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Highlights 

• 

Topsoil around Puerto Libertad is influenced by natural and anthropogenic sources. 

• 

The major oxides and REE in the soils are reliable genetic indicators of the bedrock. 

• 

The anthropogenic source contributed to the accumulation of V, Ni, and Mo in the soils. 

• 

The highest pollution markers in soils are found in the vicinity of the power plant. 

Abstract 

Understanding the sources of potentially toxic elements (PTEs) in soils is a worldwide challenge that 
requires effective discrimination between geogenic and anthropogenic contributions, particularly in 
areas with certain geological complexity. This study aims to examine the chemical contents of 23 
topsoil samples collected from the surroundings of a fossil fuel power plant in the village of Puerto 
Libertad (Sonoran Desert, Mexico). The study did not exclusively focus on the source identification 
of the priority PTEs to evaluate soil pollution. Furthermore, major oxides and immobile trace element 
(Zr, Hf, and REE: La→Lu) data were provided for a reliable assessment of the provenance of the 
soils. The relatively high SiO2 contents (65.26–75.42 wt%, anhydrous basis), the Post-Archean 
Australian Shale (PAAS)-normalized REE patterns, and the uniformity of the values of the Index of 
Compositional Variability (ICV = 1.11–2.72) and the Chemical Index of Alteration (CIA = 31.65–
51.79) suggest that the soils were derived from intermediate to felsic source rocks, controlled by the 



local weathering of the parent bedrocks, under a low degree of chemical weathering conditions. The 
PTE data were treated following a robust workflow, which included the use of the enrichment factor 
(EF), the Spearman rank correlation (ρ), and multivariate statistical analyses allowed the generation 
of significant elemental associations and the identification of pools related either to the geological 
background or to anthropogenic activities. The results suggesting that Mo and Zn concentrations 
present a moderate anthropogenic influence while the concentrations of Pb, Sn, Cu, Cd, As, Cr, and 
Co are predominantly of geogenic origin. Vanadium (avg. EFV = 3.4) and Ni (avg. EFNi = 4.6) were 
the most enriched elements in the soils. Moreover, the highest values of the integrated Nemerow 
Pollution Index (PIN>3) were recorded at the sampling stations closer to the village, suggesting point-
source pollution by the emissions of the power station. Finally, in this paper is traced the extent of 
the particulate released into the atmosphere, which can be dispersed in a wide area into the Sonoran 
Desert. 
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1. Introduction 

Soil formation begins with the physical and chemical breakdown of continental Earth's rocks, caused 
by environmental agents (Amundson, 2014; Minasny et al., 2008). This process, known as 
weathering, chips away rock fragments into an array of smaller pieces and eventually into sand, silt, 



and clay particles (Dorn, 2011; Jackson et al., 2002; Xia et al., 2015). Unlike chemical forms of 
weathering, physical processes are more pronounced in arid environments, transferring the 
mineralogical contents from bedrock to soils (Warke, 2013). In geochemical terms, several metals 
and metalloids, the so-called potentially toxic elements (PTEs) (Duffus, 2002; Pourret and Bollinger, 
2018), occur naturally in amounts rarely toxic in the soil environment from pedogenetic processes of 
the weathering of parent materials at levels that are regarded as trace (<1000 mg kg−1) (Alloway, 
2013; Cabral Pinto et al., 2017; Galán et al., 2014; Hooda, 2010; Mikkonen et al., 2018). Apart from 
this intrinsic nature, anthropogenic activities introduce the continuous low-level input of materials on 
topsoil and sediments from the deposition of atmospheric particulates (Christensen et al., 2018; Dinis 
et al., 2021; Gray et al., 2003; Prabhakar et al., 2014; Rueda-Holgado et al., 2016; Zheng et al., 2016). 
As a direct consequence, the enrichment of specific PTEs should be sensitive to a specific 
anthropogenic activity (Bosco et al., 2005; Cai et al., 2015; Franco-Uría et al., 2009; Heidari et al., 
2021; Mikkonen et al., 2018; Rueda-Holgado et al., 2016; Tijhuis et al., 2002; Zheng et al., 2016). 
Particularly, the burn of fossil fuels emits residual oil fly ash (ROFA), which is characterized by a 
high content of contaminants (Al-Degs et al., 2014; Allouis et al., 2003; Boix et al., 2001; Häsänen 
et al., 1986; Moreno et al., 2010; Navarro et al., 2007). Several studies have concluded that PTEs 
such as V, Ni, Cr, and As multiply their concentration in sediments and soils in areas surrounding oil-
fired power stations. Among these elements, V and Ni can be held as the most important elements for 
tracing the emissions of fuel combustion processes in power stations (Al-Ghouti et al., 2011; Al-
Masri et al., 2015; Boix et al., 2001; Bosco et al., 2005; Meza-Montenegro et al., 2012; Pastrana-
Corral et al., 2017). 

In terms of PTE concentrations, soil quality has received considerable attention from the scientific 
community worldwide. In particular, soil pollution assessment is a concern for arid and semi-arid 
regions covering more than one-third of the global land area and supporting over a fifth of the world's 
population (Kebonye et al., 2017; Meza-Figueroa et al., 2007, 2018; Mukherjee et al., 2020; 
Prabhakar et al., 2014; Yang and Williams, 2015). Inherent physical factors that may greatly impact 
on the enrichment of PTEs in soils occur in this environment. For instance, arid and semi-arid 
backgrounds are characterized by a low amount of organic matter, scarce vegetation, poor soil 
structure, drought, heavy rainfalls during short rainy seasons, strong winds, and extreme temperatures 
and UV radiation (Khodaverdiloo et al., 2020; Moore and Carpi, 2005; Moreno-Rodríguez et al., 
2015; Navarro et al., 2004, 2008; Ravankhah et al., 2017; Razo et al., 2004; Yang et al., 2017; Yang 
and Williams, 2015). Located in the Sonoran Desert, Puerto Libertad is an example of a semi-arid/arid 
area highly exposed to PTEs contamination from a practically unique local emission source. The 
village of Puerto Libertad hosts one of the biggest energy power plants of the Sonoran Desert, namely, 
Puerto Libertad Thermal Power Plant (PLTPP). The power plant is located in the geographic 
coordinates 29.9058 N and −112.6928 W. It began operations in 1985 and was designed as a 
conventional power station that involves the combustion of diesel, with a capacity of 632 MWe in its 
four units. Based only on data from 2002 to 2005 (“globalenergyobservatory,” 2002–2005), the plant 
consumed 828 ktoe (thousand tonnes of oil equivalent) and emitted around 6158 tons of ROFA per 
year until 2017. According to the local literature, since 2017 the power plant has ceased to use heavy 
oil for electricity generation. Instead of this process, it changed to a combined cycle gas turbine 
(CCGT) technology. However, for more than 30 years, the power station has engaged in an open 
cycle of atmospheric particulate matter production and deposits that are directly connected to the soils 
around the village. The location of Puerto Libertad and the soil properties of the region make it an 
ideal area to assess PTEs enrichment and distinguish between the geological factors and the impact 
of the major anthropogenic activity on the environment. Such an impact can manifest itself in adverse 
effects on human health and the surrounding ecological system. 

