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Envia antecedentes cientificos y técnicos solicitados en Res Num. 309 exenta del 6 de
abril de 2023.

Pablo Pastén Gonzalez _
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Junto con saludar, en representacién de un grupo multidisciplinario de investigadores del centro de
excelencia CEDEUS, tengo el agrado de adjuntar en formato digital antecedentes cientificos, técnicos y
sociales debidamente fundados, para ser considerados en la elaboracién del Anteproyecto de la
Norma Primaria de Calidad Ambiental de Suelos.

Como investigadores con experiencia relevante en el area de esta norma, quedamos a su disposicion
para resolver preguntas o profundizar aspectos del documento.

Asimismo, manifestamos nuestro interés en integrar comités relacionados con el desarrollo de esta
norma, de ser pertinente.

Saludos cordiales,
Dr. Pablo Pastén

Equipo de trabajo

Pablo Pastén, Ingeniero Civil, PhD en Ingenieria Ambiental, experto en contaminacién de aguas y suelos, Profesor
Asociado, Escuela de Ingenieria, Pontificia Universidad Catdlica de Chile, Investigador Principal CEDEUS.

Sandra Cortés, Médica Veterinaria, Dra. en Salud Publica, Profesora Asociada, Escuela de Medicina Pontificia

Universidad Catdlica de Chile, Investigadora Asociada CEDEUS._

Alejandra Vega, IngeWn Cs de la Ingenieria, experta en contaminacidon de aguas y suelos,
Investigadora CEDEUS.

Alejandra Precht, aboiada, Master of Legal Institutions, experta en derecho ambiental, Investigadora CEDEUS.
José Antonio Diaz, ingeniero civil, Mg Cs Ingenieria, Profesional CEDEUS._
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Antecedentes Anteproyecto Norma Primaria de Calidad Ambiental de Suelos
Equipo investigacion calidad de suelos y salud CEDEUS-UC
Pablo Pastén, Sandra Cortés, José Diaz, Alejandra Precht, Alejandra Vega

05/07/23

A través de este documento hacemos llegar antecedentes que se solicitamos considerar para la
elaboracion del anteproyecto de la Norma Primaria de Calidad Ambiental para suelos de Chile, segin
Resolucién Exenta N°309 del Ministerio de Medio Ambiente con fecha 06 de abril 2023.

Este documento incluye antecedentes relevantes para los contenidos a normar y contienen una
fundamentacion cientifico-técnica. Incluyen articulos cientificos y propuestas se han desarrollado
en el marco del Centro para el Desarrollo Urbano Sustentable CEDEUS, financiado por ANID a través
del concurso FONDAP 1522A0002. Los articulos y reportes se identifican y resumen en la tabla
siguiente y su texto in extenso se presenta mas adelante.

" Carkovic, A. B., Calcagni, M. S., Vega, A. S., Coquery, M., Moya, P. M., Bonilla, C. A., & Pasten, P. A. (2016).
Active and legacy mining in an arid urban environment: challenges and perspectives for Copiapd, Northern
Chile. Environmental Geochemistry and Health, 38(4), 1001-1014. d0i:10.1007/510653-016-9793-5

Este trabajo da cuenta de altas concentracién de metales y metaloides téxicos en areas urbanas en polvos de

calle, generando una distribucion a nivel de una ciudad y comparando con valores de referencia. Es un buen

ejemplo de cémo métodos de medicidn rapido y econdmico sirven como herramienta de screening y priorizar
para realizacion de monitoreos con otras técnicas y la necesidad de intervenciones.

Moya, P. M., Arce, G. J., Leiva, C., Vega, A. S., Gutierrez, S., Adaros, H., . . . Cortes, S. (2019). An integrated study
of health, environmental and socioeconomic indicators in a mining-impacted community exposed to metal
enrichment. Environmental Geochemistry and Health, 41(6), 2505-2519. doi:10.1007/s10653-019-00308-4

En este trabajo se estudia la distribucion de contaminantes a nivel de ciudad y la correlaciona con la exposicién
segun grupos socioecondmicos de los sectores monitoreados. Junto con la medicidn de concentraciones de
metales en la orina de la poblacidn, estos resultados pueden alimentar la elaboracién de estrategias de
evaluacion y control de la exposicion ambiental a metales en zonas mineras.

Vega, A. S., Arce, G., Rivera, J. ., Acevedo, S. E., Reyes-Paecke, S., Bonilla, C. A., & Pasten, P. (2022). A
comparative study of soil metal concentrations in Chilean urban parks using four pollution indexes. Applied
Geochemistry, 141, 105230. doi: ARTN 10523010.1016/j.apgeochem.2022.105230

Este trabajo compara suelos de parques urbanos de Copiapd, Andacollo, La Serena-Coquimbo y Gran Santiago
identificando concentraciones de cobre superiores a la normativa canadiense en gran cantidad de casos. No
todos los indices de contaminacion de metales sugieren diferencias significativas entre ciudades mineras y no
mineras. Este estudio es una herramienta para futuras politicas publicas y planes de remediacion de suelos.

Pastén, P., Cortés, S., Moya, P., et al., (2022). Consideraciones ambientales para la planificacion territorial en
ciudades mineras en Chile. Documento para Politica Publica N228. Centro de Desarrollo Urbano Sustentable,
Santiago. https://doi.org/10.7764/cedeus.dpp.28

Se estudiaron concentraciones de algunos metales y metaloides en polvos de calle y suelos de Copiapd. Se
presentan estimaciones preliminares de riesgo para la salud de la poblacién por la exposicidn a estos. Desde la

planificacion territorial se proponen estrategias para gestionar la calidad ambiental y disminuir riesgos sobre la

poblacién residente de ciudades cercanas a la actividad minera.
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CEDEUS (2022). Contaminacion por metales en suelos de Copiap6: Diagnéstico y propuestas publicas.
CEDEUS, Reporte Técnico. Santiago, Chile. https://www.cedeus.cl/wp-
content/uploads/2022/11/Contaminacion-por-metales-en-suelos-de-Copiapo-Diagnostico-y-propuestas-
publicas.pdf

Se compararon las concentraciones de metales en suelos y polvos de calle de Copiapd con concentraciones
naturales de la zona y de referencia internacionales- Se encontrd que existe un potencial riesgo a la salud de la
poblacién ante esta exposicion a metales, como arsénico y cobre. Se analizé cdmo la normativa de planificacion

urbana existente puede ser utilizada para el control de la actual situacidn, junto con sugerir propuestas y

proyecciones para abordar esta problemdtica.

Asimismo, consideramos también relevante que la elaboracién del anteproyecto tome en cuenta
los siguientes aspectos, principios, criterios, y herramientas:

a) Diseio sinérgico con otros instrumentos normativos

Sobre la complementariedad con otros instrumentos normativos existentes, se sugiere que el
cuerpo normativo debe ser disefiado para actuar en complementariedad y sinergia con normativa
existente que regula el uso del territorio, en particular la Ley General de Urbanismo y Construcciones
y suordenanza. Asi, por ejemplo, la norma deberia proveer valores de referencia para incluir dentro
de las dreas de riesgo aquellas con suelos contaminados, y asi restringir el uso residencial y de
equipamiento (educacional, salud, recreacion, etc.) en aquellos sitios.

b) Criterios de eficiencia, gradualidad, y prevencion

Se sugiere tener en consideracién los principios de eficiencia, gradualidad y prevencién. La
definicion de valores normativos para suelos puede tener implicancias significativas sobre
actividades humanas, uso del territorio, y actividades de recuperacién ambiental. Parece necesario
qgue exista una racionalidad al establecer una priorizacién y una progresidon en el tiempo de
pardmetrosy valores normativos. Seria razonable primero establecer valores normativos que eviten
el establecimiento de areas residenciales! en suelos contaminados. Asimismo parece necesario que
la accidon normativa se enfoque en contaminantes carcinogénicos.

c) Area de aplicacion y gradualidad

Sobre el dmbito de aplicacidn de la norma, el art. 2 del DS38 (Reglamento Ley 19.300) indica que
este sera en todo el territorio de la Republica y el art. 27 indica que las normas deberan verificarse
donde existan asentamientos humanos. Se sugiere que en una primera etapa la norma se focalice
en suelos de uso residencial, asi como suelos donde se emplacen parques, equipamiento, e
industrias en cercania a asentamientos humanos.

d) Consideracion de herramientas de screening e inclusion de polvos urbanos

Para identificar dreas donde sea prioritario enfocar los esfuerzos de monitoreo se sugiere, de
acuerdo con las presiones ambientales y pardmetros involucrados, emplear metodologias de
screening que sean rapidas y costo efectivas. Por ejemplo, para caracterizar la ocurrencia de
metales y metaloides en zonas urbanas se ha utilizado exitosamente la fluorescencia de rayos X

1 Suelo residencial: soporte fisico en contacto con actividades humanas relacionadas a vivienda y actividades de
recreacién, no se considera dentro de esta definicion las areas silvestres, tal es el caso de los parques nacionales o
provinciales.
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sobre polvos de calle y suelos de parques.? Es importante también reconocer que los polvos de calle
son una matriz ambiental sélida con relevancia para la salud publica en ambientes urbanos.

e) Determinacién de background geoquimico.

Para su evaluacion se sugiere emplear los lineamientos de la NCh3628:2021 Calidad del suelo -
Directrices para la determinacidn de los valores de referencia. De acuerdo al INN, "Esta norma
proporciona directrices sobre los principios y métodos principales para la determinacion de valores
de referencia para sustancias inorgdanicas y organicas en suelos a escala local/regional, excluyendo
la escala puntual. Ofrece pautas para las estrategias de muestreo y procesamiento de datos.
Identifica métodos de muestreo y andlisis. Esta norma no se aplica a la determinacion de valores de
referencia para aguas subterraneas y sedimentos."

f) Consideracion de valores de referencia internacionales y de estudios previos.

Se reconoce la necesidad de definir parametros y valores de acuerdo con normas internacionales
de referencia y que impliquen riesgos aceptables o puedan ser considerados seguros para la salud
humana, segln su uso (residencial e industrial). Se sugiere tener a la vista un espectro amplio de
normas de referencia internacionales y adoptar una heuristica para seleccionar parametros y
valores (ver Anexo).

Equipo de trabajo

Pablo Pastén, Ingeniero Civil, PhD en Ingenieria Ambiental, experto en contaminacion de aguas y
suelos, Profesor Asociado, Escuela de Ingenieria Pontificia Universidad Catélica de Chile,

Investigador Principal CEDEUS. _

Sandra Cortés, Médica Veterinaria, Dra. en Salud Publica, Académica Escuela de Medicina Pontificia
Universidad Catélica de Chile, Investigadora Asociada CEDEUS._

Alejandra Vega, Dra. en Ingenieria Civil, experta en contaminacién de aguas y suelos, Investigadora
CEDEUS.

Alejandra Precht, abogada, experta en derecho ambiental, Investigadora CEDEUS.

José Antonio Diaz, Ingeniero Civil, Magister en Ciencias de la Ingenieria, Profesional CEDEUS.

2 Se recomienda ver Carkovic et al. (2016), Moya et al. (2019) y Vega et al. (2022).
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2015,

Mexico: MORMA Oficial Mexicana NOM-147-3EMARNAT/SSAL-2004, Ouwe estsblece criterios para determinar las
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Paises Bajos: Sgil Remedigtion Circular 2013, Rifkswaterstast Environment. Ministry of Emvironment and Water
hanzgement.
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Active and legacy mining in an arid urban environment:
challenges and perspectives for Copiapo, Northern Chile
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Abstract  Urban expansion in areas of active and
lermey munmg imposes 0 sustanabality  challenge,
expecially in arid environments where cities compete
for resources with agnculture and industry, The city of
Copiapd, with 150,000 inhabilams in the Atcama
Desert, reflects this challenze. More than 30 abandomed
tailings from legacy mining ane scittered throughout its
urban and peri-urban aren. which include an active
copper smelier. Despite the public concern penerated
by the mmmg-rzlated pollution, noe geochemizal infor-
mation is currently available for Copiapd, panicularly
lor metal concentration in environmental solid phuses,
A geochemical screening of soils (n = 42}, street dusis
im=TI1) and tailings (n = 68) was conducted in
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November 2014 and April 2115, Organxc matter, pH
and elemenial composition meisurements were faken.
Notably. copper in soils (60-2120 mgfkg) and street
dusts (110= 10200 me'kg ) consistently exceeded mfer-
natiomal guidelines for residential and industrial s,
while a lower proportion of samples exceeded interm-
tional guidelings for arsenic, zinc and lead Meal
enrichment ocowred in residential, industoal and
agriculiural areas near tailings and ihe copper smelser.
This frst screening of metal contaminebion sets the
basis for fuure rsk assessments woward  defining
knowledge-based policies und urban planning, Chal-
lemges mclude developing: (1) adequate intervention
guideline vales; (2} appropriate geochemical back-
eround levels Tor key metals; (3 urban planming thig
considers comaminated zress; (4) cost-effective control
strategies for abandoned tmlings in waler-seance aneas;
and (5 scenarios and technologies for ilings repro-
cesaing. Assessing wrban geochemical risks i= a critical
endezvor for areas where extreme events inggered by
climate change aré likely, as the mud Aooding that
impsicted Copiapa in late March 2015

keywords  LUrban geochemistry - Risk asessment -
Mining tadings - Heavy metals - Street dust - Soils
Introduction

The world's urban population will increase from 3.9
(2014} to 5.8 billion people by 2050 sccording to the
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United Marions Workd Urban Prospects (2014), The
expansion of citics is posing sustainability challenges
vk 4 global scale, especially in developing countries
where residential developments compele with indus-
trial and agriculiural wse of the land. Environmental
pollution from current and past industnal growth in
urhan snd per-urban gress exposes the urban popu-
lation 1o health nsks that prompt careful evaluation
el response. Special attention 15 needed inoand areas
with the presence of active and legacy mining
(Gomez-Alvarez et al. 2001 Park et al. 2014} While
#ctive mining drives the local economy and urban
expansion, taces of legacy mining—Ilike abandoned
tailings—may compwomise himan and environmental
T

Tailings that have no bgen closed under environ-
menlally sound plans are likely o become the sournce
of toxic metals in and environments (Bes et al. 201 4;
Varmica et al. M014: Nkosi e al. 2005 Sobrino-
Figweroa ef al. 20050 [nceed, metal-nich particles are
easily mobilized and may reach residentizl and
agricultural arcas by wind-driven transport or by
waler crosion during infrequent but imense storms,
Metal-nch particles increase the exposare 10 metals
via inhalation, ingestion and absorption (Mielke and
Reagan 1998: Bovd ef al. 199%; Miclke ct al. 1999}
Thus, polluted wban soils and dusis have been
considered a matter of public health in mony parts of
the world (Bloemen er al, 1995; Relly cr al. 1996;
Sincher-Martin et al, 2000; Morma et al. 2006; Wong
et al. 2006; Glennon et al. 2004). Furthermaore,
exposure to toxic metals is likely to be enhanced
when talings, housing and agricultural activities are
intermingled, a8 it is the case of the city of Copiapa,
our study site, locobed mothe Atscams Desert in
Morthern Chile.

Silver mining flourished around Copiapd in the
early mineteenth century, when the population was of
~ L0000 nhakd tants. Copper mining thaves foday in
the area, while agriculure has expanded vigomously
despite its andity {18 mmdvear of ranfall) Agncol-
tural and indostrial water use has increased, leaving a
dry river bed for the past few vears, as available
surface. water only fows through the chanmel net-
warks. Lirban expansion has been largely unplanned,
leaving =~ 30 tailings from legacy mining operations
seattered throweh the urban and per-urban arca of
Copiapa, many near (he reaches of the Copiapo River,
Al the same time, simospheric pollufion frome an
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active copper smeelter has promprted public concem,
for  the present-day  population of  —~ 150,006
inhabitans.

