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Abstract The Atacama Desert’s naturally elevated metal(loid)s pose a unique challenge for assessing the
environmental impact of mining, particularly for indigenous communities residing in these areas. This study
investigates how copper mining influences the dispersion of these elements in the wind-transportable fraction
(<75 pm) of surface sediments across an 80 km radius. We employed a multi-pronged approach, utilizing spatial
modeling to map element distributions, exponential decay analysis to quantify concentration decline with
distance, regime shift modeling to identify dispersion pattern variations, and pollution assessment to evaluate
impact. Our results reveal significant mining-driven increases in surface concentrations of copper (Cu),
molybdenum (Mo), and arsenic (As). Notably, within the first 20 km, concentrations peaked at 1,016 mg kg‘1
for Cu, 31 mg kg' for Mo, and a remarkable 165 mg kg™' for As. Cu and Mo displayed significant dispersion,
extending up to 50 km from the source. However, As exhibited the most extensive reach, traveling up to 70 km
downwind, highlighting the far-reaching ecological footprint of mining operations. Mineralogical analyses
corroborated these findings, identifying mining-related minerals in surface sediments far beyond the immediate
mining area. Although pollution indices based on the proposed Local Geochemical Background reveal
significant contamination across the study area, establishing accurate pre-industrial baseline values is essential
for a more reliable assessment. This study challenges the concept of “natural pollution” by demonstrating that
human activities exacerbate baseline metal(loid)s levels. Expanding monitoring protocols is imperative to
comprehensively assess the combined effects of multiple emission sources, including mining and natural
processes, in safeguarding environmental and human health for future generations.

Plain Language Summary The Atacama Desert, already notorious for its hyper-arid conditions, faces
an added challenge: high natural metal levels are amplified by mining emissions. This raises environmental
justice concerns, especially for nearby communities, including indigenous populations. By analyzing sediment
chemistry and applying spatial mapping, we tracked how mining disperses contaminated dust across a vast 80-km
radius. Our findings overturn the assumption that desert pollution stems solely from natural causes. Mining
significantly boosts copper, molybdenum, and arsenic in surface sediment. The situation is most alarming within
the first 20 km downwind, where arsenic, known for its toxicity, can reach over 11 times natural estimates.
Furthermore, arsenic-laced dust travels up to 70 km away, highlighting the far-reaching environmental impact of
mining. The presence of mining-related minerals in the sediment confirms the spread of metal through dust
dispersion. While our study reveals significant contamination, pinpointing the exact extent requires more precise
data on natural metal levels. In conclusion, this research emphasizes how mining can worsen pollution in already
metal-rich environments, disproportionately impacting nearby communities. It underscores the importance of
environmental justice. We recommend expanding environmental monitoring to encompass all pollution sources,
both mining and natural processes, to safeguard humans and the environment for future generations.
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1. Introduction

Indigenous peoples have borne the brunt of the extractive industries’ expansion, which has been compounded by
the enduring legacy of colonialism and the ongoing pursuits of state-building and corporate-led development
(McNeish, 2022). This has occurred with scant regard for the distributive justice of the wealth generated, often
leaving these communities on the margins of the economic prosperity they helped create (O’Fairch-
eallaigh, 2013). This exploitation surpasses mere territorial infringement—it systematically violates their human
rights, undermining well-being, health, and their everyday life (Scheidel et al., 2023). The projected intensifi-
cation of mineral production in forthcoming decades—predicted to occupy half of indigenous lands (Elshkaki
et al., 2016; Owen et al., 2022)—signals a continuation of economic activities that deeply infringe upon their
territorial rights and health sovereignty. These industries advance on the premise of dispossessing territories and
resources, especially waters, historically claimed by indigenous people. Moreover, the contamination by metal
(loid)s within these territories represents an insidious form of health dispossession.

Mining activities has resulted in a significant environmental impact characterized by the widespread presence
of metal(loid)s in the extracting regions. This footprint poses risk to the integrity and health of the envi-
ronment and nearby communities (Dai et al., 2023; Ettler et al., 2019; He et al., 2020; Tian et al., 2019).
Insufficient regulation not only amplifies the risk to local populations and biodiversity, creating uncertainty
about the true extent of mining impacts (Zografos & Robbins, 2020), but also contributes to perpetuates
historical pollution and exacerbates environmental injustice, across various spatial scales, and particularly
affecting historically marginalized populations (Rodriguez-Labajos & Ozkaynak, 2017). This silent theft
manifests in the contamination of the food chain, as toxins infiltrate soil, water, and livestock, leading to the
consumption of polluted food, which is detrimental to the health, cultural practices, and heritage of indig-
enous communities. Monitoring tends to overlook the peripheries, focusing on urban and mining hotspots, yet
atmospheric contaminant transport can impose these invisible burdens on even more remote communities.
This encroachment, magnified by entrenched inequalities such as limited healthcare access, perpetuates a dire
legacy of environmental and human rights injustice, striking a dual assault on the core of indigenous ex-
istence and imperiling the heritage and rights of future generations. Latin America vividly exemplifies these
systemic issues (Bebbington & Bury, 2013; Perreault, 2018), with the Atacama Desert serving as a clear
illustration of the far-reaching consequences for indigenous rights and environmental health due to mining
practices.

Chile stands as the world’s foremost producer of copper, with its operations concentrated in the hyper-arid
expanse of the Atacama Desert (Lagos et al., 2020). The anticipated significant rise in global copper de-
mand in the coming decades, particularly driven by the need to support the production of electric technologies
for the energy transition, foresees an intensification of its environmental and social impacts (Kuipers
et al.,, 2018). These activities have significantly impacted the delicate and valuable ecology of the desert,
particularly its high Andean wetlands (R. O. Chévez et al., 2023). Moreover, they have marginalized the
indigenous peoples who have long inhabited these regions (Yafiez & Molina, 2008). The areas of the Atacama
Desert where mining predominates have been inhabited since ancient times by indigenous communities, pre-
dominantly the Lickan Antay, Quechua, and Aymara, who traditionally engaged in agropastoral activities.
These communities lay claim to a significant portion of the territory where mining activities occur. Indeed,
formally organized by the state as Indigenous Development Areas (IDAs) to safeguard their rights, these
territories are ostensibly recognized for protection. However, they frequently find themselves in close proximity
to mining operations (Vergara et al., 2006) (Figure 1). The impacts have been significant. The literature
extensively documents conflicts arising from the historical dispossession of water sources and the disruption of
grazing areas due to institutional frameworks that favor mining development with very limited restrictions and
private control over water resources (Babidge, 2016; Jerez et al., 2021; Molina-Camacho, 2012; Prieto
et al., 2019; Yaiiez & Molina, 2008). However, the literature reveals a dual gap. First, less attention has been
paid to the impact of metal(loid) contamination stemming from this industry on indigenous communities.
Second, the limited studies on the effects of mining on indigenous communities in northern Chile have pre-
dominantly relied on social science methodologies. While these approaches have been crucial in highlighting
power asymmetries in the relation between natural resources management and Indigenous people, they have not
sufficiently focused on the empirical dimension of its effects.
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Figure 1. Regional and local settings. The map shows (a) the general view of northern Chile, highlighting the extensive distribution of mining sites, cities, protected
indigenous areas and communities, and the location of the air quality stations of the national network. (b) Study area, including surface sediment sampling sites and
potential sources of contaminants. Note that while the main mining sites are outside the protected area (IDA), the Talabre tailings impoundment is located within it. In
(b), from north to south: EA = El Abra; RT = Radomiro Tomic; CH = Chuquicamata; MH = Ministro Hales; and SP = Spence. Other operations in (a),

CO = Collahuasi; QB = Quebrada Blanca; ML = Mantos de la Luna; ML = Michilla; SG = Sierra Gorda; CC = Centinela; GM = Gabriela Mistral; LB = Lomas Bayas;
MB = Mantos Blancos; and AN = Alto Norte.