The present study investigates the geochemistry of topsoil in the Puerto Libertad area. The three 
scopes can be summarized as follows: (i) assess the potential bedrocks and weathering conditions of 



the soils; (ii) identify the PTEs sources and distinguish between natural and anthropogenic influences 
with an emphasis on V and Ni (which are present in large amounts in the ROFA); (iii) constrain the 
main influence zone of the power plant installed in Puerto Libertad and the spatial patterns of the 
possible paths of the contaminants on a regional scale. 

2. Materials and methods 

2.1. Study area 

In North America, an important region covered by an arid environment is the Sonoran Desert. It 
covers large portions of the southwestern United States and northwestern Mexico with more than 
300,000 square kilometers (Fig. 1a). Their population was rapidly growing during the last decades 
and it houses large cities such as Phoenix and Tucson in Arizona, and Mexicali and Hermosillo in 
Mexico. Notwithstanding the concern of several workers to trace the anthropogenic source 
contributions in soils and sediments from urban, industrial, agricultural, and mining activities in the 
Sonoran Desert (e.g., Aguilar-Hinojosa et al., 2016; Calmus et al., 2018; García-Rico et al., 2016; 
González-Grijalva et al., 2019; Meza-Figueroa et al., 2007; Meza-Montenegro et al., 2012; Ochoa-
Contreras et al., 2021; Prabhakar et al., 2014), there is a lack of information regarding the emission 
of pollutants from power stations (Fig. 1a). 



 



Fig. 1. (a) Map showing the approximate boundaries of the Sonoran Desert (shaded area) in the 
southwestern United States and northwestern Mexico. In addition, the locations of the study area, 
beaches along the Sonoran coast, fossil fuel power plants, geothermal power plants, and main cities. 
(b) The wind roses indicate the dominant wind directions and the direction of the strongest wind 
speeds in the north of the Gulf of California. The period of record is between 1988 and 2018. Wind 
data are those reported by NOAA and plotted using the CRAN OpenAir (v.2.8.6) (Carslaw and 
Ropkins, 2012). (c) Geological map of the study area showing the locations of sampling sites (adopted 
from Gastil and Krummenacher, 1977). For the interpretation of the references to colors in the legend, 
the reader is referred to the web version of this paper. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

The power station located in the research area is one of the biggest plants in northwestern Mexico but 
the hosted village, Puerto Libertad, is a small locality with approximately 2750 inhabitants (INEGI, 
2020). Puerto Libertad is sited on the seashore of the Gulf of California, far from any major highway 
system or a big city (Fig. 1a). In addition, local mining and agro-industrial activities practically can 
be neglected; thus, the emissions produced during the fossil fuel combustion of the PLTPP are the 
main source of pollution in the Puerto Libertad area. The overall wind patterns throughout the region 
show that the prevailing wind flows are from moist ocean areas to dryland areas (Fig. 1b). In this 
sense, Puerto Libertad is on the circulation pattern typically developed by the North American 
Monsoon in late May or early June over Sonora (Adams and Comrie, 1997). Nonetheless, there is a 
local excess of evaporation over precipitation. 

From the geological viewpoint, the area of Puerto Libertad is in the core of the Coastal Sonora 
Batholith (CSB, Valencia-Moreno et al., 2011). The area is tectonically affected by the late Cenozoic 
southern Basin and Range extensional province, characterized by numerous NNW–SSE-oriented and 
well-exposed basins (Henry, 1989). For its part, Gastil and Krummenacher (1977) described the local 
geology. The outcrop rocks in the area mainly comprise Laramidic granitic rocks (late Cretaceous) 
that are intruded into the volcanic and volcanoclastic strata of the early Cretaceous age. Furthermore, 
exhumed intermediate to felsic Neogene volcanic rocks occur in the north of Puerto Libertad (Fig. 
1c). Generally, the geomorphic structure is a typical mountain-basin-coast system, in which marine 
and fluvial terrace deposits dominate the area. The coastal deposits are generally stable and well 
developed (Ortlieb, 1991). Along the Sonoran coast, the sand-sized deposits are predominantly 
eroded from granitoids from nearby outcrops (Armstrong-Altrin, 2009; Armstrong-Altrin et al., 2014; 
Madhavaraju et al., 2016; Ortega et al., 2013). 

2.2. Sampling 

Twenty-three topsoil samples were collected randomly from divergent sites around the PLTPP in 
April 2018. The upper ∼0–10 cm soil were collected using a silicone spatula. The samples were 
collected until this depth in order to examine the part of the soil in which the effect of atmospheric 
particulate would have the strongest influence. The sites were also codified from PL1 to PL23. About 
1.0 kg of each sample was placed in a resealable plastic bag and transported to the laboratory. In 
addition, the collection of rock samples was conducted upon the determination of the local 
background levels of the PTEs. Two rock samples belonging to a pluton of the CSB, namely, RPL1 
and RPL2, and another of the rhyolitic composition (RPL3) collected nearly 8 km north of the PLTPP 
represent the bedrock in this study. The positions of the sampling points were recorded by a GPS 
instrument (Fig. 1c), and the information was implemented in a geographic information system 
(ArcGIS® 10.7, using WGS84 datum). 

