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Abstract  This investigation examines the transport of 
metal- and pesticide-polluted dust emitted by one of the 
most relevant agricultural areas of Northwestern Mexico. 
In the contaminated area, an excessive water extraction 
of the aquifer and seawater intrusion caused the abandon-
ment of fields, which are pollutant-loaded dust emitters. 
We used air mass forward trajectories (HYSPLIT) model 
to obtain particle trajectories in the wind and the use of 
banned pesticides as geochemical tracers for dust trans-
ported by wind. Fifty dust samples from 10 agriculture 
fields and 26 roof dust of a city close to the agricultural 
area were analyzed for their contents of zirconium, lead, 
arsenic, zinc, copper, iron, manganese, vanadium, and 
titanium, by portable X-ray fluorescence. Nine pesticides 

were analyzed in the roof dust and agricultural soil sam-
ples by gas chromatography. Results show that the dis-
tribution of metals was significantly different between 
active and abandoned fields. Arsenic-lead-copper was 
mainly concentrated in abandoned fields, while zinc-
iron-manganese-titanium was dominant in active fields. 
Two potential sources of metal contamination were found 
by principal component analysis (PCA): (I) a mixture of 
traffic and agricultural sources and (II) a group related to 
agricultural activities. The occurrence of banned pesti-
cides in dust deposited on roofs collected at nearby cities 
confirms the atmospheric transport from the agricultural 
area. The HYSPLIT results indicated that the dust emit-
ted from agricultural fields can reach up to the neighbor-
ing states of Sonora, Mexico, and the USA. The impacts 
that these emissions can have on human health should be 
studied in future research.J.A. Bracamonte-Terán, D. Meza-Figueroa, and L. García-

Rico contributed equally to this work and share the first 
authorship.
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Introduction

Agricultural lands are essential resources for food 
production, so applying techniques to improve their 
use is essential to meet the growing food demand. 
However, the development of farming practices 
aimed at higher profits and lower costs has increased 
the use of chemicals. Therefore, the implementation 
of unsustainable agricultural land management has 
caused soil degradation in many areas worldwide 
(IPCC, 2019). Intensive agricultural practices reduce 
the damage to crops by pests (e.g., insects, weeds, 
fungi, and rodents) but affect the soil’s fertility and 
its productive capacity (Alengebawy et  al., 2021). 
Consequently, bare lands with poor soil structure are 
abandoned and further exposed to aeolian erosion. 
Due to such processes, agricultural lands become 
anthropogenic dust sources and emitters generat-
ing atmospheric hazards (Chalise et al., 2019; Katra, 
2020; Vimic et  al., 2021). Previous studies in the 
nearby Arizona region indicate that 51 to 55% of 
PM10 in the city of Phoenix comes from erosion of 
nearby croplands (Joshi, 2021).

Because degraded farmed soils tend to have finer 
particles, they become a major dust emitter in arid 
environments (Pozzer et  al., 2017; Zeb et  al., 2022). 
Low soil moisture and a high percentage of silt and 
clay are important factors for transporting pollutants 
associated with agriculture (Péterfalvi et  al., 2018; 
Singh et  al., 2021). Dust emissions in agricultural 
fields (IPCC, 2019; Wagari & Tamiru, 2021) located 
in desert environments impact air quality due to fine 
particles that have a long residence time in the atmos-
phere (Pi et  al., 2022). The Hermosillo Coast area 
(HCA) has been one of Mexico’s most relevant agri-
cultural districts since 1945 (Ochoa-Noriega et  al., 
2022). Currently, Sonora is the leading producer of 
table grapes in Mexico, contributing to more than 80% 
of the country’s production. Mexico now accounts 
for 6% of world table grape exports. Most of this 
region’s production is exported to 30 countries, the 
most important of which is the USA, due to competi-
tive advantages such as geographic proximity and the 
commercial window of this country (SIAP, 2021). The 
HCA is an area that is sustained by the exploitation 

of an aquifer in which water extraction has historically 
exceeded recharge because of the climate characteris-
tics of the Sonora-Arizona desert. Freshwater extrac-
tion for agricultural use has resulted in seawater intru-
sion problems near the coastline (Zepeda et al., 2018). 
Due to high salt concentrations in the wells, agricul-
tural fields have been abandoned (Ochoa-Noriega 
et al., 2022), and due to the lack of vegetative cover, 
these fields are highly erodible. In addition, because 
of the long history of agrochemical’s overuse in the 
region, the soils are loaded with organochlorides, 
fertilizers, arsenic/lead bases, and metals (Leal et al., 
2014; Meza-Montenegro et al., 2013).

Different studies have been carried out in the 
region of HCA, and most of them have focused on 
the sustainable use of water and land (Ochoa-Noriega 
et  al., 2022; Zepeda et  al., 2018). However, scarce 
research has reported soil/dust contaminants related 
to agricultural fields of the region (Leal et al., 2014; 
Meza-Montenegro et  al., 2012, 2013; Moreno-Rod-
ríguez et al., 2020), and none have focused on assess-
ing the source of pollutant emissions and transport to 
nearby communities.

