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a b s t r a c t

This study reports a combined method using solid phase extraction (SPE), followed by solid phase mic-
roextraction (SPME) to concentrate different pesticides, including chlorinated, organophosphorus, tria-
zines, pyretroids and chloroacetamides, present at trace levels in water samples. Identification and
quantification was carried out by gas chromatography coupled to Mass Spectrometry (GC–MS). The opti-
mized methodology showed LOQs at ng L�1 levels (ranging 0.2–3.5 ng L�1) in addition to acceptable pre-
cision and robustness (recoveries ranged 63–104%, RSD from 4% to 23%), presenting a novel method to
reach trace levels, similar to that obtainable using EC detector, with structural confirmation by MS during
the analysis of a wide range of environmental pollutants.

This method was applied to the study of temporal and spatial distribution of pesticides in the Suquía
River basin (Córdoba-Argentina). As expected, highest levels of agrochemicals were observed in areas
with intensive agricultural practices, being atrazine (max. = 433.9 ng L�1), alpha-cypermetrine
(max. = 121.7 ng L�1) and endosulfan sulfate (max. = 106.7 ng L�1) predominant. In urban areas, the pre-
valent pesticide was alpha-cypermethrine. These results draw attention to the need of pesticide monitor-
ing programs in rivers, considering both urban and rural sections.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In the last few decades, pesticides have been used on an
increasingly wider scale throughout the world. Due to their large

volumes of production and continuous use, some of these
compounds have become ‘‘pseudo-persistent’’ substances in the
environment (Barceló and Hennion, 1997). In Argentina, the agro-
chemicals market has been strongly expanded over recent years,
with an increase in the consumption from 73 to 236 million kg per
year over last 10 years (CASAFE (Cámara de Sanidad Agropecuaria
y Fertilizantes), 2011).
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Pesticides is a group of compounds in continuous evolution,
characterized by their diversity, different physical and chemical
properties as well as their low concentrations in real samples
(Frenich et al., 2000). Among them, organochlorine pesticides
(OCPs) are very toxic and persistent in the environment, which
tend to accumulate in living organisms. Although most of them
have been banned from use, they are still detected in natural
ecosystems (Dong et al., 2005). Organophosphorous insecticides
(OPPs) and triazine herbicides are among the most commonly used
and detected pesticides in water streams around the world
(Tankiewicz et al., 2010). Pyrethroids are pesticides of the last gen-
eration, very stable to light and temperature although they may
suffer rapid biological degradation in the environment (Albaseer
et al., 2011). Finally, chloroacetamides, regarded as the safer herbi-
cide to the environment, can be found in high-quantities in soils
(Gonçalves and Alpendurada, 2005).

The determination of pesticides in environmental waters can-
not be analyzed without some sample pretreatment because they
are too dilute and too complex. Among extraction procedures
employing different clean-up and pre-concentration techniques,
it could be mentioned: liquid–liquid extraction (LLE), one of the
oldest pretreatment procedure and commonly used because of
its simplicity and low cost (Metcalfe and Metcalfe, 1997); solid-
phase extraction (SPE), in which analytes can be adsorbed and ex-
tracted from complex matrices using a small amount of organic
solvent (D’Archivio et al., 2007); and solid phase microextraction
(SPME), a technique with less time and solvent consumption,
based on the use of a coated fiber to extract traces organic com-
pounds from the matrix, followed by the desorption of retained
substances into an analytical instrument (Raposo Júnior and Ré-
Poppi, 2007).

