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Abstract

Artisanal and small-scale gold mining (ASGM) poses significant environmental challenges
globally, particularly due to mercury (Hg) use. As an example, in Ecuador, Hg use still
persists, despite its official ban in 2015. This study investigated the geogenic and anthro-
pogenic contributions of potentially toxic elements (PTEs) in the Ponce Enriquez Mining
District (PEMD), a region characterized by hydrothermally altered basaltic bedrock and
Au-mineralized quartz veins. To assess local baseline values and identify PTE-bearing
minerals, a comprehensive geochemical, mineralogical, and petrographic analysis was
conducted on bedrock and mineralized veins. These findings reveal distinct origins for
the studied PTEs, which include Hg, As, Cu, Ni, Cr, Co, Sb, Zn, and V. Specifically, Hg
concentrations in stream sediments downstream (up to 50 ppm) far exceed natural bedrock
levels (0.03-0.707 ppm), unequivocally indicating significant anthropogenic input from
gold amalgamation. Furthermore, copper shows elevated concentration primarily linked to
gold extraction. Conversely, other elements like As, Ni, Cr, Co, Sb, Zn, and V are primarily
exhibited to be naturally abundant in basalts due to the presence of primary mafic minerals
and to hydrothermal alterations, with elevated concentrations particularly seen in sulfides
like pyrite and arsenopyrite. To distinguish natural geochemical anomalies from mining-
related contamination, especially in volcanic terrains, this study utilizes Upper Continental
Crust (UCC) normalization and local bedrock baselines. This multi-faceted approach effec-
tively helped to differentiate basalt subgroups and assess natural concentrations, thereby
avoiding misinterpretations of naturally elevated element concentrations as mining-related
pollution. Crucially, this work establishes a robust local geochemical baseline for the PEMD
area, providing a critical framework for accurate environmental risk assessments and
sustainable mineral resource management, and informing national environmental quality
standards and remediation efforts in Ecuador. It underscores the necessity of evaluating
local geology, including inherent mineralization, when defining environmental baselines
and understanding the fate of PTEs in mining-impacted environments.
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1. Introduction

Artisanal and small-scale gold mining (ASGM) poses significant environmental and
health challenges in many regions of the world, particularly where mercury (Hg) is still
used for gold extraction, despite international and national restrictions. The main issues
include contamination of water, soil, and biota with potentially toxic elements (PTEs),
such as Hg, As, and Pb, which are mobilized during ore processing [1,2]. Recent studies
(e.g., [3,4]) emphasize the persistent impact of ASGM despite regulatory efforts.

In Ecuador, gold mining has a long historical tradition dating back to pre-Columbian
times [5]. Today, the sector includes both legal and informal operations, especially in
the provinces of Zamora-Chinchipe, Azuay, and El Oro. A large portion of ASGM re-
mains unauthorized or illegal to extract, often driven by poverty and lack of economic
alternatives [6,7]. Ecuador has aligned with the Minamata Convention on Mercury since
2013, with the country officially banning elemental mercury in all mining activities, includ-
ing artisanal and small-scale gold mining (ASGM), ratified in July 2015. Although mercury
use has been officially banned, its application remains widespread, raising serious concerns
for environmental quality and human health [8-10]. Since mining represents a significant
source of income for many communities, mitigating its impacts on water and soil quality,
biodiversity, and public health is a key priority [7].

Several studies have reported high concentrations of PTEs (such as As, Cu, Cd, Zn,
Hg, Cr, Ni, Sb, and Pb) in soils, sediments, and waters near ASGM zones in Ecuador and
elsewhere, often exceeding national and international quality standards [8,11-14]. These
enrichments are typically due to the combined effects of natural geochemical anomalies
(i.e., mineralized bedrock) and anthropogenic activities, particularly gold extraction and
processing. The determination of geochemical baseline values in areas characterized by
the presence of natural geochemical anomalies (i.e., mineralized rocks) and anthropogenic
impact (i.e., artisanal and small-scale mining) is essential for accurate environmental
assessment. In such contexts, defining a local baseline that comprehensively accounts
for these natural geological enrichments, including inherent mineralization, is crucial.
Therefore, identification of local baseline values is needed to differentiate between geogenic
and anthropogenic sources.

Distinguishing between geogenic and anthropogenic sources of PTEs is essential for
accurate environmental assessment and for designing effective mitigation strategies. Al-
though global average values (e.g., average shale or upper continental crust) are often used
as reference geochemical backgrounds ([15] and reference therein), these may not reflect
local lithological variability, especially in mineralized or volcanic regions. Geochemical
baselines must therefore be locally defined, taking into account lithology, mineralogy, and
post-depositional processes such as hydrothermal alteration, or weathering. This chal-
lenge underscores the necessity for site-specific geochemical baselines, a point increasingly
highlighted in the recent environmental geochemistry literature (e.g., [16-19]).

In areas affected by hydrothermal mineralization, background levels of metals in
rocks and soils can be naturally elevated. When mining and ore processing occur, metal
mobilization increases significantly, leading to higher concentrations in downstream en-
vironments. While anthropogenic activities are generally the dominant source of PTE
contamination, understanding the contribution of natural sources is critical to assessing
risk levels accurately.

