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Abstract
Environmental arsenic exposure is associatedwith increased risk of non-cancerous chronic diseases and a variety of cancers in humans.
The aims of this study were to carry out for the first time a health risk assessment for two common arsenic exposure routes (drinking
water and soil ingestion) in children living in the most important agricultural areas in the Yaqui and Mayo valleys in Sonora, Mexico.
Drinking water sampling was conducted in the wells of 57 towns. A cross-sectional study was done in 306 children from 13 villages in
the valleys. First morning void urine samples were analyzed for inorganic arsenic (InAs) andmonomethyl and dimethyl arsenic (MMA
and DMA) by HPLC/ICP-MS. The results showed a wide range of arsenic levels in drinking water between 2.7 and 98.7 μg As/L.
Arsenic levels in agricultural and backyard soils were in the range of < 10–27 mg As/kg. The hazard index (HI) =∑hazard quotient
(HQ) for drinking water, agricultural soil, and backyard soil showed values > 1 in 100% of the study towns, and the carcinogenic risk
(CR)was greater than 1E−04 in 85%. The average of arsenic excreted in urinewas 31.7μgAs/L, andDMAhad the highest proportion
in urine, with averages of 77.8%, followed by InAs andMMAwith 11.4 and 10.9%, respectively, percentages similar to those reported
in the literature. Additionally, positive correlations between urinary arsenic levels andHI valueswere found (r = 0.59,P= 0.000). These
results indicated that this population is at high risk of developing chronic diseases including cancer.
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Introduction

Human exposure to environmental arsenic occurs primarily
through ingestion of drinking water, food, soil ingestion, and

inhalation [1, 2]. Arsenic exposure affects millions of people
in the world, and is associated with skin lesions; lung, kidney,
skin, and liver cancers; and neurologic and cardiovascular
pathologies [2, 3].
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Recent studies show that the most important environmental
media containing arsenic are foods and drinking water [4, 5],
which highlights the importance of including a Bmulti source
approach^ in the risk assessment in order to provide a better
understanding of human exposure.

Drinking water has been considered the predominant path-
way of human exposure to arsenic in agricultural areas of arid
regions, and arsenic in drinking is a priority research topic and
global health problem [6]. Drinkingwater may be obtained from
a number of sources (surface water, rainwater, groundwater)
depending on local availability. Climate change is expected to
severely impact both the quality and availability of water in arid
zones [7]; thus, deep aquifers could become the main source of
drinking water. Except for localized sources of anthropogenic
contamination, the highest aqueous arsenic concentrations tend
to be found in groundwater from deep aquifers in Latin America
[8] because of natural water-rock interaction processes and the
high solid/solution ratios found in aquifers [7].

Residential soils may represent a significant exposure path
because arsenic can be accumulated in the human body via
direct inhalation, ingestion, and dermal contact absorption.
Resuspension of fine soil particles is a dominating process in
arid environments for dust generation [9]. Increasing superfi-
cial temperature linked to climate change promotes the loss of
moisture in the soil, which causes a decrease in the cohesion
of the fine particles, favoring their suspension. Agricultural
and mining activities include processes of removal of the soil
layer, which increases the emission of particulate matter into
the atmosphere representing an exposure pathway of inhala-
tion and ingestion [10].

The state of Sonora is located in northwestern Mexico,
neighboring Arizona in the USA. The main economic activi-
ties of Sonora include mining and agriculture. The most im-
portant agricultural areas are located in the central and south-
ern parts of the state, just at the end of the Yaqui river basin,
primarily close to the coast, and two of the most productive
areas are the Yaqui and Mayo valleys.

Because of the scarce availability of surface water from
dams in the state, the main source of drinking water of the
population is from deep wells. Previous studies reported that
drinking water is one of the most important paths of arsenic
exposure in some towns of Sonora [11, 12], but to our knowl-
edge, and despite the high population living in such areas,
there is no published research regarding health risk assessment
for simultaneous arsenic exposure (drinking water and soil
ingestion) in the residential areas from the Yaqui and Mayo
agricultural valleys.

Information about arsenic exposure by the major environ-
mental routes in these agricultural communities is needed for
risk assessment and decision-making policies [13]. Urinary
arsenic is a reliable biomarker to evaluate recent exposure to
inorganic arsenic, and its determination in biological samples
supports risk assessment studies [3, 14, 15]. In addition, the

use of this biomarker has increased the power of recent studies
because exposure misclassification is minimized [11, 13 15].

Human health risk assessment is the process used to esti-
mate the nature and probability of adverse health effects in
humans by chemicals in contaminated environmental media
such as drinking water and soils. There are a number of im-
portant studies related to these pathways [16, 17]; however,
studies are scarce in communities with arsenic agrarian legacy
including agricultural areas such as the Yaqui andMayo areas,
where there have been reports of heavy application of pesti-
cides containing lead arsenate and sodium arsenate since the
1950s [18].

Therefore, the aims of this study were (i) to carry out for the
first time in this study area the health risk assessment by two
common exposure routes (drinking water and soils) in chil-
dren living in the most important agricultural areas in the
Yaqui and Mayo valleys in Sonora, (ii) to show the most
complete picture of the arsenic levels and spatial location of
the major drinking water wells in these agricultural areas, and
(iii) to present for the first time data showing the arsenic levels
in soils from these agricultural and residential zones.

