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Abstract: Located in the Puchuncaví Valley (PV) in central Chile is one of the most important and
oldest industrial complexes (ICs) in the country. The PV is affected by anthropogenic emissions
from the IC where the most important industry is a copper smelter and refinery. In this context,
this study assessed the profile, concentration, and enrichment factors of the trace elements, both
in the soil and in Cupressus macrocarpa leaves from this high-pollution-load area. The soil and leaf
samples were taken from five selected sites, located between 0.8 and 15 km away from the IC. A
total of 24 elements were analyzed by ICP-MS and examined by enrichment factor (EF), and PCA
source analysis. Leaf concentrations of Ba, Ca, Cd, Cu, K, and Sr showed statistically significant
differences between sampling sites (p-value < 0.05). In soil, element concentrations of Al, As, Ba, Cr,
Cu, K, Li Mg, Mn, Na, Ni, Pb, and Ti showed statistically significant differences between sampling
sites (p-value < 0.05). The source analysis of EFs in the samples of both soil and leaves detected three
and four factors, respectively, related mainly to the industrial complex’s copper smelter and refinery,
coal-fired power plants, and geogenic sources. According to the PCA, the leaf EFs of anthropogenic
elements from copper smelting showed that La Greda (LG, site closest to the IC) was significantly
enriched in the elements Cu, Zn, As, Mo, and Pb, while the EF in the soil from LG showed high
enrichment in Cu and significant enrichment in Pb.

Keywords: trace elements; copper smelting; leaf biomonitoring; soil pollution; enrichment factor

1. Introduction

In recent decades, contamination by trace elements has become a serious threat to
human health and the environment [1–14]. In central Chile, located in the Puchuncaví
Valley, is found one of the most important and oldest industrial complexes (ICs), containing
several industries, such as a natural gas terminal, cement and chemical companies, and
coal-fired power plants, among others. However, the most important industry is the Cu
smelter and refinery. This mineral plays a fundamental role in Chile’s economy, the country
being among the world’s leading Cu producers [15], with several mining operations in its
central regions. Nevertheless, several environmental problems associated with Cu mining
activity are widely known, particularly concerning soil contamination with metals and
other trace elements, such as Cu, Zn, Pb, Cd, and As [1–10].

Numerous studies have reported high levels of Cu, As, Pb, and Sb in soils from
the Puchuncaví Valley produced by the industrial and copper smelter activities in the
IC [5,6,8,9]. Moreover, it has been demonstrated that Cu, As, and Pb concentrations in soils
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decrease as a function of the distance from the IC [8]. Salmanighabeshi et al. (2015) [11]
investigated trace element pollution in soil from five sites near the industrial area from
2007 to 2011 and reported very high contamination factors for elements such as As, Cd,
Hg, Sb, and Cu at locations close to the pollution source (La Greda and Los Maitenes)
with significant ecological impacts. Despite the high heavy metal and other trace element
levels reported in the soils, and atmospheric deposition from different areas around the IC,
there are very few studies that have assessed the impact of such a high trace element load
on the vegetation in this area [4,7,12], and studies measuring the elemental composition
using plant biomonitors are limited [13,14]. Recently, Gorena et al. (2020) [14] reported
that elemental levels in Cupressus macrocarpa leaves collected around Puchuncavií Valley
were clearly affected by the anthropogenic activities, the Cu values found near the IC,
at phytotoxic levels and with an enrichment factor above 3000%, confirming the great
influence of the copper smelting and refinery. However, in their study, only the leaves were
evaluated, without showing what happened with trace elements in the soil.

This study assesses the profile, concentration, and enrichment factors of the trace
elements followed by principal component analysis (PCA), both in soil and in Cupressus
macrocarpa leaves from high-pollution-load areas such as the Puchuncaví Valley (Chile).

2. Materials and Methods
2.1. Reagents

All chemicals used for the preparation of stock and standard solutions were for trace
metal analysis. Nitric acid (69%) was supplied by PanReac (Barcelona, Spain) and perchloric
acid Ultratrace® (70%) was provided by Scharlau (Barcelona, Spain). The working solution
was prepared by dilution with ultrapure water obtained from a Milli-Q system (Merck,
Darmstadt, Germany). The calibration curve of ICP-MS was performed using a multi-
element standard solution and mercury pure plus standard, both supplied by Perkin Elmer
(Waltham, MA, USA). A total of 400 µg L−1 of Y (III) and Re (VII) standards (PanReac,
Barcelona, Spain) was used as an internal standard.

