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Abstract: Herbicides have contributed to increased agricultural production. However, their residual
amount can cause negative effects on environmental and public health. Therefore, this work aimed to
determine the occurrence of both atrazine and diuron in surface and well water and investigate their
link with drinking use. The samples were collected during dry and rainy seasons in three wells and
surface water from a river and a pond located in the low plains of the Ixcatepec catchment, at the
Amacuáhuitl community of the municipality of Arcelia, Guerrero State, in the center south of México,
which is a rural community where farming is the main activity. The compounds were obtained
by solid phase extraction and determined by HPLC-MS quadrupole with positive electrospray
ionization mode. A geomorphic analysis was conducted inside the Ixcatepec catchment using the
digital elevation model of the Shuttle Radar Topography Mission, SRTM-v4. The human risk for
drinking water was calculated according to the Hazard Quotient. The concentrations of atrazine and
diuron were between 5.77 and 402 ng L−1. Atrazine was the most abundant and frequent pesticide
found with an average concentration of 105.18 ng L−1, while that of diuron was 86.56 ng L−1. The
highest levels were found in pond Ushe, likely being the result of the lowest flow and stagnation
of water, and during the cold-dry season a consequence of mobilization by irrigation runoff. The
morphological analysis indicated that the compounds mainly reached body water located in the
lower surfaces from cultivated areas. Therefore, the occurrence is mainly linked to agriculture activity
within the rural community. However, chemical properties of compounds, crop irrigation, and
environmental conditions could be contributing to the dispersion of residual amounts of herbicides
within the hydrological system. The estimation of risk showed that atrazine can mainly generate
health problems for children using the Azul well as a source of drinking water.

Keywords: atrazine; diuron; water; well; corn; crop

1. Introduction

The fast-growing global population has exerted strong pressure on food production.
The use of pesticides is among the more economically effective and successful alternatives
to have addressed productivity in modern agriculture. In spite of their contribution to
increased agricultural yield, there is increasing concern about their negative effects on the
environment and potential risk for human health [1,2].
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Atrazine and diuron are among the five most widely used pesticides in the world
and applied to control unwanted vegetation in the field [3]. Their physic-chemical proper-
ties and polar functional groups make them more water-soluble herbicides, having high
mobility through soil and aquatic environmental compartments [4,5]. They have been
frequently detected in surface, underground, and well water [6]. The residual amount
applied on soil can undergo either sorption or could eventually reach different waterways
directly by run off or indirectly through leaching and erosion processes mainly from soil in
agriculture areas.

Atrazine and diuron have both been associated with distinct effects on the devel-
opment, reproduction, and behavior of many aquatic organisms [7]. Their occurrence
in the environment is thus a risk for aquatic microorganisms and fauna. Atrazine cause
alterations in hematological and biochemical parameters as well as DNA damage in snow
trout at low concentrations [8] and induces malformation in Podocnemis unifis embryos
derived from exposed egg [9]. Caiman latirostrics embryonic exposure to atrazine leads
to thyroid alterations long after exposure ends [10]. Moreover, it is a risk to the health of
phytoplankton in lakes [11], and autophagy is involved in oxidative stress and immune
organ damage induced by atrazine [12]. It was suggested that atrazine is toxic to the
nervous system of mammals, can disrupt immune system, damage the liver and kidneys,
degenerate muscles of the heart, and affect the normal function of hormone systems [13,14].
Diuron was found to be toxic toward zebrafish [15] and Vibrio fischeri [16]. Embryos of
marine fish showed changes related to cellular protein localization [17]. Interaction of
Diuron with other pesticides has caused different toxic responses than those predicted
by the individually tested compounds on invertebrates [16,18]. Furthermore, effects on
energy metabolism were observed in diuron-treated rats’ liver [19]. Exposure to atrazine
and diuron may also affect human health. An imbalance in cytokine production caused
by atrazine and diuron is toxic [20]. Atrazine likely could induce long-term toxicity [21],
while Diuron metabolites were found to be toxic in human cells [6]. Rather, diuron causes
cytotoxicity in human cells [15] and may exert harmful effects on fetal development [22].

There are maximum levels of atrazine and diuron permitted in drinking and surface
water. However, they might not be enough to protect human health [23]. The people living
near crop areas may be exposed through drinking water consumption to pesticides, such
as atrazine and diuron, coming from well water. Furthermore, with their unsustainable
practice of their use on crops, atrazine and diuron might be toxic. Since water ingestion is
thought to be the major route of atrazine exposure for people who have had no occupational
contact [24], the occurrence of the determined pesticides in water from wells could have a
potential risk for people living near areas where pesticides were intentionally applied to
crops. The presence of atrazine has been linked with chronic toxicity for humans due to
oral exposure through drinking water consumption from wells, being higher for children
than for adults [25].

Corn is one of the main products in the Mexican diet. The land used for this crop
accounts for close to 6 million hectares in Mexico [26]. Guerrero, a southern state of Mexico,
is one of the medium size agriculture-based economy with a production value of little
more than USD$832 million in 2020; that is 2.6% of national agriculture production [27].
Primary economic activity represents 5.6% of the BIP in this state [28], and the corn crop
contributes with 34.3% of its total production value. There are 495,000 hectares available
for this product in Guerrero (53.5% of the entire surface), and more than 8100 hectares are
used as cornfields in the municipality of Arcelia, that is close to 11% of the municipality
surface [27]. Particularly, the agriculture in Arcelia is based on little more than ten crops,
with a production value equivalent to USD$15.7 million in 2020. Corn is the major crop
representing the 36.1% of the total production in the location, and this is a representative
percentage of this crop in the Amacuáhuitl community within Arcelia. Although atrazine
and diuron could have serious impacts on public health and environment, given climatic
conditions, the economic importance of cornfields in this region, and their unregulated
sale, farmers use them to protect and increase the yield of the cornfields.
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Hence, this work aims to analyze association of residual herbicides atrazine and diuron
in surface and well water with agriculture activity within a cornfield rural area, where
people have frequently used wells for drinking water.

