high permeability, 

Table 4 
Pairwise comparisons after Kruskal-Wallis test of average Hg levels, pH, Soil Organic Matter and Cation Exchange Capacity in soil samples. Samples correspond to 
Minimally Mechanized and Highly Mechanized mining areas, in Uncovered Substrate (US), Uncovered Gravel Mounds (UGM), Covered Soil (CSNR), Covered Gravel 
Mounds (CGMNR) and Reference Forrest (RF).  

Parameters Minimally Mechanized Mining Areas 
MMM 

(n = 114) 

Highly Mechanized Mining Areas 
HMM 

(n = 48) 

US CS UCFM CCFM RF US CS UCFM CGMNCCFMR RF 

Hg 
(mg kg-1DM) 

0.01 
±0.01 
C 

0.02 
± 0.01 
b 

0.03 
± 0.02 
ab 

0.04 
± 0.00 
ac 

0.10 
± 0.06 
a 

0.01 
± 0.01 
c 

0.02 
± 0.01 
abc 

0.01 
± 0.00 
c 

0.03 
± 0.01 
bc 

0.09 
± 0.02 
a 

Clay particles (%) 2.56 
± 2.02 
c 

6.30 
± 0.42 
abc 

9.93 
± 8.38 
ba 

18.80 
± 1.41 
a 

11.78 
±1 6.62 
bc 

5.85 
± 10.74 
b 

5.77 
± 1.03 
ab 

5.04 
± 4.81 
ab 

9.64 
± 4.95 
a 

7.00 
± 3.17 
ab 

Sand particles (%) 95.14 
± 3.34 
a 

80.70 
± 1.83 
abc 

77.03 
± 21.83 
b 

59.20 
± 7.07 
abc 

59.51 
± 15.91 
c 

90.38 
± 16.30 
a 

83.68 
± 3.39 
ab 

86.56 
± 13.27 
ab 

76.20 
± 15.66 
ab 

78.80 
± 1.40 
ab 

Silt particles (%) 2.33 
± 2.27 
c 

13.00 
± 2.26 
abc 

13.03 
± 13.89 
ab 

22.00 
± 5.65 
ba 

28.67 
± 12.94 
a 

3.76 ± 5.97 
ab 

10.54 
± 3.29 
a 

8.38 
± 8.81 
ab 

14.16 
± 11.39 
a 

14.20 
± 4.52 
a 

pH 5.32 
± 0.42 
a 

4.60 
± 0.09 
ab 

5.34 
± 0.37 
a 

4.79 
± 0.64 
ab 

4.76 
± 0.41 
b 

5.26 
± 0.36 
a 

4.86 
± 0.22 
ab 

5.22 
± 0.40 
a 

4.62 
± 0.42 
ab 

4.16 
± 0.10 
b 

SOM 
(%) 

0.15 
± 0.14 
c 

1.06 
± 0.45 
abc 

0.90 
± 1.11 
cb 

1.93 
± 0.77 
ac 

3.21 
± 1.99 
a 

0.15 
± 0.15 
c 

0.61 
± 0.32 
ab 

0.42 
± 0.48 
bc 

1.33 
± 0.37 
ab 

3.51 
± 0.93 
a 

CEC 
(Cmol (+) kg− 1) 

4.80 
± 0.86 
c 

9.44 
± 2.48 
abc 

8.52 ± 4.56 
bc 

12.96 
± 1.58 
ac 

16.01 ± 6.08 
a 

5.41 
±3.43 
c 

5.46 
± 1.13 
bc 

5.05 
± 2.83 
c 

7.71 
± 0.96 
bc 

13.97 
±2.02 
a  

Fig. 3. Boxplots of Hg levels in soil samples from different landscape uits (Kruskall Wallis text; p-value ¼2.2 e-16) and mining technology (p-value¼0.97). 
Letters indicate landscape units and mining types with statistically similar Hg concentrations (Wilcoxon tests used as post-hoc tests after Kruskall-Wallis 
at p<0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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excessive runoff, nearly level slope class (<2%), low erosion and more 
than 10% rock fragments at the surface (Román et al., 2015; Velásquez 
Ramírez et al., 2020). Our results reveal surface soils characterized as 
sandy soils with low CEC and SOM, where the texture of US and UCFM 
are sand and sandy loam, with more than 77.03% ± 21.83% sand par-
ticles (Table 4). Similar Brazilian artisanal gold mine spoils (Milesi et al., 
2002) are predominantly composed of quartz (SiO2) whit density close 
to 2.76 g cm− 1