Polluted dust by metals and pesticides has been 
associated with the development of cancer in exposed 
populations (Alengebawy et  al., 2021; Chen et  al., 
2021), but also dust can carry fungus spores associated 
with valley fever by the aeolian erosion of soil-dwell-
ing Coccidioides immitis and Coccidioides posadasii 
(Sprigg et  al., 2014). Therefore, the identification of 
sources and the transport mechanisms of contaminants 
is essential to mitigate the emission of polluted dust 
from agricultural soils. Pesticides are potential carcino-
gens that are persistent in the environment and accu-
mulate in agricultural soils (Alengebawy et al., 2021; 
Chen et  al., 2021). For these reasons, organochloride 
pesticides (OCPs) such as p,p′-dichlorodiphenyl-
trichloroethane (DDT), endosulfan, hexachlorobenzene 
(HCB), and heptachlor, including herbicide glyphosate, 
have been banned in different countries (Chen et  al., 
2021). Many of these pesticides are degraded in soil 
by microorganisms and transformed into metabolites 
(for example, DDT to DDE (p,p′-dichlorodiphenyl-
dichloroethane), glyphosate to aminomethylphospho-
nic acid (AMPA)), which decay rates are lower than 
their parent compounds and therefore persist in soils in 
higher levels for a long time (Ramirez et al., 2021).

There are other techniques that evaluate the trans-
port of metals in dust (e.g., analysis of meteorological 
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data, satellite images and remote sensing, spatial 
modeling, geological tracers, among others) (Baltas 
et al., 2020; González-Guzmán et al., 2022). The most 
used of these models is probably the Hybrid Single 
Particle Lagrangian Integrated Trajectory (HYSPLIT) 
model. By using HYSPLIT forward-backward trajec-
tory analysis, it is possible to trace the transport and 
diffusion of air masses (Wang et  al., 2019). These 
models have been recently used along with other 
analytical tools (e.g., positive matrix factorization, 
X-ray fluorescence, multivariate analysis) (Attiya 
& Jones, 2020; Luo et  al., 2020; Miglioranza et  al., 
2021; Singh et al., 2021) to trace the origin of metal 
emissions more accurately. Although HYSPLIT and 
geochemical tracers are widely applied in metal stud-
ies (Jooybari et al., 2022), they have rarely been used 
for source apportionment of polluted dust released at 
agricultural areas.

The objectives of this study were the follow-
ing: (i) to determine the concentration of metals and 
pesticides in active and abandoned agricultural soils 
and settled dust collected at schools’ roofs and (ii) 
to determine the environmental fate of polluted dust 
in nearby settlements using HYSPLIT, PCA, metals, 
and pesticides as geochemical tracers.

Methodology

Site description

The HCA study area is in Northwestern Mexico, 
in the state of Sonora, facing the Gulf of California 
(Fig.  1). Agricultural activity is sustained by water 
extracted from the Hermosillo aquifer, which has the 
largest deficit of any water body in the region. The 
climate is semi-arid with an average annual tempera-
ture of 24 °C with minimum temperatures of −3 °C 
and maximum temperatures of 46 °C, with average 
annual precipitation of 200 mm (Salazar-Adams et al., 
2012). Wind patterns in the region are influenced by 
the North American Monsoon (Ochoa-Noriega et al., 
2022). Soils are vast alluvial deposits with a mixture 
of clay (45%), silt (35%), and sand (20%) fractions 
(Leal et al., 2014, Table 1).

The HCA ranks third in volume of agricul-
tural production in the state of Sonora with a value 
of 173 million dollars. The predominant crops are 
tomato, pumpkin, asparagus, green chili, melon, cit-
rus, cucumber, watermelon, grapes, and walnuts, 
which are mainly exported (SIAP, 2021). In the 
early 1940s, the HCA experienced a socioeconomic 

Sampling sites
State of Sonora
Hermosillo city
Agriculture area

Hermosillo

United States of America

S3
S6

S1

S10

S4 S5
S9

S8

S7

S2

2 Km

-111.060 -110.920

29
.0
00

29
.1
40

Hermosillo

0 500 1000 km

Fig. 1   Location of the sampling points in the agricultural fields of the Hermosillo Coast area (HCA)
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and agricultural boom. The increase in land used 
for agriculture demands larger volumes of ground-
water, resulting in seawater intrusion into most agri-
cultural fields (Ochoa-Noriega et  al., 2022; Zepeda 
et al., 2018). Nowadays, much of the region contains 
patches of degraded-abandoned land, which are sus-
ceptible to erosion (Moreno-Rodríguez et  al., 2020). 
Thus, these lands are important dust emitters.

Sampling, processing, and analysis

Soil samples from ten agricultural fields were pro-
vided by the authors of the study by Leal et  al. 
(2014), and the sampling methods are described in 
that work. In addition, 26 settled dust samples from 
school roofs in Hermosillo city were obtained by 
sweeping an area of 2 m2 and were collected using 
plastic tools, transported in polyethylene bags, and 
stored at −20 °C until analysis (Meza-Figueroa 
et  al., 2020). Roof dust samples were collected in 
accordance with careful sweeping dry deposition 
procedures previously described by Lee et al. (2020) 
and Candeias et al. (2021). In this study, the samples 
represent dust settled by dry atmospheric deposi-
tion. In the city, it only rains in the monsoon season 
(summer) and occasionally during winter (Decem-
ber). Because the city has a semi-desert climate, the 
dust collected would represent atmospheric pollu-
tion for dry months (January to June). For OCPs and 
metal analysis, soil and dust samples were homoge-
nized, air-dried at room temperature, and oven-dried 
at 35 °C for 24 h, respectively (Leal et  al., 2014; 
NMX-AA-132-SCFI-2016, 2016). Then, samples 
were sieved using a Ro-Tap Tyler Model RX-86, 
and the final fraction that passed through the mesh 
at sequence: #18, #120, #230, #325, #635 mesh was 
used for geochemical analysis. The #635 mesh frac-
tion (<20 μm in aerodynamic diameter) is the most 
likely to be suspended by the wind and to be trans-
ported to more sensitive areas.