Determination of several classes of pesticides (organochlorine,
organophosphorus, triazines, pyretroides and acetamides) is usu-
ally carried out by gas chromatography (GC) or high performance
liquid chromatography (HPLC), depending on their polarity, volatil-
ity and the risk of decomposition at high temperature. For GC sep-
arations electron capture detector (ECD) and nitrogen phosphorous
detector (NPD) are popular for the quantification of OCPs and OPPs
residues, respectively. Alternatively, mass spectrometric detector
(MS) is a universal detector employed not only for the quantifica-
tion but for the identification of the majority of pesticides in
complex matrix samples (Tahboub et al., 2005). In the full-scan
MS method, all ions produced in the MS could be employed in
confirmation and quantitation of the target analyte, allowing high
confidence in the results (Tahboub et al., 2005). However, the
detection limits of MS detectors are above from those obtainable
using ECD and NPD. So far, the improvement of pre-concentration
methods is absolutely necessary to reach good sensitivity using MS
detectors.

Up to now, combining extraction methods has scarcely been ap-
plied. Some examples are the determination of phenylurea herbi-
cides in natural waters (Gerecke et al., 2001), the analysis of
chlorobenzenes in air (Barro et al., 2004), and more recently, a suc-
cessful case was reported for the enrichment of OCPs in water sam-
ples (Qiu and Cai, 2010).

Thus, the main goals of this study were: (a) develop a combined
SPE and SPME extraction for the enrichment of the most widely
used pesticides, overcoming the difficult detection of ultra trace
environmental concentrations; (b) take advantage of the sensitive
and selective Gas Chromatography tandem Mass Spectrometry
(GC–MS) method for the quantification of pesticides with different
chemical structure, reaching ng L�1 levels in addition to structural
characterization; (c) test the optimized method evaluating spatial
and temporal distribution of pesticides in surface waters collected
from the Suquía River basin, Córdoba, Argentina.

2. Materials and methods

2.1. Chemical and reagents

All pesticides were analytical standards (pestanal grade) sup-
plied by Sigma–Aldrich (Argentina). Individual pesticide stock
standard solutions were prepared with an appropriate solvent as
follows: atrazine, alpha – endosulfan, beta – endosulfan, endosul-
fan sulfate and alpha – cypermethrin were prepared in acetone
(pesticide grade), while chlorpyrifos and acetochlor were dissolved
in methanol (HPLC grade). Fresh working solutions were prepared
daily by proper dilution of the stock solutions with ultra pure
water and stored at 4 �C until use.

Acetone and dichloromethane used during handling of standard
solutions and water extractions were of pesticide residual grade,
purchased from Sintorgan (Argentina), whereas methanol and ace-
tonitrile were HPLC grade obtained from J.T. Baker (USA). Ultra
pure water (Arium 611 UV system, Sartorius, Germany) was used
to prepare standard solutions, dilutions and blanks.

Following SPE cartridges were used: Lichrolut C18, 3 mL, 500 mg
Merck (Germany) and Strata X, 6 mL, 200 mg, Phenomenex (USA).

Commercially available 100 lm polydimethylsiloxane (PDMS),
85 lm polyacrylate (PA), 75 lm Carboxen-polydimethylsiloxane
(CAR-PDMS), and 50 lm Carboxen-polydimethylsiloxane-divinyl-
benzene (CAR-PDMS-DVB) were purchased from Supelco (USA).
Before the analysis, fibers were conditioned in according to
instructions provided by the manufacturer.

2.2. Study area and sampling

The Suquía River basin is located in a semi-arid region of the
province of Córdoba (Argentina; Fig. 1). The river drainage area

Fig. 1. Study sites in the Suquía River basin (Córdoba–Argentina).
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covers approximately 7700 km2, is the main drinking water source
of Cordoba city, and also serves for recreation and some sport fish-
ing. Suquía River begins at the San Roque dam; 35 km downstream
it flows for about 40 km across Córdoba city. Near the eastern edge
of the city, the river receives the city sewage discharge and then
continues across an agricultural production area up to Mar Chiqui-
ta Lake (150 km downstream; Fig. 1). Five sampling sites along this
river were selected to evaluate the spatial distribution of pesticides
concentration in river water; from the high basin, in a mountain-
ous area (La Calera-LC), to the lower basin, first to evaluate the im-
pact of Córdoba city monitoring immediately downstream from
the city (Villa Corazón de María – CM). Then, cultivated areas
downstream (Río Primero-RP; Santa Rosa de Río Primero-SR and
La Para – LP; Fig. 1; Monferrán et al., 2011) were evaluated. In or-
der to evaluate temporal trends, study sites were sampled during
periods with low- and high-application of pesticides, over 2 years:
July 2010 (low), November 2010 (high), April 2011 (low) and June
2011 (high).