2.3. Analytical methods 



Sample preparation and chemical procedures were performed using the SLE facilities at Divisón de 
Ciencias de la Tierra, CICESE, Mexico. An analysis with a stereo microscope was conducted to 
identify the mineral constituents of the soil samples. In addition, they were analyzed for pH, organic 
matter (OM) content, and particle sizes. The pH was determined by a portable pH meter (Thermo-
Scientific® Orion Star® brand) in a 1:2.5 solution (sample: deionized water [resistivity 
18.2 Ω cm−1]). The OM was also determined by titration through oxidation by dichromate in an acidic 
medium (Gaudette et al., 1974). Granulometric analysis was executed by employing the gravimetric 
method to determine the size of the distinct particles in soils. Additionally, the bulk material was 
passed through a sample splitter to obtain a representative aliquot of each soil sample. Approximately 
100 g of such an aliquot was powdered in an agate mill for chemical analysis. The major oxide 
compositions of the soils were obtained by X-ray fluorescence in fused LiBO2/Li2B4O7 disks using a 
Bruker® S8 Tiger ECO with an Rh-anode X-ray tube as a radiation source. The relative uncertainties 
were better than ±2%. An aliquot of all the samples were digested in a fresh mixture of the ultra-pure 
grade of HF (28 M), HNO3 (16 M), and HCl (6 M) acids, in a volume ratio of 1:1:3, to ensure the 
complete dissolution of soil components. The compositions of V, Cr, Co, Ni, Rb, Cu, Zn, As, Mo, 
Cd, Sn, Sb, Pb, Zr, Hf and the fourteen lanthanoids were determined in solution by an Agilent® 
7500ce inductively coupled plasma mass spectrometer (ICP-MS) at INGV, Palermo, Italy. Both 
accuracy and precision of the measurement were better than ±10%. Furthermore, whole-rock 
geochemical analysis was carried out by a quadrupole ICP-MS (Thermo Scientific® Q-ICP-MS) 
housed at LEI, UNAM. The results of major and trace elements of several international standards 
analyzed in the same batches were compared with certified values to check the quality and accuracy 
of the analyses (Table 1S, 2S, and 3S). The supplementary material presents further details of the 
analytical methods. 

2.4. Data analysis 

The major element data (Table 4S) were recalculated on an anhydrous basis and adjusted to 100% 
before using them in various indices and graphics. The Chemical Index of Alteration (CIA) (Nesbitt 
and Young, 1982), and the Index of Compositional Variability (ICV) (Cox et al., 1995) were used to 
interpret the degree of chemical weathering and to trace the source rocks and provenance of the soils. 
For the elimination of the complexities of the Oddo-Harkins effect and for the calculation of Eu-
anomalies, REEs were normalized to the Post-Archean Australian Shale (PAAS) values after 
McLennan (1989). 

Some basic statistical parameters of the PTEs, such as mean, standard deviation, extreme values (min 
and max), and skewness, were calculated (Table 5S). Spearman's (non-parametric) rank-order 
correlation analysis was performed to identify the relationship among PTEs, Zr, and OM. Results 
with p < .05 were considered statistically significant. On the other hand, principal component analysis 
(PCA) was applied to the data set to identify the underlying structure and provide an overview of the 
distribution pattern of those variables. These analyses were conducted with R (v. 3.6.3;R, 2020), a 
free software environment for statistical computing and graphics. The anthropogenic impacts of the 
soils were determined through two parameters. (i) The enrichment factor (EF; Buat-Menard and 
Chesselet, 1979) of individual PTEs was calculated to understand the contribution of geogenic and 
anthropogenic sources. The compositions of local rocks were used as backgrounds, and Ti was 
employed as a reference element for the EF calculation due to the natural association with trace 
elements in the bedrocks and relatively low mobility in weathering environments (Bern et al., 2011; 
Calmus et al., 2018). (ii) A quantitative measure of the extent of the overall PTEs pollution in the 
studied soils was calculated using the integrated Nemerow Pollution Index (PIN; Weissmannová and 
Pavlovský, 2017). The geogenic background was identified on the basis of the abundance of the trace 
elements of the parent material, specifically the REE-normalized patterns of the local rocks, to obtain 
a more realistic assessment. The degree of enrichment (EF) or pollution (PIN) of the soils are classified 



according to the categories summarized in Weissmannová and Pavlovský (2017). The supplementary 
material displays further details of the data analysis. 

2.5. Air forward trajectories analysis 

The Global Data Assimilation System (GDAS 1.0) dataset from Air Resources Laboratory (ARL, 
NOAA) was used to drive Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 
models using OpenAir (v.2.8.6, R environment) (Carslaw and Ropkins, 2012). Such models 
calculated forward air parcel trajectories starting daily at 00:00, 06:00, 12:00, and 18:00 (UTC) from 
Puerto Libertad for six days in 2015. The starting height for trajectory calculations was 100 m above 
sea level, and each trajectory was tracked for 24 h. That way, our computed trajectories represent the 
potential atmospheric transport routes of the ROFA from the PLPP. 

3. Results 

3.1. Physicochemical parameters 

Table 1 exhibits the geographic coordinates, particle size fractions, pH, and OM contents of the soil 
samples from Puerto Libertad. The soils are formed mainly by unconsolidated parent materials (Fig. 
1S). The mineral fraction is predominantly composed of quartz, feldspars, and phyllosilicates, and 
no calcium carbonate (CaCO3) content in the samples is found. The grain-size percentage 
composition budget is dominated by sand (from 77.42% to 97.44%) at all sites (Fig. 2S). The OM 
contents are in the range of 0.30%–4.15% and presents significant correlations vs. V (ρ = 0.63; 
p = .002) and Ni (ρ = 0.58; p = .004). All soils are in the pH range from 8.27 to 9.27 (alkaline 
conditions). 

Table 1. Locations, percentage grain-size distribution, percentage of organic matter, and pH of 
Puerto Libertad soil samples. 

