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Abstract The increasing population in urban areas
in the last decades requires an effort to understand the
geochemistry of contaminant elements in urban soil.
Topsoil plays a crucial role in the exposure of Poten-
tially Toxic Elements (PTEs) to humans through
ingestion, dermal contact, and inhalation. In Chile,
the last census revealed that 88.6% of people live in
cities or towns and only 11.4% in rural areas. This
study presents the first systematic geochemical sur-
vey of urban soil in the city of Valdivia, in the South
of Chile. Topsoil samples (0—10 cm depth) were col-
lected in less disturbed locations within the city at
130 sampling sites using a grid of 0.25 km? squares
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covering a total area of approximately 30 km?2 The
concentrations of Al, Fe, Na, Ca, Mg, K, Ti, Be, V,
Cr, Mn, Co, Ni, Cu, Zn, As, Mo, Sn, Cd, Se, Pb and
Hg were measured. The results showed that high con-
centrations of Cu, V, Zn and Pb are located mainly in
the city’s northern area and exceed international soil
quality legislation for agricultural use. Data process-
ing comprised plotting of individual spatial distribu-
tion maps and the use of a combination of multivari-
ate statistical methods. Hierarchical cluster analysis
and principal component analysis identified three ele-
ment associations. The two element groups V-Al-
Ti—Fe—Cr—Co—-Mn-Be-Ni and Ca—Na-K-As-Mg are
interpreted as a dominant lithological origin related
to the most pristine soil conditions in less populated
areas. By contrast, the Sn—Pb-Zn-Mo—(Cu-Hg)
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association presents a significant correlation with
urbanization indicators, including vehicular traffic
and industrial activities developed since the end of
the nineteenth century in Valdivia.

Keywords Quality control - Cluster analysis -
Principal components - Factor scores maps - Health
risk assessment - Vehicular traffic

Introduction

Recent studies estimate that more than half of the
world’s population lives in urban areas, with an
expected increase of 68% by 2050 (United Nations,
2019). In Chile, the last census revealed that 88.6%
of people live in cities or towns and 11.4% in rural
areas (INE, 2018). Therefore, the interest in the dis-
tribution and bioavailability of potentially toxic ele-
ments (PTEs) in urban soil has significantly increased
during the last decades, and many related studies
have been conducted worldwide (e.g., Argyraki &
Kelepertzis, 2014; Birkle & Rauch, 2000; Binner
et al., 2023; Dao et al., 2010; Demetriades & Birke,
2015a, 2015b; Demetriades et al., 2018; Johnson
et al., 2011; Konstantinova et al., 2019; Cetin et al.,
2023). The contamination of urban soil is an indica-
tor of human exposure to PTEs that could represent
a potential health risk (Wong et al., 2006). Moreo-
ver, the soil is a crucial route for human exposure to
contaminants through ingestion, dermal contact, and
inhalation or indirect interactions (soil to air, water,
or food chain). In particular, the human population is
constantly in direct contact with the shallowest layer
of soil (topsoil). This layer is unique as it contains a
record of urbanization history. Its chemical composi-
tion depends on the natural processes of soil forma-
tion and parental rock composition, combined with
the anthropogenic activities that have been in opera-
tion during its historical development (Demetriades
& Birke, 2015a, 2015b). Assessing the distribution
and origin of PTEs in urban soil is critical since many
health-related problems are linked to the state of the
urban environment (Filippelli et al., 2012; Johnson
et al., 2011; Thornton, 1990). Identifying PTEs in soil
is the first stage for health risk assessment, providing
critical knowledge to take concrete actions in reduc-
ing the risk to the population.
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In Chile, regulations such as Law 19,300 on the
overall environmental state regulates compliance of
soil quality. State institutions, such as Chile’s Agri-
culture and Livestock Service (SAG), Ministry of
the Environment (MMA), and the Chilean Environ-
mental Assessment Service (SEA), are responsible
for enforcing compliance with environmental regu-
lations. Meanwhile, Chile’s National Geology and
Mining Service (SERNAGEOMIN) has conducted
geochemical studies in river sediments, mainly in the
north and central regions of the country, where min-
ing activities may cause contamination of riverbeds.
However, despite the existing laws and parameters to
measure the aptitude of soil, no law in Chile currently
regulates soil quality. Furthermore, clear threshold
concentrations of PTEs in urban and agricultural soils
are still lacking. Thus, it becomes critical to conduct
studies on the geochemistry of topsoil in urban areas
of Chile to evaluate the accumulation of PTEs and its
sources in Chilean cities.

During the last 5 years, in Chile, a few studies
have assessed the geochemical composition of urban
soil in a few cities in the central and northern part of
the country, including the capital, Santiago (Aruta
et al., 2022; Tume et al., 2016, 2018, 2019, 2021;
Valdés Duran et al., 2021). Despite these significant
advances, information about the state of urban and
agricultural soil in Chile and human exposure to
PTE:s is still scarce. Furthermore, due to the climatic
heterogeneity of the country and the difference in
natural and anthropogenic processes between north
and south (e.g., mining activities are focused in the
semi-arid to arid central and northern parts of Chile,
whereas the lumber industry takes place mainly in the
rainy south), the origin and distribution of PTEs in
urban soil are expected to be different.