The Chilean model of natural resource management is characterized by its neoliberal orientation, marked by
limited state intervention in environmental governance (Carruthers, 2001; Tecklin et al., 2011). Within the mining
sector, this approach has led to a significant safeguarding of private control over resources, particularly mining
concessions and water rights. Despite CODELCO, the state-owned copper company, being the primary producer
of copper, this regulatory framework has favored a neoliberal management of the territory (Bustos-Gallardo &
Prieto, 2019). In terms of environmental policy, the framework exhibits notable restrictions, particularly con-
cerning water and air quality. Notably, there is a significant absence of specific legislation regulating the
maximum permissible concentrations of metal(loid)s in soils (Neaman et al., 2020). The country’s current
environmental regulations predominantly target the reduction of emissions from short-lived pollutants such as
particulate matter (PM) and sulfur dioxide (SO,) in urban areas (Manzano et al., 2021). Despite the well-
documented adverse health effects associated with metal(loid) exposure, these pollutants have yet to be fully
integrated into current and future restoration or mitigation plans.

The Atacama Desert is not only critical for understanding extractivism due to the presence of indigenous com-
munities and fragile ecosystems, but also because of its naturally high levels of inorganic metal(loid)s (J. Tapia
et al., 2018; J. S. Tapia et al., 2018), which create a complex backdrop for discerning the additional impacts of
how copper mining influences their dispersion. Precisely delineating this influence has the potential to inform
decision-makers to envision tailored strategies for mitigating and remediating the environmental and health
consequences from both present and future copper mining activities in the Atacama Desert. Still, several issues on
the mining impact in the region have not been explored yet. Key questions about the spatial distribution and extent
of metal(loid) emissions and transport, as well as their influence on existing background levels remain

ZANETTA-COLOMBO ET AL.

3 0of 23

85UB01 7 SUOWILLIOD BAIe810 8|qedl|dde auy Aq pausenob ae seole YO ‘8sn JO Sa|n. 1oy A%eiq1T8Ul|UO AB|1M UO (SUOTHPUOD-PUE-SWB)LIOD A8 |IM"AIq 1 [ul [UO//S1Y) SUORIPUOD pue swie 1 8Ly 8eS *[1202/TT/5Z] Uo Aridiauliuo A8|IM 'oljoiesed ea PepsAIIN Ad 8.0TO0HOYZ02Z/620T 0T/I0P/W0D Ao 1M Areq i jput|uo'sqndnbe//sdny woiy pepeojumoq ‘0T v202 ‘E0rTTLYZ



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

GeoHealth 10.1029/2024GH001078

unanswered. To contribute to this issue, we implemented a geochemical characterization of surface sediment
samples collected within an 80 km radius of the main Cu-Mo mining operations in Chile: specifically, within the
municipality of Calama (Antofagasta Region), encompassing both urban areas and the region known as Alto El
Loa, which is home to both rural and urban indigenous communities (Figure 1). We tested two complementary
hypotheses. First, that the mining industry today is the main driver for the surface distribution of metal(loid)s in
our study area, exceeding the naturally occurring levels that are characteristic of the Atacama region. Second, that
the superficial influence of the chemicals that have been released through such activities may extend over long
distances due to the wind, impacting communities and ecosystems beyond current estimations.

To test our hypotheses, we analyzed the metal content of the “wind-transportable fraction” (<75 pm, wtf) of
sediment samples and used multivariate statistical analysis and spatial modeling to identify and discriminate
specific metal(loid)s emission sources. Additionally, we used exponential decay analysis, regime shift modeling,
and mineralogical screening to understand metal(loid) dispersion patterns, radius of influence, and infer local
background levels from the results. Finally, pollution assessment models, based on the Local Geochemical
Background determined in this study, were used to evaluate and quantify the environmental impact of mining
activities.

In this investigation, we lay bare the intricate interplay between mining operations and their multifaceted impacts
on the Atacama Desert’s ecosystem and indigenous communities. By conducting an in-depth geochemical
characterization of the area and employing advanced statistical and modeling techniques, we aim to unravel the
obscured narratives of metal(loid) dispersion and its implications. Our critical analysis highlights the urgency for
greater monitoring and exhaustive regulation to safeguard the health of ecosystems and communities amidst
Chile’s primary economic activity. Following this introduction, the “Materials and Methods” section details our
empirical approach and sampling methodology, including its limitations; “Results” presents our findings on the
spatial distribution and dispersion patterns of metal(loid)s; “Discussion” interprets these results within the context
of current environmental challenges; and “Conclusions” offers recommendations for future research and policy
formulation.

2. Materials and Methods
2.1. Sampling Area

Our study centered on the municipality of Calama, Antofagasta Region, Chile, encompassing both urban and rural
zones, with a specific focus on the Alto El Loa region (Figure 1). The area has undergone significant trans-
formations in recent decades due to the expansion of large-scale mining operations, which has impacted the local
environment, traditional agricultural practices, rural-urban migration, and human health (Calderén-Seguel
et al., 2021). Alto El Loa is currently the largest mining center in the country and one of the most important in
Latin America. Within the area, the Chuquicamata mine has been in operation since the early 20th century, and
other industrial operations, such as Radomiro Tomic (Cuadra & Rojas, 2001), El Abra (Ambrus, 1977), and
Ministro Hales (Boric et al., 2009), have been active since the 1990s.

Alto El Loa is also home to the second largest Indigenous Development Area (IDA) in northern Chile. Indigenous
communities in this area are exposed to emissions from various mining operations, including the largest tailing
dam in the country, Talabre, which spans approximately 66 km> (Figure 1). The Talabre tailings are particularly
concerning due to their size and the high concentrations of toxic metal(loid)s. By implementing a Normalized
Difference Water Index (NDWI) analysis, we previously demonstrate that their surface is predominantly dry,
making it highly susceptible to dust resuspension (Zanetta-Colombo, Scharnweber, et al., 2024; Zanetta-Colombo
et al., 2022). While dust resuspension is a common phenomenon throughout the Atacama Desert, the toxic nature
of the Talabre tailings positions them as a significant stationary source of metal(loid)s dispersion in the Alto El
Loa region. Furthermore, our research indicates that emission from mining operations can affect population over
50 km away due to wind action. This, in turn, demonstrates that social and environmental conflicts that arise
between mining companies and indigenous communities, specifically the Lican Antay and Quechua (Yafiez &
Molina, 2008).

The surface material in this region primarily comprises sediments from the Calama, El Loa, and Chiu-Chiu
formations, featuring alluvial, fluvial, and eolian deposits (Blanco et al., 2003; Marinovic & Lahsen, 1984;
Naranjo & Paskoff, 2010). Due to the sparse vegetation cover (Villagran et al., 1983), these sediments have
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minimal organic matter content, leaving them particularly vulnerable to wind erosion and particle entrainment.
This vulnerability is heightened by the region's pronounced diurnal wind patterns. During the day, prevailing
winds are predominantly from the southwest, while at night, winds shift to the north and northeast. According to
Muiioz et al. (2018), who utilized data from meteorological stations and tall towers, strong nocturnal down-valley
drainage flows in the high plains east of Calama are characterized by north to northeast winds until midday,
transitioning to southwest winds in the afternoon. Similarly, Zanetta-Colombo et al. (2022) illustrated through
NAME dispersion model runs that daytime winds originate from the southwest and nighttime winds from the
north or northeast. These patterns enhance the susceptibility of the sediments to wind erosion and particle
entrainment, which significantly impacts the distribution and dispersion of metal(loid)s. For additional infor-
mation on the study area’s wind patterns, please refer to Zanetta-Colombo et al. (2022).