2. Materials and Methods
2.1. Chemicals and Materials

Individual standard solutions of both herbicide atrazine (98.9%) and diuron (99.9%)
at acetonitrile were purchased from Chem Service. Raw samples were separately filtered
through a 47 mm glass fiber filter (Whatman, Maidstone, UK), while their extract was
filtered with PTFE syringe filter (13 mm, 0.45 um) purchased from Pall Life Sciences (New
York, NY, USA). Solid phase extraction (SPE) tubes packed with 0.5 g of octyl-silica (C8)
were purchased from Water. HPLC grade acetone, water, methanol, and acetonitrile were
acquired from Meyer (Jersey, UK). Formic acid mass spectrometry grade was supplied
by Sigma-Aldrich (Saint Louis, MO, USA). Connections and pipes used for the load of
samples were made of PTFE. Ultrapure water was prepared by Milli-Q purifier system and
N2 chromatographic grade was obtained from INFRA (Burlington, MA, USA).

2.2. Sampling and Study Area

The samples were obtained from three wells, Azul (100◦15′27′′ O, 18◦15′3′′ N), Bro-
cal (100◦15′19′′ O, 18◦13′48′′ N), and Tello (100◦15′27′′ O, 18◦13´52′′ N), used by people
living near crop areas, a surface water stream, Arroyo (100◦15′14′′ O, 18◦14′24′′ N), and a
puddle, Ushe (100◦15′27′′ O, 18◦15′3′′ N), set through a sown field and collected during
dry (April) and rainy (July) seasons, all of them located in the low plains of the Ixcatepec
catchment, in the Amacuáhuitl community of the municipality of Arcelia (18◦13′53.37′′ N,
100◦15′20.31′′ W), Guerrero State in the center south of México, which is a rural community
where farming is the main activity. The town is located close to the outlet of the Ixcatepec
creek catchment, sitting in the lower part of the basin where the flow of the entire drainage
system converges. The catchment has an approximate area of 138.36 km2 (Figure 1). This
hydrological system is part of the river Balsas-Zirándaro basin, a tributary of the main
river Balsas that run from east to west [29]. This basin has a topography characterized by
lowlands surrounded by ranges at the north and southern sides. The climate in this region
is characterized by a warm sub-humid climate with an average annual temperature of
27.9 ◦C (Min: 20.4, Max: 35.5 ◦C), an average annual precipitation of Sampling1,181 mm,
having a remarkable summer rain regime with 94.2% of the precipitation [30]. The pre-
dominant vegetation in the Ixcatepec catchment is oak forest in high lands and deciduous
forest in mid and lowlands. Meanwhile, agriculture is extended in the lower plains, having
corn as one of the main crops. Corn is a temporal crop that develops twice a year in the
Arcelia region, and most production occurs in a period between two and three months
during the rainy season (summer season). Nevertheless, such periods have been extended
due to alterations of the rainy cycle in the region. Therefore, the corn cultivation has
suffered modifications in its temporal processes, amounting to a change in the opening and
closing dates of the corn crop, which currently runs from June to October. Corn develops
in two phases: vegetative and productive. The vegetative phase begins at mid-June and
ends at late July, when the planting grows. The productive phase occurs in the following
two months, when the plants reach their maximum height and the cob has developed
to maturity.
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Figure 1. Topographic map of the study area based on the digital elevation model (Data sources:
https://srtm.csi.cgiar.org/ (accessed on 15 November 2021) [31].

2.3. Sample Preparation

Samples were quantitatively transferred to graduated cylinders at room temperature
and the sampling volume was accurately measured, individually filtered through a 47 mm
glass fiber filter (Whatman, Buckinghamshire, United Kingdom), and collected in an amber
bottle. The filtered samples were passed through reverse solid phase extraction tube packed
with 0.5 g of C8 (Waters) by applying a vacuum, which was previously conditioned with
5 mL of methanol and followed by 6 mL of ultrapure water by gravity. The elution of
compounds was carried out by 10 mL of methanol, collected in a round-bottomed flask,
concentrated almost to dryness in a rotatory evaporator (Buchi, Flawil, Switzerland), then
passed through a Teflon filter (0.45 µm) and adjusted with acetonitrile to 1.00 mL.

2.4. Analysis of Herbicides

Atrazine and diuron were quantified using a HPLC-MS quadrupole G6545
(Agilent, Santa Clara, CA, USA) with positive electrospray ionization mode. The standards
and samples solution were injected automatically and separated through a C18 column
(68 mm × 2 mm, 4 µm) at 30 ◦C. The mobile phase solutions were 0.1% formic acid in
water (A) and 0.1% formic acid in acetonitrile (B) at a flow rate of 0.25 mL/min. The MS
acquisition parameters were as follows: drying gas N2, 350 ◦C, nebulizer 35 psi, capillary
voltage 3000 V. The data were analysed by MassHunter Software.

2.5. Quality Control

Fortified water samples were used for validation of analytical method, blanks of the
instrumental and sample preparation method were monitored for signals corresponding with
target compounds. Correlation coefficients (r) were higher than 0.98 (p < 0.05), the detection
limit of the method was obtained as 3 signal/noise and were 1.05 ng/L for atrazine and

https://srtm.csi.cgiar.org/


Water 2022, 14, 3790 5 of 14

1.88 ng/L for diuron. Recoveries of pesticides analyzed were 96.15 and 107.17% for atrazine
and diuron, respectively.