Water samples were collected at 20–30 cm below river surface,
stored in dark glass bottles filled without headspace, ice-refriger-
ated, and transported to the laboratory within 4 h. Then, water
samples were filtered with a cellulose filter (47 mm diameter,
0.45 lm pore size, Millipore, USA) assisted by a vacuum pump,
preserved by adding concentrated HCl and stored in dark glass bot-
tles at 4 �C until analysis (Cortada et al., 2009).

Water temperature, dissolved oxygen, pH and conductivity
were measured in the field using a WTW multiparametric equip-
ment (Multiline F/Set 3; APHA, 2005).

2.3. Sample enrichment

Two consecutive concentration procedures (SPE and SPME)
were validated to measure pesticides in water samples. For this
purpose, standard water samples were prepared by spiking ultra-
pure water with a mixture of pesticides in order to validate the
SPE step (0.035 lg L�1 of atrazine, acetochlor, chlorpyriphos, alpha
– endosulfan, beta – endosulfan, endosulfan sulfate and alpha –
cypermethrin) and the SPME step (5 lg L�1 of the same pesticides).
Additionally, PCB #103 was added as internal standard.

2.3.1. SPE
For SPE extraction Lichrolut C18 and Strata X cartridges were

evaluated. The SPE sorbents were first conditioned by washing
with 10 mL of dichoromethane, followed by 10 mL acetonitrile
and finally 10 mL of Ultrapureultrapure water (procedure A). As
an alternative the Lichrolut C18 cartridges were conditioned with
10 mL dichoromethane, 10 mL methanol and 10 mL of Ultrapureul-
trapure water (procedure B). Then, standard water samples (1 L)
were applied through the SPE cartridge by employing a moderate
vacuum at about 10 mL min�1. After that, SPE cartridges were air
dried for 10 min under vacuum and 10 min by fluxing nitrogen
to remove as much residual water as possible. Retained analytes
were eluted with 5 mL of acetonitrile followed by 5 mL of metha-
nol (for the procedure A), or exchanging the order of the eluents
(5 mL of methanol followed by 5 mL of acetonitrile for the
procedure B). The elutes were collected in 10 mL SPME glass vials,
evaporated under nitrogen current until dryness and capped with
PTFE-coated septa.

2.3.2. SPME
After the SPE procedure, entirely automated SPME extractions

were performed by a commercial auto-sampler Combi PAL (CTC
analytics, Switzerland) mounted on the GC–MS system (Varian,
USA), equipped with a cleaning station that avoids carry over
contamination.

The SPME extractions were performed by immersing the SPME
fiber in the SPE extract dissolved in 100 lL of acetone and 6900 lL
of ultrapure water. During SPME runs glass vials (10 mL) having
magnetic screw caps (CTC CombiPal, PN 20091405; SUPELCO,
USA) and ultraclean, thin pre-marked septum (CTC CombiPal, PN
18032063; SUPELCO, USA) were used. Attempts to use different
septa resulted in bending and further destruction of the needle
containing the SPME fiber during the extraction.

Although the optimization of the SPME process was carried out
by a multivariate optimization strategy, some previous experi-
ments were conducted to reduce the number of factors to be in-
cluded in experimental design. Thus, variables affecting the
process of adsorption to the fiber (SPME fiber coatings: PDMS,
PA, CAR-PDMS and CAR-PDMS-DVB) and desorption from the fiber
(desorption temperature: 250 �C and 280 �C; desorption time: 5
and 10 min) were firstly evaluated (Kataoka et al., 2000).

