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Abstract


A multi-residual analytical method based on solid phase extraction (SPE) followed by liquid chromatography-electrospray ionization-mass spectrometry (LC-MS) was developed to monitor pesticides in natural waters. Fifty-eight compounds, including herbicides, fungicides, insecticides and some of their degradation products, were surveyed to evaluate the quality of natural waters throughout the wine-growing region of La Rioja (Rioja DOCa). Ninety-two sampling points were selected, including surface and ground waters that could be affected by agricultural activities covering the region’s three sub-areas. Different parameters that may affect the efficiency of the SPE procedure were optimized (sorbent type, elution solvent and sample volume), and matrix-matched standards were used to eliminate the variable matrix effect and ensure good quantification. The developed method allows the determination of target compounds below the level established by the European Union for waters for human use with suitable precision (relative standard deviations lower than 18 %) and accuracy (with recoveries over 61 %). Forty compounds included in this study (six insecticides, twelve herbicides, sixteen fungicides and six degradation products) were detected in one or more samples. The herbicides terbuthylazine, its metabolite desethyl terbuthylazine, fluometuron and ethofumesate and the fungicides pyrimethanil and tebuconazole were the compounds most frequently detected in water samples (present in more than 60 % of the samples). Concentrations above 0.1 µg L-1 were detected for thirty-seven of the compounds studied, and in several cases recorded values of over 18 µg L-1. The results reveal the presence of pesticides in most of the samples investigated. In 64 % of groundwaters and 62 % of surface waters, the sum of compounds detected was higher than 0.5 µg L-1 (the limit established by EU legislation for the sum of all pesticides detected in waters for human use).
Key words: multi-residue analysis; pesticides; surface and ground waters; vineyards
Introduction


The use of pesticides plays an important role in harvest quality and food protection, providing enormous benefits in increasing production, as pests and diseases damage up to one-third of crops (Tadeo, 2008). As a result of massive global consumption (Sabik et al., 2000), pesticides and their degradation products spread through the environment and can contaminate water resources (Menezes Filho et al., 2010). Surface and especially ground waters located in intensive agricultural areas are more vulnerable to pesticide contamination, which is a major concern if the water is intended for human consumption.


This uptake of pesticides into watercourses is now a topic of considerable environmental interest due to the increasing number of compounds detected and has required the establishment of strict directives (Palma et al., 2009) by the European Commission (EC) to minimise the impact on the environment. Accordingly, the European Union has established different directives, such as the Water Framework Directive 2000/60/EC, whose main objective is to protect water quality (EC, 2000). In 2008, Directive No. 2008/105/EC was introduced, establishing a list of 33 priority substances to be controlled in water, with a third of the list being pesticides (EC, 2008).


Given the interest in water pollution, monitoring studies have been conducted in the USA (Monplaisir et al., 2010), in several countries in Europe, such as Hungary (Maloschik et al., 2007), France (Comoretto et al., 2007; Baran et al., 2008), Italy (Guzella et al., 2006), Greece (Vryzas et al., 2009), Portugal (Palma et al., 2009), Serbia (Dujakovic et al., 2010) and Spain (Carabias-Martinez et al., 2002; Belmonte Vega et al., 2005; Kuster et al., 2008; Postigo et al., 2010) and outside Europe, such as Egypt (Potter et al., 2007), Morocco (El Bakouri et al., 2008) and China (Xue et al., 2005) to evaluate pollution in surface and ground waters for future remediation, as appropriate. 

Pesticide residues may reach the aquatic environment through nonpoint and point pollution sources by direct run-off or leaching of these compounds or by careless disposal of empty containers or the washing of equipment after their application. Although significant advances have been made in controlling point-source pollution, little progress has been made regarding the nonpoint-source pollution of natural waters due to the seasonality, inherent variability and multiplicity of origins of nonpoint-source pollution. Surface water contamination by pesticides usually depends on the farming season, while groundwater contamination has a stronger persistence, which may have continuous toxicological effects for human health if used for public consumption.


The pollution of surface and ground waters by pesticides is governed by the physicochemical characteristics of the compounds (solubility in water, their capacity to be retained by soil components and their degradation rate), the properties of the medium in which they are applied, their abiotic and biotic degradation (Barra-Caracciolo et al., 2010) and other external factors, such as local rainfall and wind patterns or the topology of the area (Carabias-Martinez et al., 2000; Árias-Estevez et al., 2008). Indicators of the potential risk of water pollution based on these pesticide properties, such as the GUS index (groundwater ubiquity score) (Gustafson, 1989) have been introduced to allow classifying pesticides into potential leachers (GUS > 2.8), non-leachers (GUS < 1.8) and transient leachers (1.8 < GUS < 2.8). 