2.6. Geomorphic Analysis

A geomorphic analysis inside the Ixcatepec catchment was done using the digital ele-
vation model (DEM) of the Shuttle Radar Topography Mission, SRTM-v4, this is worldwide-
model with a spatial resolution of 3 arc-seconds (~90 m) and particularly the version 4
has been enhanced by filling in data gaps to facilitate the landscape analysis [31,32]. The
topography properties and river channel configuration help us to recognize the aptitude of
the ground into the regional context. On the other side, the remote sensing and Landsat
imagery were used to classify the land use inside the catchment. Particularly, the croplands
identification was performed considering that corn is the predominant crop affected during
the rainy season. Three images were employed from the Landsat-8, the most recent satel-
lite platform and contemporaneous to the sampling campaign in 2018. Images available
and corresponding to the period of transition from the vegetative to productive stage
of the corn in the Arcelia region, which is between July and October (8 September 2016;
12 July 2018; and 5 October 2020), were selected (https://earthexplorer.usgs.gov/ (accessed
on 15 November 2021)), i.e., an image during the sampling, one image two years before,
and two years after the sampling. This multi-temporal analysis was designed to know
the spatial configuration of the land use in the short term. The method of supervised
classification based on well-identified region of interest (ROIs) was applied to analyze the
three images. Both the topography and satellite imagery delineated potential areas for the
origin and concentration of pollutants.

2.7. Risk Assessment

The human health risk from oral exposure associated to pesticides through drinking
water obtained from well was assessed according to the Hazard Quotient (HQ), which was
computed as the ratio of the estimated intake amount of individual pesticide per kilogram
body weight (CDIi) to the acute toxicity reference dose (RfD), which were 0.035 and 0.002
for atrazine and diuron, respectively [33]. The exposed part of population is under health
risk when HQ value is equal or greater than 1 [34].

HQ = CDIi/RfD (1)

The CDIi was calculated as

CDIi =
DIP × EFi × EDi

BWi × AT
(2)

where DIP is the average daily intake, EFi is the exposure frequency, 365 days per year,
the exposure duration (ED) is defined as the total period time over which contact occurs
between the agent and a target, i.e., the individual who is exposed to atrazine and diuron.
ED in Equation (2) considered that the worlds population life expectancy is 72.6 in 2009 [35]
and for Mexicans living in the state of Guerrero (Mexico), where this studied location is
(Arcelia), this was estimated as 70.3 years for male [36], so the value selected was 70, while
for the child population we consider an ED of 6 years old based on Parladis et al. [37]. The
body weight (BWi) is 70 and 20 kg and average lifespan (AT) 2190 and 25,500 days for
children and adults, respectively. DIP was obtained by the Equation (3)

DIP = Ci × IRi (3)

where Ci (µg/L) is concentration of pesticide residues and IRi is the intake rater of
water [38,39], which is 0.87 L/day for children and 1.41 L/day for adults.

https://earthexplorer.usgs.gov/
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2.8. Statistical Analysis

The estimation of HQ was assessed using a probabilistic method. Herbicides data
were simulated from the original data by Monte Carlo simulations, through the generation
of random numbers, obtaining a new data set with the same probability distribution as the
original phenomenon. Prior to the simulation, the original data corresponding to Azul,
Brocal, and Tello well were interpolated to obtain the Atrazine and Diuron concentration
levels. The relationship between the original and simulated data was evaluated by the
Pearson correlation tests, obtaining R2 greater than 0.99. For the simulation of the data, the
Mersenne Twister pseudorandom number generator algorithm [40] was applied to obtain
normally distributed numbers; it was implemented in Python 3.0. In addition, 10 different
seeds were established in the algorithm to guarantee the randomness of the simulated data.
Thus, 10,000 simulated data were obtained from each of the original PAH data [41].

3. Results and Discussion
3.1. Herbicides in Surface Water

The detection of atrazine and diuron indicated that application on nearby cropped
field had impact on water quality of the sampling sites. The analysis indicated that herbi-
cide atrazine was the compound more frequently found, this was determined in 50% and
diuron in 20% of the analyzed samples. The herbicide atrazine was also the compound more
abundant with an average concentration of 105.18 ng L−1 ranging from 5.77 to 402.00 ng L−1,
while diuron had the lowest average concentration 86.56 ng L−1 and ranged from
15.45 to 157.66 ng L−1. The higher occurrence and detection patterns of atrazine than
diuron have been attributed to differences in the sorption of both herbicides in soil, since
log Kow of atrazine (2.50) is lower than that one of diuron (2.85), so atrazine sorbed less
than diuron in soils, especially in sandy and low organic carbon soils [42,43]. Although
atrazine has a higher potential to leach and reach underground and surface water, the
individual concentrations of atrazine (Table 1) were at 100% below maximum contam-
inant levels (MCLs) established by WHO (2000 ng L−1), EPA (3000 ng L−1), Canada
(5000 ng L−1), and México (100,000 ng L−1) [44–48]. There were only two measure-
ments exceeding the European MPL (100 ng L−1) [45] being determined in Ushe ponds
(402 ng L−1) and Azul well (286.15 ng L−1). Table 1 shows that the maximum level for
atrazine in this study was lower than those reported in México, Venezuela, and Greece and
higher than those reported in USA, Spain, and China, while the maximum concentration of
diuron is lower than in most other studies.

Table 1. Concentrations of herbicides in surface and well water.

Herbicide ng/L Type of Water Country Reference

Atrazine

90,000 ± 200,000
140,000 ± 290,000 Surface Mexico [49]

1.00–1990 Surface Venezuela [50]

20–450 Well Greece [37]

5.77–402 Surface and well México This study

180–360 Well EE.UU [51]

90.00 ± 10.00 Well Spain [52]

2.38–8.18 surface Italy [53]

0.057–0.102 Surface China [54]

Diuron

2000–28,000 Surface and ground EE.UU [55]

130–1780 Reservoir’s surface EE.UU [56]

50–400 Surface water EE.UU [57]

2–180 Ditch and surface Italy [58]
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Table 1. Cont.

Herbicide ng/L Type of Water Country Reference

15.45–157.66 Surface Mexico This Study

10.4–87 Stream surface EE.UU [59]
Notes: LOD: limit of detection.