2.2. Sample Collection and Elemental Analyses

Sixty-four surface sediment samples (at least 500 g for each sample at 0—10 cm depth) were collected at ~200 m
away from primary and secondary access roads in the Alto El Loa in December 2019 using a stainless steel “T”
shaped auger. Sampling at this distance was chosen to minimize the potential influence of road dust and emissions
on the sediment samples (Fakayode & Olu-Owolabi, 2003; Werkenthin et al., 2014; Yan et al., 2013).
Approximately 80% of the samples were collected within the Alto El Loa IDA, to the east of the potential sources
of metal(loid)s (Figure 1b). Sampling along roads was necessary due to topographical constraints, which
restricted our ability to access remote areas of the desert. Areas under mining companies’ concessions were
inaccessible for sampling. Each representative sample is a composite formed by combining at least five sub-
samples collected from a 5 m* quadrant. To prevent cross-contamination during the sampling amongst and be-
tween sites, we used nitrile gloves, the auger was washed with demineralized water, and individual samples were
stored in polypropylene bags. A portable GPS (Garmin Etrex 30 model) was used to record the geographic
positions of the sampling points. The samples were transported immediately to the laboratory upon completion of
the field campaign for further analysis.

Samples were processed at the Environmental Chemistry laboratory of the Pontificia Universidad Catdlica de
Valparaiso (PUCV), Chile. The sediment samples were air-dried and sieved (<75 pm) with a standard stainless
steel mesh test sieve (ASTM E-11/2009). Only particles <75 pm were selected for further analysis because this
size range is conventionally considered as “dust,” and has been used for health risk assessment in populations
exposed to potential contaminants, mainly through ingestion (Fan et al., 2022; Malakootian et al., 2021; Zhao
et al., 2016). In addition, some studies indicate that this fraction may contain relatively high concentrations of
metal(loid)s (Forstner & Salomons, 1980; Horowitz et al., 1990; Kolakkandi et al., 2020). This fraction will be
referred to as the “wind-transportable fraction” (wtf).

For elemental characterization, a subset (0.2 g) of the <75 pm fraction was digested in 20 mL of a multi-acid
(5 mL HNO;, 2.5 mL HCIO,, 10 mL HF, 5 mL HC1/20% HCI) and analyzed by inductively coupled plasma
optical emission spectrometry (ICP-OES, PerkinElmer Avio® 500) with spectral corrections using an ion ex-
change chromatography (IEC) model. Blanks and standard reference materials (OREAS 153b and OREAS 602,
Melbourne, Australia) were used for quality assurance and quality control (Table S1 in Supporting Informa-
tion S1). Elemental analyses were performed at the certified laboratory SGS Minerals S.A. in Santiago, Chile,
with detection limits detailed in Table 1. For elements with concentrations below detection limits, missing values
were estimated using half of the detection limit (Harel et al., 2014) for elements with less than 50% missing
values.

While this approach offers valuable insights into the dispersion of metal(loid)s in the Atacama Desert, it is
important to acknowledge three main limitations. First, the unconsolidated sediments sampled from the 0-10 cm
surface layer, characterized by minimal organic content and limited vegetation cover (Villagran et al., 1983),
suggest a higher potential for metal(loid) mobility due to environmental factors such as wind erosion and limited
water infiltration. Our decision to sample the upper 0—10 cm of the surface was intended to capture the entire
surface structure, recognizing that this layer represents a dynamic interface where recent atmospheric deposition
and potential re-mobilization of older contaminants can occur. In this sense, future studies could benefit from a
stratified sampling approach, which would provide more detailed insight into the vertical distribution of metal
(loid)s and the specific processes influencing its mobility within these complex sedimentary environments.
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Table 1
Summary Statistics of Sediment Metal(loid) Concentrations (mg kg™") for 64 Samples in the IDA Alto El Loa
Element n dl Mean sd Median Min Max Range Skew Kurtosis CV (%) BVA? uce®
Al 64 100.00 68,372 13,934 69,550 24,100 97,500 73,400 —0.93 1.43 20.38 3,898.22 154,000
Ca 64 100.00 47,275 29,547 37,050 11,400 132,400 121,000 1.17 0.64 62.50 - 36,900
Fe 64 100.00 45,664 15,583 45,300 14,900 110,400 95,500 0.99 3.29 34.12 19,514.46 50,400
S 62 100.00 9,456 16,972 1,200 50 76,700 76,700 2.26 4.47 175.79 - 621
Ti 64 100.00 4,945 1,815 4,900 1,700 11,700 10,000 0.83 1.63 36.71 - 64,000
Cu 63 10.00 430.3 507.2 280.0 5 2,740 2,740 2.82 8.26 116.26 91.61 28
Sr 64 2.00 883.4 1,344.6 384.5 186.0 7,209.0 7,023.0 3.06 9.24 152.19 - 320.00
\% 64 1.00 147.7 63.6 128.0 21.0 457.0 436.0 2.28 7.82 43.04 112.45 97.00
Zn 64 1.00 140.9 48.7 133.5 63.0 377.0 314.0 2.03 7.10 34.53 75.88 67.00
As 64 1.00 93.1 82.5 63.5 6.0 339.0 333.0 1.46 1.45 88.54 21.67 4.80
Li 64 1.00 88.9 449 79.0 23.0 235.0 212.0 1.19 1.28 50.44 - 21.00
Cr 64 1.00 37.8 16.7 34.0 6.0 97.0 91.0 1.51 2.83 44.13 31.84 92.00
Pb 64 1.00 27.8 8.6 27.0 11.0 65.0 54.0 2.07 6.69 31.01 12.74 17.00
Ni 64 1.00 19.7 5.4 20.5 4.0 33.0 29. —0.28 1.28 27.14 41.69 47.00
Co 64 1.00 18.1 4.6 18.0 6.0 32.0 26.0 0.16 1.10 25.09 18.19 17.30
Mo 37 2.00 13.9 17.2 6.0 2.0 77.0 75.0 1.88 321 123.67 <83 1.10
Sb 7 2.00 2.6 0.5 3.0 2.0 3.0 1.0 —0.23 —2.20 20.78 - 0.40
Cd 20 1.00 1.5 0.5 1.5 1.0 2.0 1.0 0.00 —2.10 34.19 1.24 0.09
Ag 0 0.50 NaN NA NA Inf —Inf —Inf NA NA NA 0.98 0.053

Note. BVA and UCC stand for “Background Values Antofagasta” and “Upper Continental Crust,” respectively. “Average background values for the Antofagasta Region
(BVA) (CENMA, 2014). YEstimated values for the Upper Continental Crust (UCC) (Rudnick & Gao, 2003).

Second, practical constraints impacted the sampling strategy. The suboptimal nature of the sampling, particularly
in terms of quantity and distribution, presents challenges that affect the robustness of our analysis, especially
concerning spatial interpolation. Restricted access to areas under mining company concession and difficulties in
reaching remote locations prevented us from implementing a more systematic grid-based sampling approach.
This limitation likely introduced uncertainties into our fundings, particularly regarding the finer spatial resolution
of metal(loid) dispersion.

Third, the use of hydrofluoric acid (HF) in our analysis leads to total dissolution of the mineral fraction, which
may exaggerate the amount of potentially git-assimilable contaminants. While our study focused on general
contamination levels rather than specific health risk analysis, this factor should be considered in future research
aimed at evaluating potential health effects to ensure accurate representation of gut-assimilable contaminants
(Castel et al., 2024; Mohanraj et al., 2024; Shentu et al., 2023).