The present work aims to determine the concentra-
tions, origin and health risk of PTEs in the urban top-
soil of the city of Valdivia, located in the coastal area
in the south of the country. The city started its indus-
trial development at the end of the nineteenth century
with the arrival of European settlers. In recent years,
after the 1960’s earthquake, Valdivia has been the
object of rapid population growth and city expansion.
Valdivia’s topsoil provides an excellent case study to
explore the distribution and origin of PTEs in a city
where different anthropic activities have profoundly
modified the natural background during the last
three centuries. For this purpose, we present the first
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geochemical dataset of topsoil composition of a city
in Southern Chile, incorporating major elements such
as aluminum (Al), iron (Fe), sodium (Na), calcium
(Ca), magnesium (Mg), manganese (Mn), potassium
(K), titanium (Ti), and PTEs such as beryllium (Be),
vanadium (V), chromium (Cr), cobalt (Co), nickel
(Ni), copper (Cu), zinc (Zn), arsenic (As), molybde-
num (Mo), tin (Sn), cadmium (Cd), selenium (Se),
lead (Pb), and mercury (Hg). The natural and anthro-
pogenic origin of these elements in Valdivia topsoil
is evaluated through multivariate statistical methods.

The study area

The city of Valdivia (Fig. 1), located at coordinates
39° 48" S and 73° 14’ W, is the capital of the XIV
Region in Chile. Valdivia is in continuous popula-
tion and infrastructure growth, with a current area of
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1015.6 km? and a population of 166,080 inhabitants,
of which 93.2% belong to the urban and 6.8% to the
rural population (INE, 2018). Its main current eco-
nomic activities are the lumber industries, shipyards,
breweries, and paper mills (CONAF, 2016). The cli-
mate of Valdivia is characterized as warm-rainy tem-
perate with Mediterranean type influence (Luebert
& Pliscoft, 2006). According to the data from Chile
Meteorological Office, the average annual rainfall and
temperature is 2310 mm, and 12 °C, respectively. In
addition, the contribution of the rivers increases envi-
ronmental humidity, the average being greater than
80% (Montaldo, 1983).

The main geological units located in the province
of Valdivia correspond to a set of igneous, meta-
morphic, and sedimentary rocks with ages from the
Upper Paleozoic to the Holocene and are described
in the Valdivia—Corral geological map (Mella et al.,
2012). The oldest formation present in the area is the
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Fig. 1 Google Earth satellite image showing the urban area of Valdivia, the sampling grid and the locations of sampling sites
(n=130), as well as the industrial areas and the main traffic arteries of the city

@ Springer



7844

Environ Geochem Health (2023) 45:7841-7859

Paleozoic—Triassic metamorphic basement, which
belongs to the Bahia Mansa Metamorphic Complex
(CMBM), corresponding to mafic schist, amphibolite
schist and peridotite. It comprises most of the Coastal
Cordillera and Cenozoic sedimentary rocks (Feuker
et al., 2014; Juarez et al., 2012). These rocks are cov-
ered by Quaternary periglacial, glacial, and fluvial
sediments, which filled the sedimentary basins of the
Andean foothills. The city of Valdivia is located on
the plains of the Calle-Calle, Cruces, and Valdivia
rivers, made up of fluvio-estuarine sediments from
the last interglacial period, with heights of 13 m
above sea level and fluvial sediments that make up
the lower terraces, up to 5 m above sea level, of the
current riverbeds (Arenas et al., 2005). The fluvio-
estuarine sediments are made up of sand, fine sandy
gravel, silt, and clay, moderately to weakly consoli-
dated. Depending on the origin of the components,
these deposits are divided into two associations of
sediments that interbedded laterally (Arenas et al.,
2005). The first one is composed of irregular deposits
of clay, silt, sand, and a smaller amount of gravel. The
sands and other finer materials are mainly composed
of fragments of metamorphic rocks and quartz, which
indicates that this material would come mainly from
the erosion of the CMBM (Arenas et al., 2005). The
second one is composed of fine gravel, sand, silty-clay
sand, silt, and clay. The fragments correspond mainly
to volcanic rocks (basalt and andesite), quartz, mag-
netite, and weathered rounded pumice. Locally, layers
of volcanic lithics occur. In the sand fraction, angular
fragments of andesite and basalt and crystals of feld-
spars, magnetite, olivine, and pyroxene predominate,
and to a lesser extent quartz and hornblende (Arenas
et al., 2005). The fluvial sediments are composed
of well-sorted gravel and coarse sand with a vari-
able proportion of fine material and organic matter.
The grains correspond mainly to volcanic (basalt
and andesite) and intrusive (granodiorite) rocks. The
thickness of these deposits is variable and reaches up
to 30-35 m, and the organic matter content increases
with proximity to the rivers (Arenas et al., 2005). For
the urban area of Valdivia, metamorphic and volcanic
rocks are the dominant parent materials, determining
the presence of Inceptisols and Andisols (Casanova
et al., 2013). Soil substrate consists of gravel depos-
its with different degrees of weathering, very weath-
ered tuff and metamorphic phyllites and mica schists.
Soil thickness varies from thin to moderate, and it is
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governed by the extent and intensity of erosion (Casa-
nova et al., 2013).