Then, to simultaneously optimize the other experimental vari-
ables that can mainly affect the target pesticides extraction, a fac-
torial design was run (Fernandez-Alvarez et al., 2008). Different
extraction temperatures (50 and 70 �C), extraction times (20 and
30 min) and pH of the sample (pH 2 and 6) during the adsorption
to the fiber were considered for this study. The design selected was
(23�1), a fractional factorial design which involves less number of
experiments (four runs instead of eight runs if we would have used
full factorial design) without losing too much information, mean-
ing that the evaluation of all main effects and all two factor inter-
actions are allowed.

2.4. Gas chromatography conditions

2.4.1. Chromatography
Analyses were carried out by using a Varian Saturn 2200 mass

spectrometer (USA) coupled to a Varian 3800 Gas Chromatograph.
The GC was equipped with a Factor Four (Varian) capillary column
VF-5; 30 m � 0.25 mm ID; DF = 0.25 lm, a 1079 injector equipped
with Merlin seals (USA) and working in splitless mode. High purity
helium (>99.99%) at a flow rate of 1.6 mL min�1 was used as the
carrier gas. The oven ramp was set to initial temperature of
100 �C (hold 1 min), increased to 150 �C at 25 �C min�1, to 200 �C
at 10 �C min�1, to 250 �C at 30 �C min�1 (hold 10.33 min) and final-
ly increased to 280 �C at 30 �C min�1 (hold 2 min), with a total
acquisition program of 25 min.

2.4.2. Mass spectrometry
The instrument was operated in the full-scan mode in a range

between 100 and 500 m/z. Two significant ions from each analyte
were chosen for quantification: atrazine 200 and 215 m/z,
acetochlor 146 and 223 m/z, chlorpyrifos 314 and 258 m/z, alpha
– endosulfan and beta- endosulfan 195 and 241 m/z, endosulfan
sulfate 272 and 387 m/z, alpha-cypermethrin 163 and 181 m/z.
The manifold, trap and transfer line temperatures were set at
100 �C, 200 �C and 220 �C, respectively. The emission current of
the ionization filament was set at 40 lA, the amplitude voltage was
200 V and the scan time 0.8 s. Fig. 2 shows a GC–MS chromatogram
indicating the good resolution of the method.

2.5. Method validation

The method based on the combination of SPE and SPME proce-
dure was then performed using Lichrolut C18 cartridges for SPE
extraction, conditioned by washing with 10 mL of dichoromethane,
followed by 10 mL acetonitrile and finally 10 mL of ultrapure
water. Then, water samples (1 L) were passed through the car-
tridge. The retained analytes were eluted by 5 mL of acetonitrile
followed by 5 mL of methanol. The eluates were evaporated under
nitrogen and dissolved in 100 lL of acetone and 6900 lL of
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ultrapure water. For the SPME extraction the 85 lm Polyacrylate
(PA) fiber was immersed in the solution.

Quality control (QC) and quality assurance (QA) of the devel-
oped method were performed according to Päpke et al. (2004).
Analytical quality parameters were measured using five water
samples obtained from either unpolluted or polluted areas, spiked
with known concentrations of target compounds (2.3) and treated
as described above. Recoveries were P60% at concentrations
tested. Concentrations were calculated from a linear regression
plot, constructed using from peak areas, obtained monitoring from
the chromatogram corresponding to the respective pesticide frag-
ment ions (m/z). The limits of detection (LOD) and quantification
(LOQ) of the method were experimentally evaluated considering
a signal-to-noise ratio of 3 and 10 respectively. Precision was eval-
uated by calculating the relative standard deviation (RSD) from five
replicates. The linearity of the method was tested over a wide
range of concentrations from LOQ to 10 lg L�1.

Laboratory and instrumental blanks were frequently analyzed
to ensure the absence of contaminants, carry over or interferences
arising from samples or laboratory handling. Checking of the
recovery from spiked water samples, calibration and verification
tests as well as MS performance checks were performed before
each analysis batch to check the chromatographic resolution,
robustness, sensitivity and linear response.