2.2. Sampling Area Description

The Cupressus macrocarpa leaves and soil samples were collected from the Puchuncaví
Valley located in the Valparaíso region in Chile. The soil and leaf samples were collected
from four different monitoring sites located around the industrial complex in the Puchun-
caví Valley. The sampling sites La Greda (LG, 0.8 km NE of IC), Los Maitenes (LM, 3.5 km E
of IC), Puchuncaví (Pu, 7.3 km NE of IC), and Valle Alegre (VA, 10.4 km SE of IC) represent
different degrees of pollution impact on the Puchuncaví Valley [8].

In addition, a control site (CS, 15 km S of IC) was incorporated (Figure 1), located in
opposition to the wind direction and stack emission plumes from the industrial complex.
This area was previously validated as a control site [14].
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Figure 1. Sampling sites area in the Puchuncaví Valley. 
Figure 1. Sampling sites area in the Puchuncaví Valley.
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2.3. Plant Material Description

Healthy Cupressus macrocarpa leaf samples and representative trees of each place
were chosen at each site, and three bags (replicates, n = 3) of about 250 g leaves each
were gathered from six or nine trees, depending on the number of leaves on the trees
present at the monitoring sites, according by Gorena et al. (2020) [14]. Leaf samples were
collected only from the annual growth of the trees, in the southern hemisphere in early
autumn (April 2021). The leaves collected in this period received and accumulated the
entire atmospheric deposition of the spring and summer.

Leaves from every position around the tree (west, east, south, and north) were collected
to eliminate the factor of wind direction. Cupressus macrocarpa leaves were not washed, to
determine the elemental levels in the entire leaf and thus to estimate the whole effect of
atmospheric pollution, according to a previous study [14].

Leaf samples were taken using a ceramic knife. Once collected, leaf samples were
stored in clean (washed with 10% nitric acid) polyethylene bags and frozen at −20 ◦C
for one week. The samples were then lyophilized using the Labconco System (Bulk Tray
Dryers, Kansas, MO, USA). Subsequently, the particle size of the lyophilized leaf samples
was reduced in a titanium mill Grindomix GM 200 (Retsch, Haan, Germany) and stored in
clean self-sealing plastic bags in a freezer at −20 ◦C until analysis.

2.4. Soil Description

Undisturbed soils were collected from five selected sites (Figure 1) with a monthly
periodicity, between April and July 2021. For sampling, a 1 m2 surface area was delimited
and the extraneous matter (stones, leaves, seeds, or roots) was eliminated. A total of
20 topsoil (0–10 cm) samples of approximately 3 kg were collected with a plastic shovel and
stored in sterile Whirl-Pak (Nasco, Austin, TX, USA) polyethylene bags. All soil samples
were dried for 72 h, at a constant temperature of 50 ºC, and then sieved through a 2 mm
plastic mesh.

2.5. Analytical Procedure and Determination of Elements by ICP-MS in Leaves and Soil

Microwave-assisted acid digestion of the samples was carried out. Freeze-dried and
ground leaf samples (0.4 g) were digested for 15 min in a Milestone Ultrawave (Bergamo, BG,
Italy) with 3.5 mL of nitric acid:water (3:1 v/v) and 1 mL hydrogen peroxide, according to the
methodology of Gorena et al. (2020) [14]. The soil samples (0.4 g) were digested for 15 min
in a Milestone Ultrawave (Bergamo, BG, Italy) with 3.5 mL of nitric acid:hydrochloric acid
(3:1 v/v). The instrumental conditions are presented in Table S1 (Supplementary Material).

The concentrations of 24 elements: Al, Ba, As, Cd, Ca, Co, Cr, Cu, Fe, K, Li, Mg, Mn,
Hg, Mo, Na, Ni, Pb, Sb, Sr, S, Ti, V, and Zn, were determined in soil and leaves by the
inductively coupled plasma mass spectrometry (ICP-MS), conducted using an ICP-MS 7900
system (Agilent, Santa Clara, CA, USA). In addition, Ce, La, and Nd were determined in
leaves (See Table 1). The measurements were performed in triplicate and all samples were
expressed in dry weight terms (mg kg−1 of dry weight). The instrumental conditions are
presented in Table S2 (Supplementary Material).