2.3. Statistical Analysis and Models
2.3.1. Descriptive Statistics

Descriptive statistics (i.e., mean, standard deviation, skewness, kurtosis, and coefficient of variation (CV)), were
used to characterize the statistical distribution of metal(loid)s within the study area. Other studies have used
similar approaches in other urban settings worldwide (Fan et al., 2022; S. Hou et al., 2019). The CV was employed
to describe variations in metal(loid) concentrations in surface sediments samples across our study area. This
widely recognized statistical measure enable us to classify variability into four distinct levels: CV values <20%
indicate low variability; CV values in the ranges 21%—-50% and 51%-99% denote moderate and high variability,
respectively. CV values >99% indicate very high variability. These classifications provide a clear framework for
interpretating the consistency of metal(loid) concentration across the study area. To determine the direction and
strength of the relationship between the concentration of metal(loid)s in the sediment samples, we computed
Spearman correlations before verifying the non-normal distribution of the data.
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All statistical analyses were performed using the RStudio 4.2.1 statistical software (R Core Team, 2022), and all
visualizations were made using ggplot2 (Wickham, 2016). Relationships between quantitative variables were
evaluated using ordinary least square regression.

2.3.2. Source Apportionment

We used Principal Component Analysis (PCA) to explore potential emission sources, examining the loadings and
scores to the identify factors contributing to the variability observed in the concentrations.

In the context of mapping metal(loid)s in soils and sediments, kriging is one of the most widely used geostatistical
techniques for spatial modeling and prediction (e.g., Ihl et al., 2015; Tavares et al., 2008; Wang et al., 2018). In
this study, the Empirical Bayesian Kriging (EBK) method was utilized to model the spatial patterns of metal(loid)
concentrations. EBK offers greater flexibility compared to ordinary or simple kriging, as it can handle data sets
that violate key assumptions, such as Gaussian distribution or stationarity (Gribov & Krivoruchko, 2020; Kri-
voruchko, 2012). Its usability in predicting metal(loid) concentration has been demonstrated in several studies
(Agyeman et al., 2022; F. Li et al., 2018; Pecina et al., 2023). To account for uncertainties during semivariogram
estimation, EBK employs an iterative approach by simulating multiple semivariograms and therefore allows for
more robust predictions, especially in areas with sparse data. The Geostatistical Wizard in ArcGIS Pro 3.2 was
utilized to perform the modeling, with a subset size of 50, 200 simulations for each metal(loid) and neighborhood
type Smooth Circular with a factor of 0.5. The selection of the final semivariogram was made empirically based
on cross-validation results and the standard error map.

2.3.3. Dispersion Patterns and Radius of Influence of Metal(loid)s

We employed an exponential decay (Equation 1) approach to assess the spatial dispersion of element concen-
trations with respect to the distance from the identified potential emission source. The regression model took the
form of:

y=y0+ae (1)

where y is the concentration of metal(loid)s we are trying to predict, y is the distance to the suspected source of
metal(loid)s, and y0 denotes the concentration of metal(loid)s when y approaches infinity. We believe this term
reflects the theoretical baseline level expected in the absence of any direct effect from the suspected source (i.e.,
natural background level). a is the amplitude coefficient, representing the maximum potential change in metal
(loid) concentration as distance increases, and f is the rate of change coefficient, which determines how quickly
the metal(loid) concentration changes with increasing distance (Manzano et al., 2016; Yun et al., 2018).

Reference Geochemical Backgrounds (RGBs) such as the Upper Continental Crust (UCC) provide broad regional
or global averages for natural contents of metal(loid)s, employed in studies that assess pollution levels. Kowalska
et al. (2018) suggest that the Local Geochemical Background (LGB) offers a more accurate reflection of the local
surface sediment geochemistry, capable of capturing local variations observed in areas with intense human ac-
tivities, such as mining. Given the unique environmental conditions our study area, LGB are crucial for reliable
assessment of metal(loid) dispersion and pollution levels. For northern Chile a regional background has been
estimated for the Antofagasta area (Antofagasta Background Values, BVA) from soil samples at 17 “non-
contaminated” sites (CENMA, 2014), and to the best our knowledge no LGB is available for the Alto El Loa. To
overcome this knowledge gap, we introduced the concept of Equilibrium Concentration (EqConc) as a proxy for
LGB. It is defined as the typical element concentrations in a specific area, particularly at a distance where the
concentrations can no longer be attributed to a specific source (Reimann & Garrett, 2005). The EqConc is
calculated by using regimen shift analyses (Rodionov, 2015), which involve examining changes in the variance of
metal(loid) concentrations at varying distances from mining sources. A stabilized decrease in the variance
suggests that the composition of sediment samples have approached the EqConc, and in turn to the LGB. To
validate calculated EqConc as a proxy for LGB, we compared obtained results to the BVA (Figure S1 in Sup-
porting Information S1), but also to global Reference Geochemical Background for the Upper Continental Crust
(RGB-UCC, Rudnick & Gao, 2003).
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Emission influence range (d,,,.) Were calculated using the following equation (Equation 2) (Yun et al., 2018),
incorporating parameters from the exponential decay model (y0, «, B) and the EqConc as the estimated baseline
level:

drange = 1H<M>/ -p @)

a

Seven samples were selected based on their individual concentration of As, Cu, and Fe, and their distance from the
potential source of metal(loid)s: <20 km (n = 3), 20—40 km (n = 2), and >40 km (n = 2). Automated quantitative
analysis of minerals were conducted by Scanning Electron Microscopy SEM (QEMSCAN®), which aside from
the quantitative chemical characterization of materials, yields high-resolution mineral maps and images, as well
as porosity structures (Ayling et al., 2012). QEMSCAN® is a powerful technique to quantitatively estimate
mineral composition, spatial distribution, and heterogeneity of specific mineral assemblages (Tuhy et al., 2020),
in turn to detect and assign the origin of mining-derived particles in sediments (Kelm et al., 2014). This is because
this technique allows the analysis of thousands of particles, providing a statistically representative description of
the minerals in the sample, but also allowing the identification of discrete mineral particles, their associations and
the degree of liberation (Tuhy et al., 2020).

The <75 pm fraction was mixed with micronized graphite and epoxy resin (EpoFix, Struers, Copenhagen). The
prepared briquettes were then polished and carbon-coated on its surface prior to conducting the analysis.
QEMSCAN® analyses were performed in a QEMSCAN® system consisting of a Quanta 250 SEM equipped with
two Bruker XFlash 6130 (Silicon Drift Detector) N,-free detectors using the PMA (Particle Mineral Analysis)
mode and the CuS-1 SIP (Specific Identification Protocol) modified for the quantification of the modal miner-
alogy of the samples, and a point spacing of 5 pm. The Idiscover-Imeasure 5.3 platform was used for data
analysis.

2.3.4. Pollution Assessment

The Enrichment Factor (EF) (Equation 3) and Geoaccumulation Index (Igeo) (Equation 4) were used for pollution
assessment. Both are typically used to characterized pollution degrees in environmental matrixes (Barbieri, 2016),
and together allow us to evaluate anthropogenic enrichment of the wtf across the local surface:

BF = (%) sample

(¥ background ®

4)

Tgeo = — "
E0=15+ 8

n

where in Equation 2, M is the concentration of the element being analyzed and X is the concentration of the
reference element; and in Equation 3, C, is the measured concentration of element, B, is the geochemical
background, and 1.5 is a factor used to include the possible variation of background values due to lithogenic
effects (Miiller, 1979). To calculate the EF, we used Al as the reference lithogenic element (CV: 20%) as it
represents one of the most abundant elements in surface sediments (Lindsay, 1979). If the EF ranges from 0.5 to
1.5, natural weathering processes or crustal material might be influencing the found concentration. When
EF > 1.5, anthropogenic activities might be influencing it. According to EF, the following classes were defined:
deficiency to minimal enrichment (EF < 2), moderate enrichment (2 < EF < 5), significant enrichment
(5 < EF < 20), very high enrichment (20 < EF < 40), and extremely high enrichment (EF > 40) (Barbieri, 2016).