. 
Soil Hg levels in all sampled sites were below Peruvian, Canadian 

and British soil quality standards, confirming similar findings reported 
by Velásquez Ramírez et al. (2020), Arostegui (2017), Román et al. 
(2015) and Mandros (2019) in soil samples collected from sites under 
similar conditions in Madre de Dios. Together, these results suggest 
lower levels of Hg contamination in local mining spoils as compared 

with findings from other studies across the Amazon. By contrast, in 
Brazilian and Venezuelan artisanal mining spoils, Hg soil levels were 
found up to 12.30 and 542.00 mg kg -1 DM, respectively (Table 7). 

The adsorption of Hg in soils depends on a number of factors, 
including the chemical form of Hg introduced, the grain size distribution 
of the soil, the nature and amount of inorganic and organic soil colloid, 
the soil pH, and the redox potential (Steinnes, 2013). Our results suggest 
that vegetation cover, SOM, pH and to lesser extent CEC and Clay con-
tent are the most important variables explaining variation in soil Hg 
levels. The strongest positive correlation was found between soil Hg and 
SOM (r = 0.84) (Fig. 4), confirming similar observations from the 
literature (Kabata-Pendias and Sadurski, 2004). The positive correlation 
between soil Hg and organic carbon content (the main component of 
SOM) is related with the affinity of ionic forms of Hg for functional 
groups and organic matter complexes (Santos-Francés et al., 2011), with 
maximum sorption values reported to range between 106.00 and 
474.00 mg per kg of soil (Mou et al., 1999). In soils with low Hg levels, 
SOM allows only a very small fraction of Hg to be present in the soil 
solution, whereas in soils with high Hg levels, SOM causes Hg to be lost 
as the volatile form Hg◦ after its reduction (Andersson, 1979). In acid 
soils, such as the ones we sampled, Hg2+ is assumed to be mainly 
attached to SOM (Kabata and Pendias, 2011). However, in tropical soils, 
the absence of a well-developed organic layer due to the rapid turnover 
of accumulated organic matter, might limit surficial Hg accumulation 
(M. Roulet et al., 1998). In line with this, sites covered with natural 
regeneration (CS and CCFM) had up to 47% more SOM and 97% more 
Hg than uncovered sites (US and UCFM) (Table 4). 

Soil pH correlated negatively with Hg (r = − 0.60, p value < 0.0001) 
(Fig. 4). Uncovered impacted areas (US and UCFM) had a significantly 
higher pH (5.30 ± 0.39) than covered areas (CS and CCFM) (4.75 ±
0.33) and RF (4.73 ± 0.42), owing to the loss of SOM. Under acidic 
conditions, the lower pH of soil containing H2+ results in greater release 
to soil water. In addition, when soil pH is < 6.5, adsorption of organic 
pollutants by soil particles can return pollutants to the soil water, 
enhancing Hg activity and promoting the absorption by plant roots (Yu 
et al., 2018). In Chinsese cambisols, Yang et al. (2007) reported that 
under high soil pH values Hg releases to soil water. In studies of soils in 
Sweden, Andersson (1967) reported that Hg was adsorbed mostly on the 
humus fraction at low pH and on the mineral colloids at higher pH 
values. Accordingly, the pH decreases influenced by higher SOM at the 
covered areas (CS and CCFM) and RF, may explain increased Hg 
adsorption over time. 