In this study, we report o first geochemical screen-
ing of metals in solid phoses such as sedls, sireet dusts,
and talings in the and urban and peri-urban area of
Copiapa, We identify challenges for defining koowl-
edge-based  policies, control  technologies  and
improved urban plannimg, Furthermore, evaluating
envirommental and health risks is a critical jask for
urban arcas hkely to suffer extreme events tnggered
by climate change, like the mud flooding that impacted
Copiapo in late Muorch 2015,

Materials and methsds
Stady aresi

The city of Copiapé (between 70°15'-70°25'W and
2T -27°26'8) is located in one of the dnest places
inn the world, the Atacama Desert (NASA 2002). It has
a mean annual roinfall of 1% mm, concentrated in
winter (June amnd July §, and o mean annwal lemperature
af 16.1 . Mining represents the biggest contribution
o the gross domestic prodect (GDP) of the region,
while more than 30 tailings in the wban and peri-urban
arca of Copiapd have been considered as environ-
mental liahilities by the Chilean mining agency
(Codastre by the Mational Geology and Miming
Agency of Chile, SERNAGEOMIN 2015y, Most of
them do pot have a protectve surfoce layer and have
nol been closed under environmentally sound plans.
Additionally, a copper smelting opertion is located
only 8 km east from Copiapd’s  downiown {see
Fig. Ik

Sumpling and sample pretreatment

Samples of soil in urban and peri-urban areas, strect
dust, and from ope mioe laling were Obtamed
throughout the city of Copiapo in November 2014,
In additson, samples from 8 other mine tailings were
codlected i Aprl 2005 (Fig. 1} A sampling steategy
modified from Li et al. (204 was used for soil
samples, Composite s0il samples of (=15 cm deep
wiere obluined at every site of interest by guanering
4 different samples taken within a distance of about
5 m froam each other vsing a stainless sl aoger.
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Fig. 1 Location of the city of Copiupd, sample sites, aress of the city and main wilings locsted in the drban und peri-urban ueas

Sumpling  sites included city sqwares and  parks
(residential/park  soils), agricultural areas in peri-
urhan parts of the city, snd sgrcoliural aress locatked
near (<1 km) failings, Street dust samples were
wollected from bath sides of the sireets by sweeping
with a plastic brush ~ | m” as described in Banerjee
(200%) and Al-Khashman (2007 Street dust sam-
Ming =ites were located within a 1 = | km® gridd
throughoot  the oy, and with a denser prd
(300 % 500 m™) in El Palomar, a residential anea
close to several wilings in the southwest of the city.
The surface of the tailings was sampled wsing a
stninless steel puger (U-15 cm depth). Nine milings
were chosen for sampling. aiming at filling the main
paps i daga availability, and for their proximity to
the City center and the Copiapo nverbed. One of
them, the Porvenir wiling, was extensively sampled
becau=e it had also been descrbed as a potemntially

contaminated and harmfol taling, bat it had sparse
chemical characterization (Soublette et al. 20117,
while the other B talings were sompled eoch ot 3 or
less points o preliminary assess their metal com-
position, In o the Porvenir failing, samples  were
codlected on top and around it from points spatially
disinbuted in & systematic. way,

In total, 42 composite soil samples, 71 street dust
samples, 30 Porvenir twling samples and 38 samples
fromn other tilings were obtained, All samples were
pretreated, which means they were oven-dried (40 °C)
and sieved (<2 mimp in e laboraiory.

Analviical methods
Metals” concentration was measured m the pretreated

samples (dried and sieved through & 2-num mcsh) with
Xepay  Muorescence  spectioscopy  [(XEFF with a
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pirtable Tnnov-X Dela DEGOX equipment using two
methods (wo beam mining and seil 2 beam) In this
aim, 4 Teaction of preweaed sample was placed in
plastic cup of I3 mm high and 3% mm of diameter,
And measured with both methods.

Physicochemical properics such a5 organic mater
(OM) content and pH were alsn measured. The OM
content was determined by oxidation with & miaxiure of
dichmommate and seifunc acid (Melson and Sommers
1996, amd pH was determined by measurement on
pguects soil suspension moa 1125 volume fraction
with & pH meter (Pansu and Gautheyrou 2006), X-ray
diffrection (XEDY analyses were performed with a
diffractometer (D32 Phaser, Bruker AXS, Germany ) at
0KV and 10 mA wsing Cu-Ka radigtion for a
selection of the samples (23 soil and sreet dust
sarmples, and 27 miling samples). For XRD analyses,
pretreated samples were micronized with 4 mill using
agate grinding elements {McCrone Micronising Mill,
Wesrmont, [L, LIS}

For descriptive statistics. values under the esti-
miated limmt of quantiheation (L) were replaced with
L ahivided by 2 (LOVZ). As street dust samples were
spatially distributed in @ 1-km® grid, maps of dot plots
were made to visually represent the spatial disimbution
of the concentrations, wsing Arc(GIS 1031 (ESRIL,
Redlands CAY

Maaza validation

An analysis was performed toevalvare XEF analyiical
and quantification performance as recommended by
the US Eovimmmental Protection Agency Method
6200 (Sackent and Manin 1998). Systematic analysis
of certhed reference matemals (CREM, NIST 2702,
marine sediment and NIST 2781, domestic sludge)
was performed; then, aotumcy and uncertainly of
measurements were caleuksted with the use of control
charts, o validate the method Tor the studied elements,
Moreover, the analytical uncertamty for the actual
samples was veriied for the 3 studied matrices (sol,
atreel dust, wilings) with duplicare analysis of one
sample for each matrix for 5 different duys,

The uncertainty values along with the mean mea-
sured concentrations (of both cenified reference
materials and the 3 samples of the 3 matrices) were
used o estimate an actusl limit of quantification (LO)
for eaxch element, The L was eshmated as the
threshold from which higher concentration values
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showad  lower uncensinties (<60 %) This LO i
different than the instrumental limils of detection, and
is wsually higher, In addition, the cenified standard
material TAEA-45T (marine sediment) was also ana-
Ivzed as a4 quality conirod.

Results were deemed valid for As, Co, Cu, Fe, M,
Ph and ¥n for o specific method (1wo beam mining or
s0il 3 beam), and LG} along with the frequency of
quantification for the different sample types measured
is shwrwn in Table |,

A companson befween results from XREF and
inductively coupled plasma mass spectrometry (ICP-
M5 was performed for the elements with validited
methad measurement, except for Co. ICP-MS mea-
sprement after microwave acid digestion (9 HNO, 3
HCL was used 1o analyze total metals” concenirations
of 34 of the samples vsed i this study. The compar-
isom between XRF and 1CP-MS data showed coeffi-
cients of determination of 0.92 (As), 0.93 (Cu), .85
(Fed, 08T (Mn and Phy and 096 (), &% shown in the
Online Resource 1 to 6. However, Fe and Mn showed
swatemabically higher values when messured with
ARF compared v ITP-MS, This could be due o the
incoporation of Fe and Mn into the silicate matrix of
the samples, as hydrofluoric acid (HF), which digests
silicates, was nod used.

Results and discussion
Physicochemmical properties of the samples

Dreseriptive satistics of the samples physicochemical
properties are shown in Table 2. The pH mesn value
wis close to 7.00or all 3 matnees, A wide range of pH
values was found in tiling samples (3.5-8.8), while a
parrower range (T.0=8.4) was found in =oil samples.
The minimum overall value was reporied ina Porvenir
Linling sample (pH 3.5}, while the maximuem was
found in & streer dust sample (pH 9.3,

Higher concentrations of OM with a mean of 4.5 %,
and a broader range of values (L9189 %) were
found on street dust samples compared (o soils (with o
mean of 2.8 %0 and tailings (with a mean of (b7 % for
the Porvenir tiling and 1.0 % for the others). The high
values and variability of OM content in dust samples
could be attributed to the presence or shsence of
surriunding vegetation in the streets sampled, such as
trecs and shrubs, und could piso be related o different
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Tahle 1 Frequency of quanticazion % for selected chements in the differont sample types, and estimated limit of gquantiticaton

TR in mpfke (obtuined with XEF analyss:)

Somple v Mo, of samiples Freguency of guaniification %)

His Co Cu Fe Mn Fh i
Agricultan] soils in pan-ushin areas 7 43 57 LA 14 TICH] 46 k&
Agracilinral wils near Lailings I it 41 [LEA il [ He R2
Resickntialipark sols 1] 33 + k] 22 HEH il a7
Stresl dust T 13 T 14xl £ [k LE] i
Porvenir tniling 0 20 1M I [E] 23 i Al
[kher twilings L i3 a7 11 - 25 in Seh

Eatirmated LO impfkr

In 12 12 35,00 276 22 L]

Tuble 2 Mean, medinn. relative sandard deviation (% RED), maxionam and manimum valees for pH and percentage orpanic malter

conibent mosoaks, sireel dusts and I:.ilmgs

Eomple type nH % Clrgmnic matber (G

Wliean Belewlzm T RED Max Min Al Wledisn % HID Alax Ain
Sl 1 = 42) 27 ] 4.5 B4 g 28 25 655 8.1 05
Streei dust r = V1) 6.8 0.7 &4 %3 5.8 4.5 54 LN 159 LEE
Porvenir tniling (o = 300} T.1 1.5 18.7 53 35 Ny .G q7.5 18 ol
{kher 1ailings (r = 34} 1.5 T.H 14,7 b7 £ 1.1l 1,0 T332 4.5 il

At k= b mimber of samiples colleced Tor the differemt marices

particle size distributicn, s OM may be associated
with smaller particles. Samples from the Porvenir
tailing had the lowest OM concenirations. similar o
valwes obtamned for other milings, The remaining
tailing samples were grouped as *Other tailings” due
ter the small amount of samples avalable lor cach of
the & other Gailings sampled Cwith 38 samples in totall,
These results show that tatlings have a smalker OM
content compared 1w other matrices, which could make
phytoremediation even more difficult considering the
andity of the area and that the potential for reveae-
tation decreases for smaller OM contents (Cordova
el al. 2011k

Merals in wrban pnd agoculireal soils

Table 3 shows the mean and the range of the metal
concenmirations obained with XEF for the three tvpes
of soil samples: agriculiural in pen-urhan parts ol the
city, agriculiural near tailings and rezidentialfpark
soil. A comparison was performed between  the

results and the Canadian and Brazilian guidelines
{(CCME 2003%; Companhia de Tecnologia de Sanca-
mento Ambicntal 2005), International soil gaideline
values vary widely, as they are based on country-
specitic health and environmental goals and local
reochemical contexts. For this study, the Canadian
guideline was chosen as an example of a conservative
limit at which no appreciable human health risk is
eapected. The Brazibian gudeling was  chosen
because it represents o closer reality in Latin America
and it has been used previously as an inlervention
value by Chilean aothorities (SEREMI MINSAL
2001 1Y Chile has nod adopied & seil quality sandord or
guideline wvet. Table 4 shows the two mentioned
puidelines for the metals studied, excepr for Fe ond
Mun ihat do oot have guidelines in those countries.
The US EPA's regional screening level (RSL) (US
EPA 21 530 s also displaved as additional informa-
ton, but 1t was oot included 1o the companson
analysis because it has no reference values for
agricultural soil. The comparizon between the results
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Tahle 3 Mean amd range (mgfke, dry weight | of metal concentmtion obtancd with XRE For the differcm types ol somples

Sample v Mean and range of concentrations (mgkzl
A Cir Co Fe Mn Pk 2a
Azriculinmi soils 12.1 33 el 21,150 Trea 504 I76
fn =T7) (=353 ) (=12-Z1p {TE-3d4) (=35 00043257y  (T36-11T78) §=<X2-102) (<D03-307})
Aprscnlinrd sols ncar 15K Ry AT 25,014 15 %G 126
uilmgs in = 17) (=3-52) (<1205 (B8-2118)  (<35000-84340)  (711-4501) (<X-T) (<HB-1TH)
Resickemialipark soils 368 127 201 M.657 1236 0.0 47
(n = 18) (c36-125)  (<12-35 (65T (=35000-67.975)  (VI7-2321} 4<X2-HT)  (<ID3-655)
Smest dust ix =71 15 152 (oL T ™ 4.7 <)
[ R ] (=138 (U1E-00,224) (=35000-110847) (5EH-13E3p (<X2-275) [(<IE-ZT43)

a ks thee nmmber af :-;impln:x enlbeciegd for differem masrce:s

Tably 4 Conpdion and Bricilsn wobl gquobity gosdelines and US EPA sensenimg leviels Do different Jovd wees, maial concentration in

mpkg {dry weighi)

Craideline Land use Elgment concentration (mgfkg)
Ax Ca Co P o
Canada” Agrbeulmial 12 S1H (12 T 2
e sidde nieal ok 12 Sih 6 46 M)
Cparmmereinl 12 i ] 261 i)
Iniustrial 12 MK i L el
[tm:f;ll" .ﬂngﬁ.n:ulrllnl L] a5 i (k] 4540
Fesidentil 55 ik] 4 ElLY] 1]
Inclusirial 154§ ol i SHKY M
LISAS B scide il Lk 23 in AL 2HE=
Inidiastrial | ek EELL LT 53,00 =e

¥ Lead amd compouards (US ERPA 201%)
4 Fie amdl campounds (1% EPA 20055

* Mumerical limits recommended bo suppoet and mnintain designiated uses of the wil environment (CCME 2H07)

- 'I.".uu:r.unl.'l.ia. ahe Tecmilogin de Sanemmento Ambiestal (ZI05)
® Boreemng Tevel regions 3, 6.9 (LIS EPA 200 5)

of this study and the Canadian and Brazilian guide-
lines is shown in Table 5.

In the case of Cu. which was quantified in all =oil
samples (a5 shown in Table 1), 100 % exceeded the
Canadian gusdeline for each sample type. and between
11 and 59 % of the samples, depending on the soil
tvpes, exceeded the Broxlion puideline, The mean Cu
in soils was about 3 Gmes the Canedian guideline for
residential/park areds and agriculural soils in peri-
urban areas, and 6 times higher for agncultural soils
near tailings, The concentrations of Pb also outranged
the limits of both soil quality guidelines in some cases.
Mean Pb concentrotions were below the puidelines
Timits, bur 29 % of agriculiural spils and 6 % of
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agricultural soils near tailings exceeded the Pb Cana-
dian zoidelines amd 6 % of esidentalfpark soils
exceeded both countries™ limits, Although soils in
residential’parks areas have higher mean valoes and a
wider range of Pb concentraions compared to agri-
cultural areas near tailings, both Canadian  and
Brozilion residentiol puidelines are about iwice their
corrcsponding agricultural guideline. For Zn, between
0 and 29 % of so0il samples exceeded the Canadian
guideline depending on the sample type, and all the
samples had lower concentrations compared Lo the
Brazilian puideline. Mean concentrations of Zn were
hedow the Canadian guideline for all tvpes of soils, but
samples comaining concentrations higher than the
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Tahle & Percentoge of sumples thal excced Canadian amd Bracilian soil gaidelines

Sample v Lanid vse for pusdeline comparizon Percentage § % b of samples exceeding the guidelines
(CosmdaBraril) per chemem
A Cap Cu P Zn
Agricultan soils ir = Th Agricidiuzl 43%ag" [ 1WET T Ty
Agraciliural wils near ailings (e = 17 Agriceinal ikl 11 TEARL 1l [l
Residendial/park smls {n = 18b Residentualfparklund 37 1A V| 't [
Stressl dust i = 71 Reesidentbal! park lomd 13°3 (43 10EN3T T 413

The “" woparates the percentzee obiadned for Canadn and Brazl] gudolines
A Percentages caleulated @ frogquency ol guanbification because the LOY extimated was higher than the guidebme for the sespective

| D=

limit were located in agricultural soils away from
tailtings and mainly in the residential/parks areas. For
As, the Canadian guideline (12 mafkg) is lower than
the LOY (36 mefkeg), and As was quantificd inonly 15
O the 42 samples. Therefore, sll soil sangples in which
Axowas quantified by XEF outranged the Canadian
puideling. For the Brazilian guideline, the agricultural
value was also lower than the LO); thus, all agricultural
samples quantified showed concentrations above the
puideline. For residential/parks samples, the As
Brazilion guideline wis higher than the LY, and less
samples (17 %) were above the guideline.

