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Knowledge of arsenic (As) levels in gold (Au) mining areas in the Amazon is critical for determining
environmental risks and the health of the local population, mainly because this region has the largest
mineral potential in Brazil and one of the largest in the world. The objective of this study was to assess
the environmental and human health risks of As in tailings from Au exploration in the eastern Amazon.
Samples were collected from soils and tailings from different exploration forms from 25 points, and the
total concentration, pollution indexes and human health risk were determined. Concentrations of As
were very high in all exploration areas, especially in tailings, whose maximum value reached
10,000 mg kg, far above the investigation value established by the Brazilian National Council of the
Environment, characterizing a polluted area with high environmental risk. Exposure based on the daily
intake of As demonstrated a high health risk for children and adults, whose non-carcinogenic risk in-
dexes of 17.8, extremely above the acceptable limit (1.0) established by the United States Environmental
Protection Agency. High levels of As in reactive fractions in underground, cyanidation, and colluvium
mining areas, as well as extremely high gastric and intestinal bioaccessibility were found, suggesting that
high levels may be absorbed by the local population. The results show that the study area is highly
polluted through Au mining activities, putting the environment and population health at risk, and that
there is an urgent need for intervention by the environmental control agencies for remediation.

© 2020 Elsevier Ltd. All rights reserved.
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The average concentration of As in the soil is 6.83 mg kg™!
(Kabata-Pendias, 2010). In soils under natural vegetation areas
without anthropic interference from the eastern Amazon, the mean
concentration of As is 1.10 mg kg™, while the quality reference
value (QRV) is 1.4 mg kg~! (Fernandes et al., 2018). In China, the
QRV is 5.2 (Chen et al., 1991) and in Spain it is 49.5 mg kg™!

1. Introduction

Arsenic (As) is considered the most hazardous and harmful
element to human health (USEPA, 2001). The high toxicity of this
metalloid to humans, plants, and animals, as well as increasing
concentrations in soil and water, has raised growing concern about

the contamination risk in many parts of the world (Minatel et al.,
2018; Thouin et al.,, 2018). This element is widely distributed in
the environment and may be released by weathering and anthropic
actions. The most abundant inorganic forms of As in terrestrial and
aquatic environments are arsenate (AsV) and arsenite (AsIII)
(Bundschuh et al., 2013).
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(Martinez-llado¢ et al., 2008). In Denmark (soil quality criterion) and
in the Netherlands (target value), the values adopted are 10 and
29 mg kg, respectively (Zhou et al., 2017). Concentrations of As
have increased and caused environmental contamination due to
anthropic activities, such as mining (with emphasis on the pro-
cessing of gold (Au) and base metals), use of arsenic pesticides,
wood preservatives, energy generation, and inadequate disposal of
household and industrial waste (Odumo et al., 2018; Wang and
Mulligan, 2006).
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In the majority of Au mines, As is the element that receives the
most environmental concern. Contamination by As from mining
activities is well documented in various parts of the world. In Minas
Gerais, Brazil, high concentrations of As were observed in wastes
from Au mining areas, especially in the open pit mine (Ono et al.,
2012). In the Amazon, studies on contamination by potentially
toxic elements (PTEs) have focused on mercury (Hg), mainly in
artisanal Au mining areas (Castilhos et al., 2015; Faial et al., 2015).
Although there are high concentrations of PTEs in Au mining wastes
(Ono et al.,, 2012; Souza et al., 2017), few studies have been carried
out on the levels of As in Au exploitation areas in the Amazon.

Artisanal mining is the exploration of marginal ore deposits
which are not enough lucrative to large-scale mining. In most
artisanal mining areas, which can be legal or illegal, rudimentary
techniques have been used to explore Au (Zvarivadza, 2018). In the
Amazon, artisanal and small-scale mining began in the last century
and still occur in this region, mainly clandestinely and without
environmental control, as in the Serra Pelada artisanal mine, where
high metal concentrations contaminated the environment and
caused population health risks (Pereira et al., 2020; Souza et al,,
2017; Teixeira et al., 2019).

Exposure to As is considerably worrying due to the strong
toxicity of this element for many human body organs (Chatterjee
et al,, 2018). In this sense, risk assessment in areas with high con-
centrations of As is extremely important, especially when consid-
ering not only the total concentration (Yusa et al., 2018) that may
overestimate the risk, but also bioavailability, since only a fraction is
bioavailable (Li et al., 2014). In this study, bioavailability was
assessed through bioaccessibility, simulating digestive and/or res-
piratory processes (Coufalik et al, 2016; Huang et al., 2016;
Mendoza et al., 2017; Pereira et al., 2020), as well as chemical
fractionation as appropriate tools for decision-making regarding
risk assessment (Ono et al., 2012).

Information on As concentrations and their risks to human
health and environment in Au mining areas from the Amazon is
essential for government decision-making on remediating and
reduce health risks, which is mainly because this region has the
greatest mineral potential in Brazil and one of the largest in the
world (Souza et al., 2017). In this sense, the objective was to assess
the risk of As contamination in the environment and the impact on
human health from total and bioavailable concentrations in areas
under different forms of Au mining.

2. Materials and methods
2.1. Study area

The study area is located in the municipality of Cachoeira do
Piri4, northeastern Pard (Latitude: 1°44/'33” South, Longitude:
46°34/15"” West), Amazon region, northern Brazil. The municipality
appeared on the banks of the artisanal mine during the 80s, covers
2462 km? and has approximately 30,000 inhabitants. The main
economic activity is mineral exploration (Hinton and Veiga, 2009;
IBGE, 2018). According to the classification proposed by Koppen
and Geiger, the climate of the municipality is tropical monsoon,
with annual mean temperature and average rainfall of 26 °C and
2300 mm, respectively, comprising a rainy period from December
to May and a dry period from June to November, with a precipita-
tion difference of 356 mm between the driest and the wettest
months (INMET, 2018).

The entire area of the municipality is covered by the Cachoeira
deposit, one of the main Au deposits of the Chega Tudo Formation
of the Gurupi Belt (Mosher, 2013). This region has a complex lith-
ologic constitution with alternating host rocks containing basalt,

andesite, dacite, graphite, sericite, schist chlorite, chlorite-talc
schist, silexist and microdiorite (Klein et al., 2017). It is associated
with many mineral deposits, especially sulfide minerals, such as
arsenopyrite. Given the exposure to atmosphere, these minerals
can be worn and oxidized, releasing As and other PTEs (Murciego
et al.,, 2011).