Materials and Methods

Study Area

The Yaqui and Mayo valleys are two of the most important
agricultural areas in Mexico, located in southwest Sonora
(Fig. 1). Water from the Yaqui and Mayo rivers are the most
important source of drinking water for the Mayo and the
Yaqui Valley respectively; this latter valley is known as the
Bcradle of the Green Revolution for agriculture^ [18]. Both
valleys have a modern irrigation system, with a total of ap-
proximately 396,187 ha under irrigation. Of these, 86% of the
water used in the Yaqui valley comes from the BAlvaro
Obregon^ dam and 14% is produced by 600 wells, while in
the Mayo valley, 88% of the irrigation water comes from the
BAdolfo Ruiz Cortines^ dam (Fig. 1) and 12% is produced by
approximately 180 wells [19].

The Yaqui and Mayo valleys produce approximately
2,662,711 t/year of crops and vegetables for local consump-
tion and export to the USA. The historic use of large amounts
of pesticides is common in the area, and there are reports of
heavy application of lead and sodium arsenate since the early
1950s together with organochlorine mixtures [18].

In both valleys, there are approximately 29 communities
with populations greater than 2500 residents [19] where the
only source of drinking water comes from deep wells.
Previous studies of some wells in these Yaqui Valley commu-
nities showed high arsenic concentrations [20]. So far, there
are no reported data for arsenic in the groundwater from the
Mayo valley communities.

10 García-Rico et al.



Sampling and Analytical Methods

Environmental Sampling

An exploratory study of arsenic groundwater was conducted
in 57 communities from southern Sonora, Mexico (Fig. 2). In
addition, agricultural and backyard soils were sampled in 25
communities located in the Yaqui and Mayo valleys (Fig. 1),
to identify the towns with the highest arsenic levels in their
wells and soils, and to obtain arsenic biomarker samples from
children residing in these communities. Based on these
criteria, 13 communities were chosen from the Yaqui and
Mayo valleys to conduct a cross-sectional study (Fig. 1): nine
in the Yaqui valley—Cocorit, Bacum, Campo 5, SJ. Bacum,
Campo 47, Tobarito, Cd. Obregon, Vicam, and Potam—and
four in the Mayo valley—B. Juarez, Etchojoa, Navojoa, and
Buaysiacobe (Fig. 1).

Well Drinking Water

Drinking water samples (n = 300) were collected directly from
each well according to the Mexican Norm [21] because it
represents the main source of human consumption for each
study community. Duplicate samples and field blanks were
taken for quality control. Samples were stored in polypropyl-
ene bottles and packaged on ice and transported in sealed
coolers to the laboratory in the subsequent 24 h. The samples

were preserved with concentrated nitric acid (pH < 2) and
were stored at − 20 °C prior to analysis of total arsenic. All
plastic bottles were soaked using detergent, deionized water,
and 20% (v/v) nitric acid for 3 days, and finally with deionized
water once again.

Soils

Two hundred fifty soils were sampled from the Yaqui and Mayo
valleys respectively (n = 500), taken from residential backyards
and from the surrounding agricultural fields [18]. These samples
were collected to a depth of 5–10 cm and stored at room tem-
perature in plastic bags.

Biological Sampling

Ethical Issues

The protocol of urine collection was approved by the Human
Subject Committee of the Technological Institute of Sonora
(ITSON). A signed consent for each participant and a signed
parental consent for each child were obtained.

Recruitment

Children between 5 and 16 years (n = 304) were recruited
through meetings with medical personnel from the Health
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Fig. 1 Location of the study towns in the Yaqui and Mayo valleys, Sonora, Mexico
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Sector in each of the 13 towns selected. They had similar
socioeconomic status, nutritional habits, and health services.
The participation rate was higher than 95%. The inclusion
criteria required consumption of water from the local well
and residence time of at least 2 years in the local town.

Urine Collection

First morning void urine samples were obtained in 100-mL
polypropylene bottles and kept on ice and transported to the
Technological Institute of Sonora, where they were kept frozen
at − 20 °C. Frozen samples were shipped to the University of
Arizona and stored at − 80°C until the analysis was performed.

Analytical Methods

Analysis of Arsenic in Drinking Water

Water samples were analyzed for total arsenic according to
USEPA method 3015 [22], except that the sample volume
was modified to 3.0 mL and the nitric acid concentration
was changed to 25% v/v. For quality control purposes, the

Standard Reference Water, SMR 1640 (NIST, Gaithersburg,
MD), was used. The recovery was between 90 and 106%, and
the percentage CV was below 3.0%. Total arsenic was deter-
mined using inductively coupled plasma/mass spectrometry
(ICP/MS) with an Agilent 7500a ICP-MS equipped with an
ASX-500 autosampler (Agilent Technologies, Inc., Santa
Clara, CA). The detection limit was 0.1 μg/L.