A positive correlation was shown beteween CEC and soil Hg (r =
0.84, p value < 0.0001) (Fig. 4), which is in line with previous findings 
(Kabata-Pendias and Sadurski 2004). However, less than 4% of the total 
Hg levels has been found to be adsorbed via electrostatic interaction (Yin 
et al., 1997). The positive correlation between CEC and Hg might, 
therefore, be due to the positive correlation between CEC and SOM (r =
0.84) and clay content (r = 0.81, p value < 0.0001). While abandoned 
mine sites with some vegetation cover had CEC values up to 50% higher 
than uncovered sites, (Table 4), higher Hg concentrations in the former 
might be due to higher SOM (which enhances CEC) formation in soils 
covered by regenerating vegetation. Similarly, in soils under the 

Fig. 4. PCA loading plot showing the relationship among total Hg concentra-
tions and soil characteristics in the selected area. The first two axes explain 
83.54% of the data set variability. 

Table 5 
The four best GLMMs with Hg concentrations in soil as response variable 
selected based on AICc with Δi<2.  

Models K logLik AICc Δi wi r2 

Vegetation þ Clay þ SOM 
þ pH 

10.00 − 1.66 24.79 0.00 0.29 0.81 

Vegetation þ CEC þ SOM +
pH 

10.00 − 2.34 26.16 1.36 0.14 0.80 

Vegetation þ SOM + pH 9.00 − 3.63 26.45 1.66 0.12 0.80 
Vegetation þ SOM + pHþ

Silt 
10.00 − 2.55 26.58 1.78 0.12 0.81 

Log-likelihood of the overall model fit with no adjustment for the number of 
parameters, K the number of parameter estimates in the model, wi the Akaike 
weight, representing the model’s relative strength compared to other best models  

Table 6 
Effects of explanatory variables in model solutions with Δi< 2 on Hg concentrations in soil after model averaging.  

Variables Estimate Adjusted SE Confidence interval z value Pr (>|z|) Relative importance 

Vegetation - CS − 0.04 0.05 − 0.15 0.06 0.77 0.44 1.00 
Vegetation - RF 0.11 0.10 − 0.09 0.30 1.08 0.28 1.00 
No vegetation - UCFM − 0.16 0.08 − 0.31 0.00 1.97 <0.05 1.00 
No vegetation - US − 0.30 0.10 − 0.49 − 0.11 3.13 0.002 1.00 
Soil - SOM 0.33 0.08 0.18 0.49 4.18 3E-05 1.00 
Soil -pH − 0.17 0.05 − 0.28 − 0.07 3.30 <0.001 1.00 
Soil -CEC 0.23 0.09 0.05 0.41 2.46 0.01 0.25 
Soil - Clay 0.14 0.05 0.04 0.23 2.90 0.004 0.25 
Soil - Silt 0.13 0.05 0.03 0.24 2.48 0.01 0.25  
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reference forest, characterized by higher CEC (15.92 ± 5.96 Cmol (+) 
kg− 1), higher Hg concentration might be due to strongly fixed Hg2+ by 
hydroxyligands of sesquioxides and various ligands of humic substances, 
as suggested by Steinnes (2013). Our finding that soils with higher clay 
content tend to contain higher Hg concentrations corroborates the re-
sults of a study of cultivated tropical soils in the Brazilian Amazon that 
reported higher Hg levels of clayey sites (0.12 mg kg− 1 DM) compared to 
sandy areas (0.06 mg kg− 1 DM) (Béliveau et al., 2009). In soils with 
lower clay and thus higher sand content, leaching of Hg might be higher, 
especially under the pluvial precipitation regime of the Amazon, 
whereby Hg is released from soils due to the displacement by polar 
water molecules (Engle et al., 2001). 