Total concentration of zirconium (Zr), lead (Pb), 
arsenic (As), zinc (Zn), copper (Cu), iron (Fe), 
manganese (Mn), vanadium (V), and titanium (Ti) 
was analyzed in homogenized soil and dust samples 
(< 20 μm) by a portable X-ray fluorescence (PXRF) 
analyzer (Niton FXL GOLDD, Thermo Scientific, 
Inc., MA, USA), following the method 6200 of the 
US Environmental Protection Agency (USEPA, 
2007). Previous studies have shown the efficiency 

of this technique for the analysis of dusts (Fry et al., 
2021; Spada et al., 2023). Silicon dioxide was used 
as a blank, and triplicate measurements per sam-
ple were performed during 120 s. The precision 
(RSD) and accuracy (%) were <20% considering 
seven replicates of the standard reference materials 
(SRM) 2710a and 2711a from the National Institute 
of Standards and Technology (NIST) (Table  S1). 
To ensure the quality of the data, reference material 
SRM 2710a was measured every ten samples, and 
the average recoveries of the study elements were 
between 90 and 110%. Detection limits for analyzed 
metals are (mg kg−1) as follows: Zr (2), Pb (2), As 
(2), Zn (4), Cu (6), Fe (20), Mn (12), V (8), and Ti 
(10).

The extraction and quantification of OCPs in set-
tled dust at school roofs were performed by matrix 
solid-phase dispersion and gas chromatograph 
(MSPD) (7890A system, equipped with an electron 
micro-capture detector and 7683B series injector 
autosampler, Agilent Technologies) (Leal et al., 2014; 
Meza-Montenegro et  al., 2013). A DB-5 capillary 
column (30 m × 0.250 mm × 0.25 μm) was used. The 
oven temperature program was initially at 110 °C (1 
min), with a final 280 °C (2 min) (rate, 15 °C min up 
to 280 °C). Injector temperature was 270 °C operated 
in splitless injection of 1 mL. Helium was used as 
the carrier gas at 2.3 mL min−1 under constant flow 
mode. The extraction and quantification of OCPs 
were based according to Leal et  al. (2014). Briefly, 
the aluminum oxide was inactivated at 900 °C for 12 
h and then adjusted to 9% moisture. Dust samples (0.5 
g) were place in a mortar and ground with 0.6 g of 
aluminum oxide for the dispersion. For the purifica-
tion of the sample, 5 mL glass syringe was packed at 
the bottom with glass fiber and 2.6 g aluminum oxide. 
The dispersed dust sample was added to the column, 
and the OCPs in the sample were eluted with 40 mL 
of hexane. The eluate was collected in 50-mL conical 
glass tube and evaporated to dryness with dry air with 
compressed air (N-EPAP 11155RT Model, Organo-
mation Associates, MA, USA). The concentrate was 
reconstituted with 100 mL of hexane. All OPCs anal-
yses included a blank sample or negative control, a 
sample added or positive control (dust spiked with of 
a mixture of OCPs known concentration). The detec-
tion limits for all OCPs were between 0.2 and 0.5 
μg kg−1; the accuracy and precision were from 84 to 
101% and <18%, respectively.
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Forward air trajectory analysis

HYSPLIT model developed by the National Oce-
anic and Atmospheric Administration (NOAA) of 
the USA was used to compute the meteorological 
information and air mass trajectories. A forward tra-
jectory model was performed to detect the route of 
transported metal-dust from the HCA. The HYSPLIT 
trajectory model is a simple and powerful tool to 
investigate airflow patterns. For this work, the mete-
orological information was obtained from NCEP 
(National Center for Environmental Prediction, USA) 
data sets, which contain reanalysis data, and Global 
Data Set Assimilation System (GDAS) data at a reso-
lution of 0.5 km. The active and abandoned agricul-
tural fields (n = 5) of HCA with the highest percent-
ages of silt and clay were selected as starting point 
for the forward trajectory model (Table  1). Forward 
trajectories from site 1, site 3, site 4, site 5, and site 
8 were calculated on dates prior to monsoon season 
for 5 days in 2014: March 01 and 11 and April 08, 20, 
and 21 (starting at 1700 UTC) during 24 h at three 
different heights—250, 300, and 350 m above ground 
level. These altitudes were selected since at these 
heights dust particles can be lifted and transported 
over long distances. The trajectories were computed 
using the Real Time Environmental Applications 
and Display sYstem (González-Guzmán et al., 2022; 
Miglioranza et al., 2021). The dates for modeling par-
ticle trajectories were chosen based on the work of 
Meza-Figueroa et al. (2016), where it is reported that 
dusty days (those exceeding the historical average of 
suspended particulate matter) occur mainly between 
October–December and April–June. Moreno-Rod-
ríguez et al. (2015) report that the main wind direc-
tion is SW-NE with slight variations S-N (data based 
on a record from 2000 to 2012). The maximum wind 
speed is 6.1 m s−1 during the period from April to 
June (Moreno-Rodríguez et al., 2015).