As shwown in Table 5, for every metal and soil fvpe
stuchied, the Canadian guideline had a higher {or equal)
percertage of samples outranging he gudeline, come-
pared to the Brazilian guideline. This iz because the
Conschan guideling has lower gudeline values, or is a
e conscrvative limit, This makes eviden the need 1o
defing an appropriste guideline for Chilean sols.

Dioe to irafific and indusirial aimospheric emissions,
urhan soils may receive higher metal loads than rural or
agriculiural snils (Massaz et al, 20006 Chiber studies
have prooped Cu, Ph and Zn in one cluster linked 1o
anthropogenic sources (Mama et al. 20025 Imperato
et al. 2000; Maoller et al. 2005}, ns it appears e be the
case of Phoand Zn observed in this study, Nonetheless,
the proximity of many tailings and the prevalence of
wind-doven dispersion can be considered as key facions
in the occumence of metals in Copiapd, particularly for
Cu in soils of urban and peri-urbun sites,

Metals in street dust samples

There are no established puidelines of metal concen-
frafions for sirget dusts, Thes, Table 3 compares sireet

dust concentrations o residential guideline values for
sls (Table 4). Some street dust samples widely
exceeded e Canadian limit for recidential soil for Cu,
Pb and Zn. For Pb, the mean value wus below the
Canadian guideling, while only 7 5% of the samples
exceeded the Pb swdeline, On the other hand, Co and
Zn had higher mean values when compared o the
Canadign guideline, and for Cw, all 71 samples
exceeded the soil puideline. The lares Co concentra-
tions in street dusts could be attributed to the prosence
af Co tailings i the area and the current and past
atmospheric emissions from the eal Cua refinery, The
effect of these sources may be enhanced by the low
mean annaal minfall (18 mmdyear), Other studies
have linked high Cu, Pb and Zn in street dust samples
i corrosion and abrazion of vehicles pans such as
brake linings {e.g., Massas et al, 20H0). Begarding As,
the LG (36 mg'kg) is higher than the Canadian
guideling (12 mg/kg). cousing the same sCenario
Found for the comparizon of soil samples; bt in this
case, only 13 % of sreet dust samples showed
concentrations higher than the LY and this ouirangad
the puideline. For the comparison with the Brazilion
SIIiiII:Ei.I'II..."':‘i. xﬂ.‘r'n[‘ﬂl.:ﬂ |'|:.|'r\-|.|]_:|- n:l.¢£:u:||z|:| l[‘nl Euidulinu,
except for Cu, for which 37 % of the street dust
samples were abowe that limit, while the mean
concentration (690 mg/kg) was also above the Braal-
ian grusdeline (400 mzke).

Street dust samples showed higher Ca, Cu, Fe, Ph
and Zn concentrotions ¢ompared to soil samples
(Table 3), particularly for Cu. The average concen-
watiom of Cu in streed dust samples was about 0890 mgf
kg, compared to an sverage of 275 mgfkg For soil
samples, while the maximum Cu  concentrlion
(10224 mglke) was abowt 5 tinees higher than the
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maximum obtained for soils samples (2116 mg/kgl,
has been ohserved that fne particles in dust contain
Tigher metal concentrations due w their high specific
surface arca (Wang et al, Z006). Several studies have
dlso shown that as the particle size decreases, metl
concentrations increase (eg. Al-Rajshi ot al, 1996;
Ljung et al. 20060, In this study, Cu smelting emissions
and wind-driven dust from tailings could ensich the fine
fraction of dust. Anaother Tactor that coubld explain ngh
Cu comcentrutions in street dusts is the higher levels of
OM concentrations compared tothe other sample 1ypes;
indeed, Cu has & sirong affinity with OM, which could
result in the observed metal enrichment.

Mectals in tailings

For ailings, the valee of upper confidence limit 95 %
(LACL 95 %) for metal concentrations was calculated,
based on US EPA (20020 puidelines, and used for
comparzson with other talmes from Copiapa repoted by
Soublette et al. (2011}, while the comparison with the
Canadian and Brailion guidelines wis performed for the
industrial kamd use. This comparison was made because
mining operations und labilities are nommally considensd
s industriial sites, but according o the Copiapd city
miaster plan. most of the tailings are scattered within the
residential and agncultural rones, manly near the
riverbed and the hillsides surrounding the city (Fig. [

The values of UCL 2% %% and the range of metal
concemrations measured by XRF are displayed in
Tabbe 6 for the Porvenir tatling and the B other tilings
sgmpled in this sudy, shown as a group, Results on
metal concentrations measured by [CP-DES for 4
other tailings (Castelldn, San Juan, Tania and Llau-
cavén) reporied by Soublette et al. (2011) are also
shown in Table 6,

The tailings showed large differences in their
composition; in particular, the Llaucavén tailing had
the highest UICL 95 % values for As (138 mgfkg), Cu
(H903 mefked and Ph (321 mgkei Arsenic could not
be quantified in some tailings, but all wiling samples
where As was quoniifed exceeded the Capadian
guideline for industrial soils (12 mg&kg Table 41
Co, Cu, Fe and Mn were guantified in a large majority
of the tailing samples analyzed in this study, while Ph
amd Zn were only guantified in about hall of the
samples (Takle 1k For Cu, every sample exceeded the
Coanadian guideline, with concentrutions over 24 times
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higher than the guideline value of 91 mgfkg. On the
other hand, for Co and Ph, all tailings showed
concenmations below the Canadian  guideling for
industrial sods (30 and 60 mg'ky, respectively].
Metal concentrations in lailings measured with XREFin
this study (Porvenir and Other tailings) showed the
highest Fe and Mn concentrations, probably because
of a svstematie difference of XBF measurements with
the ICT-OES method used Tor the 4 wmilings reported
by Soublette et al. (2011). For Zn, only one tiling
(Porvenir) exceeded the Caradian  poideline of
360 mgkg, with a UCL 93 % concentration of
1023 me'kz. When compared (o the Brazihan ouide-
lines for industrial soils, only mwo elements showed
higher concentrations: Cu gnd Co, For Cu, every
tatling exceeded the guideline, which is more than 6
limes higher than the Canadian puideline. For Co, two
tailings {Porvenir and San Juan) showed higher
concentrations than the Brazilian guideline (90 mg/
koo, unlike the comparizon with the Canadian gwide-
ling, which has a higher value (300 mgfkg).

The large vanation in elementsl concendrations
ohserved across Bilings sugyesis diverse are com-
positions, mineral extraction andfor lefover rock
treatment before waste disposal. All tailings exhib-
ited wery high concentrations of Cu (UCL 95 %
between 1200 and G900 mp/kg). suggesting that
inefhicient methods were vsed ol the time of ore
processmg. Large residual concentrations of Cu in
the tailings hint a possibility of reprocessing depend-
ing on the market outlook. The high Fe concentra-
tioms (UCL 95 % of J52,000-444,000 mgkg)
represent the main component ef the leflover rock.

In Chile, there are no soil quality guidelines. while
comperizon with mternotions] gondards rises con-
cerna e i dissimilar values wnd different contesis of
application. Generating guideline values that consider
hackground concentrutions that naturally occur in
different aress of the country 15 achallenge that showld
he addressed urgently. Furthermore, having tailings
adyzoent or immersed in residential areas 15 a source of
additional  difficulries regarding  which  goideline
should be used for comparison of contamination level
and nisk assessment.

Geochemical mapping

The spatal analysis of the metal disinbution in street
dusts showed enrichment of metals in différent arcas
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Tahle & Swmmary of metol concentration i Pervenic tailing and 8 othor @@ilings {this stody ) ond 4 other toilings studed by Sochlctte
el ol (20110 in meike (dry weight)

Parvemir Other tailirgs* Casellon Sun Juan Tania Llamcavén
s THS 133 . * B7Z 138
{=<36-541) Tt ] {= 1 2-314) (=l . 2-4.5) {<h 2-112.1) =1 2—Dhbd )
Lo 14 7L 558 [ dqly 49.7
{17-545) (=12-1811 (23.8-T5 1) (2312742 114=10.9) 1006}
Cu 2163 ERLLL L] | 1%} ERF- 1] BRI
(0= 10K ) (RE-2026) {RE2. T4 ) (323 T-159% {17325 [44LT-1521%
Fi 443,850 Iy 0ER 5%172 5951 BT DREY AG.EdT
(3R T=-H72,200) (=ASAME-5] 364y (202903 480} (51581300200 4700805 107 %10 135 =1 5b K20
Mn 2R Al ST9H Rk A LisE 614
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* el concentmions in samples collesied in Porvenir (r = 50 and oiher toilings (8 @ilings, n = 38 were measured by XEF in
this wisdy, while metals in the oiber 4 @ilings were masored by FOP-OES

® More than 50 % of the camples were below the detection limii

of the ¢ity, which can be related 1o the proximity of
tailings and the copper smelter. For Cu, Fe and Co, a
s lar distribation was foand (as ilustrated for Cuin
Fig. Za). Higher concentrations were predominant in
the southeasiemn agriculiural area and the southwest-
e mdustrial ares. These areas are locaied near
tailings and the copper refinery. For Fe and Co, there
wiis al=o a slight enrichment in the northwestern anca,
which is cxtegonzed a5 industinal (Fip 1 Az oppoced
tor this distribution, Pb amd Zn (Figs. 2b, 3a} showed
enrichment in the northwestern industrial area, with
some  ditferences bebween those two melals: An
enrichment of Ph wes also found in downtown
Copiapd, while an enrichment of £n was observed in
the souwthwestern and industnial areas. This s consis-
fent with the common associution of these two metals
with traffic and industrial emissions (Massas et al.
2000h, For Mn {Fig. 3b), o dilferent distribution was
found, with ennichment in the southem end of the ity
Arei.

KED analyses

Major XED crvatalline phoses identified in 25 soils
andd street dust samples wswally incloded guariz,

feldspars. phylosilicates  and  calcite, while some
samples alsn contained halite, magnetite, gypsum
and sideriie. XRD analyses of 27 samples from
abandoned tailings also included the major phases
found in soils and sreet dusts, plos a more diverse
range of other crystalline phases, such as olivine,
hemaiite, andradite, nantokite and pargasite. Sulfide
phases were oot detected in significant amounts,
Furthermome, the prevalent deweciion of colcie in
soils, dusts and tailings along with the arid conditions
af Copiapd mesulted in a lower potential for the
generation of acid mine drainage conditions and
transfer of contaminants o the aqueoas phase.

Conclusions and perspectives

A first geochenical screening was conducied for
Copiapo, a city that serves ns a model of mining,
aridity and unplansed urban growth, This overview of
metal contamination was conducied for three different
matrices: soils, streer duses and @ilings. The compar-
ison of sol concentrations with infernatonal gusdels-
nes showed that the guidelines were exceeded For
some metals, especially for Cuy, for which the
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Canadian guideline was exceaded in all soil zamples,
Fewer samples exceoded the guidelines for As, Ph and
Zn, while no sample exceeded the guidelines Tor Co,
Although these gwidelines are intended for companng
with =oils, streel dust samples were compared with the
residential guidelines as a reference. This comparison
alen showed that Cu concentrations n streel daist
samples often exceeded the limits, as well as concen-
trations of As, Phand Znoin some samples,

Metal concentrations of street dust samples were
mapped to identify areas of metal enrichment or hot
spots, as street dust samples were collected over a
1-km® grid throughout the city. Enfchment areis were
fonmed in the proximity of wmilings and a copper smelrer,
especially for Cu, Fe and Co in strect dusts. Areas of
Zn amd Ph enrbchment were also identified, although
these metals showed a different spatial disirbubion
pattern compared to Cu, High concentrations of Zn
and Pb were observed in the industrial area (probably
due o mdustrial emissions) and downtawn Copiapd,
Some areas of lower metal enrichmeni were also
ichenf feed, which might constitute pessible candidates
far future resideniial developmenis,

Tailingz bocated within and near the cily are an
impaortant potential source of metal contamination, as
higher maximums of metal concentrations were found
in the tailings compared to soil or sireet dusi samples
for every metal except Cu for which strect dust
samples showed higher maximuma, However, XRD
analyses showed a prevalemt detection of calcite
resulting im a lower potential for the generation of
acid mine drainage conditions. Wind-driven transport
ad aridity are fikely key Factors controdling  the
oocumence and distnibution of these contaminants in
the sren.

Ay perspectives of this siudy, Amding innovative
engineering =olutons and cost-effective altermatives
to pollution and dispersion of metals from sbandoned
urban tailings & 4 cntical challenge for Copapd, for
reducing potential health threats, Control technologies
could mclude cover or encapsulation {dry =it
atahilization o geomembrane coverage |, RICITY and
miehality reduction (e.g., soil amendment or phytore-
mediation), and tailing reprocessing for Cu extraction,
Phyta-based technologies shoukd be critically scrubi-
nized and tested before being adopied, considering the
low OM comtent in tatlings and water  scarcity
intensified by urban, mining and agriculiure consump-
tiom. Reprocessing also needs a careful evaluation of

&1 Springer

the conditicns that would make it rechnically and
coonamacally feasible; the high concentration of Cuin
somee Gailings could render reprocessing s an anrac-
tive remediation allemative,

Further studies are still meeded as mose than 30
tailings are located in the Copiapd wrban and pen-
urban ares and eon el as 4 sonree of contimnunts, bt
they have not been studied completely. This study
prosmptz comfirmatory sampling and an - analyiical
effort with a denser grid in areas of hagh metal
encichment. Addinonal studies are also needed for
sites far from pollution sources to determing naturally
occurring backgroand levels. This screeming sets the
hasis for foure risk assessments oward  defining
knowledge-based policies and urban planning. City
planmera and regulators, wgether with scientisis, meed
o conssder the dynamics of pollutant occurrence,
dizpersion and exposure pathways to improve urban
planning end minimize the risks to human health in
Copiapd,

Besides confirmatory sampling and more analviical
efforts, challenges include developing (1) adeguate
imervention guideline vilues, (2} appropriate back-
ground levels [or key metals, (3) urban planmng that
considers contaminated areas, (4) cost-effective con-
trol stratecies for abandoned tailings in wiler-scarce
areas and (5) scenarios and technologies for tailing
reprocessing, Assessing urban geochemical msks 150
eritical endeaver for arcas where exireme cvents
triggered by climate change are likely, as the mud
Aooding that impacted Copiapd in late March 2015,
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Abstract  The occurmence of toxic metals and met-
alloids associated with mine w@ilings is 4 serions public
health eoncem for communities lving in mining areas,
This work explores the relabionship between metal
oocurrence (e.g., spalial distribution in street dusis,
human health indicators {e.g. metals i urine samples,
lifestyle and self-repomed diseases) and sockoeco-
neamic status {SES) using Chafiaral city (in northern
Chaled as study site, where o copper mine [abing was
disposed in the periurban area. This study model may
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shed light on the develepment of environmental and
health surveillunce plans on and cities where legacy
muning 15 o susianability challenge, High concentra-
tions of metals were found in strect dust, with arsenic
amd  copper  concentratons of 24 4 13 and
607 £ 911 mg/kg, respectively. The arsenic concen-
tration in street dust correlated with distance o the
mine tailing (r= — (L32, p-value = (LODD), suggest-
ing that asemc s dispersed from thes source toward
the city. Despite these high environmental concentra-
tions, uninary levels of metals were low, while 9095 of
the population had concentrations of inorganic arsenic
and s metabolites in unne below 332 pe/l., copper
was detected in few urine samples (= 6% ), Our results
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detected statistically significant differences in envi-
ronmental exposures noross SES, but, surprismgly,
there was no significan comelation between urinary
levels of metals and SES, Despite this, [uture assess-
ment and control strategies in follow-up research or
survell lance programs should consider environmental
andd wrinary concentrations and SES as indicators of
environmental  exposure fo metals 0 mining
Commnitices.