The Igeo was evaluated following the classification proposed by Miiller (1981): uncontaminated (Igeo < 0),
uncontaminated to moderately contaminated (0 < Igeo < 1), moderately contaminated (1 < Igeo < 2), moderately
to heavily contaminated (2 < Igeo < 3), heavily contaminated (3 < Igeo < 4), heavily to extremely contaminated
(4 < Igeo < 5), and extremely contaminated (Igeo > 5).
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3. Results
3.1. Concentration of Metal(loid)s Across the Local Surface

Our analysis of the wif of 64 sediment samples across the Alto El Loa surface revealed distinct patterns in element
concentration and variability (Table 1). In descending order of mean concentration, the dominant elements within
the major element category were Al, Ca, Fe, S, Ti, and Sr. Cu, V, Zn, As, Li, Cr, Pb, Ni, Co, Mo, Sb, and Cd
comprised the trace elements listed in order of decreasing mean concentration. It is important to note that Cr and
As concentrations are reported as total values, not species-specific. This means that Cr values include both Cr(III)
and Cr(VI) forms, with Cr(VI) being more hazardous (Wise et al., 2022), and As values encompassing all species
without differentiation, with inorganic forms being more toxic (Tchounwou et al., 2019).

All samples contained Ag concentrations below detectable limits, as well as some samples for Sb (57 samples),
Cd (44 samples), Mo (27 samples), S (2 samples), and Cu (1 samples).

The analysis revealed that S, Sr, Mo, Cu, and As exhibited highest CV, with values 176%, 152%, 124%, 116%, and
89%, respectively. Such observed variability suggests the impact of multiple potential sources for these elements
within the study area. When compared to BVA and the RGB-UCC, we found that As, Mo, and Cu concentration in
the surface sediments within our study area are exceptionally high. Specifically, these elements exhibit maximum
concentration approximately 16, 9, and 27 times higher than BVA, respectively. While the maximum S content
was approximately 124 times higher than the UCC level. These findings highlight a significant increase in
element concentrations relative to both regional and global reference backgrounds.

Correlation analyses indicate a potential common source for S, Sr, Mo, Cu, and As across the Alto El Loa (Table
S2 in Supporting Information S1). Actually, we verified positive, strong and statistically significant correlations
(p £0.001) between S and Sr (p = 0.787), Cu and Mo (p = 0.784), As and Mo (p = 0.726). While As and Cu
(p = 0.604), As and Ca (p = 0.660), and As and S (p = 0.577) are moderately and positively correlated. Crustal
elements (i.e., Al, Ti, Fe, Ni, Cr, and Co) show weak correlations with metal(loid)s associated with mining ac-
tivities (Table S2 in Supporting Information S1). However, all of these geogenic elements are positively and
statically significant correlated with each other (Table S2 in Supporting Information S1), exhibiting moderate
variability, with CV values ranging from 20.3% to 44.1% (Table 1).

3.2. Source Estimations
3.2.1. Principal Component Analysis (PCA)

To delve deeper into the relationships between elements and explore their potential sources, we employed
principal component analysis (PCA). Notably, Ag, Sb, and Cd were excluded due to their frequent presence of
concentrations below detectable limits in 100%, 89%, and 69% of the samples, respectively. Missing values for
Mo (n =27) were addressed by substituting them with half of the instrumental detection level (refer to Table 1 for
details). The component matrix after rotation is presented in Table 2. The results revealed that the first three
principal components (PCs) captured over 80% of the total variance observed in the elemental composition of the
wif across the Alto El Loa surface. PC1 (35.5% of the total variance) is dominated by geogenic elements such as
V, Cr, Ti, Fe, Co, and Ni. PC2 (19.0% of the total variance) incorporated Cu, Pb, Mo, Zn, and As. PC3 (27.7% of
the total variance) encompasses elements such S, Ca, Sr, As, and Li.

3.2.2. Spatial Modeling
The spatial interpolation of metal(loid) concentrations reveals their intricate distribution across the study area.

Analyzing elements grouped in PC2 (Figure 2) unveils a striking relationship with the Cu-Mo mining site. Cu,
Mo, and As concentrations exhibit a pronounced decline as the distance from the mining operations increases,
highlighting their direct relation with the Cu-Mo extraction sites (open pits). This trend is particularly evident for
these elements, as no other significant emission sources are readily apparent. In contrast, Pb and Zn exhibit a
primary hotspot near the open pits, hinting at additional emission sources beyond the mines.

Shifting focus to elements associated with PC3 (Figure 3), we observe a stronger association with potential dust
resuspension from the Talabre tailings dam. This spatial pattern, characterized by lower concentrations further
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Table 2 away from the dam, suggests a spatial influence. The discernible distribution
Matrix for Loads With Three Principal Components (PCI, PC2, PC3) of these elements further reinforces this link.

Obtained in the Principal Component Analysis (PCA)

Detailed visuals and statistical analyses supporting these observations

Variable PCl PC2 PC3 (including Root-Mean-Square Standardized (RMSS), mean standardized er-
Al 0.22 0.12 —0.89 ror, and standard errors maps) are provided in Supporting Information S1
Ca —0.34 0.12 0.85%* (Table S3, Figures S2, and S3)
Fe 0.91%* —0.36
S —025 0.86%% 3.3. Spatial Extent of Impact
Ti 0.92%* —0.35 3.3.1. Relationship Between Concentration and Distance From the
Sr —-0.15 0.79%* Sources
=] sk
Cu 0.12 0.91 0.19 To assess how mining activities affect metal(loid) dispersion in Alto El Loa,
v 0.977% we analyzed their concentrations in the wind-transportable fraction (wif)
Zn 0.37 0.76%* -0.20 relative to their proximity to emission sources. We focused on the two po-
As —0.30 0.57% 0.58* tential sources identified earlier: Cu-Mo ore extraction (PC2) for Cu, Mo, As,
Li 041 0.53% Pb, and Zn, and dust resuspension from Talabre tailings (PC3) for S, As, Ca,
Cr 0.95%% 017 and Sr. Figures 4 and 5 show how metal(loid) concentrations in the wif
’ ’ decrease with increasing distance from the sources, based on an exponential
Pb 0.14 0.82%* —0.28
decay model.

Ni 0.82%* —0.43 ] ] ] ) )
Co 0.88%% 011 —037 M.etal(101d) .c‘oncentratlons gf:nerally declined with distance frc?m both the
M . - “ mine and tailings (Table 3, Figures 4 and 5). Decay rates (p) varied between

© —0.19 ’ 0- 0.04 and 0.15, with Sr exhibiting the fastest decline and Ca the slowest. The
SS loadings 5.687 3.035 4433 coefficient of determination (R-squared) indicated a good fit for most ele-
Variance % 0.355 0.190 0.277 ments (R-squared > 0.4), except Zn (PC2), S, and Sr (PC3).
Cumulative Variance % 0.355 0.545 0.822

Further analysis identified breakpoints in the spatial variability of metals

Note. (**) indicate strong positive loadings (loadings >0.75), while (*)  (loids) concentrations, with the final breakpoint indicating a stabilization in

indicate moderate positive loadings (loadings between 0.50 and 0.75).

variance. This stabilization suggest equilibrium in dispersion patterns, which
we use to calculate average concentrations beyond this point, representing
LGB (or EqConc in this study). This resulted in EqConc values ranging from 26.30 mg/kg (As) to 23,986 mg/
kg (Ca).

Combining the results of the exponential decay model and regime shift analysis, we calculated the range of
influence (Drange) for each element, ranging from 20.63 km (Pb) to 72.31 km (As) (Table 3).

3.3.2. Mineralogy Analyses

The mineralogical composition of analyzed sediment samples is shown in Table S4 of the Supporting Infor-
mation S1. QEMSCAN® analyses revealed diverse sediment mineralogy, with variations in composition and
mineral associations across different distances from emission sources. Overall, a decrease in Cu-sulfide and As
mineral concentrations was observed with increasing distance from the mines and tailings.