The urbanization of the city of Valdivia has led
to its expansion toward different productive sectors.
Its industrial activity has been changing during the
last centuries (Fig. 1). During the first half of the
nineteenth century, the city of Valdivia was consoli-
dated as a small and underdeveloped city compared
to the rest of the country, having numerous river
branches and estuaries that crossed the perimeter of
the city (Espinoza & Zumelzu, 2016). Subsequently,
in 1845, the arrival of European settlers in the area
marked a time of industrial development and expan-
sion of the city, filling the estuaries and rivers that
crossed Valdivia with landfill material composed of
concrete fragments, wood, rock and debris for the
construction of buildings and houses (Baessolo and
Fuentes, 2011). The industrial development of the
city increased with the arrival of the railway in 1899.
Shoe factories, tanneries, mills, shipyards, brewer-
ies, sugar refineries, paper mills, lumberyards, work-
shops, and warehouses facilities operated mainly
in the center of the city, Las Animas and along the
Calle-Calle riverbank (Almonacid, 1995). In 1960,
Valdivia was struck by the most powerful earthquake
ever recorded (9.4-9.6 Mw), which also triggered a
tsunami, land subsidence and floodings. Landscape
changes produced a significant migration of the popu-
lation to the eastern and southeastern sectors of the
city, also populating the northern sector of Isla Teja
and paralyzing most of the industrial activity (Bors-
dorf, 2000). In 1988, the expansion of the city began
toward traditionally agricultural areas (southern sec-
tor) (Espinoza & Zumelzu, 2016), reaching the cur-
rent urban planning.

Materials and methods
Sampling and chemical analysis

The geochemical survey of the urban soil of Val-
divia was carried out between February and May
2021. A sampling grid was established based on the
EuroGeoSurvey urban topsoil manual (Demetriades
& Birke, 2015a, 2015b), composed of 500x 500 m
squares (one sample site per 0.25 km?), covering
a total area of approximately 30 km? in the urban
district of Valdivia (Fig. 1). A combined coverage
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method was chosen, based on the combination of
systematic sampling (one sample in every square)
and an unsystematic method (random points). This
approach gave us greater flexibility when defining
the sampling points, allowing us to make the nec-
essary adjustments in the field. A total of 130 top-
soil samples (VAL_001-VAL_130) were collected
mostly in parks, green spaces, and lawns. Also, 10
blind duplicate samples were obtained at points
Val_030, Val_040, Val_050, Val_060, Val_070,
Val_080, Val_090, Val_100, Val_110 and Val_120
from the same soil mixture of the original sample.
The duplicates were labeled with codes from Val_131
to Val_140 and were sent to the laboratory with the
other samples.

A patch of urban land was selected within every
square where the topsoil was least disturbed. Bare
soil or a place with scarce vegetation cover was pre-
ferred; in places with vegetation, this layer had to
be removed. The sampling depth was determined
between 0 and 10 cm, according to the majority of
urban topsoil geochemical surveys described in the
textbook by Johnson et al. (2011), and subsequently
by Demetriades and Birke (2015a, 2015b).

In the field, notes about the surrounding landscape
(e.g., topography, presence of outcrops, land use)
and nearby anthropogenic activities were recorded.
At each sampling point, before collecting the mate-
rial, the soil patch was cleared with a shovel. Once
cleared, a 50x50 cm square was delimited, and
another 25%x25 cm square was demarcated in the
center within the previous one according to the pro-
cedure described by Demetriades and Birke (2015a,
2015b). Next, a 10 cm depth hole was dug. The mate-
rial was extracted from the central hole with a white
plastic scoop and homogenized. Approximately
100 g was collected and placed in a clean 16X 15 cm
ziplock bag after removing roots, coarse clastic mate-
rial, and garbage through a nylon 1 mm sieve. Soil
physicochemical parameters such as temperature and
pH were measured in the field using a portable soil
tester. Soil characteristics such as granulometry, soil
stratification, humidity, abundance of organic matter
and clasts>2 mm were also assessed based on direct
observations of the sampled materials. However, this
information was not considered in the data elabora-
tion process, although we are aware that it would have
been a valuable tool to improve the interpretation of
elemental geochemical patterns. After each sampling

point, all the sampling tools were thoroughly cleaned
with distilled water and dried using clean paper. After
sampling, a scale was placed into the collection point,
and several digital photographs were taken.

The samples were dried in a thermostatically
controlled oven at 40 °C. Subsequently, they were
homogenized, carefully disintegrated with a porce-
lain mortar, and passed through a 2 mm nylon sieve.
Sieved samples were sent to Activation Laboratories
Ltd. (Actlabs) in Canada, where they were pulverized
to analytical grain size and analyzed by ICP-MS after
a hot aqua regia digestion for Al, Fe, Ca, Mg, Ti, Mn,
K, Na, P, V, Zn, Cu, Cr, Pb, Ni, Co, As, Sn, Mo, Be
and Hg (analytical results are provided in Table S1 of
the Supplementary material).

Several certified reference materials (OREAS 45d,
OREAS 922, OREAS 907, OREAS 621, OREAS
263, OREAS 130, OREAS 623, OREAS 521)
were used to test the analytical method’s accuracy
(Table S2 of the Supplementary material). The recov-
eries obtained ranged from 90 to 110% and were con-
sidered satisfactory.

Quality control

Based on the analyses of the ten blind duplicate soil
samples, analytical precision was estimated by calcu-
lating Relative Percent Difference (RPD). RPD was
calculated using the following equation:

)

RPD(%) = x 100 (1)

where x; is the concentration of an element in the
original sample, x, is the concentration of the same
element in the corresponding duplicate and x"is their
average between the two values. The calculated RPD
are presented in Table S3 of the Supplementary
material. In most cases, RPD values are acceptable,
presenting percentage errors lower than 15% for Al,
Fe, Ca, Mg, Ti, Mn, K, Na, P, V, Zn, Cu, Cr, Pb, Ni,
Co, As, Sn, Mo; Be and Hg. Values above 15% only
occurred for Mo, Sn and Hg for samples Val_050
(35% Mo), Val_060 (25% Sn) and Val_080 (29% Hg).
These values were kept despite the unsatisfactory
precision because high RPD were detected in only
one case out of ten, which could be attributed to
inadequate homogenization of the samples. Selenium
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and Cd had RPD values>20% in most samples, and
they were excluded from further statistical treatment.