Analysis of Arsenic in Soils

Soil samples were analyzed for arsenic content using an
Innov-XT400 portable X-ray fluorescence (XRF) analyzer
with a miniature, rugged, X-ray tube excitation source. The
XT400 XRF analyzer utilizes a Hewlett-Packard (HP) iPAQ
personal data assistant for data storage. The certified standard
NIST SRM-2702 (inorganics in marine sediments) was also
analyzed by the XT400 with recoveries ranging from 90 to
110%. The detection limit for arsenic is 10 mg/kg. In order to
verify the XRF analysis, 10% of the samples were analyzed
using acid digestion coupled with plasma atomic emission
spectrometry (ICP-AES), in accordance with USEPA
Method 3050B/6010B. ICP-AES analyses were performed

Fig. 2 Arsenic levels in drinking water from the major communities located in the most important agricultural areas in south Sonora
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using a Perkin-Elmer 4200 DV coupled with a hydride gen-
eration device at the University of Sonora. When compared,
the XRF results were within 10% agreement with the ICP-
AES results.

Analysis of Arsenic in Urine

Total urinary arsenic and speciation of arsenic metabolites
[As(III), As(V), MMA(V), DMA(V)] were measured at the
Arizona Laboratory for Emerging Contaminants (ALEC) at
the University of Arizona, in Tucson, using HPLC/ICP-MS
(Agilent Technologies, Inc., Santa Clara, CA) as described pre-
viously [20, 23]. The detection limits were as follows (μg/L):
As III 0.12, As V 0.21, MMA (V) 0.12, and DMA (V) 0.12.

It is important to note that urine samples from Vicam and
Buaysiacobe could not be analyzed for arsenic because prob-
lems were encountered in sending samples to the USA due to
cross-border customs restrictions.

Risk Assessment

Risk assessment for arsenic exposure through contaminated
water and soil ingestion was carried out to estimate the non-
cancer (chronic) and cancer risk for children living in the
studied agriculture valleys. Estimation of risk was calculated
based on equations detailed in USEPA [24]. Average daily
dose (ADD) was determined by the following equations:

ADDwater ¼ C� IR� EF� EDð Þ= BW� ATð Þ
ADDsoil ¼ C� IngR� EF� EDð Þ= BW� ATð Þ 10−6

where C is the mean arsenic concentration in soil (mg/kg) or
water (mg/L). Conservative estimates of soil ingestion rates
(IngR) were chosen for children (200 mg/day), and IR was the
ingested water (L/day). In this study, exposure frequency (EF)
was 365 days/year, and the averaging time (AT) was ED × 365
days for non-cancer risk and 70 × 365 days for carcinogenic
risk. Exposure duration (ED in years), body weight (BW in
kilograms), and IR were taken from the survey of each partic-
ipant. The oral arsenic dose through drinking water was cal-
culated using the daily volume of water consumed by each
individual, arsenic concentration in tap water from each study
subject’s household, and the weight of each participant.

The potential non-cancer risk, hazard quotient (HQ), and
carcinogenic risk (CR) were determined using the following
equations:

HQ ¼ ADD=RfD

CR ¼ ADD� SF0

where HQ is an estimate of the daily arsenic exposure to
children that is likely to be without an appreciable risk of
deleterious effects during a lifetime. Therefore, HQ ≤ 1

suggests unlikely adverse health effects, whereas HQ > 1 sug-
gests the probability of adverse health effects. An HQ > 10 is
considered to be high chronic risk [24]. RfD is the oral refer-
ence dose for arsenic (3E−04 mg/kg day), and SF0 (1.5 mg/
kg day) is the slope factor for arsenic. The hazard index (HI)
was used to assess the overall potential non-carcinogenic
health risk posed by more than one pathway. For this study,
the HI was calculated as the sum of the HQ for water and soils.

Statistical Analysis

The mean ± standard deviation was calculated for the
anthropometric, demographic, arsenic water intake and
oral dose variables. Total arsenic and arsenic species were
transformed to a log scale to calculate geometric means
and confidence intervals. In addition, ADD, HQ, and HI
data were log transformed, allowing parametric statistics
to be used. The Pearson correlation coefficient was used
to evaluate the association between arsenic levels in urine
and the ADD, HQ, and HI values. All statistical analyses
were computed using the Software Stata 9.0 (College
Station, TX, USA, 2005).

Results

Total Arsenic in Drinking Water

Total arsenic levels in the drinking water from the wells or
household tap water of the major towns in southern Sonora
ranged from 2.7 to 98.7μg/L (Table 1). According toMexican
legislation [25], a maximum permissible level for arsenic in
drinking water is 25 μg As/L. Using this criterion, 12.3% of
the samples exceeded this standard value. In addition, 56% of
the sampled towns had arsenic levels greater than 10 μg As/L,
which is the current US EPA drinking water standard limit,
with Potam, Vicam, and Buaysiacobe, reporting the highest
arsenic levels with 98.7, 37.7, and 74.5 μg As/L, respectively.
Potam and Vicamwater sources are related to the Yaqui River,
which represents the main water source in the state of Sonora,
and it is located within an arsenic province of natural origin
(Yaqui River basin). Buaysiacobe is related to the Mayo River
(Fig. 2), which belongs to a different hydrologic basin,

Total Arsenic Levels in Soils

The total arsenic levels in soil are shown in Table 2. Average
levels of arsenic in agricultural and backyards soils were in the
range of < 10–27 and 10.4–21.1 mg As/kg, respectively. The
agricultural soils showed slightly higher arsenic values, and
28% of the soil samples exceeded the Mexican legislation
limit of 22 mg As/kg [26]. Vicam and Potam, with the highest
arsenic levels in drinking water, also had the highest arsenic
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concentrations in soils, with 27 and 26mgAs/kg, respectively,
and Buaysiacobe presented the highest arsenic concentrations
in soils from the Mayo valley with an average value of
23.3 mg As/kg (Table 2).