To check the accuracy of the analytical procedures, certified reference material was
used: the Standard Reference Material 1575a trace elements in pine needles (Pinus taeda)
and Reference Material 2709a trace elements in soil, both produced by the National Insti-
tute of Standard Technology (NIST, Gaithersburg, MD, USA). No statistical differences
(95% confidence level) between the expected and the obtained results were observed
(Tables S3 and S4, Supplementary Material).
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2.6. Enrichment Factors in Leaves

The enrichment factor in leaves (EFl) was calculated as a percentage for each element
and monitoring point using the following Equation (1):

EFlE =
CEsample − CECS

CECS
× 100 (1)

where EflE is the enrichment factor of the element E, CEsample is the concentration of element E in
the leaf sample, and CECS is the concentration of element E in the leaf sample from the control
site. For the interpretation criteria, EF < 50% indicates normal conditions, EF of 50–100%
indicates moderate enrichment, and EF > 100% indicates significant enrichment [14,16,17].

2.7. Enrichment Factors in Soil

This method is based on the standardization of an element concentration tested against
a reference element such as Al, Fe, or Mn [11,18]. Fe was selected as the reference element in
this study because this element did not show significant differences in the 5 sites evaluated,
being thus a stable element in Puchuncaví soil (see Table 2). The enrichment factor in the
soil (Efs) was calculated as a percentage for each element and monitoring point using the
following Equation (2):

EFsE =
CEsample/Cre fsample

BECS/Bre fCS
(2)

where EfsE is the enrichment factor in the soil of the element E, CEsample is the concentration
of element E in the soil sample, Crefsample is the concentration of reference element (Fe) in
the same soil sample, BECS is the concentration of element E in soil from control site, and
BrefCS is the concentration of reference element (Fe) in the same soil from the control site.
For the interpretation criteria, EF < 2 is interpreted as a deficiency to minimal enrichment,
2 < EF < 5 indicates moderate enrichment, 5 < EF < 20 indicates significant enrichment,
20 < EF < 40 indicates very high enrichment, and finally EF > 40 indicates extremely high
enrichment [11,18].

2.8. Statistical Analysis

For statistical data analysis, normality was evaluated using the Shapiro–Wilk test and
Levene’s test for variance check. In the case of not complying with the normality and/or
homoscedasticity criteria, a Box–Cox transformation was performed [16]. Differences be-
tween the concentrations of leaf and soil trace elements at monitoring sites were analyzed
by a one-way analysis of variance (ANOVA) and statistically significant differences were es-
timated through the least significant difference (LSD) test of Fisher’s multiple comparisons.
All tests and statistical evaluations were performed with a 95% confidence level (p < 0.05).

Principal component analysis (PCA) with Varimax rotation of enrichment factors was
applied to source analysis in both soil and leaves [18]. Only significant factors with Eigen-
values greater than 1 were considered significant in the analysis and data interpretation [19].
Loading correlation coefficients with values of |0.7| or higher were considered to interpret
the respective factors [5]. The XLSTAT (Addinsoft) software version 2022 package was used
for statistical analysis.

3. Results and Discussion
3.1. Element Concentrations
3.1.1. Element Concentrations in Cupressus macrocarpa Leaves

The mean concentration ± standard deviation (in mg kg−1 of dry weight) of trace
elements evaluated in Cupressus macrocarpa leaves from five sampling points in the Puchun-
caví Valley are presented in Table 1. The Hg and Li concentrations in all samples were
below the limit of quantification (<1.00 mg kg−1). The leaf concentrations of Ba, Ca, Cd, Cu,
K, and Sr showed statistically significant differences between sampling sites, using a p-value
of 0.05 (significance at 95%). Most elements, such as Al, As, Ce, Co, Cr, Fe, La, Mg, Mo, Na,
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Nd, Ni, Sb, Ti, and V, did not show significant differences between sampling sites. However,
the highest concentration was observed in LG, an area close to the industrial complex.

Table 1. Comparison of mean values (±standard deviation) in mg kg−1 of dry weight (DW) and
results of the analysis to variance (ANOVA) of the trace elements measured in Cupressus macrocarpa
leaves from monitoring sites in the Puchuncaví Valley, Chile 1.

Elements LG LM Pu VA CS ANOVA (p-Value)