Health risk assessment

The Human health risk assessment is used to estimate
the potential health effects resulting from exposure to
chemical substances, whether carcinogenic or non-
carcinogenic (Kamunda et al., 2016; US EPA, 2001).
These substances can enter the human body through
three different routes: oral ingestion, inhalation, and
dermal contact. In this study, we focused on evaluat-
ing the average daily intakes (ADIs) of heavy metals
in adults (both men and women) and children. To per-
form these calculations, we used the following equa-
tions (Li et al., 2020; Praveena et al., 2015; US EPA,
1996).

C x IngR X EF X ED 6
ADIL,, = x 10 2)
g Bw x AT
ADL,, = C x InhR X EF x ED 3)
PEF x Bw X AT
ADI,, = C xSA x A}l; X fii X EF x ED % 106
w
4)

where C is the concentration of the heavy metal in the
soil (mg/kg), IngR and InhR are the rates of inges-
tion and inhalation, respectively in mg/day, EF is the
exposure frequency (days/year), ED is the exposure
duration (years), Bw is the individual’s body weight
(kg), AT is the averaging time period (days), PEF
is the particle emission factor (mg’/kg), SA is the
exposed skin area (cm?), AF is the soil adherence fac-
tor (mg/cm?), and ABS is the fraction of applied dose
absorbed through the skin.

To calculate the non-carcinogenic risk, the hazard
quotient (HQ) was used according to the following
equation (US EPA, 1989):

ADI
HQ = RD &)
where RfD is the reference dose (mg/kg™!/day™"),
which represents the highest daily dose of a specific
metal in a particular exposure pathway that does not
produce noticeable effects in an individual over their
lifetime (US EPA, 1986). On the other hand, the haz-
ard index (HI) is the result of summing up all the
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hazard quotients obtained for individual heavy met-
als, which indicates the non-carcinogenic effect in the
population. It is calculated using the following equa-
tion (US EPA, 1989):

‘ o ADI,
HI= ) HQ, = 6
l; “ ; RID, ©

When the Hazard Index (HI) is less than 1, it
means that the non-carcinogenic risk to human health
is negligible. If the HI is greater than 1, it indicates
the presence of a non-carcinogenic risk to health, and
this risk increases as the HI increases (Li et al., 2020;
Qing et al., 2015).

To calculate the carcinogenic risk (CR), the fol-
lowing formula is used (Diami et al., 2016):

CR = ) ADISF, @)

k=1
where  SF  represents the slope  factor
(mgkg™" day~")~!. If the carcinogenic risk CR < 107°,
the carcinogenic risk can be ignored; when
10°<CR <107, the carcinogenic risk is considered
acceptable; when CR > 107%, the carcinogenic risk is

deemed unacceptable, being a dimensionless index
(Wu et al., 2015).

Statistical treatment

Descriptive and univariate statistical parameters
were calculated for individual elements using
RStudio, through the StatDA library. The statis-
tical distribution of element concentrations was
visualized with histograms, boxplots and density
traces by using the ‘addplot’ function. Element
associations were determined using multivariate
techniques, such as hierarchical cluster analysis
(HCA) and principal components analysis (PCA).
The Statgraphics Centurion software was used to
obtain the hierarchical cluster analysis diagram on
normalized data using the squared Euclidean dis-
tance method. Ward’s method was used as a group-
ing formula, which occupies the sum of the squared
distances to the centers of the groups. The critical
level of union for a set of 130 samples was 1.2. For
PCA analysis, the main components were distin-
guished according to the Kaiser criterion (eigen-
values > 1). Factor loads were calculated using the
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Varimax rotation method. Elements, with a load
component between 10.5] and |1| as the main signal,
have been considered to define the components,
where the main geochemical association is>0.5
and the main inverse signal is < —0.5. In addition,
we considered secondary signals ranging from 10.3I
to 10.51. More than one element would be expected
to repeat per component, as there is also possibly
more than one geochemical association per compo-
nent due to the geochemical signal. This analysis
was carried out using the ‘FactoMineR’ library in
RStudio, delivering the PCA of the data through
graphs of variables of two components, the per-
centage of explained variance and the amount that
would explain 80% of the variance.

Results and discussion
Element concentrations

For elemental concentrations, T and pH, a summary
of descriptive statistics, such as maximum, mini-
mum, mean, median, first (Q1) and third (Q3) quar-
tiles, median absolute deviation (MAD) and orders of
magnitude, are reported in Table 1. In Fig. 2 and Fig.
S7.1 of supplementary material, chemical concen-
trations of major and trace elements are graphically
presented as boxplots, density traces and histograms.
Aluminum shows a left-skewed distribution (Fig. 2),
while Ca, Na, Zn, Cu, Pb, As, Sn, and Mo display a
right-skewed distribution, and Fe, Mg, Ti, Mn, V, Cr,
Ni, Co and Be present distributions close to a bell-
shape (Fig. 2, Fig. S7.1).