In Cachoeira do Pirid, mining was carried out by companies
(legalized) and artisanal miners (not legalized) until 2013, in areas
where Au is found at a depth of 40—150 m, in quartz veins, vein
networks, and shear zones (Mosher, 2013; Santos, 2004). Currently,
exploration is performed only by an artisanal cooperative through
three main forms: i) underground mining (Fig. 1S) at a depth of
approximately 150 m, where amalgamation is carried out with
conduction of the leachate (solid material + water) in a copper
plate containing Hg for retention of Au, whose tailings (considered
in sampling) were deposited 13 and 7 years ago, occupying an area
greater than 12 ha, ii) colluvial mining (Fig. 2S), where unconsoli-
dated materials (usually sand/gravel, where Au is found) are
extracted using a hydraulic pump and conducted through a wooden
channel with carpet at the base, with amalgamation by mixing the
material (retained on the carpet) with Hg in a container, followed
by burning, generating tailings that occupy an area of approxi-
mately 20 ha, and iii) cyanidation mining (Fig. 3S), where wastes
from underground exploration are reprocessed using alkaline cy-
anide solution for complexing residual Au, whose tailings extend
for 3 ha. The extent of the areas was estimated using the ArciGis
software. In addition to mining areas, the study site includes a
natural forest, which was considered as a reference area.

The mining areas extend from the banks up to 1500 m away
from the Macaco River. These mines are located in the Gurupi for-
mation (Fig. 1), which comprises rocks from the metavolcanic
sedimentary domain, defined by shear zones, hydrothermally
altered and with less deformed internal portions that preserved the
primary igneous textures (Ribeiro, 2002). The natural forest in-
cludes riparian vegetation of the Macaco River and is located
approximately 5 km away from the mines, with similar lithology to
the exploration areas, placed on the Pirid formation (Fig. 1), which
includes Precambrian rocks of the Gurupi Belt and has undergone
hydrothermal alterations, producing a relatively constant miner-
alogical composition of quartz, dolomite, albite and sulfide (pre-
dominantly pyrite and arsenopyrite) (Mosher, 2013). Both mining
areas and natural forest belong to the Macaco River sub-basin
(tributary of the Pirid River), which together with the Emborai
River, constitute the main rivers that form the Atlantic hydro-
graphic basin — North/Northeast section (MMA, 2001; Cordeiro
et al.,, 2017).

2.2. Sampling of soils and mining tailings

The sampling was performed in April 2018, considering only
areas where collection was allowed by the artisanal miners
(Table 1S). The areas were identified as: i) G1 - tailings from un-
derground mining with 13 years of disposal; ii) G2 - tailings from
underground mining with 7 years of disposal; iii) G3 - tailings from
recent colluvial mining; and iv) G4 - tailings from recent cyanida-
tion mining that reprocesses waste from underground mining. The
native forest area not impacted by mining of Au (reference area)
was identified as NF.

In each area, five composite samples equidistant 50 m from each
other were collected, totaling 25 samples (Fig. 2). Each composite
sample (about 2.5 kg) was composed of five subsamples (about
0.5 kg) collected in the 0.0—0.2 m layer, with a stainless-steel he-
lical drill, in order to avoid sample contamination. The subsamples
were placed in polyethylene bags and mixed. Each bag (containing
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Fig. 1. Geological composition of the study area.
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Fig. 2. Location map of sampling points in the studied areas.

the mixture of subsamples) represented a composite sample, that
was air dried, sieved (@ = 2 mm), and stored for chemical, physical,
and mineralogical characterization.

2.3. Physical, chemical and mineralogical characterization

The sample pH was measured in a suspension at a soil-water
ratio of 1:2.5. The exchangeable contents of calcium (Ca®*), mag-
nesium (Mg?t), and aluminum (AI>") were extracted with KCl
1 mol L™, Ca?* and Mg?* were quantified by complexometry with
0.0125 mol L~! EDTA and AI>* by titration with 0.025 mol NaOH.
Phosphorus (P) and potassium (K™) were extracted with Mehlich 1
solution (0.05 HCl mol L1 4+ H,S04 0.0125 mol L~ ') and quantified
by visible ultraviolet spectrophotometry and flame photometry,
respectively. The organic carbon (OC) was quantified by digestion
with potassium dichromate (K,Cr,07 0.0667 mol LY in sulfuric
acid, and organic matter (OM) was estimated on the basis of total
organic carbon (Teixeira et al., 2017a). Sorption complex results
were used to calculate the cation exchange capacity (CEC), sum of
bases (SB), base saturation (V%), and aluminum saturation (m?%).
The granulometry analysis was performed by the pipette method,
with a solution of 0.1 mol NaOH as chemical dispersant under high
speed mechanical agitation for 10 min. The clay fraction was
separated by sedimentation, the sand by sieving, and the silt was
calculated using the difference (Gee and Bauder, 1986).

The pseudototal concentrations of As were extracted by acid
digestion in a microwave oven using royal water (HCI:HNO3 3:1)

(McGrath and Cunliffe, 1985). A 0.5 g soil sample was weighed and
placed in Teflon tubes, followed by addition of the acid solution. The
digested extracts were diluted with ultrapure water to a final vol-
ume of 50 mL and filtered (PTFE 0.45 pm). Quantification was car-
ried out by means of inductively coupled plasma mass
spectrometry (ICP-MS, PerkinElmer) in triplicate. The same pro-
cedure was used to quantify the pseudototal content of iron (Fe) in
the soil, in order to calculate pollution indices. The ERM® CC-141-
certified reference material (FRM-free ground) and blank samples
were used for quality assurance. The mean recovery for As was 82%,
based on a certified value obtained with hydrofluoric acid extrac-
tion. These values are considered adequate for pseudototal
extraction, as it is indicative of what can be released under normal
environmental conditions of pH, temperature, and pressure
(Rieuwerts et al., 2014).