Although several studies have investigated the geogenic abundance of PTEs in ul-
tramafic rocks (e.g., [20-22]), black shale (e.g., [23]), and limestone (e.g., [24]), few have
addressed PTE mobilization from basalts, especially in hydrothermally altered and min-
eralized contexts, where naturally high metal contents may occur [25-30]. Building upon
the acknowledged necessity for site-specific geochemical baselines in such complex envi-
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ronments, this study represents one of the first comprehensive efforts in Ecuador to define
and apply such a robust baseline in a geologically intricate, hydrothermally altered basaltic
terrain directly impacted by ASGM. This research specifically addresses the critical gap in
understanding PTE contamination in this unique setting, providing novel insights into both
geogenic and anthropogenic sources, which are often challenging to decouple. This work,
therefore, offers a significant and much-needed contribution to environmental baseline
definition and pollution assessment in complex mineralized terrains.

This research focuses on a basalt-hosted gold mining district in southern Ecuador,
where gold-bearing quartz veins cut through hydrothermally altered basaltic bedrock.
The concentrations of Zn, Ni, Cu, As, Co, V, Cr, Sb, and Hg in fresh and mineralized
rock samples were analyzed with the following objectives: (i) defining local background
concentrations that accurately encompass the natural geological variability, including the
inherent abundance from widespread mineralization, to effectively decouple geogenic
and anthropogenic sources; (ii) identifying PTE-bearing minerals through mineralogical
and mineral chemistry analyses; and (iii) providing baseline data for environmental risk
assessments and sustainable land use planning in mining-affected areas.

2. Study Area

The Ponce Enriquez Mining District (PEMD), located in southern Ecuador on the
western flank of the Western Cordillera, spans three hydrographic basins: Rio Siete, Fermin,
and Guanache (Figure 1). The PEMD is among the most significant gold mining areas in
Ecuador, with mining activities dating back to the 1980s [13]. The development of mining
in this area followed the El Nifio event of 1982-1983, which devastated agricultural fields
and led local inhabitants to discover gold in creeks and river sediments. This discovery
triggered artisanal mining, which later evolved into small-scale mining centered around
the Bella Rica area. Initial mining efforts focused on the Guanache River and Quebrada La
Florida until the discovery of mineralized veins in Bella Rica, where the current mining
district was established as a formal small-scale mining industry.
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Figure 1. (A) Location map of the PEMD, Ecuador; (B) geological map of the study area (modified
after Fulignati et al., [31]), illustrating key features including gold mines, ore processing plants,
sampling sites for rock specimens, and locations of previously collected stream sediment samples.
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Mining operations in the PEMD are predominantly coordinated and regulated by
the Bella Rica Mining Cooperative, founded in 1983. The cooperative manages around
28 active mining operators engaged in the exploration and extraction of minerals from
local veins [32]. Although cyanidation techniques for gold extraction have increased in
recent decades, mercury amalgamation remains the dominant method [33,34]. Due to
the limited availability of cyanidation facilities within the PEMD, miners often stockpile
amalgamated tailings at processing centers such as Chanchas and Chilean Mills for future
cyanide treatment.

The geological framework of the study area comprises outcrops of the Pallatanga,
Yunguilla, and Las Trancas Formations, which are part of the Western Cordillera [35].
Cenozoic calc-alkaline magmatism and sedimentation, derived from pre-Cretaceous ter-
ranes (Loja, Alao, Chaucha, and Pallatanga), dominate the region and shape the lithology
observed today [36]. The bedrock primarily consists of tholeiitic basalt, with subordinate
occurrences of andesitic basalts and calc-alkaline andesites [37]. Gold mineralization in the
PEMD occurs in an epithermal setting, with characteristic sulfide minerals such as pyrite,
arsenopyrite, chalcopyrite, pyrrhotite, and sphalerite hosted within quartz and calcite
veins [31]. Despite the economic and strategic importance of the PEMD for Ecuadorian
small-scale mining, recent high-resolution studies on the environmental geochemistry of
the area remain limited. This research contributes to filling this gap by providing new data
on trace element abundance in bedrock and mineralized zones.

3. Material and Methods

A total of fourteen bedrock samples were collected in the field, selected to represent
varying rock textures and degrees of mineralization (Figure 1). These included Andesites
(samples PE02, PE07), Basalts (samples PEO1, PE03, PE06, PE10, PE13, PE15, PE16, PE17,
PE18, PE19, PE23), and a Qz-vein sample (PE24). For a broader environmental assessment,
stream sediment geochemical data (212 samples in total) were integrated from previous
studies by Appleton et al. [12] and Pesantes et al. [38]. Given the inherent differences in
analytical methodologies and sampling protocols across these historical datasets, direct
quantitative harmonization with primary bedrock data was not performed. Instead, these
external data were utilized to provide a broader qualitative context for regional environ-
mental assessment, with potential biases related to varying detection limits and data quality
explicitly acknowledged during their interpretation.