Table 1 Statistical

. Elements UM Min 01 Median 03 Max MAD* Order of
summary of major .and trace Magni-
element concentrations, T tude
and pH of urban soils in
Valdivia (N=130) Al % 2.1 453 6.13 743 80 142 0.573

Fe % 1.9 394 461 528 79 0.675 0.618
Ca % 0.06 0.17  0.30 052 20 0.15 1.51
Mg % 0.09 024 030 036  0.68 0.055 0.878
Ti % 0.08 0.18 023 026 044 0.04 0.720
Mn % 0.02 0.05  0.06 0.05 0.11 0.01 0.841
K % 0.02 0.03  0.05 0.06  0.15 0.02 0.875
Na % 0.01 0.02  0.028 005 022 0.01 1.20
v mgkg 75 122.00 150 174.00 267 24 0.551
Zn mg/kg 34 77.45 102 147.00 549 29.3 1.21
Cu mg/kg 36 5993 71 85.05 280 11.6 0.893
Cr mg/kg 23 30.75 34 38.00 58 4 0.402
Pb mg/kg 7 1548 22 33.60 199 8.25 1.43
Ni mg/kg 10.8 16.70 18.4 21.15 359 2 0.522
Co mg/kg 5.3 12.58 14.2 16.63 31.3 2.05 0.771
As mg/kg 2.4 480 6.0 7.83 23 1.5 0.982
Sn mg/kg  0.62 1.01 1.32 2.53 16.5 0.45 1.43
Mo mg/kg  0.16 049  0.68 0.81 15.8 0.17 1.99
Be mg/kg 0.3 040  0.50 0.60 09 0.1 0.477
Hg mg/kg  0.02 0.06  0.07 009 05 0.02 1.39
T °C 114 18.9 21.45 25.00 347 - -

pH 3.83 53 5.675 6.1 7.29 - -
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Fig. 2 Combined frequency histogram, density trace and boxplot of hot aqua regia extractable Al, Fe, Ca, Mg, Zn, Cu, Pb, As and

Sn concentrations in topsoil samples (n=130), Valdivia, Chile

Comparison with national standards

The Valdivia soil geochemical results were compared
with national standards in accordance with the pro-
visions of Chilean law (Article 11 Law 19.300). In
this study, we considered the norm of Canada and
Germany due to the comparison of variables such
use of soils and element concentrations that can be
established between the area of study and the selected
countries.

Canada establishes thresholds according to land
use (agricultural/residential, commercial, indus-
trial), while Germany defines element concentra-
tions according to the types of soils (clay, loamy and
sandy).

For this study, we selected agricultural/resi-
dential soil from Canada law and clay soil from
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Germany law, both of which are similar to Valdivia
soil characteristics.

Most of the analyzed element concentrations are
below the threshold values instituted by Canadian
and German threshold values. The exceptions are
for Cu, V, Zn, Pb and As. Copper and V exceed the
Canadian thresholds (63 mg/kg Cu and 130 mg/kg
V) in more than 90 samples and the German thresh-
old (100 mg/kg Cu) in 14 samples. Zinc exceeds in
20 samples the Canadian and German soil thresh-
old value (200 mg/kg). Lead concentrations in 13
samples exceed the Canadian threshold (70 mg/
kg) and 6 samples exceed the German law (100 mg/
kg). Arsenic concentrations in 3 samples are above
the Canadian threshold (12 mg/kg) and 1 sample
exceeds the German threshold (20 mg/kg).
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Health risk assessment

The evaluation of carcinogenic and non-carcinogenic
risks of the studied elements were obtained for the
routes of ingestion, inhalation, and dermal contact, for
adults and children. For the hazard quotient (HQ), the
ADIs were obtained, using the parameters and RfD
detailed in Table S4 and S5 of supplementary mate-
rial. The HQ values obtained are presented in Table 2.
All heavy metals display an HQ less than 1 for the
two population groups, indicating an acceptable
level of non-carcinogenic risk, according to USEPA
(2004). For the total HQ obtained, the elements show
the following trend: Co>V >Mn>As>Pb>Cr>C
u>Ni>Zn>Hg>Be>Mo> Sn, both for adults and
children. Regarding the HQ values in the three routes
of exposure and the two population groups, the fol-
lowing trend is observed: HQ;,, >HQg., > HQjp,, with
the highest Hazard Quotient for oral ingestion.

On the other hand, the calculation of the Hazard
Index (HI) estimates the total impact of the non-can-
cer risk presented by multiple heavy metals (Agen-
cia U.E.P., 1986). As shown in Table 2, the total HI
values follow the order: HI;,, > HI., > HI,,, for adults
and children. Adults (men and women) show a hazard
index of less than 1, which indicates a negligible non-
cancer risk to health (Nag et al., 2022). However, in
the case of children, a Hazard Index greater than 1 is
observed for oral intake (2.81) and for total HI (3).
Which would represent a potential non-carcinogenic
risk for children, with possible health effects such as
allergies, asthma, rashes, cardiovascular, liver and
kidney problems due to prolonged contact with ele-
ments such as Co and V, or even delays in the devel-
opment of mental capacities and intellectual disor-
ders due to the ingestion of Pb, among other effects
on health (ATSDR, 1992; ASTDR, 2004; ASTDR;
2011).

For the calculation of Cancer Risk (CR) the SF
values exposed in Table S5 of supplementary mate-
rial were used, for oral, inhalation or dermal expo-
sure for heavy metals V, Cr, Pb, Ni, Co, As and Be.
The results, presented in Table 3, show total CR val-
ues for men, women and children oscillate between
107% and 10~%(Table 3), presenting an acceptable
risk for the urban area of Valdivia. For most of the
studied elements were obtained insignificant risk
values (CR<107%) for adults and children. How-
ever, As showed the highest IR value in children

(1,67 x 1073), which indicates an acceptable cancer
risk, under control and monitoring conditions (El-
Zeiny and Abd El-Hamid 2022; Wei et al., 2015).