Keywords  Mine tailings - Chile - Metals - Street
dust - Urine - Human ¢xposure

Introdection

Currently, more than 50% of the world population
lives in urban areas, & value that is expected o increase
in the following years. The implanned growth of some
urban areas close o mining operations has led to mine
tailings, reaidues from the extraction and processing of
mumerals, being located within the urban liniis of these
cities or in their periurban areas. When ming Giilings
are ol deposited with appropriate conlyinment mea-
sures, wind and water erssion can transport metal-
enriched particles from these wailings w neighbonng
s, L:nfithing streel dasts and soils (Da Silva et al,
20005; Garcia-Giménez and Jiméncz-Ballesta 2017,
Mv o ed sl Z008; Park eval, 20045 Sims et al. 2013),

Street dusts and soils may come into contact with
the population either through ingestion or inhalation,
exposing them to health risks associated with metals
amd metalloids (Benhaddva er al. 2006; Kim et al.
20016 Loo et al. 200 1 Nkosi et al. 2005 Plumlee and
Zicgler 2007} Arsemic (As), for ¢xample, i= a
carcinogenic  agent  (Intcrnational  Agency  for
Eesewrch on Cancer 20012), while other metals such
as chromium (Ce), mickel (Ni} and mercury {Hgi are
mssociated with respiratory, gastrointestinal and nou-
ralone effects (Apgency [or Toxic Substances and
Disease Registry 2018}, Consequently, several studies
have focused on mefal comtamanstion and healih
cifects m mrnmg locaiions around the workd, probang
the relationship belween environmental Comcentras
fions and health nsks (Akinwunmi et al. HN7;
Benhaddye et al. 2006; Callan et al, 2002; Denseiri-
ades et al 2010; Kim et al. 2006 Nkosi et al. 2001 5;
Peno-Fermindez et ol 2006), MNonetheless,  the
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connection with the sociceconmmic status (SES) of
the exposed population remains largely unexplored.
Aa integrated approach may reveal socio-envivon-
mental inequalitics, as previows shudies have shown
that pofluams can be unevenly distributed in the
territories and that SES could determine different
exposures among mhabitants [Franck et al. 214}

Several cases of abandoned mining residucs within
urban areas bave been meported wordwide, with cases
oceurring in the UISA, Spain, Poriugal, China, México,
Belivia and Chile, among others (Aragon amd Alarcin
Hemera 2013; Carkovic et al. 2016; Da Silva et al.
2005; Long et al. 2018; Miller et al. 2004; Navamo
et al. HE;, Meuberger et al. 2000), These cpses ane
mere frequent in countrics with mining-based econo-
mies (e.g., Chile), where mining communities can be
polentially expased o contaminanis orginaling from
the wrban failings, Furthermere, limited wrban plan-
ning and the land market can force people with low
SES 1o lve close to vhe mine talings, cansing poteniial
socip-enviroumental differences expresszed as inegual-
ities e envirenmental exposure and health effects on
the populaion,

In Chile, m particulbar, there are al least 696 mine
tailings, 112 of which are currently active {ie.. they
have a known owner and continue o operate} and
should have comainment messures and continoas
survelllance, The rest are either inactive {Le., they
have & known owner but are our of operation} or
abandoned (ie., their owner 15 nol known, ey do not
have adequate. closing measures of they lack opdated
information), A particular case of inappropriate han-
dling of mine tailings occumed between 1938 and
1975, in which copper (Cu) extraction wasles were
dumped inte the Salndo Biver, in the Atscams region,
uliimately accumulating in its mouth located in the
Chanaral Bay. A large pile of = 220 MTon of tailings
was left on the cosst. creating an arificial beach
covering approsimately 4 km® (Dold 2006), equiva-
lent to more than 0% of the urhan area of the city of
Chamaral. These large mine talings do not have proper
containment mensures, and the metal-ennched inale-
rial is dispersed by wind erosion wwarnd the city (Dold
20K06),

The mine tailings of Chafiaral Bay, with high As,
Cu and MNi confents [Dold 2006), ave been widely
recognized as one of the largest cases of mining-
related pollution. Over the years, several impagts on
the enviromnment, flore. founa and health of children in
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Chafiaral have been identified (Castilla 1983: Mesias
Monsalve of al, 20085, The health statistics of this cty
reved] higher rates of bospital discharges than the
Afacama region and the country for cardiovascular
and respiratory diseases during the 2015-2017 perind
{ Ministerio de Sakod 2017). Despite this, ofheial and
systematic data of environmenial indicators in Cha-
fiaral are scarce. No data on the content of metals in
air, particles n swspension, soil or streel dust are
avuilable, the latter being an important indicaor of
envimonmental pollution (Sahm Akhter and Madany
1993; Yongming et al. 20060 as it receives contribu-
tiom from other motnces (sotl and air by stmosphenc
deposition) and reflects the history of meial accumi-
lation in the place {Acosta et al. 20014; Salim Akhter
Al Madany 1993, Wong e al, 2006),

This study seeks (o assess whether SES differences
affect exposore to metals, as indicated by measure-
ments of metals in street dust and urine samples from
Chadiaral’s popalation, This imfegral approach oonld
be applied inother areas affected by active and legacy
miming in order to identify vulnerabilibes related to
SES undk to develap proper public policies considering
integrated surverllance sysiems,

Materials and methods
Chargeterization of the study sic

We usad the city of Chadaral, lecated in the Atacama
region, in northern Chile (Fig. 1), a5 study site,
Chanaral 15 a comstal city and has a desent climate,
with annual precipitations of 12 mm and mean
temperstures ranging between 10 and 20 2°C {Squeo
et al, 2008}, The commune of Chafaral has o large
extension (5748 km®) compared o other communes in
the Atacama region, Nevertheless, its urban popula-
trom {11083 inhabitants) s concentrated oo small
area (7.5 kmo). Tts multidimensional poverty level is
high compared to the national indicator but simalar to
that of the Amcama region. Thia situalion 5 aor
ohserved wsing income-based poverty indicotars, os
the mining activity provides relafively high moomes.
Nonetheless, occupation raies are lower than the
regional and national levels, Additional details on the
socio-demographic characterization of Chafiaral can
be Fowmd in Online Resowrce 1,

According to the Tatest Mational Mine Tailings
Cadastre (a Iist of mine tailings in Chile and their
Toeatien), here are seven wilings inothe commine of
Chanaral, none of them within the urban lomit, four of
which are inactive and three abandoned. Despite s
extension and the fact that it is pantially located within
the urban fimit (Fiz. 1), the ming tailing in the bay of
Chafaral 5 not regisiered in the latest version of this
caddastre. Durng an unasual precipilation and fooding
event in 2015 (Wilcox et al, 2016), its physical
stability and chemical stability were considerably
affected. The people of Chafiaral manifested their
concerns about potential sdverse health effects nsso-
ciated with the displacement of the ming wastes a5 a
result of the unuseal ran and subsequent mud flow.
The focus of our work was this mine tatling im the hay,
pritnaraly due w0 it extension, i1 location and the
concems of the commumnity on their metal exposure,

Fieldwork and collection of samples

& crosssectional eprlemiological study was cormied
ol in July 2006 o0 a sample of the popalasion. Each
participant provided a wring sample @ detect and
measure urinary levels of metals. The participants
were dlso surveyed in order (o collect information on
their health status, occupation, life style, metal expo-
sure and nsk factors for the most frequent disewses
{self-reponcd dota; not all daa is presented). Sereet
dust sumples were collected dunng the sune period.

Llrine sampling

A representative sample of the adult popalation (18 to
65 vears old) was chosen from the resident population
in the city of Chafaml, A sample size of 158 adults
was defined (based on Conds et al 2016, ie,
considering a prevalence of I8% for the exceedance
of the S0h percentile concentratiom of inorganic
arsenic in the S population and a signiticance level
of 5% 1. using the Open Ep software {Dean et al. 200 3;
Cortés et al, 2016). The selection of biocks and
houscholds was perfirmed based on World Health
Orrganization (WHO methadologies for the study of
chronic diseases ® a population level (Cortes et al.
2016), In each howsehold, an adult that met the
selection oriteria { 1B=65 vears old, at least 8 years of
education, absence of mental diseases, living in the
city for at leass 3 vewsrs and having oo history of
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Fig. 1 o Chofiarad is cased in the Alscama vegion. b Chadiarl
lis 0 Lirge r...il.u_g_ im il |"|:|:|- fied areal, which = pardy leoated
within ik wrhan area. ¢ Locaion of unne (cocles) and sires

occupetional exposure s metals in the mining mdus-
fry } was sclected wsing a Kish gnd (Weorld Health
Organization, 2008). Each participant gave o unigue
uring sampke (100 mL} that was collected in a
sterilized bottle during the visit of the research team,
al the time of the survey, afler proper hand washing
and i privacy conditions. The samples were ke at
4 7°C during the frst hours after the collection, later
maintained in & freezer at — 200 °C inthe local hespital
amd finally wansported o the  Iaboratory of the
Comision Chilenn de Energia Nuclear (CCHEN) in
Suntzago (900 km south).

Cheestionnaire implemeniarion

Personal information {age, sex, education level, place
of residence, occupational exposure, active and pas-
sivie smoking, consumption of aleohol, consumption
of seafocd) was collected wsing a guestionnaire
previously used in other researches (Contés et al.
26y, The gquestonnmee wis administersd by the
rescarch  team, which was  previously  trained.

'@ Springer

& Urne samples
B Strewt dust samplos

] uman timit
N ow L

st (agquares) sampling poinis Sampling points loreack matas
aie preacnied quur:lwl:.' im O line B esvisee 2

Additional information about the guestionnaire 15
preseoted o Online Resource 3,

Srreet! diisi samipling

Streer dust samples (n = 6b, Fig. 1) wene collected
within the urban limit of the city using a regulor erid
with 0,04 km® sized cells. In each cell, preference was
given 1o arcas neer the homes where urine samples
were collected. Al each sampling site, 4 representative
sample consisting of two sub-samples obtained on
each side of the steeel was collected. To obtain each
sub-sample, an area of 1 m® wis swept using brushes
and plastic shovels to collect the dust on the street.
Between cach :qurlq:llulg |u|i||l. beusdies werne "‘."“"E-].'I"
shaken and shovels were finsed with detonized water
tor avoid cross-contamination (Al-Khashman 20017a;
Bemerpes H003: Carkovie ef al. 2008).

Analvtical methods

Llrine samples were anilyzed for Cu, Cr, Mi, lead {Ph),
arsenobegine (As. of digtary odging, wotal As
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(Al and inerganic As and its melabolites (AS
consisting of arscnate, ascniic, monomcthylasonic
gedd (RIMAY el dimethylarsinie acid (DMA)) in the
CUHEN laboratory. Samples were digested and ana-
Ivred for Cu, Cr, NI, Ph and Az using inductively
coupled plasma—mass spectroscopy (Agilent TS0
ICP-M5, Agilent, CA, LISA). Each species of A%
was determined by high-performance liquid chro-
mategraphy (HPLE, Waters 600E, Waters, MA, USA)
coupled o ICP-MS, whereas As., was defermined as
the difference between Ay, and As, . Metals'
levels were not adjusted by creatinine. following
prifocals wsed in other netionol surveys measunng
metals fe.g,, Centers for Disense Control amd Preven-
tom 20005, R

Sireet cust samples were dried at 40 °C for 24 hoor
until the mimss loss was below 5% Samples were then
sieved (=2 mim), digested by method EPA 2052 and
unalvzed for manganese (Mn}, As, Cu, Niand Pbin the
CCHEN using ICP-MS

Replicate samples, standards of known concentra-
tiom and certified reference matenals were included 1n
rouine analyses for bodh urine and strect dust samples
for quakity control. Information on the limils of
detection and uncertainties associated with these
methods can be found i Online Besource 4.

B OCICONOmEG Status

The SES of each Bock was estimuled wsing a
naticnally validated methadology (Institato Nacional
de Estadisticas 20003 ). Based on 49 variables obtained
froam the 2002 Census, a score was caleculated for each
home, congidering data such as building materials and
household besd education, smong others. An average
soore was (hen caleulated for each Block and Laer
classified in deciles, both based om the national
situation (Institutn Macional de Estadisticas 2003)
amd the lecal sitmanon of Chafaral, The Lutter was used
throughout this study, unless specified otherwise.
Additonally, SES was classihed as bow ideciles 1 to
30, medium {deciles 4 o 7) and high (deciles 8w 1)

BTCpS,
Spatial and statistical analysis of data
Greospatial analyses on street dust and unne samples

ad SES were performed using ArcGIS 10.3.1 (ESRI,
CA, 1J5A). The metal concentrations in streer dast

were interpolatéd wsing the Kriging method, which
albowed for the identihcation of arcas with gher
concenirations of metals and he assignment of
environmental exposure values to cach paticipant
{hereinafter referred w as assigmed values). Addition-
ally, each participant was assigned a SES based on
proximity o the blocks

Descriptive statistics werne caleulated for scli-
reparted data on nsk Gctors Tor metal exposore and
concentrations of metals in urine and  street chwst
spmples, Pearson correlation analvees befween oon-
centration of metals in sireet dust samples, concentra-
tion of metals i onne samples and SES were
perfonmed using KT Scar 2000, 102 { Addinsoft ). Box-
plots were ereated o anslvze the behavior of varables
in relarion o the SES, divided in groups, as well 45 in
relation o the distnce o the mine tailing, divided in
quartiles, The Kruskal-Wallis and Mann—%Whitney
tests were used for comparison of medians, whereas
the Chi-squared test was ossd for comparison of
Proporions.,

Multivomate bnear regressions were performesd
using SPS5 version 24.0 (IBM) 10 idennifly varabbes
associated with the urinary levels of mesals, adjusted
by age and =ex and other confounding variables, only
when differences were previoosly established.

Results and discussion
Cremographic charactenization of Chafaral

Drata chiained in the survey (Table | )revealed a high
predominance of females in the sampled population,
as well as o high prevalence of smoking and that the
inhabitants of Chafaml have generlly resided in the
cosnmune and in the same bome for most of their lives.
Mo significant differences were observed in lifestyle
characteristics and risk factors, A stanstically signif-
icant difference was observed in distance to the mine
tatling.