Al 1188 ± 786 431 ± 127 386 ± 178 434 ± 76.03 355 ± 188 0.135
As 6.92 ± 4.51 3.11 ± 0.94 2.46 ± 1.06 6.26 ± 3.41 2.39 ± 1.32 0.160
Ba 44.13 ± 7.75 b 20.34 ± 6.21 a 23.16 ± 15.34 a 52.00 ± 8.49 b 20.39 ± 3.81 a 0.004
Ca 14,974 ± 454 a 9299 ± 1759 a 14,182 ± 5456 ab 21,585 ± 3806 b 9980 ± 2144 a 0.006
Cd 0.58 ± 0.13 d 0.28 ± 0.04 bc 0.22 ± 0.02 ab 0.20 ± 0.05 a 0.34 ± 0.09 c 0.001
Ce 1.31 ± 0.93 0.43 ± 0.14 0.43 ± 0.26 0.41 ± 0.08 0.34 ± 0.18 0.180
Co 0.73 ± 0.42 0.34 ± 0.10 0.59 ± 0.50 0.66 ± 0.30 0.31 ± 0.15 0.338
Cr 5.00 ± 2.80 3.64 ± 1.36 2.31 ± 1.67 3.86 ± 1.74 3.52 ± 1.57 0.573
Cu 318 ± 218 c 79.87 ± 28.56 ab 105 ± 49.23 abc 226 ± 92.41 bc 56.08 ± 27.23 a 0.026
Fe 1654 ± 1163 628 ± 219 553 ± 310 805 ± 309 495 ± 277 0.229
Hg BLQ BLQ BLQ BLQ BLQ -
K 7592 ± 1083 b 4595 ± 1012 a 6540 ± 2258 ab 7330 ± 876 b 4636 ± 830 a 0.047
La 1.08 ± 0.72 0.32 ± 0.08 0.38 ± 0.20 0.41 ± 0.10 0.26 ± 0.14 0.112
Li BLQ BLQ BLQ BLQ BLQ -

Mg 3002 ± 382 2147 ± 394 2536 ± 413 2460 ± 573 2254 ± 313 0.200
Mn 91.68 ± 33.07 70.04 ± 2.41 139 ± 122 110 ± 57.80 73.40 ± 40.07 0.879
Mo 3.94 ± 2.71 1.84 ± 0.63 1.62 ± 0.71 3.13 ± 1.12 1.36 ± 0.69 0.166
Na 2355 ± 1219 1103 ± 492 914 ± 210 841 ± 366 723 ± 195 0.087
Nd 0.57 ± 0.39 0.18 ± 0.06 0.24 ± 0.16 0.19 ± 0.04 0.23 ± 0.13 0.183
Ni 4.99 ± 1.26 4.14 ± 0.97 3.42 ± 1.47 4.03 ± 1.68 3.56 ± 1.65 0.695
Pb 9.41 ± 6.07 3.85 ± 1.01 3.45 ± 1.99 12.14 ± 8.36 2.92 ± 1.61 0.181
S 1788 ± 781 1123 ± 81.97 1622 ± 533 1934 ± 271 1012 ± 152 0.109

Sb 1.04 ± 0.41 0.58 ± 0.16 0.51 ± 0.27 0.83 ± 0.28 0.46 ± 0.24 0.135
Sr 166 ± 5.38 b 131 ± 6.93 a 190 ± 43.66 b 310 ± 63.31 c 160 ± 17.89 b 0.000
Ti 73.52 ± 46.41 30.45 ± 9.74 25.80 ± 14.16 24.90 ± 5.40 23.88 ± 12.85 0.195
V 3.71 ± 2.68 1.36 ± 0.47 1.13 ± 0.61 1.12 ± 0.28 1.06 ± 0.62 0.201

Zn 43.68 ± 17.21 19.78 ± 3.14 26.40 ± 13.91 58.24 ± 32.80 16.79 ± 7.08 0.064
1 Bold values show statistically significant differences according to ANOVA (p ≤ 0.05). Different letters in the
same row indicate significant differences based on an LSD test with a 95% confidence level. BLQ: below the limit
of quantification.

Moreover, high Cu values were registered in Cupressus macrocarpa leaves throughout
the Puchuncaví Valley, (Table 1). The highest Cu value in LG leaves had a similar phytotoxic
level observed previously at the same site in April 2017 [14] and exceeded the concentration
observed in Oenothera picensis leaves, a native herb with a potential Cu metallophyte from
LG [12]. In addition, the Cu levels from LG in April (See Table 1) exceeded the levels
reported in Cupressus macrocarpa leaves from an urban site in Spain up to 30 times [20], and
were 13 times the average concentration observed in Pinus pinea leaves near a chemical and
petrochemical industrial complex in Spain [21].

A comparison between tree-rings analyzed until 2011 near the IC [13] and the leaves
in this study showed that in Cupressus macrocarpa, trace elements such as Al, As, Ba, Cd,
Co, Cr, Cu, Fe, Mo, Ni, Pb, Sb, and V were the major concentrations in leaves, probably due
to the main pathway to accumulation of trace elements being atmospheric deposition over
leaves. In accordance with the present results, previous studies carried out in other parts of
the world have shown that atmospheric deposition is the main way to accumulate trace
elements in Pinus [22,23].