Statistical analysis and geographic information 
system

All data distributions were performed for normal-
ity using Shapiro-Wilk test. Descriptive statistics 
were used. Correlation analysis between the metal-
metal and metal-pesticide contents in soil and dust 
samples was calculated using Spearman’s corre-
lations. The identification of common source of 

metals was performed by PCA using XLSTAT soft-
ware 24.1.1283.0. Significant differences between 
sites were evaluated according to the Kruskal-Wallis 
Multiple-Comparison Z-Value Test and were per-
formed using NCSS version 21.01.3. Results with p 
< 0.05 were considered statistically significant. The 
Kaiser-Meyer-Olkin measure (0.7) and Bartlett’s test 
of sphericity indicate that PCA is feasible for the 
dataset. Finally, statistical information was plotted 
using XLSTAT software 24.1.1283.0 and interpolated 
using Geographical Information System QGIS free 
software to generate maps.

Results and discussion

Soil physicochemical parameters

The agricultural soils studied have a clay and silt per-
centage ranging from 0.18 to 17.70% (Table  1). The 
highest percentages of silt and clay were obtained in 
abandoned sites S3 (11.03%), S5 (12.62%), S4 (17.7 
%), and S8 (17.26 %), indicating that these sites are 
more susceptible to wind erosion and airborne dust 
transport. For the active agricultural fields, the highest 
value corresponds to site S1 (13.82 %), while the rest of 
the active fields have a range of clay and silt from 0.18 
to 7.68%. The content of organic matter (OM) in soils 
also may contribute to the accumulation of metals and 
agrochemicals. The role of OM in metal availability has 
been widely investigated. It has been reported that metal 
accumulation in soil decreased as OM levels decrease 
(Avendaño et al., 2021). The OM levels in agricultural 
soil samples from HCA ranged from 0.58 to 4.45% 
(Table 1). The site with the highest OM concentration 
was S4 (4.45%), a field that was recently abandoned and 
which also had the highest levels of Pb, As, and Cu.

Metal concentrations in agricultural soils and dust 
settled on roofs

The mean metal levels detected in the studied agricul-
tural soils (n = 50) and settled dust at roofs (n = 26) 
are shown in Tables 2 and 3 and Table S2. The most 
abundant element was Fe,

followed by Ti, Mn, Zr, V, Cu, Pb, and As. Fe 
along with Ti are major elements in soils and are 
part of the structural formula of rock-forming miner-
als; therefore, they are commonly associated with a 
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crustal origin (Taylor, 1964). However, Pb, Zn, and 
Ti appear in higher concentrations in dust deposited 
on roofs (Table S2) as they are contaminants mainly 
associated with the urban environment due to traffic 
activity and urban erosion (Gallego-Hernández et al., 

2020; Meza-Figueroa et  al., 2020). Mean levels of 
Zr, Pb, As, Zn, Cu, and Ti in studied settled dust in 
roofs were higher than the geochemical background 
concentrations reported by Taylor (1964), denoting its 
anthropogenic origin (Rahman et al., 2021).

Table 3   Metal levels in 
soils from agricultural fields 
and settled dust in roofs 
(mg kg−1). Different letter 
by row means significant 
different (Kruskal-Wallis, p 
< 0.05)

Element Agricultural soils Roofs

Active (n = 25) Abandoned (n = 25) Settled dust (n = 26)

Zr Min–max 184.9–761.1 180.7–849.1 5–585.3
Mean ± SD 412.0 ± 145.7 296.6 ± 140.6 197.1 ± 232.3
Median 478.7a 241.7b 5.0
%CV 35.1 47.4 84.8

Pb Min–max 2.5–54.5 2.5–60.6 10.2–236.7
Mean ± SD 27.1 ± 17.9 22.3 ± 23.5 53.9 ± 46.2
Median 33.0 2.5 39.0
%CV 66.0 105.1 116.5

As Min–max 7.5–29.7 4.1–44.0 5–15.8
Mean ± SD 18.4 ± 6.5 20.3 ± 11.5 7.2 ± 4.0
Median 18.5 17.9 5.0
%CV 35.3 56.9 177.0

Zn Min–max 88.3–295.9 65.9–316.7 70.5–3102
Mean ± SD 162.5 ± 65.3 145.4 ± 66.8 506.0 ± 706.3
Median 134.9 121.3 199.8
%CV 40.2 46.0 71.6

Cu Min–max 33.1–79.7 29.6–119.3 10.7–214.4
Mean ± SD 54.1 ± 13.1 54.2 ± 24.4 66.2 ± 58.8
Median 51.0 42.9 47.3
%CV 24.2 45.0 112.6

Fe Min–max 28,018.1–85,107.2 26,240.8–80,412.0 1089–31,544
Mean ± SD 46,491.2 ± 16,966.3 40072.6 ± 14142.1 12,851 ± 12,472.3
Median 39,968.0 35,446.4 3418.8
%CV 36.5 35.3 103.1

Mn Min–max 448.6–2444.3 426.8–2731.4 5–636
Mean ± SD 1117.0 ± 690.1 927.4 ± 665.5 168.9 ± 235.0
Median 745.4 589.9 5.0
%CV 61.8 71.8 71.9

V Min–max 79.8–152.2 81.0–136.0 2.3–305
Mean ± SD 106.6 ± 16.8 101.3 ± 13.7 62.9 ± 106.4
Median 101.0 96.6 6.6
%CV 15.8 13.5 59.1