3.1. Bulk Geochemical Analyses

Total mercury concentrations were determined using a Direct Mercury Analyzer
(DMA-80, Milestone Srl, Sorisole, BG, Italy), following US EPA Method 7473. Certified
reference materials included NIST 2711a, ERM-CCO018 (sandy soil), and MESS-3 (marine
sediment). The analytical precision was £5% (RSD), and accuracy was within 10%.

Data for other elements in whole-rock samples were collected in this work for samples
PEO02, PE17, PE23, and PE24, and, for the rest of samples, the data were obtained from
Fulignati et al. [31]. Trace element concentrations (i.e., PTEs: V, Cr, Co, Ni, Cu, Zn, As, Sb,
and Pb; and REE) in bulk rock samples were determined by ICP-MS (Perkin-Elmer NexION
300X, Perkin Elmer Inc., Waltham, MA, USA) following HNO3;-HF acid digestion, at the
Department of Earth Sciences, University of Pisa. Analytical uncertainty was evaluated by
repeated analysis of reference material ERM-CC018. The RSD was below 5%, except for As
(6%) and Co (8%).



Minerals 2025, 15, 725

50f21

3.2. Petrography and Mineral Chemistry

Petrographic observations were performed under transmitted and reflected light
microscopy to identify PTE-bearing minerals in bedrocks and quartz veins.

Field-emission scanning electron microscopy with energy-dispersive spectroscopy
(FE-SEM-EDS) analyses were conducted using a ThermoFisher (Waltham, MA, USA) FEI
Quanta FEG 450 at the Centre for Instrument Sharing, University of Pisa (CISUP, Pisa, Italy).

Electron probe microanalyses (EPMA) of minerals such as chlorite, epidote, feldspar,
and amphibole were performed on polished, carbon-coated thin sections using JEOL (Tokyo,
Japan) JXA-8200 SuperProbe at the Earth Sciences Department “Ardito Desio,” University
of Milan. Analyses were carried out at a 15 kV accelerating voltage and a 5 nA beam current.
The instrument was equipped with five wavelength-dispersive spectrometers (WDSs) and
one EDS detector. Internal calibration was performed using natural and synthetic standards,
including grossular (5i, Ca, Al), omphacite (Na), forsterite (Mg), fayalite (Fe), ilmenite (Ti),
orthoclase (K), rhodonite (Mn), and pure Cr metal (Cr). Raw data were ZAF-corrected
using a @(pz) correction program, and element concentrations were converted into oxide
contents assuming ideal stoichiometry. Total iron (FeOt) is expressed as FeO.

3.3. In Situ Trace Element Analysis (LA-ICP-MS)

In situ trace element analyses of chlorite and epidote (previously characterized by
EPMA) were performed by laser ablation inductively coupled with plasma mass spectrom-
etry (LA-ICP-MS) using Perkin-Elmer (Waltham, MA, USA) NexION 2000 ICP-MS coupled
to a New Wave Research (Fremont, CA, USA) 193 nm ArF excimer laser, at CISUP, Pisa.

For chlorite and epidote, analyses were performed at a 10 Hz repetition rate, with
spot sizes of 3540 pm and an energy density of 4.6 J/cm?. NIST SRM 612 glass was used
for external calibration, while CaO and SiO, were used as internal standards for epidote
and chlorite, respectively. Analytical accuracy was verified using NIST SRM 610 as a
secondary reference.

LA-ICP-MS analyses of sulfide minerals were conducted using a 50 pm spot size,
10 Hz repetition rate, and 4 ] /cm? energy density. STD-GL-3 was used as internal standard,
and FES-5 served as a secondary reference material. Data were reduced using the IOLITE
(version 4) software package [39].

4. Results
4.1. Petrography and Mineralogy

Petrographic analysis shows that the rocks of the Pallatanga and Yunguilla Formations
are basaltic lavas exhibiting either porphyritic or aphanitic textures. Figure 2 provides
macroscopic views of representative samples, highlighting their diverse textures and
varying degrees of alteration and mineralogical composition. Phenocrysts primarily consist
of plagioclase and olivine, often forming spherulitic textures, occasionally axiolitic, with
characteristic radial and fibrous structures. In some samples, an aphanitic texture prevails,
with allotriomorphic epidote and quartz, occasionally showing partially chloritized axiolitic-
spherulitic structures.

Sample PE07 is hornblende-plagioclase porphyritic with a medium-grained ground-
mass, suggesting subvolcanic emplacement. The crystals are subhedral to euhedral, with
sizes up to 1.5 mm.

Mineralogical composition includes up to 30% amphibole, 20% plagioclase, and 10%
feldspar. Some samples exhibit a higher degree of chloritization, and plagioclase is partially
obliterated by pervasive alteration.
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Figure 2. Representative rock samples collected from the PEMD. The samples displayed include fresh
bedrock (Basalt I-blue, Basalt II-green, and Andesite-orange) as well as mineralized quartz veins
(Qz-veins-black).