3.1.2. Element Concentrations in Soil

The mean concentrations ± standard deviation (in mg kg−1 of dry weight) of trace
elements in the soil collected between April and July at sampling sites are shown in Table 2.



Atmosphere 2023, 14, 893 7 of 14

The Cd, Hg, and Sb concentrations in all samples were below the limit of quantification
(<1.25 mg kg−1). The soil concentrations of Al, As, Ba, Cr, Cu, K, Li, Mg, Mn, Na, Ni, Pb,
and Ti showed statistically significant differences between sampling sites, using a p-value
of 0.05 (significant at 95%).

Table 2. Comparison of mean values (±standard deviation) in mg kg−1 of dry weight (DW) and
results of the analysis of variance (ANOVA) of the trace elements measured in the soil from the
monitoring sites in the Puchuncaví Valley, Chile 1.

Elements LG LM Pu VA CS ANOVA (p-Value)

Al 6535 ± 542 c 4338 ± 666 ab 5340 ± 1045 b 3996 ± 220 a 4715 ± 654 ab 0.001
As 13.08 ± 0.89 c 7.26 ± 3.88 bc 3.38 ± 2.58 a 2.44 ± 0.37 a 4.18 ± 1.92 ab 0.001
Ba 42.15 ± 3.76 c 29.69 ± 10.90 b 19.48 ± 6.20 ab 13.47 ± 0.49 a 25.36 ± 8.96 b 0.001
Ca 1479 ± 216 2880 ± 1308 1735 ± 547 1512 ± 112 1730 ± 420 0.092
Cd BLQ BLQ BLQ BLQ BLQ -
Co 2.05 ± 0.06 1.68 ± 0.29 2.05 ± 0.53 1.53 ± 0.06 1.86 ± 0.15 0.077
Cr 5.05 ± 0.24 b 3.52 ± 0.65 a 5.09 ± 1.46 b 3.33 ± 0.12 a 3.54 ± 0.35 a 0.005
Cu 1012 ± 189 c 414 ± 260 b 49.33 ± 35.76 a 17.09 ± 5.11 a 22.74 ± 4.41 a 0.000
Fe 8255 ± 404 7305 ± 1286 7580 ± 900 6872 ± 53.48 6609 ± 713 0.076
Hg BLQ BLQ BLQ BLQ BLQ -
K 881 ± 103 c 1047 ± 294 c 627 ± 169 b 564 ± 36.23 ab 377 ± 4.33 a 0.000
Li 2.97 ± 0.24 c 1.96 ± 0.40 b 1.65 ± 0.53 b 1.50 ± 0.06 b 1.19 ± 0.60 a 0.000

Mg 868 ± 68.81 b 824 ± 152 b 607 ± 245 a 543 ± 19.53 a 411 ± 96.72 a 0.002
Mn 123 ± 7.64 a 137 ± 23.77 a 139 ± 26.19 a 120 ± 8.10 a 261 ± 92.38 b 0.002
Mo 1.67 ± 0.86 1.76 ± 0.88 BLQ BLQ BLQ
Na 97.90 ± 2.34 b 124 ± 71.62 b 93.71 ± 37.57 ab 60.58 ± 10.33 a 61.30 ± 15.99 a 0.025
Ni 2.57 ± 0.12 b 1.76 ± 0.38 a 1.64 ± 0.28 a BLQ 1.38 ± 0.23 a 0.004
Pb 42.35 ± 6.28 c 16.26 ± 9.65 b 6.63 ± 4.83 a 4.44 ± 0.47 a 8.40 ± 5.61 ab 0.000
S 904 ± 522 BLQ BLQ BLQ BLQ -

Sb BLQ BLQ BLQ BLQ BLQ -
Sr 13.93 ± 1.73 19.19 ± 8.19 16.77 ± 5.65 12.26 ± 0.67 14.40 ± 3.17 0.352
Ti 73.41 ± 18.53 b 72.20 ± 24.54 b 52.07 ± 13.88 ab 37.54 ± 7.08 a 52.58 ± 7.62 ab 0.028
V 14.98 ± 0.95 12.70 ± 2.21 13.48 ± 2.59 12.71 ± 0.50 14.23 ± 1.36 0.298

Zn 84.83 ± 43.22 BLQ BLQ BLQ BLQ -
1 Bold values show statistically significant differences according to ANOVA (p ≤ 0.05). Different letters in the
same row indicate significant differences based on an LSD test with a 95% confidence level. BLQ: below the limit
of quantification.