Meta! levels in urine

The concentration of metals in urine samples s
presented in Table 2. A quantification frequency of
1005 and 28.0% was observed for Asg.., and Mi,
respectively, However, only 105 ol the participants
presented Aspg, levels higher than 33.2 ppf/L. and
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Tahle 1 Domographic and Bfestyle charoclenstics of the partciponts, obtained from the responses to the geestionnaire

Sociocconamic siais

Toal Liww Medium Hizls Fis
valw'
Mamber of pericpanis 159 Al BS i3
Femabe popudation (%) a7 Lk 1A T2 T4
Time living in the communc tmcim & 510 yoarsd 426 + 162 G e ol L 443 £ 143 428 + 17.2 43
Time living in the same home (mean 4 S0, vearsh 226 + 16, AL 190 244+ 153 0E £ 143 007
[ristumce to the mine tniling (memn £ 50, meters) 620G & 386S  OTTT & 4564 53LT ok IR IR & 2104 i
Smoking 1) I s 3.9 A4 {56
Wewking & Cu, An or Ph smelter 1% T [LERL 4.7 Q.1 (hAaE
Warking in other activities in copper mming (5] 1.5 5.0 129 3] (3g
Working in artisanal mining 1%} L3 25 12 0.0 X
Winling al @ battery faoory (%) 1R 23 30 nn 0329
Working i a wehicle engine repair shop (%) T4 ¥ Hul #2 1 LTt
Working in manfaciaring of sinkers for artiseng 13 LA 24 ] (a2
thinp_ (%

. :iignilin,.lmn:: level ol 5% gp—w]u-: = U008} is comsileied; bobd ooows iwlicare sttistically aiFniﬁ;nm dilferemes
Tahle 2 Metal concentration in urine and sireed dust samples i Chafiarl

Ul [pgil) Streer dust dmpdkg )

FL - Asy, Co i Pk Or ik Cn Mi Phs Mn
Mumber of samples 55 |55 I 54 154 [54 B ah [1CR /1R
Mean 0.4 154 (.8 L3 <135 .5 XMooan I 52 5
Median 0.8 124 < L35 <03 =035 =35 X 405 13 3B AR
Standard devimeon 1074 126 21 21 <035 Lo 13 91 | 5. 112
Mflima e m <035 0.7 <03F «<D03F =033 <033 LI Ldip i 18 240
Mbasimuam LRER] L M| i 3 <035 449 s 746 T b 855
Wik percemibe Ta.5 & . <35 AT <035 = Nas EX R E 1t 75 B9
Freguency of quantifcarion (%) 981 UH 58 g LEEL] 16 B 1M (LT 1 I LT
Relerence vobue! 7.0 10,2 = i LER A ] = 12 63 43 (11 ) R—

"Soae semples were not measared becawe there was not encagh velumie o pesform the analyses

FUrine refermoe valiues correspomd 1o the USA 9kh percentile (Centers for Discase Conirod and Prevention 2009, 20083, whereas the
sreed dust reference valees correspond 1o the Cinadian Gasdetines for residential sodiz (Canadion Council of Ministers of the

Emeimnment 3185

higher than 3.7 pgfL. for Ni. Low values (< 6%) of
quantification were found for Cu and Cr, whereas all
sgmples presemied non-detectable levels of Ph, No
reference values for unnary levels of metals exist in
Chile; however, the median and Mich percentile values
of A in Chafaral were |LE and 2.7 times larger
than the valugs observed in TUSA in 2003-2014,

4] Springer

respoctively, whereas the values for Asg . in Chafarai
were 2.9 and 3 times larger than its 2013-2014 USA
counterpans (Centers for Disease Comral and Preven-
tion 2009 2018). Mevertheless, the average concen-
tration of As.a was similar o that of a population
exposed to As throuph groundwaier (Wongsasalok
et al. 2001 8), while the average concemtration of As;.
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wias comparable to that measured in the population of a
miming arca in the United Kingdom (Johnson and
Fuarmer 19899, The deails on the compari son with the
USA meference values can be found in Online
Resource 5.

Metal levels in street dist

The concentrations of metals in street dosis are
presented in Teble 2. The average concentration of
Cu in Chafaral (607 mz/ke) was hicher than that
observed in Kaik (Czech Republic), another city with
mine residues within ats wrban area {Drahota et al.
20083, and in cities with impaortant indosirial activities
[e.g. Al-Khashman 2007b; Najmeddin et al, 2015).
Coubver roerals in Chafaral, sech as As and Ph, however,
presented concentrations that were generally lower
compared to other cities affected by metal contami-
nation (Cao et al. 2018; Drihota et al, 2008 Zhoo
et al. 23y Additional details on the comparizon of
metal concentration in street dusis with other studies
cin be found i Ondine Resource &, Furthermore, our
results were comparesd with inwermational guidelines
for smils, as no nabional reference values exist. Mean
concenirasions of As and Cu exceeded Canadian
puidelines for sails of residential and agncoltural pse
(B2 and 63 mpky, respectively), as well a= industrial
use (12 and 91 mgke, respectively), The meon Phb
concentraion did not exceed international guidelines,
but maximum values excesded sudelines [or agncul-
tural and residential sofls (70 and 140 me/ke, respec-
tively), Concentrations of Ni did not éxceed the
guidelines, whereas no references valoes are indscated
fior Mn. Additional details on Canadian guidelines can
be found m Online Resource 5,

Figure 2 shows the spatial distribution of As, Cu,
bin. Ni and Ph concendrations. As-enriched samples
were muinly located near the bay tailing. Samples that
eaceeded the Canadian gudelines for Ph in residential
soils comcentrated in the sonthern area of Chafiaral,
whereas large concentrations of Cu occurred evenly
throughour the city. Concentrations of Ni and Mn were
low, as the former did nit exceed Canadian guidelines
for residential vse soils, whereas the lattier was below
the background value for Copiapa, which is the closest
area with background data in the Afacama region
{unpuhblished results from aothors),

Socioeconomic siatus

Lising the naticnal classificwtion [or SES deciles, o
frend toward lower deciles and @ =mall varabality
within the city was observed, s =~ 53% of the
population belongs to the low SES group. whereas less
than &% helongs 1o the high SES group, It was alko
remarkeble that no blocks were classified in the
highest decile, The distribution map of local SES
{Fig. 33 shows that lower SES inhabitanis were mainly
concentrated in two areas: pext to the mine tailing and
toward the outskirts of the city. Additional data on the
distribution of nationad SES deciles can be found in
Online Resource 7.

Statistical nnd spatial analysis of duta

Figure 4 shows the concentrations of metals in street
dusts by quartiles of distance (o the ming tailing.
Kruskal-Wallis tests reveal that As, Co and Mn
concentrattons  were statistically snd  significantly
different between quartiles (p-values of 0,002; 0,045
and 0037, respectively). High concentmtions of As
and Cu were observed inareas close (o the mine tailing
(= 300 m} (Figs. 4a, bl. both being metals that are
present i high concentrations in the mine tailing in the
hav area (Dold 2006), Concenirations of Mn were
higﬂll.:r m grens thal are furiher Trom the mone I:_iilillg.:»:
{Fig. 4c) and could therefore be attributed o other
sources, Concentrations of Niamd Pl (Fig, 4d, ) dd
not significantly differ between quaniles of distence
{p-values of 0.091 and 0,286, respectvely ), however,
i slight positive correlation was ohserved for Ni
(Chtine Besource B), 6., higher concentrations tend o
be obzerved farther from the mine tailing, whereas
megan comentrations of Pb owere higher in both the
chosest and the furthest arcas (Fig, 4c), suggesting that
there 15 more than one sounce.

The distance to the bay ming tailing correlated
negatively with 5ES (r = — {166, p-value < (.01,
L., lower SES population tends 1w Live [urtber from
the mine twiling in comparison o higher SE& popu-
lation {Fig, 5a), This is relaved o the land market,
which assigns lower prces o plots [urther Drom
downtown {Rasse 2016), Despite this rend, the lowest
SES group lived next to the mine tailing. As ohserved
in Fig, 5b, ¢, assigned concentrations of Phoand Mn
decreased as SES increased. Assigned concentrations
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of As did nol present statistically significant difter-
ences (Table 3).

Urimary level of metals, pamicelarly As .. ML CT
pmdd Cu. was nod statistically agnificantly different
between SES groups, although it is observed tha

@ Springer

higher SES population had lower levels of metals
(Table 3). Levels of As . in porticular, were not
associaicd with SES in 4 statistically significant
mamner, after adjustment by age, distanee (o the
tailing and occupation, Only seafood consumption
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Fig. 3 Dastribation of Incal
SEX deciles per hinck in
Chaiaral, i ascending onder
of SES {1-10)

wiis pssoiafed with levels of As . 0 As (he number of
davs since a person awe scafnd increased, As;, levels
decreased {f = 047; IC 95% 0.14-0.73), This could
indicate that seafood consumption not only con-
tributes organic As but could also have different
levels af inorganic As, Assessing this, however, would
require monitoring of lacally prodoced food.

Strengihs and weaknesses of the siudy

As o crosssectional study, the methedology used in
this study does not allow for the asscssment of chronic
exposires and health effects. A different tvpe of study,
such ns prospective coborts or panel surveys, is
comumncaly wsed o this effect, However, the proposed
methodology to concumently megsure levels of metils
in street dustand urine, as well as SES ata block level,
constitufes & act of indicators that can be determined
periodhically. Such information would be. valuable for
deciston-makers i local and regional authorities in
creating. and evaluating public policies aimed ot
vnproving ihe health status of the population. This is
partscularly relevant for mining communines, as they
usually value and demand this twpe of infommation.
Mevertheless, the proposed sampling methodolo-
gies have some limisations, sech as metals like copper

and Jed being defermined in urine samples instesd of
blood sameples a5 suggesied by the WHO for acue
exposures (World Health Owganizition 1998), aring
measurements oot being comected by creatininge of
environmental concentrations beme determined with
spat samples amd eximapolaed. Despite this, these
methods are quick and relatively inexpensive and have
been wsed in other siwdies (Aposioli e al, 2002;
Bearbosa ef al 2005, Caeeres et ol 20M5; Ferrecco
et al, 199, 2000 Benhaddya et al, 2016; Kim at al.
2016), making them appropriate for screening pur-
poses or assessing environmental exposure that can be
attribited 1o specific sources, as in Chafiaral’s case.
Additionally, we hove vsed o mulu-elementary tech-
nigque, which can provide results in a timely manmner,
further supporting the idea of a guick assessment.
Another strengih of this quick and inexpensive
methodology is that 1t could allow for the study of
ather vangzhles that might affect environmenial expo-
sure o metals, such os weather. For example, mete-
orological  conditions  in 2012-2013  (higher
temperatures. ahsence of precipitation, lower relative
hurmidity and faster winds in comparison w0 2016, see
Online Besource 1) could have increased  wind-
driven dispersion of material from the mine taling,
potentially increasing metal exposure, Such an
approach wonld have also been useful n determmning
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changes in environmental exposure after the Aood and
mud Aows that toek ploce in 2005 due 1© on extreme
rammfall evenl (Wikeox ct al, 2016),
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Conclhosions and perspectives

Older epidemiological studics in Chafaral have gen-
erated scientific evidence reganding the heslih-gnvi-
ronmental problem, which presents greater risks to the
health of its population. In this regard, differences in
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Ph levels in Blood of children below 15 vears old have
been wentifiod (Cedron 20065, while another study
evalugted risk Tactors for exposure w0 As [Aguirme
20006, Other investigations have measured the con-
centration of metals in urine samples. as well as the
risk perception of the commumity with respect to these
pellutants (Corés 2009 Cortdés el al. 2016} The
relationship between daily exposure to PM25 in
studbents near the talings amd the effecis o ther
respirgtory  function has also been  investigated
(Caceres 2012, 2015; Mesias Monsalve et al. 2018:
Yohannessen Vasquez et al. 2015) This work, how-
ever, 15 the first study to link environmental exposore
(meetals in sreet dust), biological markers (urinary
metals) and SES in people from Chadiaral.

Qur resulis reveal an exceedance of intermarional
suidelines for ressdential and agriculiarl sols in
sireet dust samiples, despite the aforementioned foods,
which produced a wash-off effect {Proyecto Chafiaral
2015). Forthermore, As and Cuo concentrations in
strget dusts presented a negative cormelation with
distonee to the mine toiling {1.¢., concentrations were
higher closer w the mine wiling), suggesting that the
e Gnling 18 & source [or these metals, Concentra-
tions of Mn, contrarily, had a positive correlation with
distance, suggesting that Mn has other sources.

Despite these concentrations of metals, it is note-
worthy that unnary levels of metals were relatively
low. BEven more, in the particular case of Chanaral,
higher values were observed in 2006 using the same
methodolegy (Cortés 200, Interestingly, no envi-
ronmental intervention was made by authorities within
the 2006-200 7 penod. However, an unusually strong
precipitation event took place in March 2015, leading
toy Focads povd e Alosses {Wileox et al. 2016}, Possible
consequences of this nutural disaster could have been
the afteration of (e exposure [0 miPe Wiskes,
hewever, there is no informution available an metal
concentrations in streel dusts before 2015 1w evaluate
changes in exposure,

Comelation analvses reveal a negative corredation
hetween SES and distance to the bay mine tailing, Thas
is explained by the land market siwation, which
assigns higher prices o the city downtowi—close 1o
the bay mine talling—and lower prices to lands further
from downtown, Despite this trend, the lowess SES
group lives next to the bay mine tailing. Statistical
tests reveal that metals in urine samples did not present
stulistically significamt differences by SES, despite

4] Springer

differences in assigeed concentrations of metals in
strect dust This makes it important o anelyee other
aspects such as other sowrces of espisure  (For
example, drinking water, diet), as biological monitor-
ing surmmarizes e comtribution of all sources (food
drinking water, mine tailings, etc, ; the biogvailability
of metals in sreel dust, which can heavily vary in the
same region (Calcagni 2006); differcnces in the intake
of dusts and soils (Roby and Lowney 20121 or
intraindividual variability related o sex or other
vilnerabilities (Apostali 2002; Cocker 20014).

As sreet dusts constitute a risk factor for metal
exposare, i 15 requited that the availabifity of =nv-
ronmental and health data s assested and that o
surveillonce program that infegrates environmental,
health amdd SES indicamors is developed for mining
comamunites. meluding pertodic monitoring of health-
relevant metals, The information obtained will ad in
the development of pollution control strategies and
puhlic policies mmed af protecting the mast valnerahble
population. This is particularly important for devel-
aping countnes that hase ther coonomies i the
extraction of natoral resources, especially  mining
resources, which leave behind residues with potential
negative impacts in public health, It is crucial that such
plans are maintained over time, as factors that affect
metal exposure, such as the implementation of mea-
syures to controd pollution, or even meteorologieal
conditions, may change, Furthermore, the implemen-
tation of such a surveillance progrum will allow for the
evaluation of the achievement of the Susainable
Development Goal 3's target of reducing the number
of deaths and illnesses froam haardows chemicals and
air, water and soil pollution and comamination.
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1. Introduction

ABSTREACT

Towk: medol sxsichment n uban sodk fram ootucnd oml aothropogenic soorees 5 o pable healt comeem thar
challenges sursainakle wkan development. Active e lepncy mimse is likely 3 migor condributor of kecalized
metad palltion 12 reiousce-bieed sonoeales, although other ssirees aseociated with industnal snd wans.
pomaten activities moy also conizibage @ ursan settise, [0 mimng cowntres, mck as Clole, wath oo soul quality
regulabion, public polickes that ssek o pedbect buman healdh shouk] e mekal dissibadion ol padluten in-
dees to eulde interventians, sspecally in wban sreen spaces. To nsg2ss che role of notive 1md legaey mining
waste e withim the wban and ped-orban oress, metal concemmices in e ik of whan gacks were
measurel in thie sy, and Fare pollution indexes were caleolmied Far feur cities of Chile. Copiaps smid Amdacelio
in nocthem Chile repeeseneed e Cides with soend acive and lsgacy minieg wose shes lovavsd witn the
uthian aml pari-ushon arems, while comsobabon La Serem-Caquambas aml Gran Sanbingo sspoecenied the cilim in
mnlning f serd ow that Tecked miojor minbog weeste sites withls thedr iban permeters. A toind of 52 (Coplapd). 30
(Amlacalla), 25 {la Serena-Coqummbel, amed 59 (Gran Santizac) composite mrface =il sumples were collecied
from the arban pades. Coasidering Canodinn paldelines for residential jparkdond solls, the vahie for o (63 mgs
ek wan Pourwl i be enceslal o 77, DO, 100, mel 7 of smopdes collecied from Coplopd. Lo Serena-
Cncuimbs, Andcolln, ond Gran SasHogn, seepectively, The poidelines for leul (1) sz k) and zine (150
mg/ka] were excesdad inless than 1236 of spenples ooldleceed rom Copiopd and Gran Sontlags. Afsenle was oot
maimly quantified [« 104 quanbficahion Feqeacy, quamtificnton lima = 3 mekel The cakulated] modiSed
polinbion load, Memerow, and sod quality indexes midicoted that sodls in the arban paks wers more pollutsd i
citles with urban mine wintes, boweyver, the pollinkn ool Index rasked higber mesal polltion in Grm Saniago
Thz shsly presenibs] the it coonparabnes study of oetal innckan parks of Chile, highlighbing a large proposticn
of parks with soll copper concentrtions ohove e Intermationnl guidelioes, while showdng bigher medinn values
in citiey comtaining wrban mine waste disposal sites

development, and esvimnne=ntal health coocems must be addresed
{Bughardt et sl 25 Womg #f al, 2006, In particoler, uhban