 Coordinates aDistance 
(km) 

Grain-size distribution 
(%) Type 

Organic 
matter(%) 

pH 
ID Longitude Latitude Sand Silt Clay 

PL1 −112.72663 29.92346 4.59 97.44% 2.13% 0.43% 
Poorly Sorted 
Very Coarse 
Sand 

0.46 8.63 

PL2 −112.72647 29.93869 5.42 95.28% 3.92% 0.80% 
Poorly Sorted 
Very Coarse 
Sand 

0.53 8.96 

PL3 −112.71680 29.99056 9.66 85.41% 12.16% 2.40% 
Very Coarse 
Silty Very 
Coarse Sand 

1.56 8.62 

PL4 −112.71022 29.91293 2.49 90.29% 8.09% 1.60% 
Fine Silty 
Fine Sand 

1.63 8.73 

PL5 −112.67296 29.89916 1.99 92.74% 6.05% 1.20% 
Very Coarse 
Silty Medium 
Sand 

1.38 8.42 

PL6 −112.66537 29.99315 9.76 84.39% 12.18% 3.44% 
Poorly Sorted 
Very Coarse 
Sand 

0.77 8.58 



 Coordinates aDistance 
(km) 

Grain-size distribution 
(%) Type 

Organic 
matter(%) 

pH 
ID Longitude Latitude Sand Silt Clay 

PL7 −112.67377 29.95665 5.60 91.34% 7.22% 1.40% 
Fine Silty 
Fine Sand 

1.71 8.27 

PL8 −112.67993 29.93425 3.01 83.88% 13.43% 2.70% 
Poorly Sorted 
Very Coarse 
Sand 

2.24 8.57 

PL9 −112.68643 29.93355 2.80 92.55% 6.21% 1.20% 
Very Coarse 
Silty Very 
Coarse Sand 

3.40 8.70 

PL10 −112.69213 29.93978 3.51 77.42% 18.82% 3.76% 
Poorly Sorted 
Coarse Sand 

3.27 8.76 

PL11 −112.67339 29.91402 1.77 93.44% 5.46% 1.10% 
Poorly Sorted 
Very Coarse 
Sand 

0.81 9.19 

PL12 −112.65978 29.92392 3.60 94.32% 4.77% 0.90% 
Poorly Sorted 
Coarse Sand 

1.75 8.62 

PL13 −112.63923 29.87443 6.64 93.95% 5.04% 1.00% 
Poorly Sorted 
Fine Sand 

0.91 8.76 

PL14 −112.59366 29.87406 11.20 89.85% 8.46% 1.70% 
Medium Silty 
Very Coarse 
Sand 

1.02 8.52 

PL15 −112.62399 29.88529 2.21 95.38% 3.85% 0.77% 
Poorly Sorted 
Medium Sand 

0.30 8.40 

PL16 −112.65225 29.88595 2.01 91.20% 7.33% 1.50% 
Poorly Sorted 
Very Fine 
Sand 

2.11 8.91 

PL17 −112.67868 29.90537 1.13 94.20% 4.83% 1.00% 
Poorly Sorted 
Fine Sand 

0.78 8.45 

PL18 −112.68587 29.91477 0.74 91.93% 6.73% 1.30% 
Poorly Sorted 
Very Coarse 
Sand 

1.05 8.32 

PL19 −112.69029 29.91687 0.95 95.16% 4.03% 0.80% 
Poorly Sorted 
Very Coarse 
Sand 

0.58 9.02 

PL20 −112.69262 29.91806 1.16 89.77% 8.52% 1.70% 
Very Coarse 
Silty Very 
Coarse Sand 

1.20 9.13 

PL21 −112.67021 29.90038 2.21 94.08% 4.93% 0.99% 
Poorly Sorted 
Very Coarse 
Sand 

0.70 9.27 

PL22 −112.52816 29.97091 19.13 84.39% 12.17% 3.44% 
Poorly Sorted 
Very Coarse 
Sand 

4.15 8.55 



 Coordinates aDistance 
(km) 

Grain-size distribution 
(%) Type 

Organic 
matter(%) 

pH 
ID Longitude Latitude Sand Silt Clay 

PL23 −112.58604 29.82457 14.74 93.86% 5.11% 1.00% 
Poorly Sorted 
Very Coarse 
Sand 

1.54 8.58 

a 

Distance from the power station to the sampling point. 

3.2. Major and trace element concentrations in soils 

Table 4S presents the major and selected trace element contents of the soils from Puerto Libertad. 
Silica ranging between 65.26 and 75.42 wt% and Al2O3 contents varying from 11.44 to 15.46 wt%, 
indicate a felsic source essentially. The concentrations of Na2O (2.70–4.46 wt%) and K2O (2.70–
4.68 wt%) are relatively homogeneous whereas large variations are observed in TiO2 (0.19–
0.60 wt%), Fe2O3 (1.43–7.18 wt%), MnO (0.02–0.06 wt%), MgO (0.33–2.19 wt%), CaO (0.46–
8.10 wt%), and P2O (0.03–0.21 wt%). All the major oxide data (wt.%) are recalculated on an 
anhydrous basis. 

Conservative trace element contents are assessed to provide insight into the geochemical provenance 
of the soils. They are largely inherited from the parent rocks, as is indicated by the relatively high 
variation in the concentrations of the high field strength elements (HFSEs), such as Zr (23.44–
141.53 ppm) and Hf (0.82–3.55 ppm). Total REE (∑REE) abundances are also variable in the soil 
samples, ranging from 63 to 330 ppm. The PAAS-normalized REE data are arranged in order of 
increasing atomic number and plotted in a typical diagram (Fig. 2). Additionaly, the samples are 
grouped according to their REE-normalized patterns. In Group 1 (n = 19), the patterns are 
characterized by having positive Eu anomalies in most samples (Eu/Eu* = 0.96–1.40), generating 
convex upward patterns (Fig. 2a). The samples of this group have moderate to high enrichment in 
light-REE (LREE) and middle-REE (MREE) relative to heavy REE (HREE), numerically expressed 
as (La/Yb)N = 1.03–2.90, (Sm/Yb)N = 1.29–1.95, and (Sm/La)N = 0.64–1.31. In contrast to Group 1, 
qualitatively, Group 2 (n = 4) have flat patterns with no-to moderate-enrichment in LREE and MREE 
relative to HREE ([La/Yb]N = 0.74–1.42; [Sm/Yb]N = 0.96–1.17; [Sm/La]N = 0.82–1.30). The most 
relevant feature of this pattern is the pronounced negative Eu anomaly (Eu/Eu* = 0.33–0.73; Fig. 2b). 
Fig. 2a,b shows the distribution patterns of the PAAS-normalized REEs of the sampled rocks. 