The highest mean concentrations of As, Co, Cu, Ni, Pb, S, V, and Zn in soil were
observed at LG, the site closest to the pollution sources, suggesting the contribution of
anthropogenic sources from the industrial complex. In accordance with the present results,
LG showed Cu and Pb levels exceeding the background soil concentrations proposed for
Puchuncaví by Tapia-Gatica et al. (2020) [9]. The average Cu level in soil from LG was
similar to concentrations observed at the same site by Salmanighabeshi et al. (2015) [11].
However, levels of As, Ba, Co, K, Mn, Ni, Pb, V, and Zn were lower than those observed
previously [11]. In addition, As and Zn from all sites evaluated and Cu and Pb from
Pu, VA, and CS, were lower than the background levels proposed by Tapia-Gatica et al.
(2020) [9] for Puchuncaví soil. The proposed background concentration seems to be very
high for elements such as Cu (100 mg kg−1), As (16 mg kg−1), Pb (35 mg kg−1), and Zn
(122 mg kg−1) [9] given the lower levels observed at most of the sampling sites (Table 2).

3.1.3. Comparison of Element Concentrations in Soil and Cupressus macrocarpa Leaves

Plants require trace elements in their growth and metabolism, and deficiency in as
well as excess levels of trace elements in soils impairs their growth and development. For
primary production through photosynthesis, in addition to water and carbon dioxide,
plants require some inorganic mineral nutrients that are taken up through the root system.
In this process, elements are transferred from soil to plant, and the leaf mineral composition
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should reflect the complex interaction between the plant and the local soil composition [24].
Soil contamination with trace elements has become a growing global environmental and
human health crisis, especially in the Puchuncaví Valley area [8,9].

The element concentrations were greater in soil than in leaves for Al, As, Co, Fe, Mn, Pb,
Ti, and V. In accordance with the present results, previous studies have demonstrated that
elements such as Co and V in soil exceed native plant levels from the Puchuncaví Valley [12].

On the other hand, in this study, the levels of elements such as Ca, K, Mg, Mo, Na,
Ni, S, and Sr in Cupressus leaves were higher than those in the soil. These results may be
partly explained by the fact that the Puchuncaví Valley is an area of high pollution load,
rich in anthropogenic trace elements commonly emitted from the industrial complex, such
as As, Cu, Mo, Pb, Sb, and Zn [5,14]. In addition, elements such as Ca, K, and Mg play a
fundamental role in the growth and development of plants.

3.2. Element Source by Principal Component Analysis (PCA)

To reveal relationships among elements and to identify pollution sources, PCA with
Varimax rotation multivariate statistical techniques were applied to EFs in both leaves and soil.
EF is a means of quantifying the enrichment of a potentially contaminant-derived element
relative to background composition, thus enhancing the difference (Equations (1) and (2))
with abnormal element conditions. The leaf dataset contains the EFs of 24 trace elements
from 4 monitoring sites that were submitted to principal component analysis. The elements
Nd and Hg were excluded from the PCA because Hg was BLQ in all samples and Nd was
the only one possible to quantify in one sample from CS. The results of the leaf PCA with
Varimax rotation are presented in Table 3. The leaf PCA showed four common factors
contributing to 93.20% of the total accumulated variance. Loadings are the coefficients
of correlation between individual factors and the elements, and values close to unity
indicate that the element is characteristic of a particular source [15]. In this study, loadings
were considered significant for values of >|0.7| [14]. According to this criterion, the
first factor (F1), with 37.76% of the variance, grouped elements such as Na, Al, Ti, V, Fe,
Cd, La, and Ce. The association of these elements might be attributed to mineral–crustal
sources. Lanthanide elements can be of diverse origins, such as tracers of fluidized-bed
catalytic cracker emissions [25], motor vehicle emissions [26], and soil without pollution [27].
However, the low La/Ce (0.7 to 1.1) and La/Nd (1.7 to 2.4) ratios are consistent with impacts
from the resuspension of local dust [27,28]. In addition, the association of lanthanides with
other elements recognized as natural in soil from the Puchuncaví Valley, such as Al, Na,
Ti, Fe, and V [5], suggests that the association of these elements might be attributed more
probably to natural sources such as a mineral–crustal fraction.

The second factor (F2) (24.37% of the total variance) grouped elements such as Cu,
Zn, As, Mo, and Pb. The association of these elements might be attributed to anthro-
pogenic sources represented by copper smelting, as reported in previous studies on the
area [5,11,14,29]. In addition, this was supported by the fact that the EF of these elements
in Cupressus macrocarpa leaves showed significant enrichment at LG, the closest site to the
IC (See Figure 2).