Urthan nrens nre the domimat form of human habitat Sines 2007, guudmin:nl dnin are nesded to :iltuh'.f'_l.' coiatamminated areas ond E'u::ln:
e then 500 of globial popadation has been lving inurban areas, with  subsequent health reb asseasnsents ln nrban envivemmsents, which s dso
an expected Irereses 1o 684% Ty 2050 [Unired Sarians Population deomnaded becmize of the absnes of soil legisladons workbwgle (laln
Divisdon, 2010 Thus, the quality and geodhemlscry af arban envircar wond sl Ander, 2006).
memta hould be properly undemtood s it iz coucinl for masainabls Thie mapid increase in ucbonizotion, combined with the el

¥ Comespoanding awhor. Cenire de Desarrollo Utbans Sustennble CEDEUE, Ponciflch Universidnd Cooilica de Chie, Bl Comendador, 1916, Provldencis, Sontloga,

Zip cosde;. TAKSES, Chile
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growth of population and isdwsrinliaation, hae hamsfilly afestod
ecosystems becanse af on increass in resorce coasumpion and wasts
gemeinbion [Li et ml, 2G] B; Wong et al., 20000 Urhan areas concentrats
anthrepogenle pollution avarcea, such 08 Industdal,  conmercdal,
traffic-rehited nctivities, and municipal waste, These pollution sauces,
combimed with ather anthiopagenie aetivicks o moal e per-ucban
nrens {sueh o ngricubiure misd minbog) asd gecgenle sources (such o=
porewt materiol enckehed in metals), hove insposted sell gualty in eoms
of metal rorcemtration €1 = nl, W10 Woneg =t gl 20081, Metak, =
enyironmeninl stressors, pose o challenge for sustabnable urban devel-
cpment ond public health, which must be addressed through coultidis
clplinary approsclyes,

Sall 15 an essenial pothiwsy for hunsn exposine o contmilnunt:
throngh direct {ingestaon, dermal contact, nnd inhnlntion) oc mdivect
intemnctions (tramsder bom soil o i, owoter, or food choind. The
contansimtion of urhas soils ean be an indicaror of liman exposure o
metals {Wiong =i ml | 20060

Metnls in soils are of particulor ioterest becnose of their potential
romielty, accumulation, and pergsrence (Loo et al . 2012 Woeng et al,
200} and onn pose potential rigk to the popalnticn (Chen et ol 21 i
Lo st ol 2002), with childien and eklerly persons being more
vulneroble them sduls (Landrigan and Goldmnn, 200 1; fisher = o8l
201} Children are move Hleedy te be exposed through sall ingeston and
bond-4o-mouth or ul:;iu-rhbu-mnu& nobvities {Abonhnme, T Tiles
ol IR Yol e al, 1R

An impartnnt source of menls in soils is active and legacy mining
[ kel et al 2 Eap L & il 2L sehilbea=fr e nl.. 2= I'l:|I P{m
Inantly in resource-tased econaies, sudh s Chile, Several snidies have
reported potably Cn, As, Zn, and Pb occusm]ntioss, meinly in agrcul-
cuiral b aoed sedinsents o miling scrivicy arem acioss oortiern sl

centirel (Chile (Aguilar e o, 2078 Aleoumin er al, 2004; Bl
-t b =i nl. . s Carmglind =t al,, 30T De Goegoni =t al, 303
Gitoocrhio et nl. 3004; Higuems et al. X908 Mnoraer et oal, X0,

Cryran et ol 2006; Homero =t o, 200:3). These metal acommulatians
haire been assoebed with the presenes of tallings, which are expacsed to
emsian by wind nmd woter oo acid dransge and relesse metals o the
environient. Inaome cases, tallings bave been foumd i reshdentiol avess
or in their a".l.r.n.rl.ul.l:li.:u.p hangon mud Alvon Hesren, 20013; Chabark
etal, 2008 Muogs wr ol 7079} beemice of the ropld pepalaten groveth
nml n lack of proper nrban plomming. Buthemmoes, due bo inereasing
urhamization, traffie-telated and mdustial activities other than mining,
hnve become an imporiam source of metal concenation Mg, 1993
Wang et ol ¥4 Wong et al, S008}.

Lleten popalaticn ntemets with soll malnly in open spaces, sueh @
parks and revrentonnl foclites. Thus, understnnding the geochemistry
ol guolity of urbon sils, poticalochy o pardks 1L e al, 70085 Lus st sl
20123 which are frequenth visited by the sieer vulnamble papealstions
Cehildren and eldedy persnsl, 8 key for avaldng rigis assoeinied with
bixminm bealeh [fe Bimel e al., 230067 Han et ol 20200

several gmdies hove shown contaminadons by wetals (Ag, Cu, Pl
nnl Zn) in wrham soils in parks, sposts orews, schools, and playgrounds
[ et al, 200 & Ganey et al. 2000 Hane et al., 2020 Magnoovicet al,
E0orr Roditgwes-Ouog of nl, 2008 Yalikwa e al., 20050, This conmn-
nabion hos been assoclated with muldple sourees, molnly from andhso-
pogenic activities { Al banees ot 2005 B et gl 2008), although in
seiee dies, contribeitlan by nanral {geogenle and pedogenle] mstals
(Barkieri =t ol 20 & Li et gl 20} 5) or a nabchure of bath sources {Hille=t
et al, 2017 Mostert = ml., 301 2] hos been foand to he-il'ng:-m'rmL

Tiotal eopcentracion of metale 3 the mest s indicatar of soll
pothation,  despite ot comsidering  bicenvailobility oo osobility
W lsimpmimned mud Pavlovsli, 2007 Bioavailability is relevam foi vish
nsmeagment  (Bradbaos =t al, 2014), bur metol concentratlon. ks
commanly ised to compare anthvopesgente pollidan,

Potlution indexes hove been widely nsed for netwmnl and urbon soils
to evaluate meefal accunvikations and thels anthropogents contribinious
([ong et ol., 2040 Kmim et al, 2005 Momioek of ol |, F0[7 Clizgjie
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atoal . JHE). Bonss ndesed. nsarpeata & spectfie matal, sch ae son-
cemtation fador (Cf) nnd accunmlation index {lpad, where both o=
cnboulnted bosed on o pre-industrial reference walue or background
referenee lewel. Thevefore, ualng mn index for wrban solle can be gues
tiomble bemume of the e imposibilicy of detemming the
geochemical backgrouml (gecgenie commibudenl a3 sols may lave
origioated fom more than ooe source andfos be exogenos, med be
affectod by diffiiee eontaminaton {Adbanes o1 al . 2008 Weng ot al
AL Advamtageousty, Cponn be extended o beused with guidelines or
standarde walues [Cungiie o ol #06L On the-other hand, integraed
indexes thit include different elements {irom n single pollution index),
sach as paollition bond lndes (PLE) and Menwerow pellution ndes (Plye.
mawere)y AE TFallable [Welssnannoes sad Povloweky, 20071 PL is basad
o the genmestric mean of o single polludon index for each mel (Foom
et onl, 2005) wherens Plymeme i3 0 more oouples expresson it
éomsbders the mesdemum single pellution Isdex [Gyuocel o ul., 2077
Wik =t ml, 20170

Anather way o evaluste the aloopogenic contribution o soil
pollutbon b the soure apportcament spproach [ Mestemetal L 2002500
et ool 3P Owoet al, 205 Howeser, this np]n'nu:h IEUIres vast
Enowledge about the pollufion surees o obinm presse renlis of the
use of n roust amd locnl spotind receptor mode] (o e ol 20n), which
s complicared tonchleve bersmse of multiple pollution sources, aich e
tnilimgs smd induistrial octivities, Ancther approach could be compasing
equivalent beekgronnd avess, with and withaut a partieular acrivity
{hang sod Thernton, 15%8; Olndipaetal |, 20] 4, the latber being used o=
a caniral sres.

Tnitegranied Indeses ave commonly wed b srwlvsnmental ossmment
in large nrens with plonning porposes (£ = al | S0 5), Genemlly, the
cleice of imegated pellution imlex bas besn arbinary, The st
frequently used ndexes oore the geeacounmdaton lnlex, the avemage
]:Iu]]uﬁ.l:rn melex;, nd the Eﬂulq;iuul mrk fmoter $0m & al, 2015)
fulpoting o proper index iz key for umdersinnding the degrss of
combamimation. {ownlshn e ml, 20000, comsidering both soil use and
purpese of the lndey. Aceoding to Cal o1 sl {20155 the ecobogical dek
inglex and Py, e Wer= 0 2ood genernl-uss mds=x cngdering diffeent
eiiterions of compatizan (like sensitiviry and aocumey) nEng empiteal
and real datn, Integanted pollution indexes are ussful tools to priostize
renwdintion and aetden ploss to improes aod qualiny snd deodd Buman
exposure, prtentinlly previding n mmking of cities or packs. These tools
are furthir mportank in acates with wo soll quality regulpticos o ee-
comendntions far metnl concentratians in residential soils,

In recent years, there hove been consporative studies of differet eoil
parllutdon indewes [ Abeavaly et al., 2021 Cal ef al, 2005, Kewalska #tal |
oL These sudies showed that the perfoomance of sach index will
depend on each specific cuse stucly, Therefovs, the uss of different in-
dexes aeconding 1o e conditlon of 0 mining country auch s Chile ls
erucial snd is a tenl for evsfusting eontnnyination in wrken soil

Zeveml stisdies hove foomed on the ocourence and health impacts of
mecals In perks or playgrounds (as mentioned abowe), Howeyar, only &
feww stullies himve focused an these nrens in mining-affected ploces (Feis
et al., S Taylor et al, 0] 4) despite the potential mwein] accimudn-
tigrn i these parks and i conseguent hansin exposuce,  Alibogh
pollution indexes have bees used for the comprehenshve svaluntion of
thes degres of eontammination in seile with differect vees, such m= foom-
lared, forest, and wcban (Fesealsha ool 2000 few amndies have used
them in urben =eHings near mining meas. Thus, there is 0 meed 1o
evaluate metnl concentration in wiban scils, such ns porks. penr nining
e g pollivtion ndex 1o gulds palleymnkes, docldon-makers, and
stnkeholders o redoce hamnn exposurs o metnls.

Tl arudy Tl on ceaupaning cities with sisd witlzr cailing io
thee b mbvan and perburbam ares using four pollution isdexes The ames
af thia ressarch were: {13 oo quantfy the saventracian of mestale n che
urtan swils af parks in four cities of Chile, [2) to compars menl con-
centration im clites with nnd withiout mdndeg wagte in thedr urban amea,
and (&) ta explore the use of pollution mdeves for priodtization and
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pustlle palley Fanmicdacan in nslnng s, The evaliation of wetals in
pubdic spaces is an essential fst sege for health risk nsssssme=nt which
will allow us to identify and, in fubuee, take concrete acticns to reducs
the sk o the populstion

2, Marerials and methods

Matal coneentmstiona m solls of wrban parkes were sercened welng
pXRF (partnble ¥-my Floorescenee]) in foar Chilenn ciies. Prom noth o
gouith, thise cities were Coplapao, La Sepers-Coguiniho, Andacalbe, sand
Gian Smustiago (Fig 1. Urban posks were chosen ns public grees spoces
uged by children and elders (a0 et ol | 2000 Shan, 2020), Coplapd and
Anckcalle were selected a3 urban areas where seveinl active and legacy
mine milings were locoted within the acban and ped-whon areas. Lo
Sepenn-Coquimbo wor selected 2 a1 comperizon oien bemuse of s
proxindey 1o Coplapd and Andosalle end the bowor nunsher of ndne
wrste sites within its urban area. Finally, Gran Santiago was sslected mma
comparison area intermns of contamination from the tailings (obsent],
Hewever, a8 this ity igthensodn urbanized ares of the eoantry (eenmis
Fhd of the totnl population of the country) with benvy reffic, it was alss
comnslered a eomparisan ares for the infliense of whsn anthopagenks
sources af metals.

o Aredocolle and Coplapd, the peesence of abandoned mining weste
combined with n dry climnde Eaclitates wind emosicn and it enhonces
amiyisn herle tnsspert of pollirano, wich sould axpaee pepolstien
rishs from patentinl ingestion or inhalation. The deposited dust coukl be
reanobilized depanding on weather condicions, which might alse exposs

.'l':ll'l-'lh'
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lacal populaton [Laldbay er oal . 2005), Thoe, the insparmsss of
annbzing nnd comparing metal concertration ia dust and soils in these
urban nrens using pollution indsxes can bridgs the gap between resenrch
and polleymoking  Additlenally, neo-sdjseent citles without major
tnilings in their urban arens (Smtiago ool La Serema - Coquinbo], bave
been added s a guide for pollution indexes companisons.

21, Site deseriptions

Chile ie & long smd nmvew eounny, which goes from Andean
Mountzins in the =sst o Pacific Ocenn n the west. Fig | shows the
Joacatiors af te four selected Chilean ditiee. Fiz. 2 showe the mumbsr of
inhabitemts of each city (Genso 2007} and the Iocation of milings is
sheaen accordng to the Modoaal Mine Tallings Cadaster {SERNAGED
Mk 23050 1t can be seo that mine milings were concenbroted in
Copuapd and Andseallo,

Capapa is lomied in the Atncans region at an ovemge of 291 m.as
1. ol is charaetegized bra desert elimore, with an aonal precipliation
af 12.0 mun ad an sverage annial temyperarine of 15.2 "C. The main
ecomomic potivity of the cegion mmed muminpality is mining {27 7% of the
repionnl GDP (G Tomeestic Produet) i 2006 (N1, 2016); 44.9% 10
2009 (Canales, 200 5}, respectlvely)

La Serenn-Coquimbo s 0 conurbation of both cibies of the Coguimba
region ot on avemge of £5 masl This mena is choractenized by o dessrt
elimente, with an snoual precipitation of 78,5 nim oo an aversge anmiod
temperate of {346 °C The main sconomic actvity of this region is
mbning { 22 2% of the peglanal GOE) (INE. 200 83 Mining s als the madn

A) B)
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Fig. 1. Brudy shie. A} Bouch America, B Chile, Gk Amcamn gegion (Coplapd), OF Coyulmbo region (Lo Serenn-Cogudmbo and Andocollo), and E) Meroopoliminn regon
[Gran Smsaze), The urban oren of each city i3 degocted in red (for inferpredntion of the references o colour in this Ggere lexend, the realer iy mfemved o the Weh

veniod af this armelel
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B) La Serena-Cogquimbo

B Urban aren
®  Samples
*  Tailimgs

Semice Layer Cradin; Ean. Gamin GEBCD. NOAA NGO, and clrer cosirbulae

Fip. 2. Samples distdbuticn af snilzin the pasks: A) Copiago, B) Lo Semn- Coquimbe, ©) Andaccllo, and ) Grem Santiagn. The smmber of failings: [(MT) within 35
of urban area, o5 defined by the kocal povemnment. the number (NF of sod sammples collected. and pogeolation (P of mach. city e presensed here

economic activity af La Ssrenn ared Coquimbo mumicipalities (26,08 foo
both), followed by persoral seivioe: {2564 and 24.9%, respectively)
[Camnles, 2600 5). However, thaze citiss are not eongid=red miriag citiesn
becanse of thelr digamce trom the tailiogs in the numicipalities,

Andamlle in lecated in the Coguinbo region ot an nvesnge of 1,017
mo.oa.L This ared nleo has & deserr climeie, with an amnual presiplatan
of appraximntely 135 mmard an avemge anmnl dempemue of 17 55
The mmin ecomemde sctivity of the munlcipalicy 2 mining |52.4%)
[Cannles. 3015

Ginn Snntingo city is locoted in the Metopalitans region and is the
capital of the regbon 2 well o the country af an overage of 367 m.asl,
This. aea bins nowarm ond tempemte clissate, with oo anmnl precips-
taticoy ol F12.5 oo and un avermge mnund empemiue of 144 °C, The
eonomy of the egion b based on Gnssedol ond businecs serviess
[23.3% ], while miring secounte for less than 2% of the megional GTHF
CINE, 20148):

2.2, Sampling and analyss

Sail snmples wese collected froan the parks of the fow cities. A totnl
of 5.2, 26, 30, and 59 topeot] (0-15 cm depth) saples weare Tandomly
collectsd from Coplapd, Lo Ser=nsrCoguinsbo, Andacollo, ond Gron
Somtioggny, respectively, The Iocativna of the pks snmpled in the cities
are presentod inFlg 2 En ench pads, four randem: polnts st & distanee of
=3 m From eneh ather were sanipled with o stinlese stel siger smd
coanbite] to obtain one composite sample per park sinsilar a5 described
In Carhewie o al (20060 follewing atsndardized protecols. Sanpling

tools were wisbed with deonmed water before nnd after sonpling 1o
avald erces-conmnunotdon. Pror s analyals, all asmples  wers
oven-itried at 400 md sievsd o <2 mum in the lnbarnory. The pH and
metal sontent: of the sangpdes were analyeed.