Daily Arsenic Intake of Children

Children from the 13 communities (n = 306) had similar so-
cioeconomic status and nutritional habits. The mean age was
9.1 ± 1.3 years, with a mean residence time of 8.5 ± 0.4 years
and mean body weight of 33.9 ± 10.3 kg. The number of male
and female participants in our study was equal (Table 3)

The average water consumption was 1.6 L/day, with a wide
range between 0.5 and 3.0 L/day. Table 3 presents the arsenic
intake values for our study population. Children from Potam
and Buaysiacobe had the highest values with 165 ± 54 μg As/
day and 138.8 ± 64.7 μg As/day, respectively. The children
from these two villages had the highest volume of water con-
sumption and also had the highest arsenic levels in their

drinking water wells (Table 1). Overall, the oral dose of arse-
nic ingestion in our study children had a mean value of 1.7 ±
1.6 μg As/kg day (Table 3).

Non-carcinogenic Risk and Carcinogenic Risk

The calculated hazard quotients (HQs), using body weight, age,
water intake for each child, and arsenic concentration in water
and soil for each studied community, are presented in Table 4.

The HQ values considering only the drinking water route
were highest for Potam and Vicam in the Yaqui valley, with
values of HQ = 15.9 and HQ= 5.7, respectively. In the Mayo
valley, Buaysiacobe had the highest value with HQ = 16.1
(Table 4). The carcinogenic risk (CR) values ranged from 3E
−05 to 9E−04 considering only the arsenic drinking water
exposure (Table 4), with the highest values being for Potam,
Buaysiacobe, and Vicam. The ranges of HQ values for the soil
ingestion route were similar in agricultural and backyard soils
for both valleys (range 0.19 to 0.53), and the CR values for the

Table 1 Arsenic levels (mean ±
SD, μg As/L) in drinking water
(n = 300) in communities from
the Yaqui and Mayo Valleys,
south Sonora, Mexico

Location N Drinking water Location N Drinking water

Cocorit 10 17.8 ± 9.0 Ladrillera 1 23.5

Bacum 10 20.1 ± 14.8 Areneras 1 4.8

Campo 5 10 3.9 ± 2.7 Campo 28 1 11.6

SJ. Bacum 10 13.1 ± 5.5 S. Girón 1 8.9

Campo 47 10 5.7 ± 0.27 V. Guerrero 1 8.3

Tobarito 10 30.2 ± 3.2 Campo 29 1 7.0

C. Obregon 10 17.8 ± 8.6 Campo 30 1 3.8

S. Ignacio 10 5.0 ± 2.0 Campo 2 1 5.4

Pueblo Yaqui 10 7.9 ± 1.6 G. Victoria 1 3.9

Quetchehueca 10 11.5 ± 4.4 Pascual Ayón 1 3.2

C. Allende 10 6.1 ± 5.0 Luis Encinas 1 6.0

Campo 60 10 6.0 ± 3.4 Ejido Morelos 1 1 8.1

Providencia 10 8.2 ± 0.83 Pileta de Teras 1 7.8

Esperanza 10 35.4 ± 1.5 La Carabina 1 34.7

Vicam 10 37.7 ± 0.50 Amaneceres 1 11.9

Potam 10 98.7 ± 0.20 C. Kino 1 15.9

Rahum 10 12.6 ± 0.52 MR. Gómez 1 4.0

Loma de Guamuchil 10 12.1 ± 0.40 Leandro Valle 1 5.7

Torim 1 12.6 C. Ejidal 1 5.3

Henequen 1 17.8 El Pueblito 1 12.6

Francisco Villa 1 11.2 Hornos 1 22.3

Centauro del Norte 1 18.0 Buenavista 1 8.7

Tesopobampo 1 17.9 C. Rosales 1 2.7

Yucuribampo 1 17.8 Movas 1 21.0

B. Juarez 10 19.4 ± 14.8 Huatabampo 10 15.2 ± 5.6

Etchojoa 10 15.1 ± 7.0 Pueblo Mayo 10 8.2 ± 6.0

Navojoa 10 15.3 ± 2.0 Bacame Nuevo 10 3.9 ± 1.0

Basconcobe 10 13.1 ± 5.5 Buaysiacobe 10 74.5 ± 14.1

Bacobampo 10 28.1 ± 12.2
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agricultural and backyard soils from both valleys occurred in
the same range (1.1E−05 to 3.3 E−05).

The integrated risk (HI) is a useful tool for evaluating the
risk of exposure to arsenic by different routes (in our case,
drinking water and soil ingestion). HI for the Yaqui commu-
nities ranged from 1.48 to 16.43, and the highest values cor-
respond to Potam (16.43) and Vicam (6.63), and for the Mayo
Valley, the HI values ranged from 2.56 to 16.98, with the
children from Buaysiacobe having the highest value.

Total Arsenic in Urine

There was a good agreement between the values obtained
for total arsenic and the sum of arsenic species [As (V), As
(III), MMA (V), and DMA (V)], indicating that in this
study the latter was not influenced by seafood arsenic con-
sumption (r = 0.99, P < 0.0011).

The average value of sum of arsenic species excreted in
urine for the total children (n = 203) was 31.7 μg As/L, and
27% of them excreted levels above the value of WHO con-
cern, i.e., 50 μg As/L [27].