Element spatial distribution

Geochemical maps were plotted for the 20 elements
analyzed in Valdivia topsoil (Figs. 3, 4, 5, 6 and sec-
tion S7 of the supplementary material). Vanadium
(Fig. 3), Al, Fe, Co, Ti, Mn and Cr present simi-
lar patterns (Figs. S7.2, S7.3, S7.4, S7.5, S7.6 and
S7.13 in the S7 supplementary material). The highest
concentrations (red areas) are observed in the city’s
peripheral and recently populated parts, correspond-
ing to the south and east areas and in the sectors of
Isla Teja and Torobayo. A few spots are also observed
in the city center and the Las Animas sector. Moder-
ate concentrations (yellow areas) are detected in the
city center and the northwestern and southeastern
parts of the city. The lowest values (blue areas) are
found in the southern part of Isla Teja, in the central
and northern parts of the city, and along the riverbank
to the northeast and southwest.

Nickel (Fig. S7.11) and Be (Fig. S7.16) display
similar geochemical distributions, with the high-
est concentrations occurring in the south of the city
center and in the city’s southern, northeastern, and
western parts. Moderate concentrations are in the city
center and the city’s eastern part. The lowest concen-
trations are in Isla Teja, in the southwestern part of
the city and Torobayo area.

Calcium, Na, Mg and K present analogous pat-
terns (refer to S7 supplementary material). The high-
est concentrations occur mainly in the areas close
to Valdivia and Calle-Calle rivers, in the northern,
northeastern, and northwestern parts of the city, and
in the area just south of the city center. Few spots
are detected in Torobayo and the city’s southeastern
sector. Moderate concentrations are found in the city
center, in Torobayo, in the eastern and western parts
of Isla Teja, and in the southern part of the city. The
lowest concentrations occur in the southernmost part
of the city and the central and northern parts of Isla
Teja.

Copper, Pb, and Zn (Figs. 4, 5 and 6), As, Hg,
Mo, and Sn, display similar geochemical distribu-
tions (Figs. in S7 supplementary material). The high-
est concentrations are in the city center and southern
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Table 3 Values of Cancer risk (RC) for via ingestion inhalation, and dermal contact in residential soil, for adults and childrens

C Rtotal

C Rder

CRinh

CRing

CR

Adult man Adult women Children Adult man Adult women Children Adult man Adult women Children

Adult man Adult women Children

Elements

2.2E-08
1E-07

1.2E-08

1.10E-08
1.5E-07

2.2E-08

1.2E-08

1.1E-08

1.70E-07

9.60E—08
2E-10

2.3E-09  2.60E-09 4.6E-09  1.5E-07 1.7E-07

Cr
Pb

8.1E-07

4.10E-07 4.6E-07

1.2E-07

32E-10  3.6E-10

8.1E-07

4.10E-07 4.6E-07

2.2E-07

1.3E-07

1.12E-07 1.3E-07 22E-07 6.2E-09  6.9E-09 4E—-09

6.5E—11

Ni

1.1IE-08

1.9E-08

1.7E-08

7.3E-11 1.3E-10  1.7E-08 1.9E-08 1.1E-08

Co
As

1.7E-05

8.5E—06  9.6E—06

3.9E-08

3.6E-08  4E-08

9.5E-06 1.7E-05  1.3E-09 1.5E-09 8.5E—10

8.4E—-06

3.3E-06

1.9E-06  2.1E-06

9.2E-11

4.30E-09
4.44E-08

3.8E—-09

1.6E-07

2.5E-07 2.9E-07

3.2E-06

1.6E-06 1.8E-06

Be

2.12E-05

1.11IE-05 1.25E-05

3.95E-08

2.76E—-07 3.95E-08

4.80E-07

2.08E-05 4.26E-07

1.19E-05

1.06E-05

YCR

sectors, in the northern and northeastern parts of the
city, along the riverbank to the northeast and south-
west and in the eastern part of Isla Teja. These sectors
are where Valdivia’s main industrial and commer-
cial activities are located and where the city’s traffic
arteries are distributed. Moderate and low concentra-
tions are detected in the recently populated sectors,
corresponding to the south of the city, in southern
Torobayo and the center and north of Isla Teja.

Multivariate statistical treatment

Multivariate statistical methods are commonly used
in urban soil geochemical studies as reliable tools to
unfold the relationship among the whole group of ele-
ments. The HCA and PCA were performed to deter-
mine the anthropogenic and natural origin of element
associations (Figs. 7 and 8). The HCA was performed
using the pairwise merging method. Through this
analysis, a dendrogram was obtained that groups the
variables with similar characteristics in the same clus-
ter. According to the agglomeration distance graph,
the number of reasonable clusters to be delimited are
at 1.2, forming 3 clusters (C1, C2 and C3; Fig. 7).
The PCA was used to reduce the number of consid-
ered elements, determine their interrelationships, and
establish their distribution in the city of Valdivia.
Four principal components were identified, account-
ing for 77% of the total variance (Table S5 and Fig.
S7.18 in the S7 supplementary material;). The first
two principal components (PC1 and PC2) explain
62% of the total variance and will be used to identify
elemental associations (Fig. 8). In Fig. 9 are displayed
the distribution maps of factor scores of each sample
for PC1 (Fig. 9a) and PC2 (Fig. 9b). Using the HCA
and PCA analysis, three elemental associations were
distinguished:

Cluster C1 and the PC1 positive loadings refer to
the V-Al-Ti-Fe-Cr—Co—-Mn-Be-Ni elemental asso-
ciation. It is usually associated with mafic minerals.
Their spatial distribution suggests that these elements
can be linked with the fluvio-estuarine sediments
composing the natural Valdivia soil. According to the
factor scores maps, the PC1 positive load distribution
(Fig. 9a) is in the southern, western, and northeastern
zones of the city and the north of Isla Teja, related
to the more peripheral and late populated zones of
the city, where most pristine soil conditions can be
found. A recent study indicates that the chemical
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Fig. 3 Spatial distribution of hot aqua regia extractable V concentrations in topsoil samples, Valdivia, Chile

and mineralogical composition of the sediments in
the lower part of the basin is controlled by the parent
rock, with a predominance of metamorphic basement
of the schist or ultrabasic protolith type, while the
contribution of volcanic rocks has a more limited dis-
persion to the east of the Valdivia River basin (Lac-
assie et al., 2022). Major soil formation products in
Inceptisols and Andisols are Al and Fe, which occur
in poorly crystalline minerals such as allophane,
imogolite and ferrihydrite, and Al-humus complexes
(Delmelle, 2015; Nanzyo & Kanno, 2018). Although
mineralogical data for Valdivia soil are currently una-
vailable, the presence of these minerals may explain
the high concentrations of Al and Fe (>8 wt% and
7.9 wt%, respectively). Also, previous studies have
highlighted the high concentrations of some elements
in volcanic soil, as Al and Fe substituents. For exam-
ple, Andisols from Japan were found to have rela-
tively high Cr, V, Cu, and Ni contents (Takeda et al.,
2004), and those from Hawaii, formed from highly

@ Springer

weathered basaltic lava, have high Co, Cr, Mn, and Ni
contents (Burt et al., 2003).

The cluster C2 and the PC1 negative loadings pre-
sent the Pb—Zn-Sn—-Mo—(Cu-Hg) elemental asso-
ciation. These elements are common in hydrothermal
deposit minerals, presenting a chalcophile behavior
in nature. Elements such as Pb and Sn can be found
in relatively high concentrations in soils when their
parental rock is an igneous material of intermediate-
acid composition, and elements such as Zn, Cu, and
Mo are usually associated with minerals of mafic
composition such as biotite, pyroxene, and amphi-
bole (Core et al., 2005). The elemental association
Sn—-Pb—Zn-Mo—(Cu-Hg) is also often related to
anthropogenic sources (Binner et al., 2023 and refer-
ences therein). Lead, Zn and Cu are commonly asso-
ciated with traffic, railway, and industry (Binner et al.,
2023). Tin is associated with urbanization, traffic,
industry, and railways, being used mainly for protec-
tive coatings (tinning) on steel to prevent corrosion
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Fig. 4 Spatial distribution of hot aqua regia extractable Cu concentrations in topsoil samples, Valdivia, Chile

and in the manufacture of alloys, some of which are
also used in brakes and engine parts in automotive
and railway tracks (Stanci¢ et al., 2022). Mercury
and Mo may be mainly related to traffic due to the
emissions from fossil fuels, catalytic converters, and
brakes (Hyun Won et al., 2007; Wong et al., 2021).
The distribution map of PCI1 factor scores (Fig. 9a)
shows that the negative scores correspond with the
main traffic arteries (Av. Ramén Picarte, Av. Pedro
Montt, Av. Los Lingues; Fig. 1) of the city, and where
some of the industrial activities are located. These
sectors correspond with the city center, the south of
Isla Teja, Torobayo, Las Animas and the southeast-
ern parts of the city. For this association, a prevalent
anthropogenic origin is proposed. Vehicular traffic
is likely the primary anthropogenic source of these
PTEs in Valdivia, with possible input from indus-
trial activities and the railway. Historical urbaniza-
tion must also be considered as a potential source for
these elements, considering that after 1845 Valdivia

began a period of industrial development and urban
expansion that led to filling the estuaries and small
rivers that crossed Valdivia with landfill material for
the construction of buildings and houses in the center
and toward the north and southeast (Baessolo and
Fuentes, 2011). The landfill material may contribute
to the concentration of Pb, Zn, Sn, and Cu in the soil
since they are composed of fragments of concrete,
wood, rocks, and debris (Barozzi & Lemke, 1966).
Also, a minor natural contribution of these elements
cannot be discarded. It could be related to fluvio-estu-
arine sediments, as Cu, Hg, Pb, Zn, Sn, and Mo are
potential substituents of Al and Fe in many igneous
and metamorphic minerals.