Using the classification diagrams by Hastie et al. [40] for altered volcanic rocks, most
samples are subalkaline basalts of the tholeiitic series, with two samples classified as a calc-
alkaline andesite. Primitive mantle-normalized trace element patterns reveal MORB-like
features in the basalts. In contrast, the andesite samples show higher Th/Ta, Ba/Nb, and
La/Nb ratios, typical of calc-alkaline magmas. Rare Earth Element (REE) concentrations
were utilized for petrogenetic affinity, and their patterns further support this distinction,
with the andesite displaying higher La/Sm and La/Yb ratios, consistent with similar
observations from the PEMD in previous studies [31].

Based on REE and trace element contents, the basalts can be subdivided into two
groups. Basalt I (samples PEO1, PEO6, PE010, PE013, PE15, PE16) is slightly depleted in
REEs compared to Basalt II (samples PE03, PE17, PE18, PE19, PE23). Basalt I is enriched
in Cr and Sb, whereas Basalt Il is enriched in V, Cu, Hg, and Co. Geographically, Basalt I
occurs in the southwestern part of the study area, and Basalt Il in the northeastern part; the
two sectors are separated by NW-SE- and E-W-trending fault systems.

Quartz veins (sample PE24) showing Au mineralization reach several centimeters in
thickness. The quartz is extensively fractured and filled by calcite that frequently contains
galena. Arsenopyrite is the dominant sulfide mineral, accompanied by chalcopyrite, pyrite,
galena, and sphalerite.

4.2. Mineral Chemistry of the PTE-Bearing Minerals

Twelve rock samples were examined under an optical microscope, revealing PTE-
bearing minerals such as epidote, chlorite, titanite, and sulfides (e.g., sphalerite, galena,
pyrite, and chalcopyrite). Representative backscattered electron images are shown
in Figure 3.
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Figure 3. Backscattered electron images of PTE-bearing minerals in representative rock types from
the PEMD: (A-C) Basalt I; (D-F) Basalt II; (G-I) Qz-veins. Images (A,B) are modified from Fulignati
etal. [31] (Ep = epidote; Chl = chlorite; Ttn = titanite; Py = pyrite; Apy = arsenopyrite; Po = pyrrhotine;
Ccp = chalcopyrite; Gn = galena; Sp = sphalerite).

Pyrite is the most abundant sulfide, occurring both in a disseminated manner within
propylitic alteration zones and in a concentrated manner in veins. Arsenopyrite is also
common, with lesser amounts of chalcopyrite, galena, and sphalerite. Locally, pyrrhotite
and cobaltite are also present.

In Basalt II (Figure 4), pyrite shows the highest concentrations of As (up to 39,300 ppm)
and Co (up to 49,800 ppm), while pyrite from quartz veins is enriched in Sb (up to
1299 ppm), Cu (up to 61 ppm), and Ni (up to 1714 ppm). Chalcopyrite exhibits simi-
lar Co (3-952 ppm) and Zn (276-1802 ppm) concentrations in both basalts and quartz veins
but is enriched in Sb (up to 156 ppm) and Ni (up to 48 ppm) in the latter. Arsenopyrite
contains high levels of Sb (up to 18,900 ppm) and Zn (up to 21,200 ppm), while sphalerite
is notably rich in Cu (up to 15,400 ppm).

Chlorite in Basalt I shows higher Cr contents (14-3421 ppm) than in Basalt II
(47-321 ppm) (Figure 4). Zn and Co show similar concentration intervals in chlorite from
both Basalt types: Zn ranges from 1 to 506 ppm in chlorite in Basalt I and from 4 to 638 ppm
in Basalt II; Co ranges from 2 to 48 ppm in chlorite in Basalt I and from 1 to 71 ppm in
Basalt II. Both basalt types contain chlorite with elevated V concentrations, ranging from 11
to 616 ppm.
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Figure 4. Box-and-whisker plots of the concentration ranges of selected potentially toxic elements

(PTEs) in sulfide minerals from the PEMD area. Cu in chalcopyrite, As in arsenopyrite, and Zn in

sphalerite are not shown.

Epidote shows comparable PTE concentrations in both basalt groups (Figure 4), with V

and Cr as the most abundant elements (1-621 ppm and 10-519 ppm, respectively). Arsenic

is slightly enriched, ranging from 0.08 to 559 ppm.
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4.3. Bulk Chemistry

Vanadium, Co, and Cu in the bulk rock analyses exhibit similar patterns, with the
highest levels found in Basalt II (up to 430, 130, and 207 ppm, respectively) and the lowest
levels in andesitic rocks (up to 154, 28, and 122 ppm, respectively) (Table 1, Figure 5).
Chromium, Zn, and Sb concentrations peak in Basalt I (up to 231, 1358, and 20 ppm,
respectively) and are lowest in andesitic basalt. Nickel reaches its highest concentration in
andesites (up to 130 ppm), while mercury peaks in Basalt II (up to 0.15 ppm). Correlation
diagrams show a good correlation between Fe,Ost and V, Cu, Zn, Co, and Sb. In comparison
to the primitive mantle composition [41], the three rock groups display a similar pattern.
They are enriched in V, Cu, Zn, Hg, Sb, and As, while being depleted in Co, Cr, and Ni.
Regarding the Upper Continental Crust (UCC) normalization [42], the samples are enriched
in V, Co, Cu, Ni, Sb, and As, and are partially enriched in Cu and Cr, whereas they are
depleted in Hg (Figure 6).