4.2. 2 Mercury movement in mining landscapes 

Environmental contamination by Hg can occur via multiple routes 
and processes. Runoff processes from mining sites increase the risk of Hg 
laden sediments to rivers downstream from mining areas. Hg in surface 
waters tends to be predominantly associated with large particles (>0.22 
mm) (Hurley et al., 1998; Riscassi et al., 2011). Hg levels in sediments of 
the Madre de Dios river were found to significantly increase downstream 
of mining activities (Diringer et al., 2015). In rivers, MeHg may find 
suitable conditions to its production such as increased temperature and 
decreased dissolved oxygen (Diringer et al., 2015). Elevated Hg levels 
was also found in sediments of rivers near ASGM areas in the Madre de 
Dios such as Malinowski, Tambopata and Heather rivers, with values 
above 19.2 ± 3.4 g kg− 1. Hg levels in these sediments was positively 
correlated (r2 = 0.85, p < 0.05) with carbon from the organic fraction 

Fig. 5. Interpolation mapping of Hg level in a Minimally Mechanized Mining Area located in Laberinto district.  

Fig. 6. Interpolation mapping of Hg level in a Highly Mechanized Mining Area located in Kotzimba Native Community.  
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Fig. 7. Interpolation mapping of Hg level in Minimally and Highly Mechanized Mining Areas.  
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(Martinez et al., 2018). The elevated Hg levels of these sediments could 
be due to the transport of Hg contaminated soil from denuded land-
scapes where mining occurs, or the remobilization of river sediments 
from turbulence associated with runoff events (Bastos et al., 2006). Hg 
leached from soils after deforestation has been found to be partially 
transferred toward water (Silveira et al., 2009). 

The primary sources of mercury emissions in ASGM areas are from 
tailings discharge to land and water and mercury gas emissions during 
amalgam roasting (Esdaile and Chalker, 2018), whereas Hg stored in soil 
and vegetation can be volatilized during forest burning (Melendez-Perez 
et al., 2014) and deforestation (Almeida et al., 2005). Hg volatilization is 
also increased by higher soil temperatures (Landa, 1979), especially in 
areas without vegetation cover, such as our US and UCFM sites. It was 
registered that Hg from ASGM is not significantly deposited in nearby 
down-wind regions, remaining locally deposited near the mines or 
directly enters the global Hg pool (Beal et al., 2013). This antropogenic 
Hg origin in the atmosphere was globaly registered (Engstrom et al., 
2014), and in Peru, Beal et al. (2013) found that modern Hg fluxes in 
lake cores were 3.4–6.9 μg m− 2 a− 1, compared to preindustrial Hg fluxes 
of 0.8–2.5 μg m− 2 a− 1, revealing increasing enviromental risk. 

In regions with high rainfall like the Amazon, freshly deposited Hg 
from atmospheric sources is more prone to reduction and volatilization 
compared to Hg stored in vegetation or in the upper soil pool (Hintel-
mann et al., 2002). This reactivity rapidly decreases in sites where 
deposited Hg binds to SOM and equilibrates fairly quickly with native 
Hg pools already present in the system. This likely explains why mine 
spoils covered by regenerating vegetation are more effective in accu-
mulating deposited Hg through increased percentages of SOM and CEC 
values compared to uncovered areas that are more susceptible to 
leaching and volatilization processes. 

The high Hg levels found in soils of undisturbed reference forest soils 
was likely a combination of a high capacity to fix Hg due to higher SOM 
percentages and lower leaching processes, and the higher effectiveness 
of forest canopies in trapping atmospheric Hg. The enormous leaf sur-
face area of forest canopies allows the retention of Hg through the sto-
mata, particularly as Hg◦, and/or through foliar adsorption of gaseous 
oxidized Hg and particulate-bound Hg. As the translocation of Hg be-
tween tree roots and aboveground biomass is virtually nonexistent, Hg 
mass accumulated in forest canopies is believed to be largely atmo-
spheric in origin (J. A. Ericksen et al., 2003; J. Ericksen and Gustin, 
2004). Hg compounds that accumulate in plant leaves are transferred to 
the soil through litterfall (Fostier et al., 2015), decomposition, and via 
throughfall (Silva et al., 2009). Hg litterfall in Amazonian forests was 
found to vary between 43 ± 15 and 49 ± 14 mg m− 2 y− 1 (Fostier et al., 
2015; Silva et al., 2009; Mélières et al., 2003). Similar processes are 
likely to occur on abandoned mine sites with naturally regenerating 
vegetation (CS and CCFM); as the vegetation cover continues to develop 
so does its capacity to trap atmospheric Hg and accumulate it in the soil 
though litterfall. 