The mineralogical characterization of the soil samples (0.15 mm
fine fraction) was performed by PANalytical X’PERT PRO MPD (PW
3040/60) diffractometer powder method, with goniometer
PW3050/60 (6/0), ceramic-ray tubes with copper anode
(Kol =1.540598 A), model PW3373/00, long fine focus (2200 W -
60 kV), KB nickel filter. The instrumental scanning conditions were:
4°—-70°26, step size 0.02° 20 and time/step of 10 s, divergent and
automatic slit and anti-spreading of 4°; 10-mm mask; sample in
circular motion with frequency of 1 rotation/s for all samples.
Materials were identified using X-ray diffraction (XRD).
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2.4. Pollution indices

In order to evaluate soil pollution, the enrichment factor (EF)
and geoaccumulation index (Igeo) were calculated. The background
value of the soil is usually used to calculate the pollution indexes
(Kowalska et al., 2018). For this study, the natural forest was used as
a reference area because of the higher contribution from mineral
richness. Fe was used for geochemical normalization, since this
metal has geochemical behavior similar to several PTEs and is
considered a conservative element (Bhuiyan et al., 2010).

The EF of As was calculated using equation (1):

EF = (CAs / CFe)/(BAs / BFe) (1)

where CAs is the concentration of As in the sample, CFe is the
measured concentration of Fe in the same sample, BAs is the con-
centration of As in NF, and BFe is the concentration of Fe in NF. If
EF < 2, there is depletion to minimum enrichment, 2 < EF < 5 in-
dicates moderate enrichment, 5 < EF < 20 significant enrichment,
20 < EF < 40 very high enrichment, and EF > 40 extremely high
enrichment (Hakanson, 1980; Lin et al., 2019).

The geoaccumulation index (Igeo) is a geochemical parameter
used to evaluate the pollution level in soils and sediments. In this
study, Igeo was calculated by equation (2):

Igeo = log,(CAs / 1.5BAs) (2)

where CAs is the measured concentration of As in the sample, BAs is
the concentration of As in NF, and 1.5 is a constant. The Igeo values
were interpreted according to Lin et al. (2019), where Igeo < 0 in-
dicates unpolluted soil, 0 < Igeo < 1 unpolluted to moderately
polluted soil, 1 < Igeo < 2 moderately polluted soil, 2 < Igeo < 3
moderately to heavily polluted soil, 3 < Igeo < 4 heavily polluted
soil, 4 < Igeo < 5 heavily to extremely polluted soil, and Igeo > 5
extremely polluted soil.

2.5. Chemical fractionation of As

The sequential extraction of As followed the methodology pro-
posed by Drahota et al. (2014 ), which allows chemical fractionation
of As into readily-soluble (F1), adsorbed (F2), amorphous mineral-
linked arsenate (F3), crystalline mineral-linked arsenate (F4), and
linked to sulfides/arsenides (F5) fractions. The F1 fraction was
extracted with ultrapure water for 10 h (1:25 m/v); the F2 fraction
was obtained with 0.01 mol ammonium monophosphate for 16 h
(1:100 m/v); F3 fraction was extracted with 0.2 mol ammonium
oxalate (in the dark, pH 3, stirred for 2 h); F4 fraction was obtained
with 0.2 mol ammonium oxalate (pH 3 for 4 h at 80 °C); and F5
fraction was extracted with KClO3 + HCI + HNOs. Concentrations of
As in the soil fractions were quantified by flame atomic absorption
spectrometry (FAAS) (Thermo Scientific, model iCE 3000 series)
with a hydride generator (Thermo Scientific, model VP100). For
quality assurance, all extractions were performed in triplicate. The
recovery of As was represented by the ratio between the sum of
concentrations found in F1, F2, F3, F4, and F5 fractions and the total
concentration of As, resulting in recovery rates of 86, 90, 89.31,
87.05, and 87.55% in G1, G2, G3, G4, and NF areas, respectively
(Table 2S).

2.6. Oral bioaccessibility of As

The oral bioaccessibility of As was determined by the Simple
Bioaccessibility Extraction Test (SBET), which simulates absorption
in the gastric and intestinal phases of human ingestion (Mendoza
et al.,, 2017). For gastric phase simulation, a sample was extracted

with a glycine solution (0.4 mol L) adjusted to pH 1.5, at a ratio of
1:100 (solid-liquid), and stirred for 1 h at 37 °C. A 10 mL aliquot was
collected, centrifuged, filtered through a 0.45 mm membrane, and
submitted for analysis of the dissolved As at this stage. The
remaining solution was neutralized with Na,COs3 (pH 7), to simulate
the passage from the gastric to intestinal phase, and the initial
extractor volume was restored with 10 mL of 0.4 mol L~! glycine
(pH 7). At this stage, the solution was stirred for 3 h at 37 °C. A
10 mL aliquot was collected, centrifuged, and filtered by the same
manner as in the gastric phase to determine dissolved As in the
intestinal phase. Bioaccessible concentrations of As were quantified
by FAAS (Thermo Scientific, model iCE 3000 series) with a hydride
generator (Thermo Scientific, model VP100). For quality assurance,
all extractions were performed in triplicate.

2.7. Assessment of environmental and human health risks

The potential ecological risk index (PERI), initially proposed for
sediments by Hakanson (1980), is a method that comprehensively
considers the potential impact of PTEs on ecosystems (Zhang et al.,
2018). This method has been adopted in many studies to determine
the ecological risk in soils and mining wastes (Kowalska et al., 2018;
Lin et al., 2019; Tapia-Gatica et al., 2020; Xiao et al., 2019). In this
study, PERI was calculated following equation (3):

Cas

PERI=Ts (5
S

) (3)

where TAs is the toxic-response factor for As (10) (Hakanson, 1980),
CAs is the measured concentration of As in the sample, and BAs is
the measured concentration of As in NF. Values of PERI were clas-
sified according to Hakanson (1980), for one element, where
PERI < 40 indicates low ecological risk, 40 < PERI < 80 moderate
ecological risk, 80 < PERI < 160 considerable ecological risk,
160 < PERI < 320, high ecological risk, and PERI > 320 very high
ecological risk.