Table 1. Bulk concentrations of PTEs in rock samples (mg/kg) (nd = not detected).

A% Cr Co Ni Cu Zn As Sb Pb Hg
Andesite
PE02 111 150 24 130 50 40 <5 <0.5 <5 0.032
PE07 154 53 28 15 122 40 nd <0.5 nd 0.003
Basalt (I)
PEO1 331 231 43 102 122 80 nd <0.5 nd 0.014
PEO6 303 189 37 96 61 76 nd 1.1 nd 0.004
PE10 327 232 38 103 94 93 nd 8.9 nd 0.004
PE13 318 225 40 102 116 1358 nd 18.0 nd 0.017
PE15 305 212 39 97 22 54 nd 19.7 nd 0.003
PE16 299 212 27 89 191 163 nd 6.9 nd 0.007
Basalt
(IT)
PEO3 381 101 41 77 147 91 nd 3.5 nd 0.018
PE17 373 110 55 100 90 80 13 2.8 <5 0.010
PE18 366 111 45 83 207 80 nd <0.5 nd 0.002
PE19 374 113 40 84 151 87 nd 3.7 nd 0.148
PE23 430 130 42 80 120 90 39 6.1 <5 0.122
Qz-vein
PE24 10 <20 12 <20 210 7610 >2000 >200 5360 0.707
450 - 250 . 60
Vanadium Chromium Cobalt
400 ﬁ
350 200 S0
300 — 40
250 150
0o o0 0o
200 €
E 100 € @
150 E 20
100 50
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Figure 5. Cont.
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Figure 5. Box-and-whisker plots showing the distribution of bulk rock concentrations (mg/kg) of
selected PTEs: V, Cr, Co, Ni, Cu, Zn, Sb, and Hg. Boxes represent the interquartile range (IQR), the
horizontal line within each box indicates the median, and whiskers extend to the minimum and
maximum values within 1.5 x IQR. Outliers are shown as individual points.
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Figure 6. Normalized patterns of PTEs in basaltic and mineralized rock samples from the Ponce
Enriquez Mining District: (A) primitive mantle (PM)-normalized concentrations [41]; (B) upper
continental crust (UCC)-normalized concentrations [42].

5. Discussion

To determine the accumulation characteristic of PTEs in basalt bedrock, UCC (upper
continent crust) and PM (primitive mantle) normalization for the concentration of PTEs
in bedrock was conducted (Figure 6). Compared with the UCC and PM, bedrock showed
significant concentrations of V, Co, Cu, Ni, Cr, As, and Sb. In andesitic bedrocks, Zn



Minerals 2025, 15, 725

11 of 21

concentrations are depleted. On the contrary, strong depletion of Hg was observed in UCC,
except for in two samples.

5.1. Chromium, Nickel, Vanadium, and Cobalt

Basalt contains significantly higher concentrations of PTEs such as Cr, Ni, V, and
Co when compared to granite and sandstone, making it an important reservoir of these
elements in terrestrial environments.

Petrographic observations from this study and previous work in the PEMD [31] con-
firm that the local basaltic lavas are rich in mafic minerals such as olivine, pyroxenes, and
amphiboles, with the crystal lattices being known hosts for these transition metals. Under
surface conditions, these PTEs are progressively released as these primary mafic silicate
minerals undergo chemical weathering. The rate of release is influenced by mineral stabil-
ity; for example, olivine and pyroxenes typically weather more rapidly than amphiboles,
contributing to the initial flux of these elements into the soil and water systems [43,44].
However, a significant portion of these elements can also be retained by secondary minerals
such as clay minerals and Fe-Mn (hydro)oxides, reducing their overall mobility in the
environment. The concentrations of Cr, Ni, V, and Co observed in the studied bedrock
samples (Table 1) are consistent with the ranges reported for unimpacted basaltic terrains
globally [45-47]. This consistency, coupled with the lack of significant amounts in stream
sediments compared to the local basaltic background [14], strongly suggests a predomi-
nant geogenic origin for these elements in the PEMD. These findings align with those of
recent research on basalts as significant natural sources of these elements that investigates
similar altered basaltic environments but also highlight the complex interplay of these
geogenic origins with hydrothermal alterations in the enhanced concentrations of these
metals [25-29]. Hence, these transition metals do not appear to be significantly influenced
by anthropogenic mining activities in the district, primarily because they are not directly
targeted, utilized in the gold extraction processes, or significantly mobilized by the common
chemical reagents (e.g., mercury, cyanide) employed in ASGM activities.