The arsenic species in urine of the children were measured
(Table 5). The methylated metabolite, DMA, was the major
species of total arsenic in urine with 23.7 μg As/L and a
relative proportion of 77.8%, followed by inorganic arsenic
(∑As III + As V) with a mean value of 3.5 μg As/L and
11.4%, and MMA presented a low value of 3.3 μg As/L and
relative proportion of 10.9% (Table 5).

A positive correlation was also observed between the arse-
nic levels excreted in urine and the ADDwater (r = 0.5851,
P = 0.0000), but this was not significant for AADsoil (r = −
0.09, P = 0.2467). The same behavior was shown for
HQwater (r = 0.5758, P = 0.000) and HI (r = 0.5865, P =
0.000), but it was not significant for HQsoil (r = − 0.09, P =
0.2447) (Fig. 3a–e).

Discussion

Using the Official Mexican Norm of arsenic in drinking water
[25] with a limit value of 25 μg/L, Potam, Vicam, and
Esperanza were 3.9, 1.5, and 1.4 times above the Norm, respec-
tively. In the Mayo Valley, only Buaysiacobe and Bacobampo
were above the Mexican Guideline, by 3.0 and 1.1 times, re-
spectively. Considering that the children had a mean residence
time of 8.5 years (range 2–17 years) in these towns and that
their main consumption of drinking water had been from the
local well, they have been chronically exposed to excessive
amounts of this metalloid. Our results are similar to those re-
ported in previous studies in some of these communities [20,
28–30]. On the other hand, in the north-central part of Mexico,
there are a few recent reports of the presence of inorganic arse-
nic in drinking water, where the major sources are deep wells,
but with levels higher than those reported in our study [31–34];
some of these locations have been identified as areas with Bhigh
arsenic levels,^ with evidence of clinical symptoms in the ex-
posed population [35], while in our study population the arse-
nic exposure levels from drinking water are low tomoderate (<
100 μg As/L). The presence of arsenic in groundwater is main-
ly controlled by the hydrogeological environment, but anthro-
pogenic activities such as mining and agriculture can also con-
tribute [8]. Mexican authorities mitigate the arsenic problem for
urban areas, but the population living in arid rural areas is
commonly exposed to arsenic through drinking water pumped
from wells. The studied areas from this work are hosted by two
valleys related to different hydrological basins where the Yaqui
River and the Mayo River are located. Both areas represent the
main source of drinking water to the population in Sonora state
as well as irrigation water for the most important agricultural
areas in Mexico. However, to our knowledge, there are not

Table 2 Arsenic levels (mg As/kg) in agricultural and backyard soils
from the Yaqui and Mayo valleys, south Sonora, Mexico (n = 500)

Mean (min–max) Mean (min–max)

Yaqui Valley

Location n Agricultural soil n Backyard soil

Cocorit 10 19.5 (10–21) 10 17.9 (10–20)

Bacum 10 20.5 (11–23) 10 18.0 (10–21)

Campo 5 10 21.5 (13–22) 10 17.6 (11–20)

SJ. Bacum 10 24.0 (10–27) 10 19.9 (10–22)

Campo 47 10 19.0 (10–23) 10 19.9 (10–21)

Tobarito 10 13.0 (14–24) 10 12.7 (11–22)

C. Obregon 10 19.5 (12–25) 10 17.9 (10–23)

S. Ignacio 10 19.5 (17–27) 10 21.1 (15–23)

Pueblo Yaqui 10 19.0 (11–23) 10 17.9 (10–22)

Quetchehueca 10 < 10 (< 10–18) 10 12.6 (11–13)

C. Allende 10 12.7 (10–18) 10 10.5 (10–17)

Campo 60 10 22.5 (10–27) 10 20.0 (10–21)

Providencia 10 17.5 (12–21) 10 18.4 (11–21)

Esperanza 10 NA 10 14.8 (12–23)

Vicam 10 27.0 (18–27) 10 20.5 (10–21)

Potam 10 26.0 (15–27) 10 NA

Mayo Valley

Location Agricultural soil Backyard soil

B Juarez 10 10.0 (10–13) 10 10.4 (10–12)

Etchojoa 10 19.0 (14–26) 10 20.2 (12–23)

Navojoa 10 16.0 (11–21) 10 16.5 (10–21)

Basconcobe 10 20.0 (12–23) 10 18.1 (10–21)

Bacobampo 10 20.8 (15–25) 10 19.2 (13–20)

Huatabampo 10 22.3 (10–24) 10 13.8 (10–20)

Pueblo Mayo 10 10.0 (10–23) 10 12.2 (10–21)

Bacame Nuevo 10 11.3 (10–13) 10 10.5 (10–16)

Buaysiacobe 10 23.3 (13–24) 10 16.1 (11–20)

NA not analyzed
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previously documented studies that estimate the risk related to
arsenic exposure through drinking water and soil ingestion in
children living at rural areas in northern Mexico.

The wide range in water consumption by the children in
this work was similar to that reported for children from
Arizona [3]. This US state has similar environmental condi-
tions as Southern Sonora, and additionally, the children from

the Yaqui and Mayo valleys spend more time in outdoor ac-
tivities than children in Arizona, at extreme temperatures (5–
48 °C), which causes high water consumption, especially dur-
ing the summer season.

