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Abstract
In this paper we presented the statistical information and spatial distributions of Pb, Zn, Cd and Sn obtained from the analyzes conducted
on 121 topsoil samples from the city of Santiago. Results show essentially the anthropogenic impact that required an additional children
health risk assessment for Pb exposure for both its toxic or carcinogenic effects.
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1. Introduction
Actually, in Chile almost 90% of the total population lives in urban areas. Hence the need for studies on environmental
conditions of Chilean urbanized areas is a relevant topic, especially if we consider the amount human lives potentially
exposed to contaminants released by anthropic activities and the absence of specific legislation for urban soils.
Furthermore, the 40% of Chilean population lives in its capital city: Santiago. Thus, the city center of the capital
(Commune of Santiago) was investigated to determine the geochemical distribution of some potentially toxic elements
(PTE) (i.e. Pb, Zn, Cd and Sn) in its soils. These elements were selected due to the fact that they mainly characterize the
pollution sources of urban environments.
Specifically, the aim of this work was to determine the degree of contamination of topsoils trough the determination of
PTE enrichment factors and to evaluate the risks for human health of the most sensitive part of the exposed population.
2. Material and methods
2.1 Study area
The city of Santiago is located in the Metropolitan Region of Santiago (featuring a total of 7,112,808 inhabitants) (INE,
2018), in the central zone of Chile. The city was built on the homonymous “Santiago Basin”, a depression limited by the
Coastal Cordillera on the west and the Andean Cordillera on the east. The sedimentary cover, largely composed of material
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of volcanic origin, was deposited through sediment transport from the Andean Cordillera towards the west by the fluvial
systems of the Maipo and Mapocho rivers. Pyroclastic deposits and outcrops of columnar basalts are also present in the
western sector of the study area (Stern et al., 1984; Charrier et al., 2002; Rauld, 2011; Yáñez et al., 2015).
2.2 Sampling and analysis
With the purpose of starting a geochemical prospecting project of the whole Metropolitan Region of Santiago (Fig. 1),
121 topsoil samples were collected over an area of about 23 km² (corresponding to the territory of the Commune of
Santiago) during spring 2017. Sampling followed procedures set up by the URGE manual published by the
EuroGeoSurveys (Demetriades & Brike, 2015). After collection and an appropriate preparation (including drying and
sieving), soil were analysed by ICP-MS following a modified Aqua Regia leaching at the Bureau Veritas Laboratory
(Canada) to determine the concentration of 53 chemical elements (Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs,
Cu, Fe, Ga, Ge, Hf, Hg, In, K, La Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Pd, Pt, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Te, Th, Ti,
Tl, U, V, W, Y, Zn e Zr).
Chemical data were quality checked and detection limit, analytical accuracy and precision (expressed as relative
percentage difference, %RPD) are given in Table 1 together with univariate statistics.
Coefficient of variations (CV) of all the elements in the original dataset have been calculated to have a standardized
measure of their dispersion within the range of their respective concentrations. For the sake of brevity, in table 1, the CVs of
all the PTEs considered by this paper and of Fe (as it resulted as the less variable among all the elements in the dataset) are
reported.

Fig. 1. Map of the study area reporting the Commune of Santiago administrative limits (red line). The land use (Usos de suelo en Plan Regulador
Metropolitano de Santiago, 2013) is reported as a basemap. Dots indicate topsoil sampling locations