Samples within 20 km of the emission sources showed the highest Cu sulfide content, dominated by chalcocite/
digenite/covellite over oxidized Cu minerals, suggesting primary and secondary sulfide oxidation and potential
As co-occurrence. Notably, the identified Cu-As sulfide levels (up to 0.03%) matched the As concentrations. Two
samples contained low-concentration (0.01%) molybdenite, significant due to its non-natural origin and associ-
ation with chalcopyrite and bornite, minerals typically found only in deeper zones of Cu-Mo deposits (W. X.
Chavez, 2000). This suggests the transport and deposition of mining/tailings processing particles on the region.

Samples between 20 and 40 km away from the emission sources showed consistently lower total Cu, Cu-sulfides
(~10 times lower), and pyrite concentrations than the <20 km range (Figure 6). Sample AL3, closer to the Talabre
tailings impoundment, exhibited higher Cu-sulfides and oxidized Cu minerals than AL56 near the Cu-mining
operations. This shared mineralogy, particularly the presence of chalcopyrite and molybdenite, points to
anthropogenic particles even at this distance (Figure S4 in Supporting Information S1).
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Figure 2. Spatial Distribution of copper (Cu), molybdenum (Mo), lead (Pb), and zinc (Zn) concentrations (PC2) in the wind transportable fraction (wtf) extracted from
sediments in Alto El Loa, relative to potential emission sources.

Samples farthest from the emission sources, at distances greater than 40 km, presented negligible sulfide content
(<0.11%). Interestingly, sample AL26 exhibited a shift in mineral composition, with higher concentrations of
alteration minerals and carbonates compared to Fe oxides-hydroxides (Figure S4 in Supporting Information S1).
However, QEMSCAN® analysis proved ineffective in elucidating the specific minerals present or their origin
within this furthest distance range.
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Figure 3. Spatial Distribution of arsenic (As), sulfur (S), calcium (Ca), strontium (Sr), and Lithium (Li) concentrations (PC3) in the wind transportable fraction (wif)

extracted from sediments in Alto El Loa, relative to potential emission sources.
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Figure 4. Scatter plots of metal concentrations in the wind-transportable fraction (wtf) in sediments of the Alto El Loa IDA
(n = 64) corresponding to an increasing distance from the mine tailing dam for Cu, Mo, As, Pb, and Zn (PC2). Red trend lines
depict exponential decay models. The horizontal dashed red line represents the plateau (y0) obtained from the model, while
the dashed blue line indicates the Equilibrium Concentration (EqConc) post-regimen shift analysis. Samples highlighted in
orange were used for detailed mineralogical analyses (see Section 3.3.2).

3.4. Pollution Assessment

The Enrichment Factor (EF) and Geoaccumulation Index (Igeo) for Alto El Loa are detailed in Table S5 and
Figure S5 of the Supporting Information S1. EF and Igeo were computed using average background values for the
BVA (CENMA, 2014) and estimated values RGB-UCC (Rudnick & Gao, 2003). Additionally, the EqConc,
determined in the preceding section through dispersion and regime shifts analysis, was employed as a local
alternative for these assessments (Figures 4 and 5, and Table 3). S and Sr were excluded from the pollution
assessment due to the absence of BVA, making them unsuitable for comparison purposes (CENMA, 2014).

The EF of As, Cu, and Mo exhibits a decreasing pattern with distance from the source, regardless of the
geochemical background used (Figure 7 and Figure S5 in Supporting Information S1). While using BVA in-
dicates a deficiency to minimal enrichment for As, Cu, and Mo across the entire Alto El Loa region, using global
RGB-UCC values presents a significantly different scenario. The EF for As within the initial 20 km were
approximately 170 times higher when employing UCC (EF = 111.0) compared to BVA (EF = 0.625), indicating
extremely high enrichment, even 20—40 km from the sources (EF = 65.4). Similar differences can be found for Cu
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Figure 5. Scatter plots of metal concentrations in the wind-transportable fraction (wtf) in sediments of the Alto El Loa IDA (n = 64) corresponding to an increasing
distance from the mine tailing dam for S, Ca, Sr, As, and Li (PC3). Red trend lines depict exponential decay models. The horizontal dashed red line represents the plateau
(y0) obtained from the model, while the dashed blue line indicates the Equilibrium Concentration (EqConc) post-regimen shift analysis. Samples highlighted in orange
were used for detailed mineralogical analyses (see Section 3.3.2).

and Mo when comparing both reference values (Figure S4, Table S6 in Supporting Information S1). Using
EqConc at the local scale reveals more conservative results. However, significant enrichment is indicated for As
(EF = 8.39) and Cu (EF =5), along with very high enrichment for Mo (EF = 23.5) within the initial 20 km. These
enrichments surpass the results obtained using regional values (BVA) by 13, 7, and 18 times, respectively.

The Igeo results also depend on the reference value used. For example, like EF, the Igeo for As using UCC were
4.5 times higher than when using BVA and 5.9 times higher than when using EqConc as the background value
within the first 20 km from the sources. A similar difference was observed in the range 20-40 km. While using
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Table 3
Coefficients of the Exponential Decay Equations, Regime Shift Analysis and Influence Ranges From Mines and Tailings
Exponential decay model Regime shift analysis
Element Distance y0 o [§} r RS (km) EqConc Range of influence (km)
Cu ~Mines 178.47 1,824.03 0.07 0.4035 (1) 16.71; (2) 35.92 240 48.41
Mo ~Mines —0.2 55.62 0.07 0.4863 (1) 19.92; (2) 35.92 1.67 48.47
As ~Mines —45.07 311.61 0.02 0.5298 (1) 29.58; (2) 45.77 28.3 72.31
Pb ~Mines 25.58 39 0.14 0.3706 NA 27.75% 20.63
Zn ~Mines 171.7 —19.63 —0.01 0.0154 NA 140.93* 44.94
S ~Tailings 9,340.46 4,758.49 0.09 0.0621 (1) 10.27; (2) 31.94; (3) 42.84 564 NULL
Ca ~Tailings 14,510.68 84,183.75 0.04 0.4392 (1) 17.52; (2) 42.84 23,986 54.60
As ~Tailings —16.86 265.27 0.04 0.5883 (1) 17.87; (2) 37.54 26.3 454
Sr ~Tailings 877.23 647.16 0.15 0.0796 (1) 12.60; (2) 31.94; (3) 42.84 374 NULL
Li ~Tailings 32.31 129.62 0.04 0.4672 (1) 19.15; (2) 43.23 58.8 43.78

Note. (*) indicates the average concentrations in Alto El Loa. In the Regime Shift Analysis (RS (Km)), bold distances indicate the final breakpoint before variance
stabilization. After this breakpoint, the average concentration is referred to as EqConc.

UCC beyond 40 km, the resulting levels indicated extremely contaminated conditions for As. In contrast, using
regional (BVA) and local (EqConc) values, the levels were categorized as moderately contaminated and un-
contaminated to moderately contaminated, respectively.

4. Discussion
4.1. Copper Mining and Pollutant Distribution in the Atacama

Despite the robust body of research highlighting the natural geochemical processes in the Atacama Desert (J.
Tapia et al., 2018; J. S. Tapia et al., 2018; J. Tapia et al., 2021), there remains a notable gap in comprehensively
addressing the effect of mining on metal(loid) dispersion in the area.

Minerals
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Figure 6. Mineralogy (sulfide phases) of the <75 pm fraction (wtf) of selected surface sediment samples as a function of the
distance from the possible pollution sources (Distance < 20 km: Samples Al62, AL52, and AL54; Distance 20-40 km:
Samples Al156 and AL3; Distance >40 km: Samples A126 and ALS59). See Figure 1 for the location of the samples used for
this analysis.
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Figure 7. Comparison of contamination index results for arsenic using different reference levels. (a) Enrichment Factor (EF)
and (b) Geoaccumulation Index (Igeo). In the legend, BVA corresponds to the geochemical background values of the
Antofagasta region and UCC to those of the Upper Continental Crust. The values proposed as Equilibrium Concentration,
EqConc are presented with the red curve.