Ti Min–max 6939.2–2785.2 2679.8–6123.0 5–20087
Mean ± SD 4102.6 ± 1046.9 3498.4 ± 722.2 2667.4 ± 4299.7
Median 3708.0a 3328.7b 5.0
%CV 25.5 20.6 62.0
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Agricultural soils are generally enriched with 
metals due to excessive use of fertilizers and pesti-
cides, wastewater irrigation, and atmospheric depo-
sition (Alengebawy et  al., 2021; Avendaño et  al., 
2021; Baltas et  al., 2020). The variation coefficients 
(CV) expressed as percentage for Pb, As, and Zn 
were 84.2%, 48.2, and 42.8, respectively (Table  2). 
After comparing the mean concentration of metals 
between active and abandoned agricultural fields by 
the Kruskal-Wallis test (Table  3), no significant dif-
ferences were found for the study metals (except Zr 
and Ti, p < 0.05). Differences between Zr and Ti can 
be attributed to variation in the parental source of 
the soils. In some of the abandoned fields, the con-
centration ranges of Pb, As, and Cu were higher than 
those found in active agricultural fields (Table 2) and 
mainly concentrated in sites S4 (43.5 mg kg−1, 32.1 
mg kg−1, 76.8 mg kg−1, respectively) and S9 (48.8 
mg kg−1, 31.5 mg kg−1, 76.3 mg kg−1, respectively) 
(Table  S2). Table  2 shows metal concentrations 
reported for agricultural soils in various parts of the 
world. Most of the data from our study are similar for 
most of the elements reported. Iron and Mn present 
high values, Mn only comparable to those reported in 
Greece.

Pesticide concentrations in agricultural soils and dust 
settled on roofs

In the study sites, at least two pesticides were 
detected simultaneously in soils and dust settled on 
the roofs. In soils (Table 4), the identified pesticides 
were DDE (90%), aldrin (60%), endosulfan (60%), 
DDT (60%), and mirex (60%). The highest mean lev-
els corresponded to DDE (12.1 μg kg−1), endosulfan 
4.6 μg kg−1), and mirex (3.5 μg kg−1), while endrin 
showed the lower mean levels (2 μg kg−1). DDT is a 
highly persistent compound in the environment, so it 
can remain in the soil for 20 to 30 years, during which 
time it slowly degrades to DDE and DDD under 
anaerobic and aerobic conditions, respectively (Chen 
et  al., 2021; Tzanetou & Karasali, 2022). The rela-
tionship between DDT, DDE, and DDD is a useful 
tool for distinguishing from the historical and recent 
use of this pesticide. DDT/(DDE+DDD) values >1 
indicate recent use, while values less than 1 suggest 
historical use (Miglioranza et al., 2021). In this study, 
the mean DDT ratio (0.13) found in the abandoned 
files suggests that the accumulation of DDT in soils 

may result of its application in past decades. The 
mean DDT ratio for active fields was 2.8-fold higher 
than in abandoned sites; this behavior may relate to 
the intensive past use of DDT for wheat and cotton 
crops and by the health sector in campaigns against 
malaria.

In settled dust roof samples (Table 4), the most fre-
quent pesticides were aldrin (84.6%), DDE (69.2%), 
and γ-chlordane (61.5%). The higher mean levels of 
pesticides in dust settled on the roof corresponded to 
methoxychlor (141.6 μg kg−1), endrin (97.2 μg kg−1), 
and DDT (44.5 μg kg−1), meanwhile, lindane showed 
the lowest mean levels (0.89 μg kg−1). The mean 
DDT ratio was 1.05, indicating its past use.

DDT was massively applied between 1945 and 
1955; however, later evaluations demonstrated the 
negative characteristics of DDT, mainly its persis-
tence and bioaccumulation. In the 1960s, it was found 
that DDT and its metabolites induce environmental 
damage and affect the health of organisms. In 1972, 
the use of DDT was banned in several countries 
because of the damage it causes to life. In Mexico, 
DDT production was stopped in 1997, and its use 
was discontinued in 2000. Therefore, the presence of 
DDT and DDE in settled dust samples collected in 
roofs in Hermosillo city is most likely related to the 
emission and dust transport by wind from the nearby 
agricultural areas, but particularly, from abandoned 
fields where pesticides were intensively applied.

Source identification metals‑pesticides in agriculture 
soils and dust roofs

In this study, PCA was applied to aid in the identi-
fication of pollution sources in settled dust in roofs. 
Table  5  shows the Spearman correlation matrix for 
metals, metalloids, and pesticides in agricultural soils 
and dust deposited on roofs. In agricultural soils, Pb 
and As are correlated with most of the metals studied. 
In roof dust samples, metals and metalloids are corre-
lated with Fe, Mn, and Ti. To better understand these 
correlations, we used PCA to reduce database dimen-
sions. Table  S3 shows that 87% of the cumulative 
variance for agricultural soils is represented in four 
components—F1 (39.5%), F2 (21.9%), F3 (14.5%), 
and F4 (11.1%). The geochemical signatures for each 
component are shown in Table  S4 as follows: F1 is 
characterized by the association of endosulfan, DDD, 
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mirex, Zr, Pb, As, Zn, Cu, Fe, and Mn. F2 shows the 
following related variables—DDT, endrin, V, and Ti. 
F3 shows an association of γ-chlordane and methoxy-
chlor. Finally, F4 shows aldrin-DDE linked.