The cluster C3 and the PC2 positive loadings are
represented by the Ca—Na-K-As—Mg association.
Elements such as K, Ca, and Mg represent essential
primary and secondary macronutrients in the soil,
which can be found in the parent rock minerals and
complex organic molecules (Dhaliwal et al., 2019).
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Fig. 5 Spatial distribution of hot aqua regia extractable Pb concentrations in topsoil samples, Valdivia, Chile

Sodium, Ca, and K can be found associated with
feldspar and added to the soil through the chemical
weathering of parental igneous material. At the same
time, in anthropic sources, they are common in fer-
tilizers for agricultural uses. In addition, K has high
concentrations in clayey and silty-clayey soils, as well
as in phyllosilicates, such as biotite and muscovite
(Kumari & Mohan, 2021). Calcium can be found in
plagioclase minerals, pyroxenes, amphiboles, olivine,
feldspars, limestone, and gypsum, with a range of
0.1-0.2 wt% in non-limestone sourced soil (Nanzyo &
Kanno, 2018). Regarding Mg, it is present in mineral
phases of olivine, pyroxenes, and amphiboles, also in
silicates, biotite, and clay minerals such as chlorite
and vermiculite (Nanzyo & Kanno, 2018). Arsenic is
found in the environment naturally; its concentrations
in igneous rocks are usually below 5 mg/kg, while in
sedimentary rocks such as shale and sandstone they
can present 12-20 mg/kg, and in metamorphic rocks
such as schist and gneiss it can reach up to 18 mg/
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kg (Smedley & Kinniburgh, 2002). The map of PC2
positive factor scores (Fig. 9b) shows that all these
elements follow a spatial distribution with a more sig-
nificant influence in the central and northern areas of
the city, along the riverbank of the Calle-Calle River,
and in the south part of the city. For this association, a
lithological origin is proposed. The input of these ele-
ments in Valdivia soil would have as main sources the
mafic minerals related to stratovolcanoes, volcanic
centers, and lava sequences of basaltic and andesitic
composition composing the fluvial sediments from
Cruces and Calle-Calle River sub-basins, composed
of gravel and coarse sand with a variable proportion
of organic matter (Mella et al., 2012).

Comparison with other cities in Chile
Throughout Chile, previous studies have been con-

ducted on urban soils in the northern and central
regions of the country. Some of these studies show
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similarities in the concentrations of PTEs with those
observed in the city of Valdivia, such as in the com-
munes of Arica and Taltal. In Arica (Arica Region),
higher concentrations of Cu, Pb, Zn, and As have
been observed, which are related to the deposition

of particulate matter from mining operations (Tume
et al., 2018). In Taltal (Antofagasta Region), the
elevated concentrations of Cu, Pb, Zn, and As are
associated with the vehicular traffic emissions, and
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industrial zones (Reyes et al., 2019), as registered
in Valdivia.

In central Chile, specifically in the communes of
Hualpén and Talcahuano (Biobio Region), the dis-
tribution of Cu, Pb, and Zn are associated with the
industrial park and vehicular traffic emissions (Tume
et al., 2018). However, despite having less industrial
development, Valdivia presents higher median con-
centrations of As, Cu, Zn, Pb, V, and Cr in relation to
Hualpén, as well as higher median concentrations of
Cu, Pb, and Zn compared to Talcahuano. Also, urban
soil studies realized in the commune of Santiago
(Metropolitan Region) show high concentrations of
Pb, Sb, Sn, Cd, and Zn related to the historic center,
motor vehicle traffic, and anthropogenic activities
(Adamiec et al., 2016; Aruta et al., 2022).

Concluding remarks

This paper provides the results and discussion of the
first systematic geochemical survey of urban soil in
the city of Valdivia. Elements such as Cu, V, Zn, and
Pb are the PTEs that show the highest concentrations,
and most of the analyzed samples present concen-
trations above Canadian and German environmental
legislation.

By calculating the health risk assessment, we con-
clude that adults show a hazard index of less than
1, indicating a negligible non-carcinogenic risk. In
the case of children, a hazard index greater than 1 is
observed for oral intake and for total HI, representing
a potential non-carcinogenic risk, due to prolonged
contact with elements such as Co and V, or Pb.

The element concentrations were subjected to
multivariate statistical analysis, and we concluded
that relatively clear patterns exist which permit dis-
tinguishing between natural and anthropogenic ori-
gin. The spatial distribution for individual PTEs vary
considerably within the city, reflecting the heteroge-
neity of both soil and parent rock, in addition to the
diversity of the potential anthropogenic sources.
The V-Al-Ti—-Fe-Cr—-Co-Mn-Be-Ni association is
mainly of lithological origin. The distribution of these
elements is associated with areas that were populated
more recently, during the city’s expansion in 1988,
toward historical agricultural areas that were flooded
during the 1960 earthquake. This late populated sec-
tor of Valdivia likely coincides with the pristine soil
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conditions that originated from the weathering of flu-
vio-estuarine sediments of the last interglacial period.
The Sn—Pb-Zn-Mo—(Cu-Hg) association is assumed
to be mainly of anthropogenic origin and is associated
with vehicular traffic and to a lesser extent to land-
fills and industries related to the old part of the city,
such as shipyards, mills, and railways, among others.
A geogenic contribution for this association may be
related to the weathering of mafic minerals, volcanic
glasses, and sulfides. Finally, the Ca—Na—K-As-Mg
association, distributed mainly in the lower terraces
along the riverbank, is related to the fluvial sedi-
ments composed mainly of volcanic rocks (basalt and
andesite) and organic matter.

This study represents the first step in an urban top-
soil risk assessment and a first critical look at sources
of contaminants in the city of Valdivia. Vehicular
traffic, landfills and industrial activities are possibly
the main sources of PTEs, such as Zn, Pb and to a
lesser extent Cu, in the topsoil, found in concentra-
tions higher than Canadian and German legislation,
could generate a real health risk in the city. Mitigat-
ing this risk is mandatory and must be done through
local and regional policies that establish clear thresh-
olds for PTEs based on land use, as well as rigorous
control over vehicle and industrial emissions and
urbanization.
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