In order to calculate the upper limit of the geochemical baseline (ULB) of studied PTEs, a robust method [i.e. median ±
2 (Median Absolute Deviation)] was chosen (Reimann et al., 2005).
2.3 Geochemical data spatial distribution
Geochemical maps were realized by using a geochemical dedicated GIS software (GEODAS), ESRI ArcGIS and QGIS.
Specifically, interpolated maps were generated through the application of the Multifractal IDW (MIDW) algorithm (Cheng
et al., 1999) and concentrations intervals were set up on the resulting raster layers through the application of the
Concentration-Area (CA) method by means of ArcFractal plugin (Zuo & Wang, 2020) in ESRI ArcGIS (Fig. 2).
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Table. 1. Summary of statistical parameters and quality control data for Fe, Zn, Cd, Sn and Pb
Element
Fe (%)
Zn (mg kg-1 )
Cd (mg kg-1 )
Sn (mg kg-1 )
Pb (mg kg-1 )
Mean
3.72
257.5
0.47
11.9
106.21
Median
3.78
227.0
0.42
7.2
68.92
Minimum
2.08
38.7
0.06
0.8
8.31
Maximum
5.18
977.8
1.97
75.3
681.41
Standard deviation
0.64
170.6
0.33
0.9
114.71
Variance
0.41
29115.1
0.11
181.8
13159.31
Kurtosis
0.31
4.1
6.53
7.1
8.86
Skwenees
-0.34
1.8
2.16
8.9
2.71
Coefficient of variation(%)
1.76
66.28
69.35
113.2
108.01
Detection limit
0.01
0.1
0.01
0.1
0.01
Accuracy (%)
4.44
2.64
1.53
4.69
0.01
Precision (%)
2.8
2.5
3.08
1.56
0.18
Number of samples
121
121
121
121
121
*ULB
47400
472
0.87
25.9
220
*ULB is the upper limit of geochemical baseline estimated with Median ± 2(MAD) where MAD is median
absolute deviation

2.4 Contamination degree
A preliminary assessment of the environmental condition of the study area was obtained through the calculation of
Enrichment Factor (EF) for each considered PTE.
The EF was estimated through the following equation (Eq. 1):
𝐌𝐌𝐬𝐬
𝐍𝐍𝐬𝐬
𝐄𝐄𝐅𝐅 ൌ
𝐌𝐌𝐛𝐛
𝐍𝐍𝐛𝐛

(Equation 1)

where: Ms and Ns are the concentration values of the i-esim PTE and of anormalizing element in the same sample,
respectively; Mb and Nb are the ULBs of the same i-easim PTE and of the same normalizing element for the dataset.
As a normalizing element iron (Fe) was chosen according to its low value of CV (Table 1).
Interpolated maps of EF generated for each considered PTE are reported in Fig. 3.
2.5 Risk assessment
Among the wide range of urban contaminants, Pb is one of the most hazardous as reported by Laidlaw & Filippelli,
(2008) and Filippelli et al. (2012).
Thus we decided to assess, for each sampling point in the database, the potential health risk due to exposure to Pb for
children living in the study area.
Specifically, risk was evaluated for two exposure pathways: direct ingestion of soil (ing) and inhalation of soil dust
(inh), respectively.
As a first step, starting from Pb elemental concentrations in soil, the daily intake (D) values weredetermined for the
different pathways by means of equations 2, 3 and 4 (USEPA, 1989; USDOE, 2011) considering the different reference
toxicological values (for carcinogenic and non-carcinogenic effect) as reported by the Risk Assessment Information System
(RAIS) database:

𝐃𝐃𝐢𝐢𝐧𝐧𝐠𝐠−𝐧𝐧𝐜𝐜 ൌ

𝐂𝐂 ൈ 𝐈𝐈𝐑𝐑𝐢𝐢𝐧𝐧𝐠𝐠 ൈ 𝐄𝐄𝐅𝐅 ൈ 𝐄𝐄𝐃𝐃 ൈ 𝟏𝟏𝟎𝟎−𝟔𝟔
𝐁𝐁𝐖𝐖 ൈ 𝐀𝐀𝐓𝐓𝐧𝐧𝐜𝐜

𝐃𝐃𝐢𝐢𝐧𝐧𝐠𝐠−𝐜𝐜𝐚𝐚 ൌ

𝐂𝐂 ൈ 𝐈𝐈𝐑𝐑𝐢𝐢𝐧𝐧𝐠𝐠 ൈ 𝐄𝐄𝐅𝐅 ൈ 𝐄𝐄𝐃𝐃 ൈ 𝟏𝟏𝟎𝟎−𝟔𝟔
𝐁𝐁𝐖𝐖 ൈ 𝐀𝐀𝐓𝐓𝐜𝐜𝐚𝐚

(Equation 2)