5.2. Mercury

Natural mercury enrichment in bedrock can occur due to the hydrothermal fluids
associated with gold mineralization, whereas one of the main anthropogenic sources is the
use of mercury in gold extraction activities, particularly via amalgamation.

In the studied rocks from the PEMD area, the mercury content in fresh bedrock (in-
cluding Basalt I, Basalt II, and Andesites) averages 0.03 ppm, whereas that in quartz veins
(Qz-veins) reach 0.707 ppm (Table 1). When considering both bedrock and Qz-veins, the
average Hg concentration is 0.078 ppm, indicating that mercury can be naturally abundant
in association with hydrothermal mineralization. However, this natural background shows
substantially lower Hg concentrations than those measured in stream sediments down-
stream of mining operations, which range from 0.08 to 50 ppm [14], this being up to four
orders of magnitude higher compared to the concentrations found in bedrocks.

These results suggest that natural hydrothermal processes contribute relatively minor
amounts of Hg, while artisanal and small-scale gold mining, which relies heavily on Hg
amalgamation, is the dominant source of Hg contamination in the environment despite
existing regulatory restrictions. The pervasive use of Hg amalgamation directly influences
its environmental distribution. During the initial amalgamation process, elemental mercury
is mixed with gold-bearing crushed ore to form an amalgam. Subsequently, mercury
is often separated from the gold by heating, typically in open air, leading to significant
volatilization of Hg into the atmosphere. The remaining mercury-rich tailings are frequently
discharged directly into rivers, contributing to aquatic and sediment contamination. In
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contrast, while cyanidation is an alternative gold extraction method that does not directly
utilize or introduce mercury;, it is currently not a widespread practice in small-scale gold
recovery operations in the PEMD in a manner that would significantly alter Hg distribution
directly. Therefore, amalgamation remains the primary driver for anthropogenic Hg input
in this area.

Furthermore, no primary mercury-bearing minerals (e.g., cinnabar) were identified in
the ore, suggesting that Hg occurs in trace quantities, likely associated with sulfide phases
or adsorbed onto secondary mineral surfaces.

Mercury, as a volatile chalcophile element [48], is often expected to show correlations
with other chalcophile elements such as Cu, Sb, As, and S. However, such correlations
were weak or absent in the dataset, implying a heterogeneous distribution of mercury
and a strong influence of anthropogenic addition over natural processes. These findings
are consistent with global studies indicating that anthropogenic mercury inputs from
ASGM often overwhelm natural geogenic sources, even in areas where hydrothermal
mineralization enhances background levels of Hg [2,49].

5.3. Arsenic

Arsenic is commonly associated with gold mineralization and is widely recognized as
a pathfinder element in gold exploration. It typically occurs in epithermal and porphyry-
type systems, hosted in minerals such as arsenopyrite and arsenian pyrite, indicating that
areas surrounding gold deposits are often prone to As contamination.

In igneous rocks, average As concentrations are generally low. Global background
levels are around 1.5 ppm [50], with values for volcanic glasses being slightly higher, aver-
aging around 6 ppm [51]. In contrast, fresh bedrock samples (basalts and andesites) from
the PEMD area show significantly elevated As contents, ranging from 13 to 39 ppm, while
mineralized quartz veins reach concentrations up to 2000 ppm. The mean As concentration
across all samples is 684 ppm, far exceeding typical crustal background values. Moreover,
stream sediments collected downstream of the mining area show even higher As levels,
ranging from 47 to 2489 ppm [38].

Mineralogical evidence supports the idea of arsenic having a hydrothermal. Back-
scattered electron (BSE) images of pyrite grains from mineralized zones reveal clear compo-
sitional zoning (Figure 3), and EPMA analyses show As concentrations ranging from 2 to
39,300 ppm within individual pyrite crystals (Table 1). These findings confirm the presence
of arsenian pyrite, a known source of arsenic release during weathering and mining.

The PEMD deposit is hosted in a propylitically altered volcanic-sedimentary com-
plex, related to a porphyry-centered hydrothermal system [31]. These systems are
known to contain arsenic-bearing sulfides, particularly arsenopyrite, as part of their
alteration assemblage.

A comparison with similar settings confirms the significance of pyrite as a host for
As. For instance, Yokobori et al. [52] documented As concentrations up to 1580 mg/kg in
boring core samples from mineralized rocks in Japan, where pyrite and sphalerite were the
main As-bearing minerals. Tabelin and Igarashi [53] and Villafane et al. [54] also found As
to be the dominant PTE in altered zones of closed Au-Ag—Cu mines in northern Japan.

Detailed work by Tabelin et al. [55] using SEM-EDX and EPMA showed that As
enrichment in pyrite is directly related to hydrothermal alteration, with arsenian pyrite pre-
cipitating from As-rich fluids, regardless of the alteration style (phyllic vs. sericitic). As was
not found in the silicate matrix but was present exclusively in pyrite grains, consistent with
these findings. Importantly, arsenic is incorporated into pyrite in several chemical forms,
including As™ [56], As3* [57], and As%* [58], or as amorphous Fe-As-S nanoparticles [59].
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These mechanisms underscore the role of pyrite as the primary As-bearing phase in hy-
drothermally altered rocks.