2E1, Anebtized methods

Zail pH was determined with 8 pH meter {Thenmn, Ovicon 4230443
nsng n el toowaer ratio of 1:2.5 (WA [Panm aned Geotheyrou, 2006,
The total metz] combent in the soil wes determined using a pootable Xany
fluccescenee speciromsster {portable nnoe-¥ Delts DEG0O0) follewing

il same methodalegy e i Cakievie ¢ sl (20706), Each elenent wee
valbdnted, with its limit of guamtification (L0} being previomsly eso-
muted for the same sudy aren (Cachonic e nl 20063 The volideted

alements were A, Sa, Co, O, Fe, Mn, Pband T Addidenally, replicane
saniples, Monks, and reference matarinla were inehoded i che rourine
annkysis for guality senrance ol control

2223 Sieticical analysic

Descriptive  statetics, Pearson  corelation aresdyses, poinclpal
copuprivent susalysis (PCA) based on the covstatiog motls and non-
pammnetrle Mann-Whimey tests were performed for row data using
¥LETAT (hddinech Ine, MY, F8AY Thess snnly=es mmpﬂfm‘m&d o
klentify meetal enniehonest and cormelations between clties and alemen e,
Far statistical amalyses nzd calculation of different indexes, values below
the estimoted L) were replaced by holf of the L {L0/2).

Thie Bartdent’s tesr of epheridty (pealie < 2.2 e—16, which ks lowear
than the definsd significnoee level) md Heiser-Meyer-Olkin oiienon
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(iG], which le abave the sugrested munbnwim of &) dhowed that mw
data of all citi=s nre likely suitable for POA

Concentrations nre compositioon] dnta, which mny exclusively
relutive [afomestion and vequire diffevent reatnwent (n statistical amal
yais (ymciors = b, 200 7). Morsover, expetiences show thot uss mw
data tan teveal orepesting festures (bt ic <an be comsidersd an
Inconydlers and biased smolyss) (Fofevicova eral, 20161 Combdoatdan
with legiate altersatives of the standard smostien] metheds prasent
considemble improyemens (Boente st & 50048), with cenbered logratio
Celid ommsfomscton most used o geochemsicn]l anidies, For these res
sans, Penrsan covelntion nnd PCA was developed in oy and tmns:
fommed (el) dota. The elr tamfomecion was perfornsed using the
CaDaPack software (Comme-Cull med Thig-Henssnoe, 2011, comid-
ering As, Cn, oy Gu, Fe, Mn, Pb and Zn

223 Pollaor e
Crmeentration fnetor, sl=n enllsd the contnminntion Eetor, woe vl
to identify comtaminntion by n single element. Equation (1 1 wos ussd o
caleulare this for As, Co, Cu, Py and 2o o gaidelines are pwailable for
thess memls
L

Cr=—

. (N}

wihere C} 8 the coneentintion of medal , and Ciy is the baseline, reference
walue, or natonal crtern for metal (0 mgds =t ol 2000, Owing to the
imspossibllity of deremmimng the bockgrouml values nzl die [ack of
guidlelines for podl quality for any lend uee in Chile, the concentration
Frcten vwsd cabralated wisdng the referonce sulus for Co, O, Ph asd Zn
provided by the Camadian guiilelines foo residential parklasd soils
COOnIE, 200), For Ag, Brazilian guidebines for regidential soll wers nsed
[CETESE, 20060 hecause values previded in the Cansdian guidelines
were helow the L0 sstmated in this shady.

Contonuration in ench park was determinesd osiog PLEamd Pl e
PLI waa caloulotedd as the peonsetvic mem: of the aingle foctor pollution
inden: for anely metal (Facing et el 2015, which dneluded As, Co, Cu, P,
and Zn {eoncentration fnetar was usedd A meudified PLL was esleulated
usng the arthnetic menn of the concentmiton fector far exch neetal (PL
mnd), similar oo pverage: pollution lndex {Dlieghe oo ol 2008]). The
geometric menn is alweys less thon the nrithmetic menn, therefoce the
use af e aiihmere masmn is morseomsavnrise, with greater differeress
i hescions thar bave boch high asd low concentntion o,

E'#,',_..“M-{".:.ﬂlu!v]: et al, 2071 7 Meearel et ol., 2077 was caleulated
ising Bquaticn (1] as fallows:

Lo [P—— LZ}

uﬁmq iz the single pollution index of a particular metal (concentm-
tian fnetor was used), ﬂ}__l is the neaximuin value of the Gogle pallution
Indden fior all messumd miemls, and m s the number of mesals consideed
(five in this study).

These mdewes were selected considering: {i) their sasy spplicnbidity
by secienitifis on golicy mokes, (B sanpliciny of fovnn ke thar moke thein
inierpretation easter, and (UL thelr sommen wee

Finally, n city index wms cnloulated ns the arithmetic or geamestric
mienn-af PLE o Plamses for all pads o sach ey sdditonally, sl
guiabicy index (50l was ohiatmed foresch diy for oll sapples wsing Soll
Quality Inde §.0 spreadeheet madel (COME, 2007). The guidelines
were ipdated according o the standards e othomed b,
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5. Rogiilic and diseiession
3.0, Metol ocowremee

The measursments of cemiral tendencies (adthnistic memm, g=o-
merrie e, il meedian of the mecals {Cu, Mo, Pb, el Zn) inthe park
=ails of the four citles of Clille are presented dn Talle 1. Qther satisics
{stamdard deviaton, frequeney of quontifieation, and comparisen with
guidelines), elements (As, €, Co, nnd Feld, ond pH ean be found in the
appendx {appernulin Tobles Shi1-4)

The arituwstic menn concenotions < stondard deviations (mgdg)
of Cu and Ph were 361 + 1,490 4nd 31 + 47, B + 6B and 24 + 21; £33
+ 666 and <22 and 191 + 127 and 48 + 65 in Coplapd, Lo Serena-
Cogumbo, Andnrallo, amd Gran Sontiago, respecively (Tobl= | and
Appeidin Talle 68140, while the arithneetic mean cncestintions -+
standamd deviatiens {mgdegh of Mn and Zn were 047 = 168 ol 174 +
125; 660 4+ 128 amed <1 05; 1,200 + 397 and <10% and 1,119 £ 129 and
174 + 11% in Copiapa, la Serena-Coquimsbo, Amdecollo, aml Groo
Sanilogo, respectively (Tabde 1 and Appenills Tohle 5M1-4),

The d.l:nem'mg ceder af the diies for the concenbmBon of Cu wos
Andacalle = Coplaps > Gran Santisgo = La Bsrena-Coquimba; for Plo
Ernn Santiago > Copiapd = or = Lo Serema-Coquinsho > or- Andocoflog
for Moz Andeeolls = Gon Sanfoge = Coplapd = Lo Serena- Coquimbo,
and fox Zoe Ginn Snntingn = Copinpe = or — Andocollo < Lo Seren-
Congalnihan, bosed on all the caleulnted central texdenedes Caridimneric
menn, geoanetric meean, and medion} Ik wos oot possible o leatify o
partern for nwat compminoaed citles besed on tese cential rendencles,
such 2 high values belng Feumd only in the mining dries or o single eity
hnvng the highes concentmtion for all metals. The resulis only showed
higher centrol vendeney walwes fox Ca in the cities containing uiboan mive
waste dspoant sl

Cu concentrations rnged from <02 0 13,530 mgikg. The highest
overnl]l valne wos reported in Copiapo, while the lowsst wre foumnd io La
Sspenn-Coquimbe Copiape showed the brondest runge of Cu among all
elthes, with the eoncentaone vanging fom 549 o 13,520 mg'kg

The mnges for Poy, Mo, and 2o were nnower than those for Cu,
berwesn <23 and 432, 463-2,455, and <1 05935 mg b, repecively,
Thie liglest overnl] volues for Ph, Mn, sd Znowere epocted in Gron
SZantags, Andseslla, and Coplépd, respectwely. Sinnbnnecusly, che
lowvast values for Mn were foond in bn Sesrenn-Coquimba, wher=as all
cities reported <22 and <103 mgAgE valves for Ph and 2n, respectively.

Arsenic wis quantified a few times (< ) 0% quuzifimtion fregaency,
quemtificntion  limit < % mg/ks, ooly goootifed in Copinpa)
s pennlid Tehil=a 50014 0, with a3 highest overal] salue faund to be 159
mg/dig. The high value of As found in Copinpo contmsted with other

Table 1
Three cendral dmdencies for metal concenhistions in the parks of difzsent cities
afl Clle

rmr by
Cu Mn P ]
Copaagd Cminlng Arichmietie mean 3 947 ]l 114
iy} Ceoratric mamn 172 us Lo B U < )
bladian 154 a2 oF iid
La Serena- Arichmetic mein BO i 4 <13
Coquinbs. lecmstnr mann GE iy <3 2L
Sadan BE azv == = LI
Anlaralle |mining Arstlhousts mann B33 L3 =2 =3
ol Geasmeearie nivsan L1:e} L4E  E] <3
Mmiian B0 fask «im <
Jran a dursl maan R4 (N B ke
Genmeniic nin 15 LIk A3 152
M 15 LI 2 15
dabins Canufan- Reddessal) ] 148 zm0
prebibnd
Braailen-Residannal 2,1 M0 F,m0
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elttes of Chils (e R eghail e oad, 2003 F:lhlll'glﬂ'l Orak o gl , 2R
Tomee =t al, 20143, but wis similar to the wlues repocted inthe studies
conducted in nocthern Chile [T Gregon e ol 2003) oo lower thon the
walues found in indusittal areas {Toume & ol | 2050, This value was
similar to other previomsly reported values far Copiapo {Cackovic s ol
20kaa This muighe be explained Sy e natueal backgroursl of the area
il esloleg netdvine In Coplapo. Previows suslies by this groug o
Caplapd showsd the Az eoscenmnbios ranged betwoen @ aed 182 mglig
in per-orhan geomatednls ot poblished), with & caleulnted back-
groumd of F0neEskg (Movs #1 0, 2009

Mining cities (Copinpo and Andscollo) did not show consistently
higher nean concentrations compared o non-nuiolog eltes {La Serena-
Coquimibe and Gran Santngo), auggesting thar pellution soaress, in
neddition to mdnisg, sich ns traffic emd incustrial emisians, coexisted in
Chilsan cities [Cnrves =t gl 200& Mosm elowl, 010 'r'l'II|IE et ml.,
2006 Addidenally, this resalt could ba explained by the high wan-
nhility of metal coctents in the milings dus to the geochemistiy of the
processed are-bosy (SERMAGEOATIN, 2020). Howewer, the highest
cuverall walues for Cu, ¥, Aa, and Mo wese slao fousd n dwe nuindog
cities, suggesting that these neetnls were specfimlly reloted to active aoul

legaey mining, and the geology (o thess sreas

2.2 Conpansor wih the gekdefines and reported valiees muslaly & wlaan
seds o pards

The averoge consentvations of Ag, Co, Co, Mn, Ph, and Zn wese found
to be in the moge of the volues chserved in the cities of other countries
and Chile, except for the averge concentmtion of Cu ln Copdapd amd
Andncalle, which wers extrems valuess (nbave the 3™ quertile phis ihres
times the ineruartile mage) (Appemdic Table 55, Howvwever, thess
comcentutions were similar ty that veperted in Haib, a villuyge in Coech
Republie wity tallisge in ita wban aren sndlar to Coplapd (Dy e
mtal 20000 dApertia Tahls S8A51 Mn in Andaeallo ared Gran Sanringn
vepodied simitar valies as that in Copiapd (Cmlevle o sl 2018, whils
the mean vahie of Ax in Copiopd was lower thon that repacted foc Kaik
in Czech Republic {ookoe oo al; 2075,

In the urbem soids af Chile, sone studies have reported the pressnps
ol metalks, nwinly fosusing oo A O, Py aad Zin (B eednog elal,
2000; Salninnighnbeshd o ol 2015 Tonse ot al,, 2004, 20000, 20 g,
FOIOL The maan valies E:a' Ae in tha parks wain 1.u'|.r.hlr|. tha g, &
reporied in previous sudies (Appendiz Table 24451 The mean Cu com
centration (0 Andarally wos greater than thoss repored In previous
studies. G Samtinga mmd Copinpd alsa showed higher nesan values foo
Cui than those found Lo the ciths of Taleabuane, Humlpen (south of
Chibe), samd Arien (ponh of Chilel (om-minlng citbes] {Ap el Tabk
k) Pl hee besn vepoited o lave highs cocenuatimes o Puchun-
covi-Wenbmnes (msil ml.'rnmd.i.u; sl vﬂh;:ca], Talcabunne, amd Avim
it i.E:I'ﬁ-l.'lM.tﬂ.l 'h-l.l F-:llu..u.l.l.'hl!m.-!u e ] T 5h, T ol sl (207 4,
and Tams o ol (26186, respectively, than thess found for all the dries
selected in this shly. Among the citiss slected in this shady, Gron
Samtisgo exhibited a hi ghes mean volue for Zn, which wees lower than the
walues reported {or Talmhuzmo in Toars et al. (3014 aml Area in Tums
T il {EOEEEL

Purtheanpare, vodues in ench parh were comypoved with istemationsl
guldelines prescribed for resldential solls Canadinn guidelires wera
used for nll elements, except A=, for which Bmzilina paidelines wer=
uged. The values for Cu were found o excesd guidelines Lo all lties
(D%, S0, 1009, oo 97% of samples of Copinpd, Ln Serenn
Coquinibe, Andncallo, and Gron Santingn, respectively). The Canndinn
giidelines for Phoand Zn were excesdesd I o Fw smpks, only in
Coplaipo and Gran Santagp {24 mid 556 For Phboond 9% nocd 12% for Zn,
rempectivelyl Fou Az, Brzilion guidelines wos excesded in three snoples
of L'..:-plq:.é- {4040 {".||I ek Thakdes SB9T-4). Oy resesreh Fovmnd ;ﬂ.l.‘l.l.'i\l
that exeeedid the sl guidalines for the prorection of envdrenment snd
huminn bealth, implying & potentiol health cisk to the surmounding
population o people whe mse these parka for recreation] purposes.
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232 Srafsveal amshsiz

3.3 (. Raw dea

Far all samples of all cicbes, Az {metallold) concemrations showed
positive correlntions with Cu, Pb, and Zn ¢ = 007, 0.6, and 06,
respectively, all significant, note A8 had low quantification freguescy
1o 103401 The presence of Cu, P, nnd Zn hos been Hokeed] o amtho opo-
genle ssureae [Nasie ar ol, 2000 Moller sr &l | 3005). Addidenslly,
positive correlnfions wers foumd betwesn o and Felr < 0.8) and 20 and
Fb i = 091 Coand Fe have been eomabdered o be predominancly
derived from geogenic sources, wherens Zn o Pboore coonmpoly
azdoebated with tiaffie embssdons and the wearing of vehicle components
(L el il FOENE: Mussng er @l., 20701

Do o their differemt geslogicnl corditions and | onthmopogenic
presaves, ocorvebation e betweeen the neetals for each city wi per-
fowmed. In Coplapd, all comelatians (mentaned shove) vwere found ta ba
higher, nuainly for As with Ph and Zn, Addidonn] oocrelations wers nlso
found {Gu with Ph end 20l Previous studies in this oren beve shown
high Zo and Pb concemorodons In soeet duet in (sdusirial frelated o
inclustrial amiesions) nnd deowntown ez (Carliove et al, 20161 InLa
Ferena-Coquibmbe, ne song coirelation waa found, exop for Phoand 2o
ir = 0.7} which showed Jess strength than the trend observed for all
eithes together (mate thar Fe and A8 were not quantified n this oo, o
Andaralla, rnly the correlotion betwesn Co ond Fe wns fromd o he bigh
=08, while Phoand Zn showad a significantly weak relaticoahip,
probably because of low population md tmific in the city, ol A5 wos
ned quantfied, Finally, in Gran Santiage, comrelatdons between Co-Fe
and Zn-Fh ware dmilar to that of ol eites wgether, and teo new oor-
relntions were found betwesn Fe-Mo nnid Co-bin (nod stromgl. Arsenic
wag ool epadnified in any of tle paids of Gran Santingo. sdditonal in-
feomaticn and details ave provided in Appendix Tables Shis— 10

PCA shenwed bwo moin components F] and F2 with eigenmliss =1,
whirch mprecente] 65% of the cumulotive toenl vordemes of all samples
The fErst component (F; 37% aof the toml wmdance) showed o bigh
eoqrelation with As, Cu, Phand Zn (=0.7], The second conponent {F2;
26% aof the tom] yarzmes) showed a high com=lnbon with Co and Fe
=007 ) and mesderare with Mo (=055, Mo owas @oiped with Be and Co
(e Appendin T 583110, relobed taa gropenic origin (Musas et al,
20101 The PCA mesults for each sty walsd eneh athes (results mot
shemm, supgesting different souress of metnls in =ach case.