While some studies have highlighted mining-related pollution (e.g., Ardnguiz-Acufia et al., 2020; Moya
et al., 2019; Pérez-Portilla et al., 2024; J. Tapia et al., 2018; J. S. Tapia et al., 2018; Valdés, 2012; Valdés
et al.,, 2011; Zanetta-Colombo, Scharnweber, et al., 2024; Zanetta-Colombo et al., 2022), the prevailing
narrative often downplays the impact of mining as a significant source of contamination. This is not so much
due to a lack of awareness, but rather the absence of robust quantitative data, which makes it challenging to
assess the problem accurately. Consequently, within the academic field of Earth Sciences, as well as among
private and state actors, the issue tends to be ignored or underestimated. As a result, research has predomi-
nantly focused on the natural process that releases toxic metal(loid)s, particularly arsenic (As), into the surface
of the Atacama Desert. These studies have examined surface geochemistry, linking it with rock composition
(cobalt (Co), chromium (Cr), iron (Fe), manganese (Mn), vanadium (V), zinc (Zn)) and the chemistry of salt
flats and evaporites (As, boron (B), lithium (Li)). Additionally, there has been considerable investigation into
the natural presence of As in water sources and its impact on human health. Arriaza (2005) and Byrne
et al. (2010) provide evidence that the inhabitants of the Atacama Desert, over 7,000 years ago, were exposed
to high concentrations of As (exceeding 10 pg/g). This long-term exposure suggests that these early pop-
ulations may have developed a metabolic adaptation to naturally arsenic-contaminated environments (Apata
et al., 2017).

This tendency to downplay mining’s role (Romero et al., 2003) leads to the naturalization of pollution and
inadvertently reproduces false notions about the Atacama Desert as a place where presence and dispersion are
solely at the whim of nature, underestimating the true ecological consequences of mining activities (Alam
et al., 2023). This is particularly relevant in a country in which economic development often takes precedence
over the environmental repercussions of mining (Lagos & Blanco, 2010), especially in territories ancestrally
inhabited by indigenous communities that claim them and are disproportionately affected by this industry. In this
sense, this work reveals the complex interplay between scientific understanding, public perception, policy de-
cisions, and environmental and social justice (Ibarra et al., 2018). In this context, our study adds valuable insights
by elucidating shifts in metal(loid) dispersion associated with mining activities, thereby contributing to visualize
the effects of mining as a responsible actor in the production of a desert with metal(loid)s, allowing for a
comprehensive understanding of the environmental landscape in the Atacama Desert beyond a territory
“contaminated by nature.”

Previous studies have explored the impact of human activities, particularly in relation to elements like copper
(Cu), molybdenum (Mo), and lead (Pb) (J. Tapia et al., 2018; J. S. Tapia et al., 2018). While our findings are
consistent with this connection, we provide a unique perspective on As distribution across the Atacama Desert.
Our research suggests that mining plays a dominant role in shaping the spatial distribution of arsenic (Figures 3—
5). This is supported by strong positive correlations between As and elements like Cu (r = 0.604, p < 0.001) and
Mo (r = 0.726, p < 0.001), which also share positive loadings in the same principal components (PC2, Table 3),
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highlighting their common sources. This challenges the prevailing narrative that often attributes the presence of
As solely to natural geochemical processes in the region.

The distribution of Pb across the Alto El Loa region indicates the influence of multiple sources, both historical and
contemporary. A potential source is the use of diesel engines in indigenous communities, particularly for
transportation and power generation. During our field visits, we observed the reliance on diesel generators in areas
with intermittent energy supply, such as the Caspana school. This suggests that the use of diesel fuel may have
contributed to localized Pb contamination. Our previous findings, including dust sample analyses from these
communities, also point to diesel engines as a possible source of Pb (Zanetta-Colombo et al., 2022). In addition,
Calama, the largest urban center in the area, hosts the only lead-acid battery recycling plant in Chile. This facility
represents a significant point source of Pb emissions in the area. Other industrial operations, including the “Puerto
Seco” (or “dry port” in English) and various logistics activities associated with mining, could also contribute to
the Pb load in the atmosphere, particularly through the movement of heavy trucks and machinery. While leaded
gasoline was phased out in Chile during the 1990s (and banned from 2003), residual Pb from past emissions could
still be present in surface sediments, particularly in urban areas like Calama (Eichler et al., 2015; Gayo
et al., 2022). This legacy pollution, combined with current emissions, underscores the complex nature of Pb
distribution in the region.

The urban scale, exemplified by the city of Calama, is a critical area for understanding the cumulative impact of
multiple Pb sources. Therefore, future studies should focus on more localized urban investigations to achieve a
higher spatial resolution and better identify specific sources of Pb contamination. This approach will be essential
for developing targeted mitigation strategies and protecting public health in affected communities.

Agricultural practices in the Alto El Loa region appear to have a minimal impact on the distribution of metal
(loid)s. Farming in the Atacama villages is primarily subsistence-based (Calderdn et al., 2016), with limited use of
herbicides and pH-stabilizing agents. For example, a local farmer mentioned using 2,4-D (2,4-Dichlor-
ophenoxyacetic acid), a herbicide known as “Mata Maleza,” which typically does not contain significant metal
(loid) levels. In contrast, mining activities have a more substantial impact on local agriculture, increasing con-
centrations of metal(loid)s like Cu and antimony (Sb) in crops near mining operations (Gregori et al., 2003).
Consequently, the influence of agriculture on metal(loid) distribution is likely negligible. Our sampling strategy
intentionally avoided indigenous villages to minimize the influence of local emissions and ensure that the
observed element distribution reflects broader regional contamination patterns.

While our study focuses on local contamination sources in Alto El Loa, itis important to acknowledge potential
external influences. The Antofagasta region’s extensive mining activities (Figure 1a) could affect metal(loid)
distributions. For example, major mines like Quebrada Blanca (QB) and Collahuasi (CO) to the north, and
Gabriela Mistral (GM) to the south, might contribute to regional contamination. Additionally, our sulfur (S)
distribution analysis (Figure 3) suggests possible impacts from sources such as Sierra Gorda (SG) and Spence
(SP) to the southwest. Emissions from the port of Antofagasta (~230 km away), which has been a copper
concentrate stockpile since 2014, and from coal-fired plants in Tocopilla (~160 km) and Mejillones (~200 km)
(Garcfia et al., 2024; J. Tapia et al., 2018; J. S. Tapia et al., 2018; Valdés, 2012) could also reach the study area.
However, our analysis does not show evidence of their impact. To better understand the potential effects of these
distant sources, more detailed analyses, such as isotopic testing, are needed. Despite this, our findings indicate
that local mining activities are the primary sources of contamination in Alto El Loa.

4.2. On the Far-Reaching Geochemical Footprint of Mining

Another crucial aspect of our results revolves around the far-reaching impacts of mining emissions. Many studies
have been recently carried out on the impact of mining activities globally, they often focus on the surroundings of
mining sites and urban areas (Childebayeva et al., 2021; Gayo et al., 2022; Gillings et al., 2022; Ke et al., 2022; W.
Lietal., 2022; Liuetal.,2022; Maetal., 2022;J. S. Tapia et al., 2018; Tian et al., 2019). It must be recognized that
the impact of mining is more critical in areas close to operations (Figures 2 and 3), but the lack of monitoring and
focus on urban areas means that many vulnerable territories —i.e., rural areas— may be experiencing uncertainty
about the level of pollutants in their environments and their effects on health (Gani et al., 2022). This is
particularly true in the context of indigenous and peasant lands, where around half of all mining projects are
situated (Owen et al., 2022).
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Indeed, our results suggests that emissions from mining activities travel farther than expected. These
emissions significantly affect the concentration of metal(loid)s in the surrounding environment. As exhibits
the greatest reach, extending approximately 70 km from the source. Both Cu and Mo show significant
dispersion, impacting areas up to 50 km away. Pb, however, has a more localized impact, with elevated
levels primarily observed within 20 km of the emission source. This agrees with the findings of previous
studies in the area (Zanetta-Colombo, Scharnweber, et al., 2024; Zanetta-Colombo et al., 2022) and other
areas heavily burdened by mining activity in South America (Dame et al., 2023; Gayo et al., 2022; Molloy
et al., 2020).