The third factor (F3) (17.10% of the total variance) grouped elements such as Mn, Co,
and Ni. These elements in Puchuncaví soil are attributed mostly to the crustal fraction [6].
However, these elements may also originate from coal-fired power plants; while Ni has
shown high concentrations of fly ash from coal-burning power plants [20], Co and Mn
can be found in high concentrations in coal-derived sources [30]. It is probable that these
elements in the leaves have anthropic sources such as the coal-fired power plants of the IC.
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Table 3. Matrix of loads for principal component analysis (PCA) with Varimax rotation in leaves 1.

EF Element F1 F2 F3 F4

Na 0.951 0.023 0.040 0.064
Mg 0.683 −0.080 0.361 0.581
Al 0.930 0.276 0.205 0.096
S 0.266 0.537 0.477 0.416
K 0.425 0.111 0.627 0.625
Ca 0.036 0.384 0.251 0.878
Ti 0.944 0.202 0.243 0.016
V 0.940 0.266 0.200 0.001
Cr 0.569 0.553 0.504 −0.061
Mn 0.068 0.014 0.984 0.024
Fe 0.825 0.499 0.234 0.107
Co 0.299 0.329 0.869 0.155
Ni 0.531 0.170 0.762 0.110
Cu 0.475 0.746 −0.130 0.082
Zn 0.126 0.777 0.409 0.402
As 0.391 0.853 0.160 0.237
Sr −0.357 0.600 0.004 0.703

Mo 0.491 0.787 0.144 0.252
Cd 0.758 −0.200 −0.093 0.234
Sb 0.598 0.533 0.354 0.342
Ba 0.300 0.539 −0.190 0.750
La 0.882 0.314 0.230 0.175
Ce 0.918 0.287 0.225 0.044
Pb 0.105 0.921 0.175 0.255

% Cumulative
variance 37.76 62.13 79.23 93.20

1 The significant variables (values > |0.7|) are bolded.

Finally, the fourth factor in leaves (F4) (13.97% of the total variance) grouped elements
such as Ca, Sr, and Ba. Previously, Ca and Sr in Cupressus macrocarpa leaves have been
reported as anthropogenic factors [14]. In addition, Ca can originate from the formation
of CaO in the abatement of sulfur dioxide conversion to sulfur (dry desulfurization) [6].
On the other hand, Ba has been reported as a traffic marker [29]. The association of these
elements might be attributed to mixed anthropic sources. The elements Mg, S, K, Cr, and
Sb were not assigned to any factor found. It is important to note that Mg levels showed
no significant differences between the sites, and this element is fundamental for plants
because it forms part of the chlorophyll pigment. Moreover, no significant differences were
observed in S. Elements such as Mg, K, and S are macroelements. It is probable that the
levels of these elements in leaves have a natural source. On the other hand, Cr is potentially
derived from anthropogenic sources such as power plants [30] due to its being released
into the air mainly by various types of combustion processes. Moreover, Sb is potentially
derived from anthropogenic sources such as copper smelting, as shown in previous studies
of leaves from the Puchuncaví Valley [14].

The soil dataset contains the EFs of 17 trace elements from 4 monitoring sites that
were submitted to principal component analysis. The elements S, Zn, Mo, Cd, Sb, and Hg
were excluded from the PCA because Cd, Sb, and Hg were BLQ in all samples and S, Zn,
and Mo were quantified in only a few samples. On the other hand, Fe was selected as the
reference element (Equation (2)). The results of the soil PCA with Varimax rotation are
presented in Table 4. Soil PCA showed three common factors contributing to 82.23% of
the total accumulated variance. The first factor (F1), with 40.03% of the variance, grouped
elements such as Al, Ni, Cu, As, Ba, and Pb. Previously, Cu, As, and Pb in soil have been
reported as anthropogenic factors represented by copper smelting [5,6]. On the other hand,
elements such as Al and Ni in the soil identified through positive matrix factorization
(PMF) have been reported as a crustal factor [6]. However, high Ni concentrations in fly ash
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from coal-burning power plants were observed in an urban site in Spain [20] just as Ba has
been reported as a traffic marker [29,31]. The association of these elements may probably
be attributed to mixed anthropic sources at the IC.

Table 4. Matrix of loads for principal component analysis (PCA) with Varimax rotation in soil 1.