Table  S3 also shows that 75% of the cumula-
tive variance for dust settled in roofs was explained 
by four components—F1 (37.2%), F2 (20.6%), 
F3 (9.9%), and F4 (7.2%). Table  S4 explains the 

Table 4   Pesticide content in agricultural soils and settled dust in roofs. Concentrations in μg kg−1

LIN lindane, HEPT heptachlor, ALD aldrin, HEP-EP heptachlor epoxide, γ-CHLOR γ-chlordane, ENDO endosulfan, DDE p,p′-
dichlorodiphenyl-dichloroethylene, ENDR endrin, DDD p,p′-dichlorodiphenyl-dichloroethane, DDT p,p′-dichlorodiphenyl-
trichloroethane, MET methoxychlor, MRX mirex, LOD limit of detection

Sample LIN HEPT ALD HEP-EP γ-CHLOR ENDO DDE ENDR DDD DDT MET MRX

Agricultural soils
S1 <LOD <LOD 1.59 1.96 <LOD 2.95 4.07 3.93 <LOD <LOD <LOD 4.9
S2 2.57 3.96 3.96 <LOD 0.52 1.95 2.39 <LOD <LOD 2.21 <LOD 3.82
S3 <LOD <LOD <LOD <LOD <LOD <LOD 7.49 <LOD <LOD 1.04 <LOD <LOD
S4 <LOD <LOD 1.42 <LOD 2.67 7.13 35.34 <LOD 2.35 4.94 8.26 3.68
S5 <LOD 1.22 1.06 3.34 2.31 3.26 25.92 <LOD <LOD <LOD 1.5 1.58
S6 <LOD <LOD <LOD <LOD <LOD <LOD 1.79 <LOD <LOD <LOD <LOD 2.34
S7 <LOD <LOD <LOD <LOD <LOD <LOD 8.33 <LOD <LOD 1.13 <LOD <LOD
S8 <LOD <LOD <LOD <LOD <LOD <LOD 4.57 0.05 <LOD <LOD <LOD <LOD
S9 <LOD <LOD 2.67 0.96 <LOD 8.51 18.53 <LOD <LOD 1.47 <LOD 4.54
S10 <LOD <LOD 1.7 2.56 2.56 3.61 <LOD <LOD <LOD 0.72 <LOD <LOD
Settled dust in roofs
R1 <LOD <LOD 15.13 <LOD 2.09 <LOD <LOD <LOD <LOD <LOD <LOD <LOD
R2 <LOD 25.96 134.37 <LOD <LOD 55.55 365.43 770.46 141.15 365.43 478.49 136.27
R3 <LOD <LOD 2.67 <LOD <LOD <LOD 7.35 <LOD <LOD <LOD <LOD <LOD
R4 1.01 0.77 4.63 <LOD <LOD <LOD 3.26 <LOD <LOD <LOD <LOD <LOD
R5 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
R6 <LOD <LOD 6.83 <LOD 1.44 <LOD 2.65 <LOD <LOD 6.73 6.41 <LOD
R7 <LOD <LOD 2.63 <LOD 0.90 <LOD 6.76 14.52 0.94 <LOD <LOD <LOD
R8 <LOD <LOD 2.67 <LOD 3.41 0.88 7.35 32.91 2.75 4.13 24.59 10.21
R9 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
R10 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
R11 0.78 <LOD 4.71 <LOD 2.07 0.61 6.22 <LOD <LOD <LOD <LOD <LOD
R12 <LOD <LOD 0.91 <LOD <LOD <LOD 7.35 <LOD <LOD <LOD <LOD 10.21
R13 <LOD <LOD 4.43 <LOD 1.92 0.55 3.76 35.66 3.05 <LOD <LOD 5.30
R14 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 541.30 56.08
R15 <LOD <LOD 8.04 <LOD 2.63 1.31 5.76 99.61 4.25 7.81 10.49 <LOD
R16 <LOD <LOD 3.20 <LOD 2.66 <LOD 3.73 12.57 <LOD 3.88 30.59 4.55
R17 <LOD <LOD 0.90 <LOD <LOD 0.45 <LOD <LOD 1.39 1.50 38.43 <LOD
R18 <LOD 0.92 2.2 <LOD 1.57 <LOD <LOD 1.72 <LOD <LOD 2.27 <LOD
R19 <LOD <LOD 0.74 <LOD 1.04 <LOD 3.90 13.98 0.88 <LOD <LOD 4.15
R20 <LOD <LOD 0.48 <LOD 0.52 <LOD 1.99 <LOD <LOD <LOD <LOD <LOD
R21 <LOD <LOD 4.75 <LOD <LOD 0.85 13.53 15.65 1.31 <LOD <LOD <LOD
R22 <LOD <LOD 1.03 <LOD 1.12 0.48 <LOD 10.85 <LOD <LOD <LOD <LOD
R23 <LOD <LOD 1.73 <LOD 1.67 <LOD 1.88 <LOD <LOD <LOD <LOD <LOD
R24 <LOD <LOD 0.81 <LOD 1.05 <LOD 1.95 <LOD <LOD 4.20 <LOD <LOD
R25 <LOD <LOD 6.67 <LOD 3.52 0.82 4.46 16.78 <LOD 2.21 <LOD <LOD
R26 <LOD <LOD 5.30 1.82 2.09 0.91 3.81 80.37 0.62 4.68 <LOD <LOD
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following associations per component—F1 (DDE-
DDD-mirex-Zr-Pb-Zn-Cu-Fe- Mn-V-Ti) most likely 
related to dust impacted by vehicular traffic and 
pesticides.