Our mineralogical analysis revealed a clear pattern: Cu-sulfide phases in sediments within the 20 km buffer zone
consistently increased compared to those farther away (20-40 km). This aligns perfectly with our findings on
metal(loid) dispersion, where significant mining influence extended up to 40 km. Notably, the mineral association
of molybdenite-chalcopyrite-bornite, typically found deep within the area’s porphyry Cu-Mo deposits (W. X.
Chévez, 2000), was prevalent in these surface sediments. This suggests a strong connection between their
presence and the transport and deposition of particles originating from Cu-Mo mining activities, spanning up to
40 km. Additionally, this association could be linked to the transport of non-recovered minerals from the nearby
Talabre tailings facility.

4.3. Relevance of Local Geochemical Background Values in Pollution Assessment

Pollution indexes, such as the one employed in this study, are widely acknowledged as valuable tools for assessing
the contamination levels and evaluating sediment and soil quality and ecosystem sustainability (Kowalska
etal., 2018). However, the reference values used are crucial in determining the success of the tools. The utilization
of representative background values at varying spatial scales (global, regional, and local) significantly influences
the results, potentially resulting in either overestimation or underestimation of the enrichment (Figure 7 and
Figure S5 in Supporting Information S1). Some studies utilize a range of background values for assessment,
which enhances the interpretative depth (J. Tapia et al., 2018; J. S. Tapia et al., 2018; Valdés, Marambio-Alfaro,
et al., 2023; Valdés, Ortlieb, et al., 2023). Establishing accurate baseline contaminant levels in Chile poses
challenges due to the scarcity of background or pre-industrial values. While some studies have attempted to
determine contaminant concentrations prior to anthropogenic influences (Gayo et al., 2022; Valdés, Ortlieb,
et al., 2023), it is noteworthy that paleoenvironmental research in the Atacama (Gayo et al., 2019) suggests that
pristine conditions may not have existed for at least 1,500 years due to pre-Hispanic metallurgy emitting sig-
nificant pollutants. This highlights the contextual nature of pre-industrial background values and underscores the
importance of establishing such values in locations distant from mining centers, which have been occupied since
pre-Hispanic times.

This study compared results obtained using the Upper Continental Crust (UCC), a widely employed global
standard, with regionally estimated background levels (BVA). However, these BVA values were derived from
soil samples collected in ostensibly “uncontaminated” areas, a notion open to debate. Antofagasta has been a
pivotal region in the mining industry since the early 20th century, witnessing extensive mining activity sprawling
across the territory (Figure 1). Given the significant radius of dust emissions’ influence from mining operations,
as observed in this study (50-70 km) (Figures 2-5), the notion of “uncontaminated” zones demands careful
examination. Additionally, regional concentration averages, as utilized in BVA, may underestimate or over-
estimate contamination levels at the local scale.

In the absence of pre-industrial values, this study proposes using concentrations that appear unaffected by mining
activity, determined by their distance from identified emission sources and variance stability (i.e., EqConc.). The
results presented here potentially yield more accurate assessments than those derived from global (UCC) and
regional (BVA) geochemical backgrounds (Figure 7). While we acknowledge that EqConc cannot strictly be
considered a true geochemical background, it represents concentrations likely to be less influenced by ongoing
industrial activities. Despite the inherent uncertainty associated with these concentrations, their use in calculating
contamination and enrichment indices offers a more coherent and relevant approach. This approach reduces the
risk of over- or underestimating contamination levels compared to relying solely on regional or global
geochemical backgrounds.
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5. Conclusions

Our study yields crucial insights into the distribution of metals and metalloids (metal(loid)s) in the Atacama
mining hotspot, offering significant implications for advancing monitoring protocols and environmental regu-
lations. We identified three distinct metal(loid) sources: mining operations (copper [Cu], molybdenum [Mo],
arsenic [As]), tailings dust resuspension (As, sulfur [S], calcium [Ca], strontium [Sr]), and natural background
(iron [Fe], titanium [Ti], vanadium [V], chromium [Cr], nickel [Ni], cobalt [Co]). Notably, concentrations dis-
played characteristic shifts with distance. Exponential decay analysis and regime shift detection revealed that Cu
and Mo impacts extend approximately 50 km from the open pits. Meanwhile, arsenic—originating from both
mining operations and natural sources—can spread up to 70 km.

While existing research has recontextualized the Atacama as more than a hyper-arid territory by emphasizing the
extractive industries’ influence on water management (Prieto et al., 2019), the analysis we present here urges a
critical examination of the normalization of pollution in the Atacama Desert. Despite the undeniable presence of
metal(loid)s from natural sources, this work clearly delineates the significant role of mining in their dispersion.
The distribution of these metal(loid)s is shown to be non-arbitrary, with marked effects on indigenous com-
munities who face not only territorial dispossession but also disproportionate exposure to mining-related metal
(loid)s.

This study calls for a thorough reassessment of how mining influence areas and so-called “sacrifice zones”—
regions historically designated as areas disproportionately burdened by environmental degradation and health
risks—are defined (Gayo et al., 2022). Often, these zones are represented merely as discrete Euclidean polygons,
which fail to reflect the true extent of environmental and human impacts (Prieto & Zanetta-Colombo, 2024).

The metaphor of metal(loid)s “blowing in the wind” conveys the extensive reach of contamination, challenging
traditional delineations of impact zones and demanding a reevaluation of how we monitor and manage mining’s
influence. The oversimplification of metal(loid) dispersion contributes to political inaccuracies and, conse-
quently, environmental injustice, perpetuating the dispossession that indigenous peoples have historically
endured.

To address these challenges, our research emphasizes the need for several critical actions: (a) establishing ac-
curate pre-industrial baseline values for reliable pollution assessments, (b) expanding monitoring protocols to
comprehensively understand the combined effects of multiple emission sources, (¢) implementing regulations to
set acceptable concentrations in soil, surface sediments, settled dust (indoor/outdoor) and other matrices,
alongside protective environmental standards, and (d) minimizing exposure risks associated with metal(loid)s in
regions with a history of mining activity.

Furthermore, a supplementary point relates to the necessity of lifting barriers that the mining sector imposes on
science. The limitations on accessing sites controlled by mining underscore the need to open these areas to
scientific research to ensure comprehensive evaluations. These restrictions call for greater transparency within the
mining sector. Ensuring free access for scientific inquiry is a fundamental condition to facilitate an informed
dialog on sustainable practices, crucial for the development of policies that accurately reflect the ecological
impacts of mining activities. Finally, recognizing that the dispersion and levels of metal(loid) contamination are
the result of an interplay between natural conditions and the mining industry, it is imperative to strengthen a
research agenda that seriously considers this nexus and integrates both natural and social sciences (Lave
et al., 2014).

Additionally, it is important to consider transboundary contamination problems for further study (Eichler
et al., 2017). The study area is very close to the border with Bolivia and Argentina. Political boundaries present
another obstacle to scientific research, and indigenous communities across the borders may also be affected by
these issues. Addressing these challenges requires coordinated international efforts and policies to ensure
environmental justice across borders (L. Hou et al., 2021).

By diligently implementing these recommendations, we can foster robust scientific agenda alongside environ-
mental protection and safeguard public health in areas impacted by mining activities. This proactive approach
transcends the Atacama Desert, extending to similar afflicted regions globally. By prioritizing responsible
practices and sound regulations, we can prevent the fate of detrimental emissions from becoming another element
“blowin” in the wind.
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