2.6. Statistics

Environmental data were tested for normality and homogeneity
of variance. Since the pesticides contents did not meet these
assumptions, the Kruskal–Wallis test (Sokal and Rohlf, 1995) was

performed followed by a Dunn’s multiple comparison tests. Differ-
ences were considered significant at p < 0.05. Statistical analyses
were performed using the statistical package, STATISTICA 8 from
StatSoft Inc.

3. Results and discussion

3.1. Extraction protocols optimized

During the optimization of sample extraction procedure, com-
prising two combined techniques, many factors have to be taken
into account.

Table 1 shows the percentages of recovery for each studied pes-
ticide, obtained during the optimization of the SPE step. Based on

Fig. 2. GC–MS ion chromatograms of 5 lg L�1 standard solution for target pesticides. (A) full scan 100–500 m/z and (B–G) extracted ions and retention time for each
compound.

Table 1
Comparison of the retention ability using different SPE cartridges and extraction
procedures. Recovery values obtained from spiked ultrapure water; pre-concentra-
tion from 1 L at 5 lg L�1.

Pesticide Cartridge and procedure (%)

Strata
X-procedure A

Lichrolut
C-18-procedure A

Lichrolut
C-18-procedure B

Atrazine 93 95 104
Acetochlor 86 85 85
Chlorpyrifos 11 68 79
Alpha-endosulfan 6 60 63
Beta-endosulfan 42 68 72
Endosulfan-sulfate 62 91 84
Alpha-cypermethrin 19 24 31
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those results the C18 bonded to reversed-phase silica supporter
was selected as the best SPE sorbent. All pesticides were recovered
with remarkably good yields (R% being above 60%). The only
exception was alpha-cypermethrin with recoveries between 24%
and 31%. Since the reverse sorbent was selected, methanol and ace-
tonitrile were evaluated as conditioning and elution solvents
(procedures A and B). The recovery studies showed similar R% for
both procedures (Table 1), though dichoromethane, methanol
and water were selected for conditioning of the cartridges, while
the elution solvents were methanol and acetonitrile, in that order
(procedure B).

The optimization of the SPME step was carried out in two
stages. In the first stage variables were evaluated separately. In
the second, a fractional factorial design was applied seeking to as-
sess the effect of four variables on the extraction of pesticides un-
der study.

To evaluate the process of adsorption to the SPME fiber, four dif-
ferent fiber coatings were tested (Fig. 3A). CAR-PDMS-DVB fiber
showed a significant improved response for atrazine, acetochlor
and endosulfan sulfate. However, this fiber showed the lowest
yield for alpha-cypermethrin. In contrast, PDMS fiber was the bet-
ter coating for alpha-cypermethrin but the worst for atrazine. On
the other hand, CAR-PDMS fiber always had the lower responses
for all the pesticides while PA fiber was the best coating for chlor-
pyrifos, the second best suited to the extraction of the pyrethroid
and showed good responses for all the other compounds
(Fig. 3A). Therefore, owing to the special need to increase the
response for alpha-cypermethrin (because of their low signal-
to-noise ratios compared with the remaining pesticides) and to
measure all other pesticides, the PA fiber was selected.

Time and temperature of desorption from the fiber were also
investigated. Fig. 3B shows the response of the detector to the ana-
lytes evaluated. The better response for all the pesticides was ob-
tained when the fiber was 5 min at 280 �C in the injector port for
the desorption. Longer desorption times in the port caused lower
response.

Afterward, different extraction temperatures (50 and 70 �C),
extraction times (20 and 30 min) and pH of the sample (pH 2
and 6) were evaluated by applying a fractional factorial design.
Pareto charts are useful graphs to illustrate the effect of the vari-
ables and their interactions. These graphs are shown in Fig. 4A
and C for some representative compounds. These charts include a
vertical line corresponding to the 95% confidence interval, the main
effects or interactions that exceed this reference line may be con-
sidered statistically significant (Fernandez-Alvarez et al., 2008).