F2 (aldrin-endosulfan-endrin-DDT-As) is related 
to agricultural sources, potentially abandoned fields. 
F3 (γ-chlordane) is possibly related to more recent 
agricultural activities and F4 (methoxychlor). We 
also conducted a PCA for all studied samples (soils 
and dust), and the results are shown in Fig. 2. Three 
groups are defined as follows: (i) association of met-
als possibly related to a mixture of traffic and agricul-
tural sources (DDE, mirex, Cu, V, Ti, Mn, Fe, Zr, As) 
and linked cases (samples, Table  S5) are shown in 
color red in Fig. 3. These findings are consistent with 
those reported the literature, which mentions that 
metals such As, Cr, Pb, Cu, Ni, Zn, and Mn appear in 
many pesticide formulations produced/applied around 
the world (Avendaño et  al., 2021; Defarge et  al., 
2018). DDT and mirex agrochemicals were inten-
sively used for to control insects in agriculture (Chen 
et al., 2021). Therefore, is possible that these groups 
of compounds may have two sources: vehicular traf-
fic and agricultural activities. A second group (ii) 
aldrin-endrin, γ-chlordane, DDT, and DDD is related 
to agricultural activities and related samples shown in 
color blue in Fig.  3. A third group (iii) endosulfan-
Zn-Pb is shown in yellow color in the same figure.

Assuming that the dust is transported by the wind 
without further chemical reactions, the signature deter-
mined by the PCA for agricultural soils should be pre-
served. The group of aldrin-endrin, γ-chlordane, and 

DDT was widely used in HCA. There are other agri-
culture areas close to Hermosillo, with less surface of 
production which may also contribute to the transport 
and settlement of metals and pesticides in the urban 
area of the city, most of the pesticides reported in the 
soils by Leal et al. (2014) in HCA were also detected 
in the dust deposited on the roofs of Hermosillo, which 
strengthens these results; however, more research is 
needed.

HYSPLIT forward trajectory model

The HYSPLIT forward trajectory was applied to 
study the dust transport trend of HCA fields. Sites 
S1, S3, S4, S5, and S8 were used as the starting 
point for the trajectory model since these sites had 
the highest percentages of silt and clay. Through 
these trajectories (Fig. 3), it is clearly observed that 
dust crosses the city of Hermosillo from west to east: 
S1 from SW to WE, S3 from NW to WE, S4 from 
SW to WE, and S8 from SW to E, demonstrating the 
influence of the agricultural activity of the HCA in 
the nearby rural communities and in the urban area 
of Hermosillo.

According to the results of metals in soils, the distri-
bution of these contaminants is not uniform throughout 
the area due to the great variability of factors involved 
in their dispersion, such as the urban topography of 
the city (Del Río-Salas et  al., 2012), the size of the 
dust particles (Péterfalvi et  al., 2018; Singh et  al., 
2021), and wind direction and speed (Wang et  al., 

Table 5   Spearman correlation matrix of studied samples. The gray shaded area corresponds to agricultural soils; the white area are 
samples of dust deposited on school roofs. Values different from zero at alpha = 0.05 significance level are in bold

ALD γ-CHLOR ENDO DDE ENDR DDD DDT MET MRX Zr Pb As Zn Cu Fe Mn V Ti

ALD 1 0.503 0.576 0.529 0.523 0355 0.499 0.155 -0.016 -0.123 0.208 -0.136 0.254 -0.076 -0.183 0.160 -0.152 -0.028

γ-CHLOR 0.430 1 0.343 0.113 0.444 0.087 0.391 0.071 -0.022 -0.098 0.050 0.148 0.201 -0.040 -0.165 0.090 -0.094 -0.039

ENDO 0.742 0.585 1 0.496 0.747 0.688 0.523 0.234 0.147 -0.040 0.323 -0.285 0.270 0.252 0.173 0.180 0.269 0.101

DDE -0.119 0.157 0.344 1 0.542 0.504 0.287 0.002 0.338 0.191 0.410 -0.067 0.212 0.322 0.298 0.536 0.370 0.342

ENDR -0.094 -0.390 -0.192 -0.182 1 0.752 0.471 0.223 0.325 0.118 0.334 -0.059 0.413 0.321 0.214 0.217 0.195 0.142

DDD 0.060 0.588 0.419 0.522 -0.166 1 0.407 0.338 0.342 0.056 0.490 -0.197 0.491 0.337 0.300 0.160 0.437 0.098

DDT 0.445 0.356 0.387 0.356 -0.535 0.539 1 0.557 0.150 -0.044 0.467 -0.017 0.310 0.224 0.126 0.168 0.285 0.122

MET 0.009 0.702 0.464 0.701 -0.247 0.745 0.201 1 0.480 0.083 0.003 0.329 0.333 0.340 0.212 0.314 0.314 0.166

MRX 0.635 -0.004 0.506 0.100 0.201 0.180 0.197 0.107 1 0.121 0.365 -0.135 0.421 0.380 0.421 0.405 0.493 0.318

Zr 0.000 0.123 -0.150 -0.697 0.216 -0.029 -0.575 -0.199 -0.088 1 0.428 0.650 0.265 0.813 0.815 0.737 0.142 0.892
Pb 0.209 -0.194 0.323 0.252 0.026 0.411 0.367 0.061 0.677 -0.485 1 0.099 0.692 0.621 0.656 0.565 0.459 0.571
As 0.331 0.055 0.381 0.430 -0.069 0.522 0.619 0.234 0.588 -0.697 0.865 1 -0.012 0.541 0.399 0.454 0.095 0.461
Zn 0.056 -0.116 0.156 0.079 -0.069 0.406 0.269 0.061 0.500 -0.358 0.926 0.794 1 0.380 0.417 0.360 0.400 0.338