3.2. Spatial Pattern

The atrazine and diuron concentration varied greatly through sampling points. The
spatial variation of those herbicides, shown in Figure 2, suggested a combined effect of the
distinct impacts from agricultural areas nearby to sampling sites. The abundance order of
both herbicides was consistent between sampling sites. Thus, the highest concentration
of atrazine was found at pond Ushe, followed by Azul, Tello, Arroyo, and Brocal wells.
While diuron that was detected in two samples and was also more abundant at Ushe pond
followed by Azul well (Table 2), their remaining concentrations were close to, or below,
detection limit. The stagnant water at pond Ushe also had the highest value of turbidity
(86.2 NTU), exceeding the maximum admissible concentration of 5 NTU in México, which
could be caused by the input of fertilizer from crop areas, as suggested by [60], who found
that turbidity was significantly associated with elevated levels of nitrate and phosphate.
This could be also a result from the lowest flow in its stagnant water. Because the herbicides
and fertilizer are flushed from the system slowly, they could have undergone lower dilution
than in surface water [61]. Relatively high concentrations of atrazine and other herbicides
have been observed in reservoirs long after inputs of those compounds from agricultural
crops have declined [62–64]. Reservoirs are repositories of herbicides, which are detected
more frequently in reservoirs than in stream water [65]. On the other hand, those higher
levels of atrazine at Azul and Arroyo than at Tello and Brocal (Figure 2) were due likely
to a more direct input of herbicides from cultivated areas. Figure 3 shows that Azul and
Arroyo are located within agricultural land use type areas (yellow zone), which accounted
for 55% in Ixcatepec Catchment (Table 2).
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Table 2. Summary of the area (km2) detected from remote sensing into the Ixcatepec catchment.

Land Use 8 September
2016

12 July
2018

5 October
2020 Average Std. Dev.

Agriculture 41.9 66.5 58.1 55.5 10.2
Bare ground 20.0 5.2 6.0 10.4 6.8

deciduous/Oak Forest 73.7 58.9 71.6 68.1 6.6
Total Surface * 135.7 130.6 135.7

Notes: * Total surface differs from the catchment area (138.36 km2) due to the presence of clouds during the
satellite pass or the minimal percentage of surface corresponding to bodies of water.
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Azul, 4; Tello, 6); Stream water (Ixcatepec river and Arroyo, 1 and 2); pond (El Ushe, 5).

3.3. Influence of Weather Conditions

The highest individual concentrations of atrazine and diuron were found during the
cold-dry season at Ushe (Figure 4). Although precipitation events stopped in the cold-dry
season, it is likely that those herbicides could have reached surface water from agricultural
area by excessive irrigation applied over the cold dry-season. Since the pH, conductivity,
and hardness had significant seasonal variation (p < 0.05), the averaged measurements
being higher over the cold season than rainy season, these herbicides could have been
mobilized toward surface water by runoff either being dissolved from agricultural soils
into irrigation-generated runoff or by transport on suspended sediment in runoff. The
highest concentration of herbicide atrazine in cold season, its highest frequency of detection
in rainy season, and its highest water solubility, suggest that mobilization could be favored
mainly by irrigation-generated runoff, instead of bound to sediments [66].
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Figure 4. Seasonal distribution of herbicides atrazine and diuron.

3.4. Effect of Catchment Morphology

The mobility of herbicides could have been also favored by geomorphologic character-
istics of Ixcatepec Catchment. The highest concentrations of both herbicides in Ushe pond
site could be also a result of the effect of gentle topography undulations. The analysis of the
distribution of the slope classification showed that 47.4% of the surfaces preserve steepness
less than 15◦, a similar percentage corresponds to surfaces with 15 to 30◦, and only little
more than 5% are above 30◦. Particularly, semi plains (slope less than 7◦) could contain
a major quantity of ground undulations and ponds that favor the flooding of the soil as
in Ushe sampling site, which correspond with orange and yellow colored area of map in
Figure 5. This surface class accounts for 24.6% of the total area, and widely extended in the
lower part of the Ixcatepec catchment.
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and Arroyo, 1 and 2); pond (El Ushe, 5).
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The presence of atrazine in stream water during rainy season showed that there
are pollutants sources upstream from arroyo site, which were likely transported from
croplands, located in the ridges, towards surface water by run-off as consequence of
slope of the surface. Morphological analysis indicated that agriculture and bare ground
corresponding to surfaces used commonly as croplands are widely established in the ridges
(the higher interpluvial surfaces), the valley floors, and lowland plains. The croplands
located on the ridges and valley floors of the mid and upper catchment work as sediment
sources feeding the lower places. The valley floors are transitional surfaces where sediment
load from the higher surfaces could be deposited for short periods, this is before being
removed by stream currents and eventually carried out to lower plans.

The detection in water well suggested the effect of location on the way between the
cultivation areas and the downward slope direction. The lower plains and valley floors
concentrate the hydrological system of the entire and local catchment, respectively. These
are topographies which could be suitable for reducing the speed of water flow (surface
and underground) and increasing its residence time in the ground. Such physical features
could favor the retention of atrazine and diuron in suspension or dissolved in the water,
becoming potential areas of contaminant accumulation (Figure 5).

3.5. Human Health Exposure

The estimation of hazard quotient showed that sampled wells could still have a
possible risk for human health from oral exposure as a consequence of residual amounts
mainly found for atrazine, with the risk being higher for children than adults (Table 3) as
has been recently reported [37]. Although the levels of both determined pesticides were
lower than those allowed in drinking water and HQ values did not exceed 1 for individual
herbicides, people who rely on well water for drinking may be exposed to both pesticides
from Azul well in rainy season, where the highest hazard quotients associated to atrazine
and diuron were found (Table 3).

Table 3. Summary statistics for HQ of pesticides through Monte Carlo simulation.