Fig. 4B and D shows the main interaction plots for acetochlor
and endosulfan sulfate (Fernandez-Alvarez et al., 2008). For the
pesticides evaluated, the temperature of extraction was the most
frequent variable with a significant effect (Fig. 4A and C). The best
extraction temperature was the maximum evaluated, 70 �C (Fig. 4B
and D). The next most influential factor on the response was the
extraction time, which was found to be statistically significant
for most target pesticides. Best results were achieved with
30 min of extraction time.

The pH values was a significant variable for atrazine, chlorpyri-
phos, alpha-endosulfan and alpha-cypermetrine. In these cases, the
better responses were registered working without acid addition.

Taking into account the factorial design results, the final pro-
posed method for the simultaneous SPME extraction of the pesti-
cides under study was: sample matrix pH of 6, fiber coated with
PA, adsorption to the fiber at 70 �C for 30 min, desorption during
5 min at 280 �C.

3.2. Validation of the developed method

The whole developed method affords LODs and LOQs as follows:
for atrazine = 1.1 and 3.5 ng L�1; acetochlor = 0.2 and 0.7 ng L�1;
chlorpyrifos = 0.2 and 0.7 ng L�1; alpha-endosulfan = 0.14 and
0.5 ng L�1; beta- endosulfan = 0.07 and 0.2 ng L�1; endosulfan sul-
fate = 0.2 and 0.6 ng L�1; alpha-cypermethrin = 0.2 and 0.6 ng L�1

respectively.
The relative standard deviation (RSD) ranged from 1.7% to 14%

being acceptable for all the studied analytes. Good linear regres-
sions (R2 P 0.975 in all cases) were obtained over the tested ana-
lytical range.

Even when using a MS detector, the validation parameters for
the assayed procedure afforded LODs and LOQs in the same order
than those reported for other authors applying SPE or SPME or li-
quid–liquid extraction with electron capture detection (Tomkins
and Barnard, 2002; Mmualefe et al., 2009). Passeport et al.
(2010) applying SPME coupled to CG-MS detected pesticides under
study in the range of 0.05 to 0.5 lg L�1. In a similar way, Claver
et al. was capable to detected 0.015–0.030 lg L�1 of pesticides
with different chemical structures by SPE coupled to CG-MS. In
contrast, better levels were reported by Qiu and Cai (2010) using
a combination of SPE and SPME extraction but with electron cap-
ture detection.

The advantage of the developed method is the confidence in the
identity of the compounds by mass detection at environmental rel-
evant concentrations. Moreover, the proposed method allows the
measurement of pesticides presenting different physicochemical
properties including triazines, acetamides, organophosphorus,
organochlorines and pyrethroids pesticides. It could also be ap-
plied to the quantification of other compounds sharing similar
chemical structures.

A

B

Fig. 3. Chromatographic response comparison between different conditions
assayed for SPME. (A) Influence of different coating fibers (polydimethylsiloxane:
PDMS, polyacrylate: PA, Carboxen-polydimethylsiloxane: CAR-PDMS, and Carbo-
xen-polydimethylsiloxane-divinylbenzene: CAR-PDMS-DVB) for the selected pes-
ticides. (B) Influence of time and temperature of desorption from the PA fiber for the
selected pesticides.
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3.3. Application of the method to water samples from the Suquía River

The developed method was applied to real freshwater samples
from Suquía River basin. This monitoring program was extended
over 2 years (2010–2011), sampling at five sites along the river
(Fig. 1).

Water quality parameters, measured in situ at all sampling sites,
are shown in Table 2. All analyzed parameters varied significantly
among sites but did not between both sampling periods. Conduc-
tivity, dissolved oxygen and pH show that Córdoba city negatively
impact on water quality. Even 50 km downstream the city (RP), the
river did not recover the water quality detected at LC. Previous
studies showed that the Waste Water Treatment Plant of Córdoba
city would not be the only source of pollution. The runoff of the cit-
ies and cultivated fields located nearby the river would also be sig-
nificant in the pollutants input (Wunderlin et al., 2001; Merlo et al.,
2011; Monferrán et al., 2011).