The non-carcinogenic potential risk was based on the average
daily dose (ADD) through three main pathways: ingestion (ADD-
ing), inhalation (ADDinh), and dermal contact (ADDder), which
allowed to estimate the hazard quotient (HQ) and hazard index (HI)
for adults and children (USEPA, 2001). The HI was calculated ac-
cording to Souza et al. (2017). For the carcinogenic potential risk,
the ADD was multiplied by the corresponding sloping factor (SF) to
produce a level of cancer risk (Lu et al., 2014) equations (4)—(10).

ingR x EF x ED

ADD ing=Cx BW x AT x CF (4)
. inhR x EF x ED
ADD inh=C x PEF x BW x AT (5)
SL X SA X ABS x EF x ED
ADD der=Cx BW x AT x CF (6)
HQ ing =ADD ing/Rfd (As) (7)
HQ inh=ADD inh/Rfd (As) (8)
HQ der =ADD der/Rfd (As) (9)
HI =) "HQ; (10)

where ADD (mg kg d~!) = average daily dose; C (mg kg~!) = As
concentration; ingR (mg d~!) = soil ingestion rate, 100 mg d~! for
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adults and 200 mg d~! for children (USEPA, 2001); InhR (m?
day~!) = inhalation rate, 7.6 m> day~! for children and 20 m® day~!
for adults (Lu et al., 2014; USEPA, 2001); PEF (m? kg~ !) = particle
emission factor, 1.36 x 10° m3 kg~! (USEPA, 2001); SL (cm~2
day 1) = skin adherence factor, 0.2 mg cm~2 day ™ for children and
for adults 0.875 cm~2 day~! (USEPA, 2001); SA (cm~2) = exposed
skin area, 732 cm? for children and for adults 3202 cm~2 (USEPA,
2001); ABS = dermal absorption factor, 0.03 (Lu et al., 2014); EF
(d y~1) = exposure frequency, 279 days (Moreira et al., 2018); ED
(y) = exposure duration, 24 h for adults and 4 h for children
(Moreira et al., 2018); BW (kg) = body weight, 70 kg for adults and
16 kg for children (Moreira et al., 2018); AT = average time, with no
carcinogenic effects (ED x 365 d); CF = conversion
factor = 1078 kg mg~! (USEPA, 2001); Rfd = reference dose, 0.0003
for As (mg kg d~1) (USEPA, 2001); and SF = sloping factor, 1.51 (Lu
et al.,, 2014).

2.8. Statistical analysis and spatial distribution

Descriptive statistics were calculated for concentrations of As.
The geochemical maps of As were created considering the World
Geodetic System 1984 (WGS84). For the spatial interpolations of
geochemical data, classical kriging algorithms and/or inverse dis-
tance weighting (PDI) extended by the application of some prin-
ciples of fractal geometry (Multifractal IDW) were used (Lima et al.,
2003). Interpolation was performed with ArcGis 10.2 software.
Boxplot diagrams were used as reference for the choice of element
distribution intervals (isoconcentrations curve). The relationship
between bioaccessible As concentrations (gastric and intestinal
phases), chemical fractions of As, and soil attributes, was evaluated
through multiple regression equations obtained by the stepwise
selection method, eliminating characteristics without statistical
significance on bioaccessibility. All statistical analyzes were carried
out using R (version 3.4.3) (R Core Team, 2017).

3. Results and discussion
3.1. Characterization of soils and mine tailings

The sample pH varied between mines and the native forest area
(Table 1). In tailings from the G1 and G4 areas, the pH was alkaline
to strongly alkaline (Souza et al., 2017). These rejects are derived
from foliate, schist, metasedimentary, and metavolcanic rocks,
whose quartz veins, as well as albite-quartz-sulfide changes and
shear zones with quartz-carbonate-pyrite veins, where Au is found
(Klein et al., 2017), consume H' ions during dissolution and
generate aqueous carbonate species, increasing soil pH (Lindsay
et al., 2015). Similar results were found in a mine of Au in
Thailand (Chotpantarat et al, 2015) and in Serra Pelada, Pard
(Teixeira et al., 2017b), with pH equal to 8.3 and 7.1, respectively.
The authors attributed the alkaline pH to high base saturation and
salt concentration, mainly calcium, magnesium, and sodium
carbonates.

In the NF and G3 areas, the pH ranged from 4.2 to 5.8, charac-
terizing high and medium acidity, respectively (Venegas et al.,
1999). High soil acidity is common in tropical regions, where pre-
cipitation is intense and causes leaching of exchangeable bases
from the superficial soil layers. In several soil classes under native
forest from other regions of the state of Para, pH was considered
very acidic and ranged from 4.2 to 4.9 (Birani et al., 2015; Braz et al.,
2013).

The OM content was low in the mining areas and medium in the
forest area (Table 1) (Venegas et al., 1999). Low OM contents in
tailings are related to losses during exploration of Au, as well as to

the presence of PTEs at concentrations higher than those suitable
for plant development (Fernandes et al., 2018), decreasing OM
accumulation. Medium OM contents in the soil from the natural
forest are a consequence of the climatic conditions, including high
rainfall and temperature, which predominate in the Amazon region
and contribute to the fast OM decomposition. The CEC was low in
the tailings and medium in the NF area. The lower contents of
exchangeable Al in the tailings may have contributed to low CEC in
the mining areas. Higher CEC values were found in sediments from
the southwestern Amazon, which was explained by high content of
Al (Delarmelinda et al., 2017) and does not match that found in this
study.

The sum of bases was lower in the mining areas than NF area,
which is related to the lower OM content in the exploration areas
and greater losses due to erosion and leaching. In the NF area, OM
increases the concentration of exchangeable cations due to
mineralization and contributes to retention of these elements in
the soil by increasing CEC (Souza et al., 2015). In the G1 and G2
areas, the contents of K were below the detection limit. This
element can be easily lost by leaching, that is favored by the high
rainfall in the study region. The highest K content in NF is related to
the highest CEC, which contributes to retention of this cation in the
soil. In addition, the greater vegetation cover in this area reduces
the losses of K by erosion (Chen et al., 2017).

The particle size distribution varied between the sampling areas
(Table 1) due to the material used to extract Au. The high silt per-
centage in the G1 and G2 areas is associated to the intensive
crushing of rocks, forming finer fractions to facilitate Au extraction.
The sand fraction in G4 may be explained by the drainage and
sedimentation of the silt fraction in the lagoons base, while sand
remains on the top. The sand predominance in G3 is related to the
formation of ore in conglomerate in colluvial and alluvial areas,
with higher contents of sand than silt and clay. In NF, the sand
content is according to the characteristics of the Amazon soils,
predominantly sandy in the surface layer (Fernandes et al., 2018).
This was also observed in forest and savanna areas in the state of
Roraima, Amazon region (Matos et al., 2017).