Cu 0.144 -0.041 0.319 0.345 -0.069 0.522 0.400 0.234 0.582 -0.552 0.963 0.915 0.952 1 0.885 0.750 0.509 0.819
Fe 0.050 -0.130 0.138 0.091 0.121 0.406 0.113 0.138 0.638 -0.224 0.902 0.745 0.952 0.915 1 0.811 0.505 0.881
Mn 0.075 -0.130 0.188 0.139 0.026 0.406 0.181 0.138 0.625 -0.321 0.939 0.782 0.976 0.952 0.988 1 0.441 0.864
V -0.244 -0.061 -0.169 -0.067 0.545 0.058 -0.619 0.242 0.294 0.273 0.190 0.091 0.321 0.261 0.539 0.442 1 0.267

Ti -0.188 0.089 -0.125 -0.248 0.545 0.058 -0.707 0.242 0.213 0.600 -0.055 -0.236 0.067 -0.030 0.309 0.200 0.891 1

ALD aldrin, γ-CHLOR γ-chlordane, ENDO endosulfan, DDE p,p′-dichlorodiphenyl-dichloroethylene, ENDR endrin, DDD p,p′-
dichlorodiphenyl-dichloroethane, DDT p,p′-dichlorodiphenyl-trichloroethane, MET methoxychlor, MRX mirex, LOD limit of detec-
tion
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2019; Zhang et  al., 2018). In this sense, it is impor-
tant to point out the importance of ≤ 20 μm particles 
in soils. The transport and deposition of these particle 

size take place at a higher altitude than larger particles. 
Therefore, according to the presence of metals in soils/
dust and the determined trajectories, it is likely that 
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significant levels of transported metals by dust may 
settled on roofs buildings of Hermosillo city, especially 
in the zones where the HYSPLIT trajectories converge.

To identify the source of metals settled on the 
roof, the presence of pesticides was also employed 
as tracers. For example, Fig.  3 shows the spatial 
distribution of DDD (shaded red). The highest 
concentrations of DDD corresponded to the area 
where the HYSPLIT trajectories converge (espe-
cially sites S1, S3, and S5). Most of the city’s sur-
face area is impervious, so local soil resuspension 
processes are very limited; additionally, the city 

has no cultivated areas; therefore, considering the 
results of the air mass forward trajectories (Fig. 3), 
the accumulation of pesticides in the dust depos-
ited on the roofs could be related to the atmos-
pheric transport from HCA. Similar results were 
found using backward trajectory analysis at roof-
top sampling points, showing trajectories related 
to agricultural fields (Fig. S1).

The occurrence of pesticides in the dust deposited on 
the roofs of the city of Hermosillo clearly indicates the 
relevance of agriculture impacts in the area. In North-
western Mexico occurs other important agricultural 

Fig. 4   Forward trajectories originated from the most important agriculture areas in Sonora, Mexico
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areas such Yaqui and Mayo Valleys with a legacy of 
pesticide and metals. Nevertheless, the results of the 
air mass forward trajectories (Fig. 4) indicated that the 
metals and pesticides detected in Hermosillo are a direct 
consequence of the agriculture carried out in HCA.

It is important to note that there are other agricul-
tural areas near Hermosillo that could also be contrib-
uting to the metal content in the dust. Figure 4 shows 
the HYSPLIT advance trajectories on March 1–14 for 
agricultural areas of San Luis Rio Colorado, Caborca, 
and the Yaqui and Mayo valleys. The results indicate 
that during pre-monsoon season, these agricultural areas 
have an influence on the neighboring state of Chihua-
hua, and even it is clearly observed its influence over 
the USA (Arizona), but not in the city of Hermosillo. 
Although these agricultural areas are the most important 
in terms of production, there are other areas on smaller 
scale for which their emission range and trajectories 
remain unknown. Despite the main objective of this 
research is the identification of possible sources of met-
als in HCA, the use of pesticides proved to be a useful 
tool for this purpose. Although several authors have used 
metals as pollution tracers, the results of this research 
suggest that pesticides may be better tracers than metals; 
however, metals and pesticides in conjunction with air 
mass forward trajectories provide better results.

Conclusion

This study is the first performed in Mexico that 
assesses the transport of multiple metals in dust from 
an agricultural area with several abandoned agricul-
tural fields.

According to PCA analysis, three groups are 
defined as follows: (i) a mixture of traffic and agricul-
tural sources (DDE, mirex, Cu, V, Ti, Mn, Fe, Zr, As), 
(ii) a group related to agricultural activities (aldrin-
endrin, γ-chlordane, DDT, DDD), and (iii) and asso-
ciation of endosulfan-Zn-Pb related to mix sources 
including tire wear.

The results of the air mass forward trajectories 
clearly indicate the long-range transport of metals 
in dust and reveal the influence of agriculture in the 
neighboring states of Chihuahua and Arizona (USA). 
Based on the results of this research, HCA agricultural 
fields are a major route of exposure to metals related 
to the historical and intensive agricultural activity, and 

dust from abandoned agricultural fields is deposited in 
nearby settlements. Therefore, it is recommended to 
improve agricultural practices to reduce the emission 
of particulate matter, and more detailed studies deter-
mining emission rates are needed to assess the impact 
that these emissions may have on human health.
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