The occurrence and concentration of the six pesticides mea-
sured in the Suquía River are given in Table 3. Results are pre-
sented as the mean, minimum and maximum values of the four
sampling campaigns grouped as annual, low and high-application
periods at the five samplings sites evaluated.

The presence of pollution with pesticides was revealed in all
investigated samples. These results are not surprising, since these
pesticides are the most widespread commercialized in Argentina
(CASAFE, 2011). Atrazine exhibits the highest concentrations, at a
maximum of 433.9 ng L�1. The concentration of atrazine in water
samples is mainly related to their extensive use as agricultural her-
bicide, consumed at levels of millions of liters per year (CASAFE,
2011) and its relative persistence in surface waters, with a half-life

of 159 d (Solomon et al., 2008). Alpha-cypermethrin was the sec-
ond most concentrated in the water samples with a maximum le-
vel of 121.7 ng L�1. The presence of this pyrethroid can be
attributed to its use as an agricultural and urban insecticide (home
and industry disinfection). The presence of endosulfan sulfate, with
a maximum of 106.7 ng L�1 in water samples, remarks the trans-
formation suffered by the insecticide and acaricide endosulfan in
the environment. Endosulfan has half-lives of 3–7 days in water
but its toxic biological metabolite, endosulfan sulfate, has an aque-
ous half-life of several weeks (Leonard et al., 2000). All the other
pesticides detected in the water samples were below 30.5 ng L�1.

The total amount of pesticides (calculated by totaling the con-
centration of identified pesticides, Table 3) reflects higher concen-
trations in the lower basin (downstream from Córdoba city): RP
(217.3 ng L�1), SR (475.3 ng L�1) and LP (201.3 ng L�1). These sites
have intensive agricultural activity surroundings the river, dedi-
cated mainly to soybean and corn production. In RP and SR atrazine
and cypermethrin were the principal pesticides found (in that or-
der). Of the total amount of pesticides measured at LP, cypermeth-
rin was the pesticide with higher concentration followed by
atrazine and endosulfan sulfate. These results correlate well with
the concentrations of endosulfan and endosulfan sulfate quantified
in water samples collected in Mar Chiquita Lake (Fig. 1) by Ballest-
eros (2010). During that study the author also found higher endo-
sulfan sulfate than the parental isomers (alpha and beta
endosulfan). Leonard et al. (2001) proposed that the dominance
of endosulfan sulfate in waterbodies, following a pesticide applica-
tion, may be due to the persistence of the metabolite in cultivated
soils and the following washing of the residues from these soils to
the watercourses.

A B

DC

Fig. 4. Pareto charts (A and C) and interaction plots (B and D) for some selected pesticides: A and B for acetochlor; C and D for endosulfan sulfate.
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The total amount of pesticides measured at CM (153.8 ng L�1)
reflects pesticides coming from runoff from agricultural fields (sit-
uated close to the river at this site) and the contribution of the
wastewater from Córdoba city. The combined source of pesticides
(urban and agricultural) is reflected by the similar proportion of all
the measured compounds on the total detected. In LC, upstream
from Córdoba city, pesticides are present at much lower concentra-
tions (131.6 ng L�1) than in agricultural sites downstream, being
alpha-cypermethrin the most contributing at this site, which evi-
dence the urban use of this compound. Chlorpyrifos was the only
pesticide showing significant differences among sampling sites
(Table 3). The use of chlorpyrifos can be either associated to urban
or agricultural uses (Wielgomas and Krechniak, 2007). This com-
pound was present along the complete basin with maximum val-
ues at CM and RP (Table 3). A similar pattern was observed for
acetochlor, though differences between sampling sites were not
significant (Table 3). Acetochlor is used for pre-emergence control
of annual grasses and small seeded broadleaf weeds in corn and
soybean. It is a common herbicide used worldwide and, due to
low adsorption coefficients, is a rather mobile pollutant of the soil,
posing a potential danger to the aquatic environment (Lengyel and
Földényi, 2003). The presence of this compound out of the agricul-
tural areas (e.g. at LC) demonstrate its intensive use in the basin,
but also its distribution and mobility throughout the Suquía River
basin.