 

Fig. 2. Distribution patterns of REE concentrations normalized to the PAAS standard values 
(McLennan, 1989), in the soils of the Puerto Libertad area at the different stations (PL1–PL23). The 
stations are grouped according to their REE pattern, namely (a) group 1 and (b) group 2 (see text for 
explanation). CSB: Coastal Sonora Batholith. Rock samples are plotted by comparison. 

The mean concentration of PTEs in the soil samples displays the next decreasing order 
V(141.54 ppm) > Zn(63.65 ppm) > Ni(36.71 ppm) > Cr(29.09 ppm) > Pb(21.46 ppm) > Cu(18.14 p
pm) > Co(6.84 ppm) > As(6.34 ppm) > Sn(2.95 ppm) > Mo(2.71 ppm) > Sb(1.08 ppm) > Cd(0.19 p
pm). Several PTEs correlate withone another. A significantly positive correlation exists between V 
and Ni (ρ = 0.60; p = .001). There is also a significant positive correlation between Ni with Mo 
(ρ = 0.52; p = .012), Sn (ρ = 0.54; p = .008), and Pb (ρ = 0.50; p = .016). In addition, a significantly 
positive correlation between Zr and Cr (ρ = 0.59; p = .003), Pb (ρ = 0.50; p = .017), Cu (ρ = 0.47; 
p = .023), As (ρ = 0.57; p = .004), Sn (ρ = 0.42; p = .045), Sb (ρ = 0.54; p = .008), and Cd (ρ = 0.78; 
p < .001) are observed. 

3.3. Pollution indices 



The average EF values for Zn, Pb, Cu, and Co are less than 2.0. This fact indicates that the soils in 
the area under research have overall “deficiently to minimal enrichment” in these PTEs. Meanwhile, 
the resulting average EF values demonstrate that V (EF V = 3.40), Ni (EF Ni = 4.61), Cr (EF 
Cr = 2.36), Sn (EF Sn = 3.02), Mo (EF Mo = 4.21), and Sb (EF Sb = 2.11) generally have “moderate 
enrichment” in the soils. The EF data of V, Ni, and Mo in some stations are the highest among the 
heavy metals (up to 17.54 for V, up to 25.96 for Ni, and up to 14.39 for Mo). They also have 
“moderate to very high enrichment” in samples located closer to the PLTPP (Fig. 1c), such as PL4, 
PL8, PL9, PL10, PL14, PL18, PL19, and PL20 (located at less than 3.5 km from the power plant). 
The farthest samples, namely PL22 (19.1 km) and PL23 (14.7 km), have “minimal enrichment” in 
most PTEs. 

The PIN is evaluated in this study to assess the mutual contamination effects of the PTEs measured 
on each soil sample. The comprehensive pollution levels vary among the different samples, ranging 
from 0.94 to 17.74. The farthest samples from the PLTPP, namely PL22 (PIN = 1.61) and PL23 
(PIN = 1.58), fall in the “slight pollution” category. Only the sample PL1 (PIN = 0.94) falls in the 
“little pollution” category. Meanwhile, the computed average PIN of the samples under research yields 
a value of 4.31; it means that, in general, these soils are “serious polluted” by PTEs. 

4. Discussion 

4.1. Provenance of soils and weathering conditions 

One of the issues in environmental research is the establishment of a local geochemical background, 
which is necessary to quantify the possible anthropogenic impact on soils and sediments (Bern et al., 
2019; Calmus et al., 2018; Reimann and de Caritat, 2017; Reimann and Garrett, 2005). The 
heterogeneities in the soil origin may exert significant impact on individual PTEs and distribution 
characteristics. The main components of the soils surrounding Puerto Libertad are assumed to be 
formed from the weathering of the underlying parent rock materials. Because of the semi-arid to arid 
climate, the soil formation in the region is more influenced by physical rather than chemical 
weathering. Accordingly, with the dominance of sand-size particles characterizing the samples, the 
soils are weakly developed, and the organic matter content in the area is very low (avg. = 1.47%). 
The alkaline pH values are also expected due to the nature of parent rocks and because the vegetation 
cover is not developed in most parts of the Sonoran Desert (Gutiérrez-Ruacho et al., 2018). Within 
this environmental context, there is no clear geochemical difference in major and conservative 
(immobile) elements between rocks, sediments, and soils in the area under research. In this sense, 
although most diagrams and indices presented here do not discriminate various types of soils, they 
help discriminate between potential bedrocks and weathering grades. 

The major element discriminant function provided by Roser and Korsch (1986) is a method to 
determine the provenance of soils within single successions, with differentiation into four groups. 
The Puerto Libertad soils are plotted in the field of felsic igneous provenance with a minor 
intermediate component (Fig. 3a), typical of rocks derived from silicic crystalline ranges (Roser and 
Korsch, 1986). In addition, the ratio SiO2/Al2O3 is a commonly employed approach to determine the 
source and maturity. Higher values of this ratio are related to an increase of quartz at the expense of 
less resistant components such as feldspar and lithic fragments during transport and recycling. In this 
regard, the SiO2/Al2O3 ratio is approximately 3.0 in mafic rocks (e.g., basalts and gabbros), and nearly 
5.0 in felsic rocks (granites and rhyolites) (Le Maitre et al., 2002; Roser et al., 1996), and more than 
6.0 provide evidence of high chemical maturation (Roser et al., 1996). The average value of 
SiO2/Al2O3 ratio for the studied samples is roughly 5.4, which is suggestive of relatively low maturity 
and felsic sources. Moreover, the bivariate plot between SiO2 and K2O + Na2O + Al2O3 (Suttner and 
Dutta, 1986) reflects a formation under semiarid to arid paleoclimate, thereby indicating weak 