EF Element F1 F2 F3

Li 0.012 0.973 −0.005
Na 0.382 0.831 −0.056
Mg 0.634 0.705 −0.045
Al 0.745 0.063 0.429
K 0.537 0.687 −0.365
Ca 0.086 0.984 0.043
Ti 0.500 0.259 −0.013
V 0.042 0.340 0.631
Cr 0.147 −0.050 0.865
Mn 0.106 0.739 0.487
Co 0.331 0.243 0.768
Ni 0.852 0.310 0.370
Cu 0.965 0.091 −0.019
As 0.870 0.382 0.174
Sr 0.135 0.922 0.314
Ba 0.795 0.296 0.180
Pb 0.951 0.185 0.162

% Cumulative
variance 40.03 66.79 82.23

1 The significant variables (values > |0.7|) are bolded.

The second factor (F2) (26.77% of the total variance) grouped elements such as Li,
Na, Mg, Ca, Mn, and Sr. The association of these elements might be attributed to mineral–
crustal sources. These elements in Puchuncaví soil were previously attributed mostly to
the crustal fraction, according to PMF receptor modeling [6].

The third factor (F3) (15.44% of the total variance) grouped elements such as Cr and Co.
These elements are potentially derived from anthropogenic sources, such as Co from power
plants [30] and Cr released into the air mainly by various types of combustion processes.
The association of these elements in the soil may probably be attributed to anthropic sources
represented by coal-fired power plants of the IC.

3.3. Enrichment Factors (EFs) in Leaves and Soil

Figures 2 and 3 show the EFs in leaves and soil calculated according to
Equations (1) and (2), respectively. In these figures are presented the EFs of anthropogenic
elements from copper smelting according to Factor 2 observed in leaf PCA analyses and
Factor 1 for soil (See Section 3.2). In leaves (Figure 2), LG and VA were significantly enriched
in the elements As, Cu, Mo, Pb, and Zn.

The significant enrichment of LG and VA in Cu, Mo, Pb, and As was observed in
accordance with previous studies in Cupressus macrocarpa leaves from the Puchuncaví
Valley [14]. However, minor values of EF in elements such as As, Mo, and Pb were
observed at sites such as LM and Pu, probably due to climatic factors such as rain and
predominant winds in these areas.

In soil (Figure 3), the EFs for Cu at sites closest to the IC (LG and LM) were between
very high to significant enrichment, respectively, while significant enrichment was observed
for Pb from LG. Moderate enrichment was shown for Cu at Pu, As at LG and LM, and Pb at
LM. The EF values for Cu, As, and Pb decreased with the distance to the IC, in accordance
with previous studies of the soil from the Puchuncaví Valley [11]. The elements Al, Ni, and
Ba were deficient to minimally enriched at sample sites in the Puchuncaví Valley.
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The trace elements accumulation presents differences between leaves and soil. On the
one hand, the soil is the final sink, and the trace levels depend on proximity to the source,
particle size, and environmental factors such as rain and predominant winds, among
others [5,6,8]. On the other hand, the accumulation in leaves depends on characteristics
such as leaf form, presence of hairs, epicuticular wax, and rugosity, among others [32–34],
as well as environmental factors, showing different efficiencies of accumulation [23,33].
It is important to note that soil trace element deposition occurs on a longer time scale in
contrast to leaves, due to the dynamics of element deposition in leaves, which is faster due
to the constant processes of accumulation and washing.

4. Conclusions

The elemental levels in Cupressus macrocarpa leaves and soil collected around the
Puchuncaví Valley were clearly affected by anthropogenic activities to a variable degree,
depending on the distance from the industrial complex. The high Cu values found in both
soil and leaf samples near the industrial complex (LG) showed the great influence of copper
smelting and refinery.

The PCA of EFs in both soil and leaves, detected three and four factors, respectively,
mainly related to the industrial complex’s copper smelter, refinery, and coal-fired power
plants, as well as geogenic sources.

According to the PCA, the EFs of anthropogenic elements from copper smelting
showed that LG and VA were significantly enriched in the elements Cu, Zn, As, Mo, and Pb,
while the EFs in the soil at LG (the site closest to the IC) showed high enrichment for Cu and
significant enrichment in Pb. The comparison of EFs in leaves and soil showed differences,
the Cupressus macrocarpa EFs were higher because of the element deposition dynamics,
which were faster in leaves due to the constant processes of accumulation and washing.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos14050893/s1. Table S1: Instrumental conditions for digestion
in microwave Ultrawave Milestone; Table S2: Instrumental conditions for ICP-MS measurements
Agilent 7900; Table S3: Quality control results (µg g−1 dry weight) obtained from ICP-MS analysis of
“Standard Reference Material 1575a” trace elements in pine needles (Pinus taeda); Table S4: Quality
control results (µg g−1 dry weight) obtained from ICP-MS analysis of “Standard Reference Material
2709a” trace elements in San Joaquin soil.
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