Differennes berween Co, Fe, Mn, and pH in mdedog ond pon-ndoing
citien wers not satisticnlly significont (p > 0.05), suggestng similar
comcentrutions likely from geogenic origing in the study nren. Monn-
Whitney test carded our for paived cithes did net showr satistieally dg-
nificant {p > 00 differences in the comcencmtions of: 113 As bebween
Copiape-Andwmollo, Copinps-Ln Sereno-Coguimbe, ud Copiups-Gron
Sanzags, which was probably due to the high quancifiention Ensle sor i
the pXEF merhed; (20 Cu barween Coplepd-Givan Santiagn; (31 Mn -
tween Acloccllo-Gren Santiage; and (4) Ph ol 2n between Gopinpa-La
Sepena-Coquimbo. These resuhs suggested ocher souirees of coptamina-
tion besidas nEinineg, such = indueirial and onffc sctivities.

253 Trsformed clr dang

Corvelatbons based oo compositional oansfermed datn set showed
differenpes compared o mw data. Unlike Az in rew datn, trmsformed
elr.Az not shesvad high eoirelations with any elemsenr. Pogdtive eorme-
lations were founid bepween ch Gao and clr Pe (1« &7y and ele 2o and clr.
Pb {r = 07, slightly Jower then with mw dam Additionally, mew
negntive corvelations were foumd bemeen elr.Co snd eli.Ph it = —0.6)
and clr.Fe and ele Phir = ~0L6k Additionn] infoometion nod details ones
procidal in Appendis Tables 2M11-15,

PCA shewed thees nnln components Fl, F2 and F2 with elgeovalaes
=1, whish epresenrad 708 of the cumolative total vndanes of all
smples randormed. The st component (Fi; 35% of the wotnl vazi-
ance] showed o high conelstion with el Co and elr Fe { <008} amd with
cle. Pb and ole Zn (=0.8). The md:mpnumt{?t 27% of the twinl
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varbarea) showed & high corralanion with clrae snd di Ca {=007) and
with elr.Cu < -065) nnd moderate with clrMnp (=0055). And the thind
comyponent {F3; 1% af the torn] varianee) showed o high comelation
with elriCu (0065 [ges Appenidla Fig. S0, clrZn and elr Ph wers
moos cl=ady separnte=d from other anthropogenic el=ments n the
comupeslticral transformed plot, which ace relavsd with madfie sctivites.
Altbough the oljective af the study 1s not to Identlly smision sousces,
thils preliminary PCA aoalyeis prevides lafermetion on the potencial
soumee of pollation and relation of elements.

A4 Pollufion iedex

I thin study, threshold pollution values, meteod of baclgground
vealisa, were nead becaise of the difficulty of abtining these valies for
urban sils{ A lbanese et al, 2008 Wong et nl, 2006 nnd the focus of the
sty bedig baalth rish. For the thresholl values selecred in this ensdy,
sail quality sinndnads prescribed in the Conndinn guidelines foo the
predectinon of anvivormwestal and hunsi haalth fa reeidantial porldand
sotls were nsed [CURIE, 2000, wihidle Brazibian gildeline {5 Panla) for
resld entnl sodl were used for As values (CETESE, 20161

Selecting a proper index i key for undeptmnding the degree af
enntamudaton {Favenlela sr sl 2010, soreldering both soll bz and
purpess of the index. In this study, both aspects were peflected in the
selection of the threshold pollution value An ndvaninges of the seleced
indenies was thar they were enstly applienble, however, they lacked in-
formntica about metnl availsbificy in soils for d=k nss=sment, ard their
aggregarbon dess et consider wedghng facters {owalslos e ol 20087
Accomsling o Coi =t ol 12015 Plysmeny i2 2 good penernl-us index

A

PLI index
n -:":I_

& >1 and <=2
® =2 and <=5

—
B 3.5 T Ficemabn

Baniim Laye Crodit Ewl, Garmin, GEST0, ROAA NODC, and olfr Comnbalos

Fig. 3 FLU dissribucon &) Coplape, Bl Lo Serens: Coquinbe, ©) Andicolle, and D) Gran Sandass, Only one semple ds shown 1o ced (for megeenton of the
references bo colour | i fgure legend, the peader is referrsl to the Web vension of this mticie]

T
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Modified PLI index
. =i
e >] and <=2
=1 and <=3

3 30 Trommn @ =5

Sardo Laver Ty Esn, Gamn, GERCO, MOSA NGDE, sl ithas contilner

PFig. & PLI mdl illsoribaminn: A Coplrged, Bl Lo SerennCoqulzbs, OF Andneadles, amd 00 Gron Santlszea

which meets the objectives of this sudy,

PLEs are showm i Tables 2 s 3. Gonssifientions besed om Wel al
Wong (200 03 abudy ave s follows (for mean value, almilar PLI mod; the
game wale For PLE and PLD nusl waz vsesd for smplicty amd eonpeain-
bility k low level polluticn if FLI < |, neodemte bevel polutban if 1 < PLI
=3, high kevel pollutionif 2 < PLI<5, and extremsly high level pallution
if PLI =5 Aecordlng to this cdasifieation, 97558, 2%, and 0,53 parlis
chewved low, modemie, and high l=vel polhition, respectively, with no
purk exhibiting am extremely high level polhrios when the geametric
pnean was isad far the ealeubition of the PLE (Tabke 20 Hewever, when
the nrithnetic mean wes nsed (PLE mod), this clasifention dhonged 1o
11.7% parka showing high o exneme level pollieton (Table 30 In the
first case whers geometric menn was used, oaly one park in Coplapd
shewed bigh lese] pollutdon, swhich wos concordant with the high
comtamiration fnmd m the mining arsss. In the secomd core whens
arithmetie mean war ned, paris in Coplapa, Andaesllo, and Gran
Samtiogo showed high or extremely kigh lewels of pollution (23 i total).
Morenver, parks showing extremely high-level pollution were sltuted
in Andasalle and Copiapd, with borh being minkng aress (four io total
naul equally distributed i

Plrmmmew 8 s i Tibile 4, with the podlitios clisses being: = 01,
clenn; 0.7-1, warning linut, §-2: slight pollution; 2-3, medenate polla-
tion: nmd =8, hmr:r pqll'ul:iu-n {Gopiconis =t al. 397 Masiek = al,
20071 Accoading to this ixlex, oo pards dasifi=d ns clean, and 199,
13w, and 16%: fell in che weomdng Hande, moderate, and Beavy pollution
clesses, mespectively (Toble 43 Parks closified under moderate sl
by pellurion clases weas located In Copiopd, Andacollo (hath min
ing cities], nnd Gron Santisgo.

Thae paili-wiss distibutlons of the bueguesd indeses o che cliis as

presented in Figs 55,

Inedees inegrated by citv ave lired io Table 5 Two of the rdetes
ranked the cities nx Andacallo > Copinpa > Groan Santiago > La Sepenn-
Covguloobeo { PL] muod sind Pleemsosd, 20d only one ranked as Andoeollo
= Gran Santisgo = CopEapd = LA Seena-Coqalmbe (FLD (Talde 60 La
Serenn-Coquimbo was olways cotegocized ns the city with the lowest
pollutivn level (indepmsdent of the imles used), which was conomdant
with bte condiden aea lew denslty eomparison sdoy withour majer mil-
ings. Andesmllo mal Copinpo ar= mining cities, where toiling withaut
proper chemicol and physicol stabilization are lomted near the papu-
Iation, while Gram Santlago ik densely populated ciry compered 1o the
ather Chilenn cities [wi'lhh[ghatu‘mq:hui.c puUuJ:[-m. (Hovaquemn. 2003
All integinred indexes did ned alvays dassify mining aittes s nwoe
comtzmyimaied than non-mining dttes, conbnry o the expectarions.

EaQ)l scaves abtained are dwosen dn Table 7. SolH Index considers
thres factors for its mloulstions: (1) scope (percentnge of prannsetems
with mo eomplisnce to their respective galdelines), (21 fequency (per-
cepinge of dndividunl concentmtions with no compliznce to their
respective guddelipes), and {5 amplingde (guantity by which the con-
it ¢xesed their red pactive guldelines) (COVE, 2007}, Accordng
to the developers of the ind=x, it can be ussd to compore contaminated
sites, S0 e dassified a8 very low (%100 low (70-30, nwedian
{50-7o}, high {30-50), and very high (0300 {0cniE. 20071 The ranking
of contuminnted cities using this seore wns Copiapo = Andacollo 5 Gron
Zamtingo > Ln Serena-Coguimbsa,

Finally, the three inregrated Indenes (FLEnsed, Plomecam, and So0H)
shoowed that niining aress were mare polluted thnn non-mining nrens.
Hevwiewer, ane ivtegrated lixdax {PLIT showed that pollumion level ot Gran
Eantingo | nor-miming city]l wos shghthy higher than Coplaps (nmmg
cityl, with all chies belng clasified under low level closs. This bigh-
lighted the impoatnnce of selecting the index judicicusly, and nlso thot
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b 08§ B OAE THlenews @ =3
Berrebiad Lwes Coosgbin: Ediv, G, C0G0 MHHOAA MGG, sivd il iwrliieslign s
Fig: 5 Plyigume drtdmbion A Copinps, B} La Serena-Coquimbe, C) Anvbesdln, aml I Grm Sanitapn
Table &
City-wise pallution inder.
P P ot | O
value FPolllntdon loed vl Fuluiton kol value Polluiios lowd
Ciglae 3% Lirsy (] Floajei e a4 el ey @re
R S rt-C vl B (LR, ] Live . Lt i =
Aadlazcila 347 Lorwe 1 Hush ] Heary
Cume Swmdagn LR L] Liva e Lt 14 SEzke
o = geometric memn and b = arshmetic mean of the mapective index by ark in ech oty
Tahle 6 Table 7
Ciry ranking based on polloton mdex (freem 1 00 4 where 1 & more csniomi- City-wise Sofil lndex ood anking.
narcil ani 4 &S W85 ooarasvinared, B T T Resskisg
FLlby i PLIGA by ol Pl B3 ity " Coplpd 2 Very bigh "
Cogrisg 8 - | ] La Serena-Caquim b LT Medium 4
L e -G oo SIS # '] 4 Aglarallc aa HEgh =
Andlaroiin | I | Gran Sandngn a7 Hezmh 3
Gt Bantago 2 3 ¥
n = peametric mem and b = acithmetic memn of the respective index by prekm 4. il

eneh ciny.

induatry and taffie activides contiituite sgnificantly to metal consen
tratians in denssly populated cities, such ns Giran Sontingo. io Gron
Santizgo high comenmatioms of Cu, Zinand Pbhnyve besn e pored io the
FI:I.I'I:il:I.I].ﬂ.hI! masvberinl (Sow ot ol 200070,

This stady was the frs to perform geochemicn] screening usng
PRBF for foun Chilean cifiss, which were compared a5 the repredenta-
tives of mining sctivitles. This gereening focused on sodls in parke s
thes= apeas were ronsidersd pollution indoamrs (metalk deposited fom
twaffic and tdustrial emissions accumolare in sell) and pimaiy soaees
of exposure to meals foo the most vulilemble popuation (children and
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oldady peraons visiting rhis cpen apacal

The moking of the conimminsted dties did not abvys show mining
cities to be more cnnmnrinnbed. PLT o, PR eres mad Sofil showed
thet minng srem wete more contmisated than poreminlng areas
Heowever, PLI showed thot pon-mining dties (for sxampls Gran San-
Thage] weie mooe crnmnumared than Copiapd, & city with masy mine
wiesste disposal sbtes located o the whos nren. Thas Incossistency high
Lghred the npormance of judieloussdy seleering the sppropriate dex o
b e,

PLI did oot showe any differesces: in the pelhition classification e
tween nuining nad normining cities ns all cites were dasified wder
thi boww-lewed podlution clasa. [n eentase, LI med chaspified the mao noge
mining eties under the low-Bel palluten elass, amd the e niining
cittes moer muoderote mid high-level pollution classss.

Contrnry o the expectatios, the fndings of this study saowed tht
the comtamination in son-mindng e, such oo Gram Bannagd, with
different pollution scamees com be smilnr to that of 0 cby expossd o
mining netivity. This finding should be comsidersd in the action plars
prepared for environmental remediaden and avgiding . population

EXDOSITE.

Craing 1o bk of mtensl guldedine of sancards far soil quality,
imadewes used in this shady were sseoted bassd on the inputs sequired foc
thieny noed thedr vtllie to rook eltfes or podes (ot o disaggregnted Lesvel) foo
putential vemediaticn and oction ploms, These indexes provide the first
etep mward better undasranding the sccumenes of contmuinan in
urhan aress, enhancing health shudiss, and prowiding o toal far policy
mnbere, decldon:makers, and stakebolders o devalop remediation plars
for aiveas with potential presence of pollutants, Further vageareh s
nesded to inyprove our knmalsdge about metn] concentrations in ochan
bl aress nean mining aned indusnial s o pratectiog enviomr
et and hunsan lealth, beeluding biooeaflabdity of nsstals sod popa
lation exposre,

Tl rmer noed. ronsformed elr date nnaly=is showsd principal fratures
nnil correlatians of metals concentrations, nevertheless, futire wark is
needed o chanererize the geochenics and antaopogende acurces in
each city.

Mlreorer, our resuls highlight e need w evalusie the use of
different imiexes amd their suitalility depending on the ndditive effects
of anthrople activities and the metal backgrounds,

Deelaration of caompering meress

Thee auchwore declare thar they have mo known conspeting financial
intsrests or pesonal relnticnships that could hove appeared s infliencs

thie werk reported in this maper
Achmowledgenenes
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