(Equation 3)
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𝐃𝐃𝐢𝐢𝐧𝐧𝐡𝐡−𝐜𝐜𝐚𝐚 ൌ

𝟏𝟏
𝟏𝟏
ൈ 𝐄𝐄𝐃𝐃 ൈ
𝟐𝟐𝟒𝟒
𝐏𝐏𝐄𝐄𝐅𝐅
−𝟑𝟑
𝐀𝐀𝐓𝐓𝐜𝐜𝐚𝐚 ൈ 𝟏𝟏𝟎𝟎

𝐂𝐂 ൈ 𝐄𝐄𝐅𝐅 ൈ 𝐄𝐄𝐓𝐓 ൈ

(Equation 4)

where: Ding-nc (mg kg-1 day-1) is the ingestion daily intake of PTE for non-carcinogenic effect; Ding-ca (mg kg-1 day-1) is the
ingestion daily intake of PTE for carcinogenic effect; Dinh-ca(µg m-3) is the inhalation daily intake of PTE for carcinogenic;
C is the element concentration in soil in mg/kg, EF is exposure frequency which stands at 350 day/year (USDOE, 2011); ET
is exposure time (h d-1): 24 for resident (USDOE, 2011); ED is the exposure duration standing at 6 years for children
(USEPA, 2011); IR was the ingestion rate: 200 mg/day for children; AT nc is the average time for non-carcinogenic effect
(ATnc = 365*ED); ATca is the average time for carcinogenic effect (ATca = 365 days year-1*LF) with LF being the lifetime
expectancy: 79.7 years in Chile (unicef.org); BW is the average body weight: 19 kg for children (USEPA, 2011); PEF is the
particle emission factor which is 1.36*10 9 m3/kg (USEPA, 2002).
Daily intake for non-carcinogenic effects for the inhalation pathways was not determined due to the lack of a relative
toxicological reference value (RfC) for Pb in RAIS.
Non-carcinogenic risk due to soil ingestion, expressed as hazard quotient (HQ), was calculated according to the
following equation (Eq. 5) (USEPA, 1989):
𝐇𝐇𝐐𝐐𝐢𝐢𝐧𝐧𝐠𝐠 ൌ

𝐃𝐃𝐢𝐢𝐧𝐧𝐠𝐠−𝐧𝐧𝐜𝐜
𝐑𝐑𝐟𝐟𝐃𝐃

(Equation 5)

where: RfD is the value of the reference dose of Pb for the ingestion route as reported in RAIS (3.50E-03 mg kg-1)
Risk for non-carcinogenic effects on children is considered negligible for HQ values <1 (USEPA, 2005, 1988).
Risk assessment for carcinogenic effects due to exposure, trough the two pathways considered, was calculation by
means of the incremental lifetime cancer risk (ILCR) equations. Specifically, the application of a slope factor (SF) and of an
inhalation unit risk (IUR) to doses estimated thorugh equations 3 and 4, respectively, allowed to calculate the ILCRs for
ingestion and inhalation by means of equations 6 and 7 (USEPA, 1989):