The HQs from drinkingwater in the 13 studied communities
were as follows: 15% were below the safe value < 1, and 85%
were > 1. In addition, 15% of the communities had values of

Table 3 Anthropometric-demographic characteristics and estimated oral dose in children from the Yaqui and Mayo valleys, Sonora

Location Age ± SD
(years)

Sex (M/F) Body weight ± SD
(kg)

Rt ± SD
(years)

Arsenic water
intake (μg/day)

Oral dose
(μg/kg day)

Yaqui valley

Vicam 10.1 ± 2.9 41/51 40.0 ± 15.9 10.1 ± 2.9 60.5 ± 17.1 1.7 ± 0.7

Cocorit 9.0 ± 1.1 6/6 28.1 ± 4.0 8.1 ± 2.5 21.6 ± 8.6 0.76 ± 0.3

Potam 9.3 ± 1.6 15/25 39.8 ± 11.0 9.3 ± 1.6 165 ± 54 4.8 ± 1.7

Bacum 9.0 ± 2.4 4/4 35.1 ± 12.6 9.0 ± 2.3 33.4 ± 8.2 1.0 ± 0.2

SJ. Bacum 9.0 ± 1.5 14/11 33.2 ± 12.4 8.5 ± 2.1 15.0 ± 4.9 0.50 ± 0.2

C. Obregon 9.5 ± 1.6 7/4 30.4 ± 5.7 9.5 ± 1.6 27.5 ± 7.4 0.95 ± 0.4

Campo 5 8.5 ± 1.5 10/8 32.0 ± 12.4 8.5 ± 1.5 5.5 ± 2.4 0.17 ± 0.1

Tobarito 9.6 ± 1.8 7/6 38.5 ± 10.6 9.6 ± 1.8 44.3 ± 12.8 1.2 ± 0.5

Campo 47 9.3 ± 1.4 12/10 35.3 ± 8.9 8.3 ± 2.9 7.7 ± 2.9 0.23 ± 0.01

Mayo Valley

B. Juarez 9.3 ± 1.8 10/8 36.4 ± 8.0 8.7 ± 2.4 26.3 ± 8.0 0.76 ± 0.3

Buaysiacobe 8.9 ± 1.2 5/6 29.7 ± 4.8 6.5 ± 3.7 138.8 ± 64.7 4.8 ± 2.5

Navojoa 9.1 ± 1.6 11/6 34.4 ± 10.7 8.8 ± 1.8 26.0 ± 8.5 0.82 ± 0.4

Etchojoa 8.3 ± 1.3 11/8 31.2 ± 5.5 7.3 ± 1.8 16.3 ± 8.7 0.54 ± 0.3

Overall 9.1 ± 1.3 153/153 33.9 ± 10.3 8.5 ± 0.4 55.5 ± 56 1.7 ± 1.6

Rt Residence time, SD standard deviation

Table 4 Non-carcinogenic risk (HQ), carcinogenic risk (CR), and integrated risk (HI) assessments of arsenic in children exposed to drinking water
from agricultural and backyard soils in the Yaqui and Mayo valleys, Sonora

Location Drinking water Agricultural soil Backyard soil

C ADD HQ CR C ADD HQ CR C ADD HQ CR HI

Yaqui Valley

Vicam 0.038 1.7E−03 5.70 3.5E−04 27.0 1.6E−04 0.53 3.1E−05 20.5 1.2E−04 0.40 2.4E−05 6.63

Cocorit 0.018 7.6E−04 2.55 1.5E−04 19.5 1.4E−04 0.47 2.7E−05 17.9 1.3E−04 0.43 2.5E−05 3.45

Potam 0.108 4.8E−03 15.92 9.0E−04 26.0 1.5E−04 0.51 2.9E−05 NA NA NA NA 16.43

Bacum 0.020 1.0E−03 3.33 1.9E−04 20.5 1.3E−04 0.43 2.3E−05 18.0 1.1E−04 0.38 2.1E−05 4.14

SJ. Bacum 0.013 5.0E−04 1.66 9.0E−05 24.0 1.6E−04 0.52 3.3E−05 19.9 1.3E−04 0.43 2.7E−05 2.61

C. Obregon 0.018 9.5E−04 3.17 1.9E−04 19.5 1.3E−04 0.45 2.7E−05 17.9 1.2E−04 0.41 2.5E−05 4.02

Campo 5 0.004 1.7E−04 0.57 3.0E−05 21.5 1.5E−04 0.50 2.6E−05 17.6 1.2E−04 0.41 2.1E−05 1.48

Tobarito 0.030 1.2E−03 4.08 2.4E−04 13.0 7.3E−05 0.24 1.4E−05 12.7 7.1E−05 0.56 1.4E−05 4.88

Campo 47 0.006 2.3E−04 0.76 4.5E−05 19.0 1.2E−04 0.39 2.3E−05 19.9 1.2E−04 0.40 2.4E−05 1.55

Mayo Valley

B. Juarez 0.019 7.6E−04 2.53 1.3E−04 10.0 5.7E−05 0.19 1.1E−05 10.4 5.9E−05 0.40 1.2E−05 3.09

Buaysiacobe 0.075 4.8E−03 16.07 8.8E−04 23.3 1.6E−04 0.53 3.1E−05 16.1 1.1E−04 0.37 2.1E−05 16.98