Children Adults

Atrazine Diuron Atrazine Diuron

Site Mean (SD) 95% CI Mean (SD) 95% CI Mean (SD) 95% CI Mean (SD) 95% CI

Azul 3.57 × 10−1

(1.39 × 10−1)
(3.55 × 10−1,
3.60 × 10−1)

3.38 × 10−1

(1.32 × 10−1)
(3.35 × 10−1,
3.40 × 10−1)

1.66 × 10−1

(6.47 × 10−1)
(1.64 × 10−1,
1.67 × 10−1)

1.57 × 10−1

(6.11 × 10−1)
(1.55 × 10−1,
1.58 × 10−1)

Brocal 7.21 × 10−3

(3.00 × 10−3)
(7.15 × 10−3,
7.26 × 10−3)

- - 3.34 × 10−3

(1.30 × 10−3)
(3.32 × 10−3,
3.37 × 10−3)

- -

Tello 1.51 × 10−2

(6.00 × 10−3)
(1.50 × 10−2,
1.52 × 10−2)

- - 6.99 × 10−3

(2.70 × 10−3)
(6.94 × 10−3,
7.05 × 10−3)

- -

Notes: SD: standard deviation, CI: confidential interval.

For most of the population in the area where the study was performed, drinking
water is consumed directly from the well or the tap. Unfortunately, no formal treatment
is conducted, so it is suggested as a public health policy to implement one conventional
drinking water treatment with a final step, including an activated carbon filter or at least a
filter with gravel, sand, and activated carbon to adsorb these pollutants [67].

4. Conclusions

The detection of both herbicides, atrazine and diuron, in surface and well water
showed that their occurrence is mainly linked to agriculture activity within rural community.
Chemical properties of compounds, crop irrigation, and environmental conditions could
be contributing to the dispersion of residual amounts of herbicides within the hydrological
system. Nevertheless, the water body located in the lower surfaces from cultivated areas
becomes a potential zone for accumulation, increasing the residence time of this king of
compounds in the ground. Similarly, the presence of herbicides in well water suggests a
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potential risk to people who rely on well water for drinking, where children could be at the
highest risk of exposure to atrazine as the herbicide more frequently detected in this work.
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Combined toxicities of binary mixtures of alachlor, chlorfenvinphos, diuron and isoproturon. Chemosphere 2020, 240, 124973.
[CrossRef]

http://doi.org/10.1016/j.scitotenv.2021.145843
http://www.ncbi.nlm.nih.gov/pubmed/33640550
http://doi.org/10.1016/j.jclepro.2020.124657
http://doi.org/10.1016/j.scitotenv.2020.144754
http://www.ncbi.nlm.nih.gov/pubmed/33736156
http://doi.org/10.1016/j.marpolbul.2021.112255
http://doi.org/10.1016/j.chemosphere.2019.07.064
http://doi.org/10.1016/j.etap.2020.103409
http://doi.org/10.1016/j.scitotenv.2019.134868
http://doi.org/10.1016/j.sjbs.2021.01.001
http://doi.org/10.1016/j.ecoenv.2019.109400
http://doi.org/10.1016/j.envres.2020.109410
http://doi.org/10.1016/j.scitotenv.2019.136239
http://doi.org/10.1016/j.fsi.2015.01.014
http://doi.org/10.1006/phrs.1997.0213
http://doi.org/10.1093/toxsci/56.2.324
http://doi.org/10.1016/j.ecoenv.2019.01.036
http://doi.org/10.1016/j.chemosphere.2019.124973


Water 2022, 14, 3790 12 of 14

17. Moon, Y.S.; Kim, M.; Hong, C.P.; Kang, J.H.; Jung, J.H. Overlapping and unique toxic effects of three alternative antifouling
biocides (Diuron, Irgarol 1051®, Sea-Nine 211®) on non-target marine fish. Ecotoxicol. Environ. Saf. 2019, 180, 23–32. [CrossRef]

18. Mansano, A.S.; Moreira, R.A.; Dornfeld, H.C.; Freitas, E.C.; Vieira, E.M.; Daam, M.A.; Rocha, O.; Seleghim, M.H. Individual
and mixture toxicity of carbofuran and diuron to the protozoan Paramecium caudatum and the cladoceran Ceriodaphnia silvestrii.
Ecotoxicol. Environ. Saf. 2020, 201, 110829. [CrossRef]

19. Da Silva Simões, M.; Bracht, L.; Parizotto, A.V.; Comar, J.F.; Peralta, R.M.; Bracht, A. The metabolic effects of diuron in the rat liver.
Environ. Toxicol. Pharmacol. 2017, 54, 53–61. [CrossRef]

20. Hooghe, R.J.; Devos, S.; Hooghe-Peters, E.L. Effects of selected herbicides on cytokine production in vitro. Life Sci. 2000, 66,
2519–2525. [CrossRef]

21. Sánchez, O.F.; Lin, L.; Bryan, C.J.; Xie, J.; Freeman, J.L.; Yuan, C. Profiling epigenetic changes in human cell line induced by
atrazine exposure. Environ. Pollut. 2020, 258, 113712. [CrossRef] [PubMed]

22. Huovinen, M.; Loikkanen, J.; Naarala, J.; Vähäkangas, K. Toxicity of diuron in human cancer cells. Toxicol. Vitro 2015, 29,
1577–1586. [CrossRef] [PubMed]

23. Li, Z. Health and safety assessment and regulatory management of Aldicarb, Atrazine, Diuron, Glyphosate, and Mcpa by
theoretical maximum daily intake estimation. J. Chem. Health Saf. 2017, 25, 3–14. [CrossRef]

24. Cooter, E.J.; Hutzell, W.T. A regional atmospheric fate and transport model for atrazine. 1. Development and implementation.
Environ. Sci. Technol. 2002, 36, 4091–4098. [CrossRef] [PubMed]

25. Urseler, N.; Bachetti, R.; Biolé, F.; Morgante, V.; Morgante, C. Atrazine pollution in groundwater and raw bovine milk: Water
quality, bioaccumulation and human risk assessment. Sci. Total Environ. 2022, 852, 158498. [CrossRef]

26. SIAP (Servicio de Información Agroalimentaria y Pesquera). Panorama Agroalimentario 2020. Secretaria de Agricultura y Desarrollo
Rural. Available online: https://nube.siap.gob.mx/gobmx_publicaciones_siap/pag/2020/Atlas-Agroalimentario-2020 (accessed
on 29 November 2021).