Most silicate and carbonate minerals contain low levels of As (typically <10 ppm) [51].
In these samples, chlorite shows As contents consistent with this range (up to 15 ppm),
whereas epidote in Basalt I is notably enriched, reaching 559 ppm, suggesting As incorpo-
ration during alteration.

Since no arsenic is introduced during artisanal gold processing, the high As concentra-
tions in stream sediments are attributed to the natural leaching and breakdown of arsenian
pyrite from mineralized rocks. These observations are consistent with recent studies that
emphasize the role of geogenic arsenic in highly altered systems [60-62], demonstrating the
arsenic release during pyrite weathering in porphyry-type deposits, which drives signifi-
cant downstream contamination and reinforces the idea of the geogenic origin of arsenic in
similar mineralized terrains. These findings support the interpretation that arsenic in the
PEMD system is predominantly of natural origin, associated with hydrothermal processes
and sulfide mineral breakdown.

Given this natural geogenic source and the potential for enhanced mobilization during
weathering and mining activities, future environmental management strategies in the
PEMD should consider measures to minimize the exposure of sulfide-rich materials to
oxidizing conditions (e.g., proper waste rock and tailings management) and to monitor
water quality for arsenic to mitigate potential risks to ecosystems and human health.

5.4. Copper, Zinc, and Antimony

Copper, Zn, and Sb are widely distributed in rocks and soil but generally occur at trace
levels (mg/kg). On the other hand, they are commonly associated with gold mineralization
in hydrothermal systems. In the PEMD, elevated concentrations of these elements were
observed within the mineralized veins and altered bedrock (Table 1). The mineralogical
investigations confirm the presence of Cu-bearing minerals (e.g., chalcopyrite) and Zn-
bearing minerals (e.g., sphalerite), alongside pyrite. No Sb-primary minerals are detected,
but high concentrations of Sb have been detected within arsenopyrite grains (Figure 4).
These minerals are intrinsic components of the hydrothermal system that formed the
gold deposits in the district. Concentrations of Cu, Zn, and Sb in the PEMD bedrock are
comparable to, or even exceed, those reported in similar epithermal and porphyry-related
gold deposits globally [63,64].

The release of these elements into the environment is primarily driven by the weath-
ering of these sulfide and sulfosalt minerals. For instance, the oxidation of sphalerite
and chalcopyrite can mobilize Zn and Cu, respectively, especially under acid-generating
conditions often associated with sulfide-rich mining wastes.

Regarding Cu, it has to be noted that in stream sediments, Cu can reach a value of up
to 8000 mg/kg [12], one or two orders of magnitude greater than the background level.
This anthropogenic input for copper can be linked to the use of copper sulfate (CuSOy)
in froth flotation processes, a common practice carried out in some small-scale mining
operations to enhance gold recovery, as suggested by studies conducted in similar ASGM
contexts [65,66]. Specifically, CuSOy is used as an activator to improve the flotation recovery
of sulfide minerals (including those bearing gold), leading to its accumulation in discharged
tailings and its subsequent environmental release.

5.5. Environmental Implications

In the PEMD area, the bedrock exhibits considerable variability in elemental composi-
tion due to lithological diversity and the presence of locally altered or mineralized zones.
Among the PTEs, As, Sb, Pb, Zn, and Cu show significant positive anomalies relative to
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the UCC (Figure 6). These elements also display higher coefficients of variation, consistent
with patterns observed in large-scale geochemical soil surveys from northern Europe [67].

The geoaccumulation index (Igeo) is an environmental index that is widely used to
assess the level of metal contamination in sediments by comparing current concentrations
with reference values [68]. It is calculated using the following formula:

Igeo =log, (Cn/(1.5 x Bn))

where Cn is the measured concentration of the element in the sediment sample; Bn is the
geochemical background or pristine value of the element; 1.5 is a correction factor. The
classification of contamination levels based on Igeo values is as follows: Class 0 (Igeo < 0),
uncontaminated; Class 1 (0 < Igeo < 1), uncontaminated to moderately contaminated; Class
2 (1 <Igeo < 2), moderately contaminated; Class 3 (2 < Igeo < 3), moderately to heavily
contaminated; Class 4 (3 < Igeo < 4), heavily contaminated; Class 5 (4 < Igeo < 5), heavily
to extremely contaminated; Class 6 (Igeo > 5), extremely contaminated.

This index is typically calculated by comparing elemental concentrations with glob-
ally accepted reference values, such as those of the UCC values [69,70]. However, an
increasing number of researchers advocate for the use of local or regional geochemical
baselines to obtain more accurate and context-specific reference values (e.g., [71-73]. This
preference for local baselines over universal standards has gained substantial traction in
recent environmental assessments, particularly in geologically complex or mining-affected
areas [74-76].