Navojoa 0.015 8.2E−04 2.72 1.6E−04 16.0 1.0E−04 0.34 1.9E−05 16.5 1.E−04 0.33 2.0E−05 3.39

Etchojoa 0.015 5.4E−04 1.81 1.0E−04 19.0 1.3E−04 0.42 2.2E−05 20.2 1.4E−04 0.33 2.3E−05 2.56

C arsenic concentration (mg/L or mg/kg), CDI chemical daily intake (mg/kg/day),CR carcinogenic risk, HI =∑HQ by exposure paths,NA not analyzed
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HQ> 10. Thus, the children in our study are at high risk of
developing some non-cancer health effects such as skin lesions
and respiratory illness. Arsenic exposure in early life has been
related to respiratory diseases during adulthood [3]. Moreover,
in the study area several diseases such as acute respiratory
infections, diarrhea, parasitoids, caries, and dermatitis have
been reported [36]. On the other hand, our HQ results were
similar to those reported for the groundwater of Pakistan
(HQ = 0.1 to 11) [37], but lower than those reported in
Kandal, Cambodia, for water (HQ = 0.67 to 28) [38]. For car-
cinogen risk, the USEPA (2009) considers a value of cancer
risk lower than 1E−06 as negligible, and values between 1E
−06 to 1E−04 are considered an acceptable range [39]. The
cancer risk values in our study, considering only the arsenic
exposure through drinkingwater, indicate that 69% of the study
communities were above of the safe value of 1E−04 and that
more than 233 children (approximately 80%) were exposed
chronically to arsenic by this route. The highest percentages
were for children from Potam, Buaysiacobe, and Vicam, sug-
gesting that intake of arsenic via consumption of drinkingwater
could induce carcinogenic effects over the long term.

Rural populations in the Yaqui and Mayo valleys are a
disadvantaged group because they also live in agricultural
areas and are exposed to multiple pollutants. Residential soils
are commonly impacted by the agricultural activities. Soil and
dust ingestion are important pathways because the fine
granulometric fraction of polluted soil easily adheres to chil-
dren’s hands, and also because fine particles are suspended in
the air and become breathable. In the Yaqui Valley, the towns
of Potam, Vicam, and SJ. Bacum were found to have arsenic
levels in agricultural soils that were 1.2, 1.2, and 1.1 times,
respectively, above the Official Mexican Norm of arsenic in
soils with a limit value of 22 μg As/kg [26]. In the Mayo

Valley, agricultural soils from Buaysiacobe and Huatabampo
were above the Mexican Guideline by 1.06 and 1.01 times,
respectively. However, risk assessment from this work shows
that HQ for arsenic exposure through soil ingestion (agricul-
tural and backyard) showed that 100% of the children were
below the safe value (Table 4), thus soil ingestion does not
represent a particular risk for the exposed children.

When the levels of arsenic in soil samples found in this
study were compared with reports from other rural areas lo-
cated in Mexico and cities worldwide, lower levels were
found than those reported in areas near mining sites located
in the north-central part of Mexico, with values between 7.0
and 17, 384 mg/kg [40], but higher from those sites recently
reported in suburban areas with agricultural activities with
values in the range of 1.0 to 10.4 mg/kg [34].

On the other hand, arsenic concentrations in our soil sam-
ples were similar than those reported by Moreno-Rodríguez
et al. [10] and García-Rico et al. [41] in other arid zones
located in the northwestern part of Mexico, with arsenic levels
between 2.5 to 20 mg/kg and 12.3 to 28.8 mg/kg respectively,
and with agricultural soils in cities from China [42]. For agri-
cultural areas, the use of pesticides such as lead arsenate and
arsenic pentoxide is considered the principal source of arsenic.

It is important to note that average levels of arsenic in
agricultural and backyards soils were similar. This behavior
may indicate a common source of arsenic. Thus, children of
these communities have been exposed chronically to this met-
alloid since children spend important time playing in their
backyards and also in the agricultural sites, which are near
their households.

When HI was calculated adding the HQ from drinking
water, the HI was increased to values that were higher than
the safe value (HI ≤ 1). For the pathways examined in our
study, drinking water had the greater contribution to HI (39
to 96%), followed by backyard soils (2.7 to 28%) and agricul-
tural soils (3.3 to 34%). Also, the values of the integrated risk
in soils (agricultural and backyard soils) of the present study
were higher than the previously reported value (HI = 0.6) [17]
for other metals in the soils from the same area. These results
indicate the importance of including the most important routes
of arsenic exposure in the risk assessment studies, to show a
more reliable scenario.

Previous studies [30, 43] on the analysis of health risks in
arsenic-contaminated towns showed the importance of mak-
ing an integrated approach. In our study, we have included
environmental and biological monitoring (drinking water,
soils, and urine). On the other hand, newer studies report that
dust inhalation and food consumption are also important
sources of arsenic [3–5, 44].