chemical weathering (Fig. 3b). The hydraulic sorting of detrital mineral grains can significantly 
influence the chemical composition of bulk soils. Geochemical variability due to hydraulic sorting 
can be evaluated using the ICV (Cox et al., 1995; Potter et al., 2005). Rock-forming minerals such as 
plagioclase, K-feldspars, and amphiboles show ICV values of >0.85, whereas typical alteration 
products such as kaolinite, illite, and muscovite, exhibit values of <0.85 (Cox et al., 1995; Cullers, 
2002). The soil samples from Puerto Libertad have ICV values higher than 0.85, varying from 1.11 
to 2.72, indicating that they are enriched in rock-forming minerals. Thus, the plot of CIA vs. ICV 
(Fig. 3c) displays variance that might be attributed to the same composition of rock source and low 
degree of alteration. The CIA is used to evaluate the degree of weathering. This index measures the 
extent to which feldspars have been converted to aluminous weathering products (Fedo et al., 1995; 
Nesbitt and Young, 1984). The CIA values in the analyzed samples, range from 31.65 to 51.79, and 
they are plotted in a trend beneath the feldspar join line in the ternary A–CN–K diagram, A: Al2O3; 
CN:CaO × Na2O; K: K2O (molar proportions (Fig. 3d). These CIA values indicate that no weathering 
has occurred and reflect arid climate conditions in the source area (Fedo et al., 1996; Nesbitt et al., 
1997). 

 

Fig. 3. (a) Classification of the analyzed soils according to the provenance discrimination diagram 
proposed by Roser and Korsch (1986). The F1 = (−1.773TiO2 + 0.607Al2O3 + 0.76Fe2O3

t 
−1.5MgO + 0.616CaO + 0.509Na2O −1.224K2O) − 9.09; F2 = (0.445TiO2 + 0.07Al2O3 − 0.2 Fe2O3

t 
−1.142MgO + 0.438CaO + 1.475Na2O + 1.426K2O) − 6.861. (b) Al2O3 +K2O + Na2O vs. SiO2 (wt. 
%) diagram (after Suttner and Dutta, 1986) suggesting a semi-arid climate and an immature 
chemical nature of the studied sediment samples. (c) The CIA vs. ICV diagram for the sedimentary 
material from the Puerto Libertad area. (d) The A–CN–K diagram (Nesbitt and Young, 1982) for 
soil samples from Puerto Libertad. A: Al2O3; CN:CaO × Na2O; K: K2O (molar proportions). The 
ternary diagram shows the weathering trend of the beach sands along the Sonoran coast. For 
comparison, the weathering trend of 1Bahia de Kino (Armstrong-Altrin, 2009; Madhavaraju et al., 



2016), 2Desemboque (Madhavaraju et al., 2016), 3Puerto Peñasco (Madhavaraju et al., 2016), 4San 
Carlos (Armstrong-Altrin et al., 2014), and 5San Nicolas (Armstrong-Altrin et al., 2014) sands are 
also plotted. (e) The Al2O3-Hf-TiO2 ternary diagram after Murphy (2000) for soil samples around 
Puerto Libertad (Zrn means zircon). 

In assessing the geochemical provenance of the soils, chemically immobile elements are more useful 
than others are. Some of these elements have an intermediate to relatively high ionic potential and 
are considered to be chemically immobile under most near-surface environments (e.g., Ti, Al, Zr, Hf, 
Th and REEs) (Babechuk et al., 2014; Bern et al., 2011; McLennan, 1989; Silva et al., 2018; Taboada 
et al., 2006). Given that zircon-rich soils preferentially incorporate Hf (and Zr) relative to Al2O3 and 
TiO2, the accumulation of the zircon-like phases should lead to a specific trend in the ternary Al2O3–
TiO2-Hf diagram after Murphy (2000). Such a trend is not shown in the studied samples in the 
diagram of Fig. 3e. Hence, it is likely that at least the major and immobile element composition of 
the soils is predominantly controlled by the local weathering of the underlying parent rock, rather 
than by the secondary sedimentary sorting or reworking of older deposits. According to the 
abovementioned and range values of the CIA and the ICV in our samples, the lack of evidence of 
intense paleoweathering at the source suggests that the bulk of the REEs is qualitatively transferred 
from the source to the unconsolidated material at the surface. 

In this sense, REEs are frequently employed as indicators of rock source (Armstrong-Altrin et al., 
2014; Madhavaraju et al., 2016; McLennan, 1989; McLennan et al., 1993; Middelburg et al., 1988; 
Tripathee et al., 2016). On the basis of the REE-normalized diagrams, two geogenic sources are 
defined. One is the plutonic rock of the CSB belonging to the Laramidic batholitic granitoids 
(Valencia-Moreno et al., 2011), with clear positive Eu anomaly and similar fractionation of HREE, 
relative to LREE (Fig. 2a). The other is the rhyolitic Miocene rock dispersedly emplaced around the 
Sonoran Desert (Olguín-Villa et al., 2013; Stock et al., 1999; Velderrain-Rojas et al., 2021; Vidal-
Solano et al., 2007), characterized by the dominant-negative Eu anomalies and flat distributions of 
the HREE (Fig. 2b). Not surprisingly, the comparison of the REE data of soils with those of likely 
geogenic components indicates that most samples have received a major contribution from the 
regional CSB, represented by the samples RPL1 and RPL2. By contrast, the REE patterns of samples 
like PL3, PL9, PL10, and PL19, are derived mainly from felsic Neogene rocks, geochemically 
represented by the rock sample RPL3. It is noteworthy that unlike the diverse anomalies in the REEs, 
weathering, redox, or anthropogenic processes have no remarkable impact on Eu/Eu* values in soils. 
In this regard, the significant Eu anomalies in our samples can be explained by its geogenic inherited 
relationship. 

4.2. Identification of potentially toxic elements sources 

First, to assess the transfer of PTEs from parent rocks to soils, the robust Spearman correlation 
analysis between Zr and PTEs is utilized to test this inference. Zirconium is generally considered to 
be geochemically immobile in soils because it has low water solubility and has a great affinity to 
refractory minerals such as zircon (ZrSiO4) and baddeleyite (ZrO2) (Middelburg et al., 1988; Taboada 
et al., 2006). Therefore, the elements linked with Zr must have been derived from geogenic sources 
such as rock weathering and erosion at the sampling sites. The statistical results present significant 
correlation coefficient values (p < .05) between Zr and several PTEs, such as Cr, Pb, Cu, As, Sn, Sb, 
and Cd, revealing a commonality among these elements (Table 6S). This result is congruent with the 
fact that these elements in the soils fall mainly in the EF class, delimiting “deficiently to minimal 
enrichment” (EF < 2). These features indicate that the concentration of these PTEs is mainly inherited 
from the bedrock and that a natural enrichment could occur in sites with EF values greater than 1. 