In this study, Igeo was calculated using three different normalization baselines
(Figure 7): (i) the UCC; (ii) the average composition of fresh bedrock (slightly mineral-
ized basalts and andesites); and (iii) the average composition of both fresh and mineralized
bedrock, used to define the total natural geogenic background of the district, as inherent
mineralization is a pervasive natural feature that contributes to background concentrations.
When normalized to the UCC, all stream sediment samples appear moderately to extremely
polluted for all studied PTEs. In contrast, normalization against the average composition of
fresh plus mineralized bedrock results in only Cu and Hg showing Igeo values indicative
of moderate to extreme pollution. These two elements are directly linked to gold extraction
processes: Hg through amalgamation and Cu via copper sulfate flotation.

The striking differences observed between contamination levels calculated using
global (UCC) versus local baselines (Figure 7) explicitly demonstrate the enhanced ac-
curacy provided by context-specific data. Utilizing local baselines, particularly the
“fresh + mineralized bedrock” baseline, is crucial in geologically complex and naturally
mineralized regions like PEMD because it accurately accounts for the inherent geogenic
enrichment of elements. This approach prevents the misclassification of naturally elevated
concentrations as being due to anthropogenic pollution, thereby providing a more pre-
cise and actionable assessment of human-induced contamination, directly aiding targeted
environmental management strategies.

To further visualize and reinforce the spatial distribution of contamination, particularly
for elements identified as anthropogenically influenced, Igeo maps for Cu and Hg in stream
sediments are presented in Figure 8. This map overlays the stream sediment sampling sites,
color-coded by Igeo class, with the bedrock sampling locations and known mining areas,
thereby clearly illustrating the spatial correlation between mining activities and elevated
Cu and Hg contamination hotspots. Such visual representation confirms the localized
impact of ASGM on stream sediment geochemistry.



Minerals 2025, 15, 725 15 of 21

12

Extremely polluted A

10

—— Appleton et al., 1996
UCC-normalized ——  Aguilar-Pesantes et al., 2019

Ni Co Sb v Cr Cu Zn As Hg

12
Extremely polluted B

10

Strongly polluted

P /// \
2 Moderately pollut/e/d/ // o

e

P

Fresh bedrock-normalized

-6
Ni Co Sb \ Cr Cu Zn As Hg
10
Extremely polluted C
/
8 /
6 /
/ -
4 Strongly polluted - / i /
. Moderately polluted
0
-2
-4
-6
Mineralized bedrock-normalized
-8

Ni Co Sb \Y Cr Cu Zn As Hg
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To the best of our knowledge, this study represents the first large-scale effort in
Ecuador to define a regional geochemical background in an area with widespread mineral-
ization and a significant mining industry. Establishing a geochemical baseline is essential
to avoid misinterpretations of elevated elemental concentrations, particularly for PTEs,
which might otherwise be incorrectly attributed to mining activities rather than natural
geological enrichment. For PEMD, this geochemical baseline serves as a critical reference
for interpreting environmental media such as soils, dust, and sediments. This approach
provides a more nuanced understanding of contamination sources, a factor increasingly
recognized as vital in environmental management within active mining regions [47,73,74].

6. Conclusions

The study reveals that while mineralized rocks in the PEMD area naturally exhibit
elevated concentrations of elements like Zn, As, and Sb, which can be inherited by soil
and sediments, observed concentrations of Hg and Cu in downstream stream sediments
significantly exceed natural bedrock levels, unequivocally indicating substantial anthro-
pogenic inputs from gold amalgamation and other mining activities. This underscores
the critical importance of establishing local geochemical baselines, accounting for specific
geological characteristics, to accurately distinguish between naturally occurring elemental
concentrations and those resulting from anthropogenic influences, especially in regions
like PEMD where mining is economically significant.

The data presented provide a robust baseline concentration of Hg in bedrock and
hydrothermal veins, essential for informing and updating Ecuadorian environmental
quality standards, such as the “Norma de Calidad Ambiental del Recurso Suelo” (TULSMA,
Libro VI). Based on these findings, which distinguish geogenic from anthropogenic sources,
we recommend implementing stricter and more targeted monitoring protocols for mercury
in stream sediments downstream from ASGM sites. Furthermore, given the dominant
role of sulfide minerals (e.g., pyrite, arsenopyrite) in hosting PTEs, remediation efforts
should focus on stabilization techniques or preventing their oxidative weathering to reduce
environmental contamination effectively. These actionable insights can guide remediation
efforts, assess environmental liabilities, establish robust risk thresholds, and strengthen
regulatory enforcement in mining-impacted areas.

Identifying PTE-bearing minerals in bedrock is also vital, as their weathering and
transport contribute to PTEs in environmental compartments. Detailed petrographic and
geochemical studies of these minerals are essential for informed decision-making in mineral
resource management and mitigating environmental degradation.

The insights from this research comprise a valuable framework for determining base-
line concentrations of mercury and other PTEs in volcanic districts. Differentiating between
geogenic and anthropogenic contamination is increasingly emphasized in international
discussions on sustainable mining and environmental risk assessments in complex geologi-
cal settings, advocating for the integration of local geochemical baselines to enhance the
sustainability of mining operations and protect environmental and human health.
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