27. SIACON (Sistema de Información Agroalimentaria de Consulta). Secretaria de Agricultura y Desarrollo Rural. Available online:
https://www.gob.mx/siap/documentos/siacon-ng-161430 (accessed on 29 November 2021).

28. INEGI. Cuéntame, Información por Entidad. Available online: http://cuentame.inegi.org.mx/monografias/informacion/gro/
economia/default.aspx?tema=me&e=12 (accessed on 29 November 2021).

29. INEGI. Panorama Sociodemográfico de México. Available online: http://www3.inegi.org.mx/sistemas/biblioteca/ficha.aspx?
upc=702825078065 (accessed on 29 November 2021).

30. SMN (Servicio Meteorológico Nacional). Statistical Information of the Station 12008 (ARCELIA.; Latitude: 18◦19′01′′ N.;
Longitude: 100◦16′48′′ W.; Altitude: 414.0 masl.). Available online: https://smn.conagua.gob.mx/es/climatologia/informacion-
climatologica/informacion-estadistica-climatologica (accessed on 29 November 2021).

31. Nasa JPL. NASA Shuttle Radar Topography Mission Global 3 Arc Second [Data Set]. NASA EOSDIS Land Processes DAAC.
2013. Available online: https://cmr.earthdata.nasa.gov/search/concepts/C204582034-LPDAAC_ECS.html (accessed on 13
October 2022).

32. CGIAR. SRTM 90 m DEM Digital Elevation Database. 2018. Available online: https://srtm.csi.cgiar.org/ (accessed on 29
November 2021).

33. IRIS (Integrated Risk Information System). Oral Chronic Reference Dose Integrate Risk Information System Database; Toxicity
and Chemical Specific Factor Database. Available online: www.epa.gov/iris (accessed on 2 September 2022).

34. USEPA. Definitions and General Principles for Exposure Assessment: Guidelines for Exposure Assessment; Office of Pesticide Programs:
Washington, DC, USA, 1999.

35. Roser, M.; Ortiz-Ospina, E.; Ritchie, H. Life Expectancy. Available online: https://ourworldindata.org/life-expectancy (accessed
on 14 October 2022).

36. INEGI. Mortalidad. Available online: https://www.inegi.org.mx/app/tabulados/interactivos/?pxq=Mortalidad_Mortalidad_09
_61312f04-e039-4659-8095-0ce2cd284415 (accessed on 14 October 2022).

37. Parlakidis, P.; Rodriguez, M.S.; Gikas, D.G.; Alexoudis, C.; Perez-Rojas, G.; Perez-Villanueva, M.; Perez, C.A.; Fernández-Cirelli, A.;
Vryzas, Z. Occurrence of Banned and Currently Used Herbicides, In Groundwater of Northern Greece: A Human Health Risk
Assessment Approach. Int. J. Environ. Res. Public Health 2022, 19, 8877. [CrossRef]

38. Ali, N.; Kalsoom; Khan, S.; Ihsanullah; Rahman, I.; Muhammad, S. Human health risk assessment through consumption of
organophosphate pesticide contaminated water of Peshawar Basin, Pakistan. Expo. Health 2018, 10, 259–272. [CrossRef]

39. Papadakis, N.E.; Vryzas, Z.; Kotopoulou, A.; Kintzikoglou, K.; Makris, C.K.; Papadopoulou-Mourkidou, E. A pesticide monitoring
survey in rivers and lakes of northern Greece and its human and ecotoxicological risk assessment. Ecotoxicol. Environ. Saf. 2015,
116, 1–9. [CrossRef]

40. Matsumoto, M.; Nishimura, T. Mersenne twister: A 623-dimensionally equidistributed uniform pseudo-random number generator.
ACM Trans. Model. Comput. Simul. 1998, 8, 3–33. [CrossRef]

41. Díaz, L.; Uscanga, O.; Rosales, M. Development and comparison of machine learning models for water multidimensional
classification. J Hydrol. 2021, 598, 126–132. [CrossRef]

42. Inoue, M.H.; Oliveira, R.S., Jr.; Regitano, J.B.; Tormena, C.A.; Constantin, J.; Tornisielo, V.L. Sorption kinetics of atrazine and
diuron in soils from southern Brazil. J. Environ. Sci. Health Part B 2004, 39, 589–601. [CrossRef]