3.2. Pseudototal concentrations of As

The levels of As varied between the mining areas, which is
probably associated to the exploration types, mineralogy, technol-
ogy, and beneficiation techniques (Fig. 3 and Table 2S). Extremely
high concentrations of As, varying from 1560 to 10,000 mg kg,
were found in the tailings from G1, G2, and G4 areas (Fig. 3A, B, C,
and Table 2S), which are from underground exploration at a depth
of approximately 150 m. The excavation of deep layers, with
different and higher contents of As, may have directly contributed
to the high concentrations found in these tailings when compared
to those from surface exploration (G3). Concentrations of As in
tailings from mining areas in the United Kingdom also exceeded
background and reference values, between 1 and 5 times, with
concentration equal to 1.8 x 105 mg kg ! in waste mines
(Rieuwerts et al., 2014).

Among the rejects from the underground mines, concentrations
of As were higher in the G2 area, followed by G1 (Fig. 3A and
Table 2S). The lower content of As in the G1 area can be explained
by the higher content of As associated with sulfide minerals, while
in the G2 area, As is more associated with oxides (Fig. 4). Sulfides
play a decisive role in the dynamics of As in soils and mine wastes.
Under aerobic conditions, as found in the surface layer of sedi-
mentation ponds, sulfides oxidize and release As, which may pre-
cipitate into secondary minerals in deeper layers or be leached
(Kim et al., 2014). Inverse behavior occurs when As is associated
with oxidic minerals, that are more resistant to weathering and
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Table 1

Descriptive statistical analysis of physical and chemical attributes of tailings from underground mining with 13 years of disposal (G1), underground mining with 7 years of
disposal (G2), colluvium mining (G3), cyanidation mining (G4), and soils from natural forest (NF).

Area pH oM P K Ca Mg AP+ H+Al SB CEC* VP m® Clay Sand  Silt
H,0 KCl gkeg™! mgdm=> cmol. dm™> %

G1 Mean 745  7.02 1026 077 <D’ 135 118 0.18 1.29 253 271 6891 7.00 440 3117 6443
Median 759 692 1099 0.76 <lD 133 115 020 1.61 245 265 5632 674 312 2887 68.02
Minimum 619 565  6.11 0.64 <lD 063 085 015 0.11 148 163 4698 516 116 2468 46.75
Maximum 850 826 1343  0.90 <lD 238 163 020 2.89 368 388 9707 923 1157 4168 7417
spd 090 109 282 0.11 <lD 060 027 002 1.04 075 077 2182 135 380 611 986
cve 1207 1553 2751  14.03 - 4420 2331 1361 8103 2971 2847 3167 1930 8649 19.60 1530

G2 Mean 873 860 1295 203 <D 077 070 014 0.44 147 161 7576 881 042 2675 7283
Median 874 864 1221 217 <lD 070 083 0.15 0.50 153 173 7333 789 050 2474 7476
Minimum 853 843 1038 0.14 <lD 043 048 0.10 0.22 095 105 6556 722 010 19.02 6356
Maximum 882 870 1771  3.65 <lD 110 083 020 0.56 193 208 8875 1159 060 3634 80.63
spd 011 010 251 1.25 <D 023 016 004 0.13 036 038 889 158 018 669  6.60
cve 122 111 1943 6175 - 2971 2302 2673 2850 2454 2396 11.74 1798 4299 2500 9.06

G3 Mean 513 393 772 0.22 003 056 165 117 2.55 223 340 5119 2546 1054 6510 2437
Median 553 392 750 0.09 002 025 163 050 1.78 204 324 5660 2317 1049 6227 2581
Minimum 421 323 625 <LD 001 015 088 0.10 0.72 115 125 2489 617 146 4580 849
Maximum 575 503  10.00 0.66 004 138 250 405 6.16 326 609 6475 6648 1972 90.05 37.35
sp¢ 062 062 131 0.25 001 046 054 147 1.88 081 168 1427 2176 7.87 1951 11.83
cve 1209 1580 1697 111.76 39.71 8298 3264 12595 73.54 3619 4955 27.87 8549 7467 2997 4853

G4 Mean 860 850 862 1.91 003 105 084 012 0.38 192 204 8360 588 095 8997 9.09
Median 860 850 875 1.92 003 100 088 0.10 033 190 210 8506 501 1.01 8988 898
Minimum 851 837  8.12 1.25 002 100 063 010 0.28 166 176 7886 452 050  89.04 804
Maximum 875 863 875 2.82 005 125 108 020 0.50 211 221 8807 951 121 9145 10.15
spd 009 009 025 0.52 001 010 015 004 0.08 016 016 329 186 027 082 068
cve 102 105 290 27.38 2919 952 1782 3333 2161 819 783 394 3167 2823 091 751

NF Mean 486 411 3936 032 014 131 149 130 7.79 294 424 3028 2879 678 6352 2970
Median 491 421 4061 029 015 100 150 055 5.99 297 395 2913 1393 634 6253 2816
Minimum 447 352 2562 0.19 008 038 100 040 427 196 342 1262 871 543 5389 2271
Maximum 538 471 5249 059 019 238 213 330 1510 419 548 4403 6021 930 71.86 39.32
spd 035 040 948 0.15 004 077 039 113 3.88 082 073 1140 2108 134 672 644
cve 712 981 2407 4557 3200 5879 2592 8665 4979 2773 1719 37.64 7323 1972 1057 21.69

a
b
c
d

e

Effective cation exchange capacity.
Base saturation.

Aluminium saturation.

Standard deviation.

Coefficient of variation.

f Below the detection limit.

suffer less losses to the environment, as found in the G2 area.

In the waste deposits, there are no waterproofing agents and
proper management. These wastes contain residual minerals
(including sulfur minerals) that are exposed to the weather con-
ditions and rainwater drainage. The high rainfall of the region fa-
vors losses of chemical elements from the tailings through leaching
and erosion. In addition, these tailings are predominantly formed
by sand-sized particles, which facilitates oxygen diffusion
throughout the profile, as well as mineral oxidation, especially in
the sulfides found in G1, leading to solubilization and possible
leaching of As. The heterogeneity in the contents of As in tailings
submitted to similar exploration processes may be explained by
mineralogical variations and differentiated exposure periods. The
underground mine reaches a depth of approximately 150 m,
implying in different mineralogical compositions with varied
mineral sources of As (Fig. 4S). Depending on the type of host rocks
and the intensity of hydrothermal changes, such variations are
common in deposits of Au (Melo et al., 2014). Losses of As can bring
risks to the environment and human health due to contamination
of water, soil, and plants. The concentrations of As in the artisanal
mining tailings from Cachoeira do Pirid are higher than those re-
ported by Souza et al. (2017) in Serra Pelada, Brazil, and by Ding
et al. (2016) in China.