The identification of anthropogenic pollution sources is an issue (Cabral Pinto et al., 2017; Paladino 
et al., 2017; Reimann and Garrett, 2005). By the computation of pollution indices in soils, some 
insight can be provided on the sources and sites of PTEs accumulation. In our case, the first thing to 
highlight is the elevated PTEs concentrations found at the stations close to Puerto Libertad, especially 
those in the immediate vicinity of the PLTPP, such as PL4, PL8, PL9, PL10, and PL20 (ΣPTEs 
between 312.56 and 769.84 ppm). On the contrary, the concentrations of PTEs, and EF values, are 
generally lower in the more remote sites from the power plant. The sampling points PL6, PL22, and 
PL23 are the clear examples of this observation (Fig. 1c). Through this, a simple geographic 
observation is recognized as a pattern capable of constraining the source of the anthropogenic PTEs 
enrichment in the soils directly related to the PLPP activities (point-source pollution). 

The combustion of heavy oils produces byproducts that are characterized by a high content of PTEs, 
mainly V and Ni, and other non-burnt components (e.g., Bosco et al., 2005; Moreno et al., 2010, 
2008). Gupta and Krishnamurthy (1992) reported the chemical composition of ROFA from various 
origins and observed a great diversity in V and Ni compositions 2.5%–40% for V2O5 and 0.8%–6% 
for NiO. On the basis of a review of 10 studies on the chemistry of metal concentration in emissions 
generated by oil fuel power plants worldwide, Pastrana-Corral et al. (2017) found that V varies in 
such emissions between 0.3% and 6.1% and that Ni ranges between 0.0016% and 1.4%. For its part, 
Navarro et al. (2007) analyzed the metal contents of oil fly ash from a thermal power plant installed 
in Mexico. They also found contents measured as weight percentages for V (1.6%) and Ni (0.85%). 
This indicates that the fly ash emitted by the power plants is a common source of these metals and 
that soils in the surrounding areas can be the repositories of these PTEs generated through oil burned. 
In this investigation, the main hypothesis is that the concentrations of those elements in the studied 
soils are influenced by residual matter from fossil fuel combustion as a primary industrial-type 
activity in the surveyed area. Significant traffic contributions, as well as agricultural and metal and 
metalloid mining, can be ruled out. Average EF values for V and Ni are the highest among the PTEs 
(avg. EFV = 2.55; avg. EFNi = 3.33). Moreover, given that V and Ni present a high positive 
correlation (ρ = 0.60; p = .001), it is likely that their enrichment has a common source. As the 
processes of the power station represent the main anthropogenic activity, the chemical compositions 
of the soils could be influenced by the byproducts of the PLTPP. In addition, despite the very low 
contents of OM in the soils under study, the strong positive correlation between the OM and V 
(ρ = 0.63; p = .002) and Ni (ρ = 0.58; p = .004) indicates an association of organic ligands with the 
retention and low mobility of these metals even in an arid environment. 

The primary anthropogenic source of V and Ni in the samples is also recognized with the aid of 
ternary diagrams. The La( × 3.1)-Ce( × 1.54)-V ternary graph is used to compare geochemical 
signatures from crustal, refinery, and oil-fired power station and industrial district emissions (Moreno 
et al., 2008). The soil samples define a linear trend ranging from the local crustal component, namely 
the rock sample analyzed in the area, to increasing V-rich compositions (ROFA-like end member, 
Fig. 4a). In addition, the V–Ni–La( × 10) ternary diagram is employed to contrast the crustal sources 
of atmospheric particulate matter from fuel oil/ROFA contribution, which lie toward the La-vertex, 
with ratios more strongly influenced by hydrocarbon combustion (Moreno et al., 2010). In the V–Ni–
La( × 10) triangle (Fig. 4b), the studied samples plotted in a trend from the crustal components to the 
V–Ni range line (V/Ni = 1–3) represent the fuel oil and their residual fly ash combustion. The 
interpretation of the linear trend of the samples on Fig. 4a and 4b, due to the primarily anthropogenic 
influence of Ni- and/or V-bearing particulate, suggests that those elements are derived from 
hydrocarbon combustion within the power plant. 



 



Fig. 4. (a) La( × 3.1) –Ce( × 1.54) –V (Moreno et al., 2008) and (b) V–Ni–La( × 10) (Moreno et al., 
2010) diagrams applied to the soils under study. The smaller triangle in (b) represents the 
compositional range of the V/Ni ratio of fuel oil and residual fly ash combustion after (Moreno et al., 
2010). The rock values analyzed in this study are included for references. (c) The ternary diagram for 
(Mo–Co–Pb × 0.1). Reference values are reported to 1the average local crustal component (plutonic 
and volcanic rocks), 1soil impacted from agricultural activities in Sonora (Meza-Montenegro et al., 
2012), 2atmospheric particulate matter from the urban area of Hermosillo, Sonora (Meza-Figueroa et 
al., 2016), and 3atmospheric particulate matter strongly contaminated from industrial districts 
(Moreno et al., 2008, 2010). 

Based on the significant correlation found between Ni and Mo (ρ = 0.52; p = .05), as well as the high 
average EFMo (3.38) in the Puerto Libertad soils, the idea that the fly ash emitted by the PLTPP is a 
potential source of the enrichment of this element in soils has emerged. The Mo–Co–Pb/10 ternary 
diagram can discriminate between different natural and anthropogenic sources (Zheng et al., 2016). 
The reference values of soil and atmospheric particulate matter from impacted agricultural and urban 
activities in Sonora are illustrated in this triangle (Fig. 4c) (Meza-Figueroa et al., 2016; Meza-
Montenegro et al., 2012). On the plot, the soil samples of this investigation define a trend between 
two end members again, namely geogenic and anthropogenic compositions. The crustal component 
is near the Co-rich apex. The anthropogenic end-member, marked by atmospheric particulate matter 
strongly contaminated by refinery emissions (PM2.5 and PM10; Moreno et al., 2010, 2008), is plotted 
on the Co- and Pb-depleted but Mo-enriched end. The samples of Puerto Libertad present a linear 
trend with a tendency to the particulate matter emission behavior, which also confirms that, the main 
anthropogenic contribution in the research area comes from the combustion of fossil fuels. Our 
findings would seem to show that moderate Mo enrichment could be considered a marker of residual 
heavy oil emissions. 