𝐈𝐈𝐋𝐋𝐂𝐂𝐑𝐑𝐢𝐢𝐧𝐧𝐠𝐠 ൌ 𝐃𝐃𝐢𝐢𝐧𝐧𝐠𝐠−𝐜𝐜𝐚𝐚 ൈ 𝐒𝐒𝐅𝐅
𝐈𝐈𝐋𝐋𝐂𝐂𝐑𝐑𝐢𝐢𝐧𝐧𝐡𝐡 ൌ 𝐃𝐃𝐢𝐢𝐧𝐧𝐡𝐡−𝐜𝐜𝐚𝐚 ൈ 𝐈𝐈𝐔𝐔𝐑𝐑

(Equation 6)
(Equation 7)

where, relative to Pb: SF is the value of the slope factor (8.50E-03 mg kg-1) and IUR is value of the inhalation unit risk
(1.20E-05 (µg m-3)-1 as reported in RAIS.
When the ILCR value is between 10-6 and 10-4 it can be considered tolerable (USEPA, 2011). Hence, if the ILCR value
exceeds 10-4, the risk is considered unacceptable by most of international regulatory agencies (USEPA, 1989; Health
Canada, 1998; U.S. Navy, 2001; WHO, 2001).
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Fig. 2. Spatial distribution of PTEs in urban soil of Commune of Santiago

3. Results and discussion
According to univariate statistics (Table 1), Cd, Pb, Sn and Zn show a positively skewed distribution with a general
tendency to be leptokurtic.
CV values all the PTEs considered resulted to be heavily high with Sn and Pb reaching the values of 113.2% and
108.01%, respectively, suggesting the potential presence of multiple processes/sources (natural and anthropogenic) which
could have influenced the concentrations of PTEs in the topsoil.
Spatial distribution of elemental concentration showed similar patterns with some differences for Pb (Fig. 2). In general,
the highest levels of all PTEs are located in the north-western and in the south-eastern sectors of the study area. The main
"green areas" of the city (e.g. parks) are characterized by relatively lower concentrations due to the presence of pedestrian
zones with partial closure of these areas to motor vehicles.
Although, much of the study area appears to have low EF values (<1) for the considered PTEs (Fig. 3), western sector of
the commune (the area between the neigh boroughs of Republica and Yungay) is featured by some notable PTE
enrichments. Furthermore, Cd shows an “hotspot” in the eastern sector, as well.
Regarding the estimated non-carcinogenic risk for Pb, about soil ingestion, in 55 out of 121 samples the HQ reference
value (0.2) was exceeded. In particular, according to the map showed in figure 4a, most of the commune is characterized by
values between 0.2 and 1 with the highest risk (>1) for children concentrated in the central-western part of the study area.
On the other hand, evaluation of the ILCRs showed an absence of carcinogenic risk for children in much of the
commune of Santiago for both the considered exposure routes (ingestion and inhalation of dusts from soil) (Fig. 4b, c).
Specifically, for both exposure routes, no values were greater than 10 -4 (considered a reference for considering the ILCR as
indisputably unacceptable). However, for the ingestion route, 27 out of 121 values exceed the threshold of 10-6 (with a
maximum value of 4.40E-06) although the mean and median values are 6.86E-07 and 4.45E-07, respectively. For inhalation
route, 23 out of 121 values exceed the threshold of 10-6 (with a maximum value of 4.34E-06) although both mean and
median still remain below the threshold (i.e.: 6.77E-07 and 4.39E-07, respectively).
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Fig. 3. Maps of enrichment factor for Zn, Cd, Sn and Pb

Fig. 4. Spatial distribution of non-carcinogenic (a) and carcinogenic (b, c) risks for children in the study area
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4. Conclusions
The spatial distribution maps of PTEs in soils of Santiago, created using statistics and GIS techniques, made it possible
to explore their spatial patterns and to state the existence of potential relationships among historical anthropic activities and
contaminated areas (characterized by the highest EFs). The accumulation of PTEs is largely concentrated in the western
sector of the city where motor vehicles emissions are, probably, the major diffuse source of contaminants in the area.
The risk assessment performed having children as a target, showed that for this sensitive part of the resident population
the potential for developing non-cancerous diseases is relevant in some highly contaminated areas (e.g. the neigh boroughs
of Republica and Yungay).
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