The concentrations of As in the G4 area were lower than the
average values found in G1 and G2. The G4 tailings, which are from
reprocessing of underground mining tailings, showed a mean
concentration of As equal to 1844 mg kg~! (Fig. 3C and Table 2S),

which is approximately 1.5 and 3 times lower than the concen-
tration found in the G1 and G2 areas, respectively. These results
may be related to the lower occurrence of As-rich minerals, as well
as the higher occurrence of low stability sulfide minerals in the G4
area (Fig. 4S).

Lower levels of As in the G4 area than in G1 and G2 may also be
attributed to losses by erosion and leaching. Reprocessing of un-
derground mine tailings depends on the demand of the prospectors
and may take years to occur. The exposure time to environmental
conditions in which the underground tailings are submitted before
being reprocessed can lead to losses of As, reducing the concen-
trations in these wastes, which also explains the higher levels
observed in the G2 area than in G1. Another process that can lead to
loss of As is volatilization, which can occur in tailings ponds before
the cyanide process, and during the processing of Au with cyanide.
During the ore roasting, As from the sulfide minerals is oxidized to
As,03 and can be lost to atmosphere, which reduces the contents of
this metalloid in the tailings. Leaching of soluble oxyanions,
generated during roasting, can also lead to losses of As. The
occurrence of As-rich minerals, as well as precipitation of As during
cyanidation (Kyle et al., 2012), may contribute to maintenance of As
in G4.

In the NF area, the mean concentrations of As varied between
0.7 and 6 mg kg~ ! (Fig. 3D). These results are similar to those found
for the state of Para in native forest areas, without anthropic
interference (Fernandes et al., 2018). In Au mining areas, the con-
centrations of As are usually higher than those found in areas with
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Fig. 3. Spatial distribution of As concentrations in tailings from underground mining with 13 years of disposal (G1) - A, underground mining with 7 years of disposal (G2) - A,
colluvium mining (G3) - B, cyanidation mining (G4) - C, and soils from natural forest (NF) - D.

lower mineral potential. Occurrence of As sulfide minerals in Au
mining areas was observed in Brazil by Souza et al. (2017) in Serra
Pelada, Amazon region, in Colombia by Desbarats et al. (2015), and
in China by Ding et al. (2016).

3.3. Pollution assessment

The pollution indices indicate that all mining areas had signifi-
cant processes of enrichment and accumulation of As (Table 2). The
EF showed that there is extremely high enrichment in the under-
ground tailings (G1, G2, and G4) and low enrichment in the tailings
from the G3 area according to Lin et al. (2019). The Igeo indicated

geoaccumulation of As in all mining areas and, on the basis of this
indicator, the G3 tailings are moderately to heavily polluted, and G1,
G2, and G4 tailings are extremely polluted (Lin et al., 2019).

Areas of Au exploration in the Amazon are recognized for
generating large amounts of tailings with high PTEs levels (Teixeira
et al., 2018), which generally leads to enrichment and environ-
mental contamination by these elements. The results found in this
study suggest the need of environmental control mechanisms in
order to avoid environmental and human health risks by As
contamination. In other areas of Au exploitation in the Amazon
(Serra Pelada), the EF indicated enrichment by anthropic sources
(Teixeira et al., 2018) and Igeo suggested that the area was
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Fig. 4. Chemical fractionation of As into readily-soluble (F1), adsorbed (F2), amorphous mineral-linked arsenate (F3), crystalline mineral-linked arsenate (F4), and linked to sulfides/
arsenides (F5) fractions of tailings from underground mining with 13 years of disposal (G1), underground mining with 7 years of disposal (G2), colluvium mining (G3), cyanidation

mining (G4), and soils from natural forest (NF).

Table 2

Enrichment factor (EF), geoaccumulation index (Igeo), and potential ecological risk
index (PERI) of As concentrations in tailings from underground mining with 13 years
of disposal (G1), underground mining with 7 years of disposal (G2), colluvium
mining (G3), cyanidation mining (G4), and soils from natural forest (NF).

Area Pollution indexes

EF Igeo PERI
G1 163.3 9.9 14131.0
G2 644.1 10.8 26524.0
G3 53 2.1 64.0
G4 130.5 9.2 8951.0
NF 1.0 -0.6 10.0

moderately contaminated (Souza et al., 2017).

3.4. Chemical fractionation of As

Chemical fractionation of PTEs is essential because it indicates
the origin, mobility, and bioavailability of these elements
(Fernandez-Ondono et al., 2017; Pérez-Moreno et al., 2018; Sah
et al., 2019), as well as the current and potential contamination of
soils, tailings and sediments. In the studied areas, tailings showed
low percentages of As in the highest mobility fraction (F1), varying
between 0.12 and 3.11% of the pseudototal As (Table 3S). However,
these low percentages represent amounts of As equal to 28.77 (G1),
16.47 (G4), and 11.9 mg kg~ ' (G2) (Fig. 4), which are 20, 11, and 8-
fold higher, respectively, than the QRV of As for soils in the state of
Para (Fernandes et al., 2018), which is based on the total concen-
tration. In G3, 3.11% of the pseudototal As was found in the F1
fraction, corresponding to only 0.66 mg kg™, that is readily avail-
able for plant absorption and, therefore, may not be neglected. The
F1 fraction is considered the most toxic to the environment and
may carry environmental risk to surrounding areas through
dispersion of soil, tailings and water (Drahota et al., 2014; Mensah
et al., 2020). The low values of As in the F1 fraction (in relation to
pseudototal content of As) may be explained by losses through
leaching as a consequence of the frequent and intense rainfall in the
Amazon region (Moreira et al., 2018; Pereira et al., 2020).