http://doi.org/10.1016/j.ecoenv.2019.04.070
http://doi.org/10.1016/j.ecoenv.2020.110829
http://doi.org/10.1016/j.etap.2017.06.024
http://doi.org/10.1016/S0024-3205(00)00586-5
http://doi.org/10.1016/j.envpol.2019.113712
http://www.ncbi.nlm.nih.gov/pubmed/31875570
http://doi.org/10.1016/j.tiv.2015.06.013
http://www.ncbi.nlm.nih.gov/pubmed/26086120
http://doi.org/10.1016/j.jchas.2017.09.003
http://doi.org/10.1021/es011371y
http://www.ncbi.nlm.nih.gov/pubmed/12380080
http://doi.org/10.1016/j.scitotenv.2022.158498
https://nube.siap.gob.mx/gobmx_publicaciones_siap/pag/2020/Atlas-Agroalimentario-2020
https://www.gob.mx/siap/documentos/siacon-ng-161430
http://cuentame.inegi.org.mx/monografias/informacion/gro/economia/default.aspx?tema=me&e=12
http://cuentame.inegi.org.mx/monografias/informacion/gro/economia/default.aspx?tema=me&e=12
http://www3.inegi.org.mx/sistemas/biblioteca/ficha.aspx?upc=702825078065
http://www3.inegi.org.mx/sistemas/biblioteca/ficha.aspx?upc=702825078065
https://smn.conagua.gob.mx/es/climatologia/informacion-climatologica/informacion-estadistica-climatologica
https://smn.conagua.gob.mx/es/climatologia/informacion-climatologica/informacion-estadistica-climatologica
https://cmr.earthdata.nasa.gov/search/concepts/C204582034-LPDAAC_ECS.html
https://srtm.csi.cgiar.org/
www.epa.gov/iris
https://ourworldindata.org/life-expectancy
https://www.inegi.org.mx/app/tabulados/interactivos/?pxq=Mortalidad_Mortalidad_09_61312f04-e039-4659-8095-0ce2cd284415
https://www.inegi.org.mx/app/tabulados/interactivos/?pxq=Mortalidad_Mortalidad_09_61312f04-e039-4659-8095-0ce2cd284415
http://doi.org/10.3390/ijerph19148877
http://doi.org/10.1007/s12403-017-0259-5
http://doi.org/10.1016/j.ecoenv.2015.02.033
http://doi.org/10.1145/272991.272995
http://doi.org/10.1016/j.jhydrol.2021.126234
http://doi.org/10.1081/PFC-200026818


Water 2022, 14, 3790 13 of 14

43. Raymundo, R.E.; Nikolskii, G.I.; Duwig, C.; Prado, P.B.L.; Moreno, H.C.I.; Gavi, R.F.; Figueroa, S.B. Transporte de atrazina en un
andosol y un vertisol de México. Interciencia 2009, 34, 330–337.

44. World Health Organization. Guidelines for Drinking-Water Quality, 3rd ed.; World Health Organization: Ginebra, Switzerland,
2008; p. 515.

45. USEPA. List of Drinking Water Contaminants & MCLs; United States Environmental Protection Agency: Washington, DC, USA,
2008; p. 15.

46. Health Canada. Guidelines for Canadian Drinking Water Quality. Available online: https://www.canada.ca/content/
dam/hc-sc/documents/programs/consultation-mcpa-drinking-water/mcpa-gtd-for-consultation-en.pdf (accessed on 9
September 2022).

47. DOF. Salud Ambiental. Agua para Uso y Consumo Humano. Límites Permisibles de Calidad del Agua. Available online: https:
//www.dof.gob.mx/nota_detalle.php?codigo=2063863&fecha=31/12/1969#gsc.tab=0 (accessed on 9 September 2022).

48. European OJEC. Council Directive 98/83/EC on the Quality of Water Intended for Human Consumption. Available online:
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A31998L0083 (accessed on 9 September 2022).

49. Rodríguez-Aguilar, B.A.; Martínez Rivera, L.M.; Peregrina-Lucano, A.A.; Ortiz-Arrona, C.I.; Cárdenas-Hernández, O.G. Análisis
de residuos de plaguicidas en el agua superficial de la cuenca del río Ayuquila-Armería, México. Terra Latinoam. 2019, 37, 151–161.
[CrossRef]

50. Molina-Morales, Y.; Flores-García, M.; Balza-Quintero, A.; Benítez-Díaz, P.; Miranda-Contreras, L. Niveles de plaguicidas en aguas
superficiales de una región agrícola del estado Mérida, Venezuela, entre 2008 y 2010. Rev. Int. Contam. Ambie 2012, 28, 289–301.

51. Mcelroy, J.A.; Gangnon, R.; Newcomb, P.A.; Kanarek, M.S.; Anderson, H.A.; Vanden-Brook, J.; Trentham-Dietz, A.; Remington,
P.L. Risk of breast cancer for women living in rural areas from adult exposure to atrazine from well water in Wisconsin. J. Expo.
Sci. Environ. Epidemiol. 2007, 17, 207–2014. [CrossRef]

52. Fraile, P.; Izu, M.; Sáiz, I.; Castiella, J.; Pérez de Ciriza, J.A. Análisis de residuos de herbicidas en aguas procedentes de Navarra
mediante lc-ms/ms. An. Sist. Sanit. Navar. 2009, 32, 327–341. Available online: http://scielo.isciii.es/scielo.php?script=sci_
arttext&pid=S1137-66272009000500003&lng=es&tlng=es (accessed on 15 November 2021). [CrossRef]

53. Carafa, R.; Wollgast, J.; Canuti, E.; Ligthart, J.; Dueri, S.; Hanke, G.; Eisenreich, S.J.; Viaroli, P.; Zaldívar, J.M. Seasonal variations of
selected herbicides and related metabolites in water, sediment, seaweed and clams in the Sacca di Goro coastal lagoon (Northern
Adriatic). Chemosphere 2007, 69, 1625–1637. [CrossRef]

54. Ma, W.T.; Cai, Z.; Jiang, G.B. Determination of atrazine, deethylatrazine and simazine in water at parts-per-trillion levels using
solid-phase extraction and gas chromatography/ion trap mass spectrometry. Rapid Commun. Mass Spectrom. 2003, 17, 2707–2712.
[CrossRef]

55. Field, J.A.; Reed, R.L.; Sawyer, T.E.; Griffith, S.M.; Wigington, P.J. Diuron occurrence and distribution in soil and surface and
ground water associated with grass seed production. J. Environ Qual. 2003, 32, 171–179. [CrossRef]

56. Green, P.G.; Young, T.M. Loading of the Herbicide Diuron into the California Water System. Environ. Eng. Sci. 2006, 23, 545–551.
[CrossRef]

57. Guo, L.; Nordmark, C.E.; Spurlock, F.C.; Johnson, B.R.; Li, L.; Lee, J.M.; Goh, K.S. Characterizing Dependence of Pesticide Load in
Surface Water on Precipitation and Pesticide Use for the Sacramento River Watershed. Environ. Sci. Technol. 2004, 38, 3842–3852.
[CrossRef] [PubMed]

58. Bacigalupo, M.A.; Meroni, G. Quantitative Determination of Diuron in Ground and Surface Water by Time-Resolved Fluoroim-
munoassay: Seasonal Variations of Diuron, Carbofuran, and Paraquat in an Agricultural Area. J. Agric. Food Chem. 2007, 55,
3823–3828. [CrossRef] [PubMed]

59. Hladik, M.L.; Calhoun, D.L. Analysis of the Herbicide Diuron, Three Diuron Degradates, and Six Neonicotinoid Insecticides in
Water—Method Details and Application to Two Georgia Streams. US Geol. Surv. Sci. Investig. Rep. 2012, 5206, 10.