The interpretation of the sources of the metals and metalloids from PCA analysis resembles the 
correlation analysis results (Table 7S) and the ternary diagrams above presented, thereby 
corroborating the interpretation about the origin of the PTEs in this research. In agreement with the 
three component matrices (cumulative variance of ∼64.4%) plotted in a 3-D diagram (Fig. 4S), four 
distinct clusters can be identified. (i) The cluster forming by V and Ni has created an impression that 
has a major anthropogenic influence that controls the distribution of these metals. (ii) The correlated 
elements in the PCA, namely, Sb, Cu, Cd, As, and Cr, suggest a common source. (iii) Furthermore, 
Pb, Sn, and Co form another set of elements. The strong correlation between Zr and elements of these 
groups may reflect mostly their geogenic source. However, they are separated by a long distance in 
the 3-D PCA loading plot, which suggests different lithological or natural sources. (iv) The group of 
elements formed by Zn and Mo is considered intermediate, which is interpreted to have sources 
controlled mainly by anthropogenic inputs but with some geogenic influence. 

4.3. Potential influence of the Puerto Libertad power plant on the Sonoran Desert 

The ROFA can settle out rapidly, attaining the highest pollution markers in soils at 5–8 km from an 
oil-fired thermoelectric plant (Ganor et al., 1988; Mazhaiskii et al., 2000; Pastrana-Corral et al., 
2017). The integrated pollution indices allow the assessment of the overall level of soil pollution 
(Table 8S), considering the content of all the PTEs. The PIN has turned out to be essential for this 
purpose. In this regard, a bubble map is displayed based on the regulated trigger points of this index 
(Fig. 5). The distribution of the PIN for the surveyed soils reflects high anthropogenic loads (PIN >3) 
in the immediate vicinity of Puerto Libertad. This feature also determines a strong proof to associate 
source point pollution emissions from the power plant and confirms the stronger environmental 
affectation in their immediacy. An exception is the sample PL3, as it has a PIN value of 5.84 and 
occurs 9.7 km to the north of the PLTPP, but the main body of emissions goes to the east and southeast 



of the power plant in accordance with the wind direction patterns (Fig. 1b). This anomaly can be 
explained because this sample is more sensitive to an environment perturbation due to the nature of 
their parent rock (volcanic felsic rock). 

 

Fig. 5. Bubble map showing the spatial distribution of the Nemerow integrated pollution index in 
soils around Puerto Libertad. 

The extent of pollution is not limited to the vicinity of the source, as aerosols are transported into the 
atmosphere, and even previously deposited contaminated materials may be physically remobilized by 
winds, particularly during times of drought, thereby causing the dispersion of the pollutant over many 
kilometers from the source (Liu et al., 2018; Wang et al., 2008). The most significant factors for 
distributing pollutants are meteorological parameters such as precipitation and wind speed and 
direction (Liu et al., 2018; Meza-Figueroa et al., 2007; Moreno-Rodríguez et al., 2015; Yang et al., 
2017). The potential influence area of the power plant on the Sonoran Desert is displayed in the air 
forward trajectory models (HYSPLIT) from Puerto Libertad (Fig. 6). The long-range influence zone 
covers a wide area east of the Gulf of California. Given the large variability of factors such as spatio-
temporal distribution and the magnitude of the pollutant mass involved, it is likely that the fall out of 
the pollutant material is not uniformly distributed into the terrain. How the main body of the emissions 
of the plant affects air quality and soils in the long-range vulnerable region remains unknown. The 
large volumes of precipitation of the North American Monsoon may dilute and mitigate the 
atmospheric particulate that carries PTEs (Liu et al., 2020; Moreno-Rodríguez et al., 2015; Thorpe 
and Harrison, 2008). Conversely, the PTEs can be gathered along a specific direction by the wind. In 
such a complicated scenario, it is further vital to reveal the relationship between source-area pollution, 
meteorological conditions, timing, and the transport of pollutants into the Sonoran Desert. 



 

Fig. 6. Air mass forward trajectory models four times a day for six days in 2015 using the CRAN 
OpenAir (v.2.8.1) (Carslaw and Ropkins, 2012). The starting point coordinates are 
latitude = 29.9058, longitude = −112.6928, with a height of 100 m.a.s.l. For the interpretation of the 
references to colors in the legend, the reader is referred to the web version of this paper. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 

5. Conclusions 

It has been demonstrated that the topsoil around Puerto Libertad is influenced by natural and 
anthropogenic sources. Major oxides and immobile trace elements (presented as elemental ratios, 
discriminant-function, bivariate, and ternary plots) reveal that (i) the soils are derived from 
intermediate to felsic source rocks; (ii) their geochemical compositions are predominantly controlled 
by the local weathering of the bedrock as immature soils; and (iii) they are formed under a low degree 
of chemical weathering under semiarid/arid conditions. The lanthanides are qualitatively well 
preserved in the soils and are a reliable indicator of their parent rock. The PAAS-normalized REE 
patterns indicate two likely geogenic sources that outcrop in the research area: (i) Laramidic plutonic 
rocks and (ii) Neogene volcanic felsic rocks. The EF and statistical analyses (nonparametric 
correlations and PCA) are combined with spatial distribution patterns to identify the sources of PTEs 
and classify them on the basis of their sources as geogenic or anthropogenic. The results confirm that 
a considerable portion of V and Ni in the soils has an anthropogenic origin. In the cases of Zn and 
Mo, they are significantly influenced by anthropogenic inputs. By contrast, the chemical 
concentrations of the remaining PTEs (Sb, Pb, Sn, Cu, Cd, As, Cr, and Co) are mainly associated 
with the parent bedrock. According to ternary diagrams, it is confirmed that the enrichment of V, Ni, 
and Mo has its source from the fly ash generated in the power plant housed in the research area during 



the period when this plant has been operated with fuel oil. In addition, the interpretation based on air 
forward trajectory models indicates a wide area of the potential influence of the atmospheric 
particulate generated in the power plant into the Sonoran Desert. 
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