In the absence of seafood consumption (previous 48 h), the
average arsenic levels excreted in human urine is approxi-
mately of 50 μg As/L. Values higher than 200 μg As/L are
considered abnormal [45]. For the children in this study, the

Table 5 Arsenic levels and relative distribution of urinary arsenic
species in children from the Yaqui and Mayo valleys, Sonora

Urinary arsenic (n = 203)a

Arsenic species (μg/L) Mean Min–max

Total arsenic 31.7 (2.2–333)

DMA (V) 23.7 (4.4–216.2)

InAs 3.5 (0.34–94.1)

MMA (V) 3.3 (0.53–52.9)

Relative proportions

% DMA 77.8 (69.8–86.8)

% InAs 11.4 (9.8–13.4)

% MMA 10.9 (9.5–12.5)

Total arsenic (sum of arsenic species) = InAs [As (III )+ As (V)] +MMA
(V) + DMA (V)
a Sample size = 203 (we did not include urine samples from Vicam and
Buaysiacobe)
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average urinary arsenic value was 31.7 μg As/L, lower than
the national maximum concern level [31], and was within the
range reported by other studies in mining and industrial areas
in Mexico [31,46, 47], even though a recent study carried out
in the Comarca Lagunera, Mexico, showed higher levels of
urinary arsenic in children (average of 141 μg As/L) exposed
to higher arsenic levels through drinking water (152.13 ±
49.35 μg As/L) [31]. Our study population showed large var-
iability in arsenic excretion among the studied towns (2.2 to
333 μg As/L) (Table 5), with a non-linear association with the
levels of arsenic in drinking water, as has been shown in pre-
vious studies, which suggests that this variability could be
partially explained by genetic factors and individual charac-
teristics such as sex, ethnicity, age, exposure routes, and the
duration of exposure [20, 23, 29, 48, 49].

For the children in this study, the average percentages
of methylated arsenic metabolites in urine were typically
within the Bregular range^ reported in the literature for
children exposed to arsenic in Mexico and other countries
(range of 10–30% InAs, 10–20% MMA, and 60–80%
DMA) [31, 49–51], even though the pattern of excretion
in our children was different than that reported for some
populations in Argentina [52, 53], Chile [54], and Taiwan
[55]; the differences in the arsenic biotransformation could
be explained by the presence of genetic polymorphisms in
the methylation enzymes of these different ethnic groups
and the diet [31, 56].

We found a positive and significant association with
moderate correlation (r = 0.59, P = 0.0000) between the
variables: urinary arsenic and the individual estimated

1
2

3
4

5
6

A
D
D
 d
r
in
k
in
g
 w
a
te
r

-12 -10 -8 -6 -4

Urinary arsenic concentrations (ppb)

Average Daily Dose vs Urinary Arsenic Levels

-
9
.5

-
9

-
8
.5

-
8

-
7
.5

A
D
D
 s
o
il

2 3 4 5 6

Urinary arsenic concentrations (ppb)

Average Daily Dose vs Urinary Arsenic Levels

-
1
0

0
1
0

2
0

3
0

H
Q
 w
a
te
r

2 3 4 5 6

Urinary arsenic levels (ppb)

Hazard Quotient vs Urinary Arsenic Levels

-
1

-
.5

0
.5

H
Q
 s
o
il

2 3 4 5 6

Urinary arsenic levels (ppb)

Hazard Quotient vs Urinary Arsenic Levels

-
1
0

0
1
0

2
0

3
0

H
I

2 3 4 5 6

Urinary arsenic levels (ppb)

Cumulative Risk vs Urinary Arsenic Levels

(a)

(b)

(c)

(d)

(e)

Fig. 3 Relation between urinary
arsenic excretion and average
ADDwater (a), HQwater (b) (r =
0.59, P = 0.000), ADDsoil (c),
HQsoil (d) (r = − 0.091, P =
0.24), and cumulative risk (HI)
(e), in children from south
Sonora, Mexico

18 García-Rico et al.



AADwater, HQwater, and HI values (Table 4), respective-
ly, which confirms that the most important variable for
this association is the average daily dose (ADD). This is
because the ADD calculation includes two of the most
important variables obtained by the questionnaire from
each child: volume of drinking water consumption [57]
and weight of each participant. In addition, the concentra-
tion of arsenic in the drinking water of each study town is
a key variable, which has also been included in the ADD
calculation [57]. The ADD and HQ values from soil, how-
ever, did not present significant relationships with the
levels of arsenic excreted in urine (P = 0.2467), this is
in agreement with the minor contribution from HQAs to
HI in the soil samples. The results from this work high-
light the contribution of risk assessment studies in the
interpretation of biomarkers of exposure. Even though
the contribution to HQAs through soil ingestion is mini-
mal, it is very important to analyze the bioaccessibility of
arsenic in soil, in order to calculate the real HQ contribu-
tion to the HI value for our population.

Study Limitations

This study did not include the contribution of soil inha-
lation, and there was a lack of data for arsenic exposure
through food ingestion. Further studies are highly en-
couraged to include this medium. In addition, the sam-
ple size should be increased to validate the results in a
larger epidemiological study.

Conclusion

For the first time, the health risk assessment for two
common arsenic exposure routes (drinking water and
soil ingestion) was reported in children living in the
most important agricultural areas in Sonora, Mexico.
The HI values were above 1, and the carcinogenic risk
(CR) was greater than 1E−04, indicating for our chil-
dren high potential risk of developing chronic diseases
including cancer. Positive and significant correlations
between urinary arsenic levels and the individual esti-
mated HI values were found in these children, with the
higher contribution for ADD from drinking water. Thus,
further studies regarding biomarkers and identification
of point and non-point sources for arsenic should be
conducted in the same study area in the near future.
For this scenario, it is urgent to implement remediation
strategies that decrease cumulative arsenic exposure in
this susceptible population.
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