In the F2 fraction (adsorbed As), percentages equal to 11.8 (G3),
3.57 (G1), 3.19 (G4), and 0.31% (G2) (Table 3S) of the pseudototal

content were found, representing 2.5, 14193, 65.5, and
31.44 mg kg~ ! (Fig. 4), respectively. These values are very high and
potentially bioavailable (Pérez-Moreno et al., 2018; Sah et al., 2019),
indicating that As may cause serious damage to environment and
population health. When considering F1 + F2 fractions, which are
usually adopted to assess the bioavailability and mobility of PTEs
(Sun et al., 2014; Sah et al., 2019), an extremely worrying scenario is
observed in the mining areas, mainly because in tropical regions
these fractions may be easily mobilized (Moreira et al., 2018).

Relatively significant percentages of As were found in the F3 and
F4 fractions of tailings (Fig. 4 and Table 3S). In G1 and G2 tailings,
there is predominance of As in the F4 fraction (18.88%) when
compared to F3 (5.47%), indicating greater binding of As with
amorphous Fe oxides. In G3 and G4, there is higher association of As
with the F3 fraction than with F4, suggesting the predominance of
As bound to crystalline Fe oxides and arsenates in relation to
amorphous Fe oxides. These results indicate that the dynamics of
As in tailings, in the F3 and F4 fractions, is highly influenced by the
specific surface and crystallinity of Fe oxides (Bissen and Frimmel,
2003; Drahota et al., 2014; Mensah et al., 2020).

The F5 fraction predominated in G1, G2, and G4, with 57.36, 86,
and 67.52% of pseudototal As (Fig. 4 and Table 3S), respectively,
suggesting that much of As is strongly linked to crystalline struc-
tures of minerals which contain As (Fig. 4S). On the other hand, in
the G3 tailings, the association with the F3 fraction was higher,
indicating greater activity of low-crystallinity Fe oxides. The results
found in G3 may be explained by the greater wear of the source
material in the exploration process, involving frequent use of water
and intense soil revolving (Fig. 2S), as well as more acidic pH, which
contributes to dilution and transfer of As to other fractions (Ali
et al., 2017). In the NF area, As showed the lowest association
with all fractions, indicating lower potential risk under natural
conditions due to low anthropogenic influence.

Higher association of As with all non-residual fractions was
found in G1 than in G2. The greater exposure time of G1, consid-
ering the intense weathering in the Amazon region (Souza et al.,
2017), may explain the high mobilization of As, including for F1
and F2 (28.77 and 141.93 mg kg, respectively), indicating that the
risks to environment and human health may increase according to
the exposure time of tailings. High content of As in the most mobile
fraction was also observed by Mensah et al. (2020), studying soil
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from an abandoned mine, where similar results were found. In soils
from Germany (Shaheen et al., 2017) and Italy (Giacomino et al.,
2010), as well as in Au mining areas in Minas Gerais, Brazil (Ono
et al,, 2015), high As values were also observed in mobile fractions.

3.5. Oral bioaccessibility of As

Bioaccessible concentrations of As were found in all areas
studied, both in the intestinal and gastric phases (Fig. 5). Although
in low percentages of the total concentrations, the bioaccessibility
of As is high in the G1, G2, and G4 areas, which may be associated
with the high concentrations in bioavailable fractions (Fig. 4).
Higher bioaccessibility of As indicates greater potential risk for
human health through ingestion of contaminated soil or sediment
(Fernandez-Caliani et al., 2019). High total concentrations of As and
low bioaccessible percentage in mine soils have been reported by
Fernandez-Caliani et al. (2019) in Spain, Li et al. (2015) in China, and
Ono et al. (2012) in an Au mine in Brazil.

For G3 and NF areas, which had the lowest total content of As,
higher percentage bioaccessibility was found in the gastric phase,
while in the G1, G2, and G4 areas, higher bioaccessibility occurred
in the intestinal phase. High dissolved As amounts in the gut
indicate a potential health risk, given that metal absorption occurs
mainly in this organ (Ono et al., 2012). Higher bioaccessibility in the
gastric phase was reported by Juhasz et al. (2014), due to the
induced desorption of As linked to oxides at extremely acidic pH
(+1.5). High acidity contributes to solubilization of Fe oxides and As
source minerals with high Fe concentrations (Juhasz et al., 2011; Li
etal,, 2015). Soluble Fe migrating to the intestine, which has a basic
pH, may precipitate as amorphous Fe and adsorb part of the solu-
bilized As in the gastric phase, reducing bioaccessibility.

In accordance with the results obtained in the G1, G2, and G4
areas, greater bioaccessibility of As in the intestinal phase was
observed by Wragg et al. (2011). Such results can be attributed to
dissolution of Fe by action of organic acids, such as citrate, present
in the intestinal fluid, which decreases the formation of amorphous
Fe, reducing the adsorption of As (Juhasz et al., 2014), or due to
chemical precipitation with cations in the intestine (Fernandez-
Caliani et al., 2019). Another mechanism that explains the higher
level of As dissolved in the intestinal phase is the chemical speci-
ation of this element. If As®* is the predominant species in the soil,

20 m Gastric
424 mg kg’ H Intestinal
15
S
« 10 5
:):5 229.1 mg kg
;:? 5| 1.6mgkg'
= 0.2 mg kg’ 114 mg kg’
§ 0
= E 304.4 mg kg
S 1 g Kg
35 0.4 mgkg 1333 mg kg’
o 3.3 mgkg' 1
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Fig. 5. Oral bioaccessibility of As in tailings from underground mining with 13 years of
disposal (G1), underground mining with 7 years of disposal (G2), colluvium mining
(G3), cyanidation mining (G4), and soils from natural forest (NF).

it is more likely to be absorbed in the gut compared to the stomach.
As>* is phosphate analogous (HPO3~) and, therefore, can be
absorbed by the same metabolic pathway. Phosphate is highly
absorbed by the intestinal system, mainly by the duodenum and to
a lesser extent by the jejunum and ileum (Beak et al., 2006). These
results suggest that gastrointestinal bioaccessibility varies accord-
ing to the chemical soil properties, due to the dominance of sorbed
surfaces (Kim et al., 2002).

The bioaccessible concentration of As in the gastric phase
showed a positive correlation (r*> = 0.99) with As in soluble,
adsorbed and linked to arsenide/sulfide fractions (Table 3), indi-
cating that these fractions may be solubilized at pH 1.5 (Li et al,,
2014). OM and amorphous fraction were negatively correlated,
which can be explained by their greater binding strength with As,
reducing the solubility at pH 1.5 (Mendoza et al., 2017) and pro-
moting the formation of stable and not soluble complexes.