With regard to temporal distribution, it is known that pesticides
used in agricultural practices are generally applied at a specific
time of the year. During the present study no significant differ-
ences were found between periods of high or low application ana-
lyzing either each individual pesticides or the accumulative
amount. However, higher pesticides content in water samples
was observed during high application periods at SR and LP (both
sites with intensive agricultural use of the land). This difference
was not observed at CM and RP, where the input of pesticides
might be also coming from wastewater discharged by the Waste
Water Treatment Plant of Córdoba city. LC showed a slight increas-
ing trend during high-application period but without significant
differences.

Concentrations of atrazine similar than those found in the Su-
quía River were observed in the Ebro River basin (62 ng L�1, Navarro
et al., 2010). Conversely, higher concentrations of chlorpyrifos
(31 ng L�1, Navarro et al., 2010) and lower levels of cypermethrin
were reported in the Ebro River (0.73–57.2 ng L�1, Feo et al.,
2010). Higher concentrations of chlorpyrifos (450–10.8 lg L�1)
and cypermetrhin (710–194 lg L�1) were measured in other
Argentinean rivers (Jergentz et al., 2005; Marino and Ronco, 2005).

In African basins, the concentration of endosulfan and endosul-
fan sulfate were higher than those detected in the Suquía River
(40 ng L�1, 185 ng L�1, respectively; Kuranchie-Mensah et al.,
2012). On the other hand, Gómez et al. (2012) found similar
amounts of endosulfan (3 ng L�1) in water samples of Henares
River basin (Spain), while in Quequén Grande River (Argentina)
Gonzalez et al. (2012) reported this pesticide in the same order
of magnitude than in Suquía River water (3–8,5 ng L�1).

Chlorpyrifos concentrations surpassed the Canadian Water
Quality Guidelines (CCME, 2002) established for the protection of
the aquatic biota in freshwaters (3.5 ng L�1). Higher values were
measured at CM and RP during low and high-application periods.
On the other hand, the CCME has not established guideline values
for cypermetrhin. According to Argentinean Environmental Water
Quality Guidelines (Niveles Guía Nacionales de Calidad de Agua
Ambiente) (2003), alpha-cypermetrin in the Suquía River water ex-
ceeded the limit of 0.6 ng L�1 established for the protection of the
aquatic biota at the five sampling sites and during both seasons.

The high concentration of pesticides found in Suquía River, plus
the elevated frequency on their occurrence, indicates the intensiveTa
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use of these compounds in the adjacent area of the watercourse.
This is the first report of temporal and spatial distribution of pesti-
cides in Córdoba province. Distant from being only of local interest,
the present results alerts about the input of pesticides, not only by
extensive agricultural activities but also by urban wastewaters.
This research intends to draw attention to the necessity of plan-
ning pesticide monitoring programs in rivers, both in their urban
and rural sections.

4. Conclusions

The monitoring and control of pesticides in rivers and streams
are an important practical problem to be solved in many areas
and countries. The validation of methods that allowed the accurate
identification and quantification of pesticides with different chem-
ical structures is a significant contribution to resolving this prob-
lem. The SPE–SPME–GC–MS method developed in the present
study accomplishes this aim and could be also applied to the iden-
tification and quantification of other pesticides with similar
characteristics.

The implementation of effective measures that prevent and/or
reduce the losses of pesticides from non-point sources, in detri-
ment of natural environments, is a challenge for agricultural and
water management.
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