5. Conclusion 

Hg levels in gold mine spoil soils were below the upper limits for 

agricultural and residential use as stipulated by Peruvian, Canadian and 
British environmental quality standards, and yielded similar values in 
areas under MMM and HMM mining operations. Vegetation cover, soil 
organic matter content, soil pH and clay particle content were the main 
factors explaining the variation of Hg concentrations in soils. The soil 
conditions of recently abandoned, uncovered mine spoils, characterized 
by low organic matter, low clay content, slightly acid pH, low cation 
exchange capacity and high sand content, in combination with intense 
leaching processes, results in the dispersion of Hg in the environment 
either through runoff or high volatization. However, recolonization of 
these sites by vegetation increases soil organic matter and decreases soil 
pH, thus enhancing the capacity to absorb Hg. In addition, atmospheric 
Hg, volatilized through burning of gold/Hg amalgamation and other 
sources such as deforestation, is captured again by the vegetation and 
incorporated to the soil through litterfall and rainfall, further increasing 
soil Hg concentrations. Particularly troublesome is that similar processes 
trap atmospheric Hg and transfer it to the soil also occurs in undisturbed 
forest canopies with higher effectiveness, leading to uncontrollable 
dispersion of Hg in virgin forests and its food chains with different 
chemical reaction. To decrease environmental and human health risks, it 
is imperative to reduce Hg release into the environment by stopping Hg 
use for gold amalgamation and deforestation. On the other hand, the fact 
that recently abandoned mine sites had the lowest levels of Hg 
contamination suggests that these areas should be priority areas for 
restoration interventions and the development of sustainable land uses, 
as mercury concentrations in the soil will not be a problem. 
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Silman, M., 2018. Deforestation and forest degradation due to gold mining in the 
Peruvian Amazon: a 34-year perspective. Remote Sensing, 10(12) 1903. https://doi. 
org/10.3390/rs10121903. 

Canadian Council of Ministers of the Environment, 2007. Canadian soil quality 
guidelines for the protection of environmental and human health: Summary tables. 
In: Canadian Council of Ministers of the Environment No. 1299. Canadian Council of 
Ministers of the Environment (CCME). 

Clifford, M.J., 2017. Assessing releases of mercury from small-scale gold mining sites in 
Ghana. The Extractive Industries and Society 4 (3), 497–505. https://doi.org/ 
10.1016/j.exis.2017.05.007. 

Cordy, P., Veiga, M.M., Salih, I., Al-Saadi, S., Console, S., Garcia, O., Mesa, L.A., 
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Román-Dañobeytia, F., Cabanillas, F., Lefebvre, D., Farfan, J., Alferez, J., Polo- 
Villanueva, F., Llacsahuanga, J., Vega, C.M., Velasquez, M., Corvera, R., Condori, E., 
Ascorra, C., Fernandez, L.E., Silman, M.R., 2020. Survival and early growth of 51 
tropical tree species in areas degraded by artisanal gold mining in the Peruvian 
Amazon. Ecol. Eng. 106097 https://doi.org/10.1016/j.ecoleng.2020.106097. 

Roulet, Marc, Lucotte, M., 1995. Geochemistry of mercury in pristine and flooded 
ferralitic soils of a tropical rain forest in French Guiana, South America. Water, Air, 
Soil Pollut. 80 (1–4), 1079–1088. https://doi.org/10.1007/BF01189768. 

Roulet, M., Lucotte, M., Reault, I., Tran, F., Farella, N., Canuel, R., Mergler, D., M, A., 
1996. Proceedings of the fourth international symposium on the geochemistry of the 
earth’s surface. Mercury in Amazonian Soils: Accumulation and Release 453–457. 

Roulet, M., Lucotte, M., Saint-Aubin, A., Tran, S., Rhéault, I., Farella, N., De Jesus Da 
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