In the intestinal phase, the bioaccessible As was negatively
correlated with the soluble and adsorbed fractions of this metal-
loid, which may be due to solubilization of As in the gastric phase,
resulting from the formation of complexes at basic pH (Li et al.,
2014). On the other hand, the positive correlations of bio-
accessible As with the amorphous and crystalline fractions, pH and
OM, can be attributed to solubilization and complexation of As in
the intestinal phase, with formation of HCOs_, that reduces the As
precipitation with oxides at high pH (Mendoza et al., 2017).

3.6. Risks to environment and human health

PERI allows measuring the sensitivity of the biological com-
munity to general contamination caused by PTEs in a given location
(Hakanson, 1980). This index is robust and, therefore, may be used
to indicate the ecological risk in Au exploration areas in the
Amazon, since PERI has been used to assess potential risks to
environmental quality in agricultural and natural soils, sediments,
and mine tailings (Duodu et al., 2016; Jiang et al., 2019; Ngole-Jeme
and Fantke, 2017; Tapia-Gatica et al., 2020; Xiao et al., 2019; Pereira
et al., 2020). In the mining areas, values of PERI varied between 10
and 26,524, following the order G2 > G1 > G4 > G3 > NF. In G2, G1,
and G4, the values of PERI were approximately 88, 44, and 28 times
higher, respectively, than the value which indicates very high
ecological risk according to Hakanson (1980). The ecological risk is
moderate in G3 and low in NF. Despite the moderate risk in G3, the
pseudototal concentrations of As (21.2 mg kg~ ') (Table 2S) deserve
attention, since they are 16 times higher than the background value
for soils in the state of Para (Fernandes et al., 2018). In Pakistan,
exposure to 13.9 mg kg ! of As (concentration lower than the found
in G3) altered the bacterial community composition and affected
individuals resistant to this metalloid (Sheik et al., 2012). In Kru-
gersdorp soils, South Africa, high ecological risk was observed as a
consequence of Au exploration (Ngole-Jeme and Fantke, 2017). The
results found in this study indicate high risk to biodiversity, as well
as increased difficult for revegetation of the areas, which contrib-
utes with leaching and erosion to distant areas and rivers.

Values of HI higher than 1 represent high non-carcinogenic risk
to human health (Hu et al., 2012; Souza et al., 2017). The NF and G3
areas showed low non-carcinogenic risk for both children and
adults, which can be explained by the lower pseudototal concen-
trations of As observed in these areas (Table 2S). On the other hand,
in the G2, G1, and G4 areas, the non-carcinogenic risk index (HI) for
children and adults ranged from 1.2 to 17.8 (Fig. 6A), indicating
potential risk to the health of adults and children (Liu et al., 2013) in
function of As contamination. This element may enter in the human
body through ingestion, inhalation, and direct contact with
contaminated soil (Hu et al., 2012; Park and Choi, 2013), maily in
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Table 3

Multiple regression equations for estimation of oral bioaccessibility of As in gastric and intestinal phases.
Phase Equation R? p
Gastric Bas = AS0%1.795685 + AAd*1.015522 - AAm*0.395856 + AArSu*0.009406 - OM*0.059641 4 2.851498 0.99 <0.01
Intestinal Bas = -AS0*17.739 - AAd*3.581 + AAm*1.031 + ACr*1.063 + pH*70.832 + OM*1.534—-394.920 0.99 <0.01

Bas, arsenic bioaccessibility; ASo, readily-soluble arsenic; AAd, arsenic adsorbed; AAm, arsenic linked to amorphous oxides; AArSu, arsenic bound to arsenides/sulfides; OM,

organic matter; ACr, arsenic bound to crystalline oxides.
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Fig. 6. Non-carcinogenic (A) and carcinogenic (B) hazard indices for adults and chil-
dren in underground mining tailings with 13 years of disposal (G1), underground
mining tailings with 7 years of disposal (G2), colluvium mining (G3), cyanidation
mining (G4), and soils from natural forest (NF).

cases of accidental ingestion of soil by children, due to frequent
hand-to-mouth movement and lower body weight (Izquierdo et al.,
2015; Souza et al., 2017).

For carcinogenic HI, 107 is the value taken as the parameter to
establish if there is carcinogenic risk (Liu et al., 2013). NF and G3
areas had carcinogenic HI lower than the acceptable limit for
children and adults (except G3 that presented HI > 107 for chil-
dren), suggesting that there is no carcinogenic risk to adults in
these areas (Fig. 6B). On the contrary, G2, G1, and G4 areas showed
HI extremely higher than the acceptable value for both children and
adults, varying from 0.03 to 0.4, indicating high health risk, espe-
cially for children. In all areas, carcinogenic HI was higher for
children, which is due to greater direct contact with soil particles
(Park and Choi, 2013). These results allow to state that both adults
and children deserve attention. However, children deserve special
attention because they are more susceptible to carcinogenic and
non-carcinogenic risks in the study area.

Potential health risks in the areas of waste deposit in Cachoeira
do Piria (Fig. 6A and B) are higher than previously described risks in
Serra Pelada, Brazil (Souza et al, 2017), and Nanjing and

Xikuangshan, China (Li et al., 2014). Sources of As, including mining
waste and source material, when combined, may expose commu-
nities to an endemic contamination risk by As (Ramirez-andreotta
et al,, 2013). The high HI values in the studied Au mining areas
indicate that human exposure to high concentrations of As can
cause damage to the health of the local population and
environment.

4. Conclusions

The wastes from Au mining areas studied in the eastern Amazon
are highly contaminated with As, mainly through the prolonged
exposure time. The concentrations found are well above the back-
ground and quality reference values used to assess environmental
and human health risks according to environmental agencies. Mine
tailings are highly polluted because of high enrichment, accumu-
lation, and contamination by As, indicating high environmental
risk. Serious health risks for children and adults were evidenced
from the non-carcinogenic risk indices, which reached up to 17.8,
well above the acceptable limit (1.0), in addition to a high carci-
nogenic risk for both children and adults. The oral bioaccessibility
found in gastric and intestinal phases is extremely worrying and
was corroborated by the high reactive fractions in three mining
areas, suggesting that high concentrations of As may be absorbed
by local population. The results show that the study area is polluted
because of Au mining, putting the environment and health of the
population at risk, and that there is an urgent need for intervention
by environmental control agencies to remediate the waste.
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