60. Naveen, J.; Sangster, J.; Topping, M.; Shannon Bartelt-Hunt, S.; Kolok, S.A. Evaluating the impact of turbidity, precipitation, and
land use on nutrient levels and atrazine concentrations in Illinois surface water as determined by citizen scientists. Sci. Total
Environ. 2022, 850, 158081–158498. [CrossRef]

61. Baillie, B.R. Herbicide concentrations in waterways following aerial application in a steepland planted forest in New Zealand. N.
Z. J. For. Sci. 2016, 46, 2–10. [CrossRef]

62. Battaglin, W.A.; Furlong, E.T.; Burkhardt, M.R.; Peter, C.J. Occurrence of sulfonylurea, sulfonamide, imidazolinone, and other
herbicides in rivers, reservoirs and ground water in the Midwestern United States. Sci. Total Environ. 1998, 248, 123–133.
[CrossRef]

63. Fallen, J.D.; Thurman, E.M. Determining the relative age, transport, and three-dimensional distribution of atrazine in a reservoir
using immunoassay. In Proceedings of the U.S. Geological Survey Toxic Substances Hydrology Program Proceedings of the Technical
Meeting, Colorado Springs, CO, USA, 20–24 September 1993; Water-Resources Investigations Report, 94-4015; Morganwalp, D.W.,
Aronson, D.A., Eds.; U.S. Geological Survey: Tallahasse, FL, USA, 1996; Volume 1, pp. 499–504.

64. Goolsby, D.A.; Battaglin, W.A.; Fallen, J.D.; Aga, D.S.; Kolpin, D.W.; Thurman, E.M. Persistence of herbicides in selected reservoirs
in the Midwestern United States some preliminary result. In Selected Papers on Agricultural Chemicals in Water Resources of the
Midcontinental United States; U.S. Geological Survey Open-File Report, 93-18; Goolsby, D.A., Boyer, L.L., Mallard, G.E., Eds.; U.S.
Geological Survey: Tallahasse, FL, USA, 1993; pp. 51–74.

https://www.canada.ca/content/dam/hc-sc/documents/programs/consultation-mcpa-drinking-water/mcpa-gtd-for-consultation-en.pdf
https://www.canada.ca/content/dam/hc-sc/documents/programs/consultation-mcpa-drinking-water/mcpa-gtd-for-consultation-en.pdf
https://www.dof.gob.mx/nota_detalle.php?codigo=2063863&fecha=31/12/1969#gsc.tab=0
https://www.dof.gob.mx/nota_detalle.php?codigo=2063863&fecha=31/12/1969#gsc.tab=0
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A31998L0083
http://doi.org/10.28940/terra.v37i2.462
http://doi.org/10.1038/sj.jes.7500511
http://scielo.isciii.es/scielo.php?script=sci_arttext&pid=S1137-66272009000500003&lng=es&tlng=es
http://scielo.isciii.es/scielo.php?script=sci_arttext&pid=S1137-66272009000500003&lng=es&tlng=es
http://doi.org/10.4321/S1137-66272009000500003
http://doi.org/10.1016/j.chemosphere.2007.05.060
http://doi.org/10.1002/rcm.1258
http://doi.org/10.2134/jeq2003.171
http://doi.org/10.1089/ees.2006.23.545
http://doi.org/10.1021/es0351241
http://www.ncbi.nlm.nih.gov/pubmed/15298191
http://doi.org/10.1021/jf063442o
http://www.ncbi.nlm.nih.gov/pubmed/17429981
http://doi.org/10.1016/j.scitotenv.2022.158081
http://doi.org/10.1186/s40490-016-0072-0
http://doi.org/10.1016/S0048-9697(99)00536-7


Water 2022, 14, 3790 14 of 14

65. Thurman, E.M.; Scribner, E.A. A decade of measuring, monitoring, and studying the fate and transport of triazine herbicides
and their degradation products in groundwater, surface water, reservoirs, and precipitation by the US Geological Survey. In The
Triazine Herbicides, 50 Years Revolutionizing Agriculture; LeBaron, H.M., McFarland, J.E., Burnside, O.C., Eds.; Elsevier: San Diego,
CA, USA, 2008; pp. 451–475.

66. Lerch, R.N.; Groves, C.G.; Polk, J.S.; Miller, B.V.; Shelley, J. Atrazine Transport through a Soil–Epikarst System. J. Environ. Qual.
2018, 47, 1205–1213. [CrossRef]

67. Ayele, J.; Leclerc, V.; Couillault, P. Efficiency of three powdered activated carbons for the adsorption of atrazine and diuron—Use
of some models. J. Water Supply Res. Technol. AQUA 1998, 47, 41–45. [CrossRef]

http://doi.org/10.2134/jeq2017.12.0492
http://doi.org/10.2166/aqua.1998.0007

	Introduction 
	Materials and Methods 
	Chemicals and Materials 
	Sampling and Study Area 
	Sample Preparation 
	Analysis of Herbicides 
	Quality Control 
	Geomorphic Analysis 
	Risk Assessment 
	Statistical Analysis 

	Results and Discussion 
	Herbicides in Surface Water 
	Spatial Pattern 
	Influence of Weather Conditions 
	Effect of Catchment Morphology 
	Human Health Exposure 

	Conclusions 
	References