In large areas of Spain, the pollution due to pesticides used to increase agricultural production merits special attention. Concerning wine-growing specifically, a large number of pesticides belonging to different chemical classes are being used annually to combat weeds, insects or fungi (AEPLA, 2011). The number of pesticide treatments per year depends on the weather conditions. Wine-growing is the main agricultural activity in the La Rioja region (N. Spain), which is the fifth Spanish region with the highest investment per hectare in crop protection products, with a consumption of pesticides of 13.79 kg ha-1 in 2008 (MARM, 2011). Vines are grown over an area that accounts for 34 % of the region’s total arable land (159,127 ha), and its importance is based on the considerable economic activity it generates (Rioja DOCa - Qualified Designation of Origin, 2011). Some of the soils in this region have low organic matter contents and could facilitate the pollution of groundwaters. Although most of the drinking water in La Rioja is provided by groundwater (Navarrete et al., 2008), there is a lack of monitoring data. Few studies have been carried out until now to evaluate pesticide residues in waters in the wine-growing region referred to as the Rioja Qualified Designation of Origin (Rioja DOCa). Thus, monitoring studies are required to evaluate diffuse and point pollution due to the use of these compounds in agriculture or to identify historic pollution present in groundwaters for remediation purposes, if necessary. Some studies have been published reporting the presence of different pesticides along the River Ebro in that region (Quintana et al., 2001; Claver et al., 2006; Hildebrandt et al., 2008; Navarro et al., 2010), but the sampling points were too limited to obtain a complete assessment of the water condition in this area. 


The aim of this work was to conduct a thorough monitoring of surface and ground waters to evaluate possible pollution by pesticides in a region with intensive agricultural activities, and mainly vineyard cultivation. The monitoring programme was undertaken to assess the occurrence of insecticides (10), herbicides (19) and fungicides (18) belonging to different chemical classes and widely used in the region of Rioja DOCa, as well as some of their degradation products (11). The spatial sampling network involved 92 vulnerable sites throughout the three different sub-areas in the region (Rioja Alavesa, Rioja Alta and Rioja Baja). Thirteen of these samples corresponded to surface water and seventy-nine to groundwater samples. A reliable multi-residue method based on solid-phase extraction (SPE) and liquid chromatography with mass spectrometry (LC-MS) was developed and optimised for determining and quantifying the pesticides in this monitoring programme according to the levels required by EU legislation.
Materials and methods
Chemicals


Standards of pesticides and some of their degradation products were purchased from Riedel-de Haën (Seelze-Hannover, Germany), Fluka and Dr. Ehrenstorfer (Augsburg, Germany), and were used without further purification (minimum purity higher than 98 %). The compounds studied, belonging to several chemical classes, are listed in Table 1, including their use and some of their physicochemical characteristics (Footprint, 2011). Stock standard solutions (1000 or 500 g mL−1) for each of the analytes were first prepared by dissolving standards of pesticides in methanol and then stored in the dark at 4 ºC. An intermediate standard solution (10 g mL−1) was prepared by appropriate dilution of the stock solutions in methanol, and this mixture was used as spiking solution for the aqueous calibration standards.


Different types of sorbents: polymeric cartridges -Oasis HLB (60 mg, Waters), Strata X (60 mg, Phenomenex) and LiChrolut EN (200 mg, Merck)-, silica-based bonded C18 cartridges (Sep-Pak Plus 900 mg, Waters) and carbon cartridges (SampliQ 500 mg, Agilent) were used to optimise the SPE procedure for analyte preconcentration.

The organic solvents, acetonitrile, methanol, hexane and acetone, were of HPLC grade and supplied by Fischer Scientific (Loughborough, UK), being used as received. Ultra-high quality (UHQ) water was obtained with a Milli-Q water purification system (Millipore, Milford, MA, USA). All other chemicals used were of analytical reagent grade.
Apparatus and chromatographic conditions


Liquid chromatography with mass spectrometric detection (LC–MS) was carried out using a Waters (Milford, MA, USA) system equipped with a model e2695 multisolvent delivery and autosampler system coupled with a Micromass-ZQ single quadrupole mass spectrometer detector with an ESI interface and Empower software as the data acquisition and processing system. The MS parameters were as follows: capillary voltage, 3.1 kV; source temperature, 120 ºC; the cone and desolvation temperatures were set at 20 and 300 ºC, respectively; the desolvation gas flow was set at 400 L h−1 and the cone gas flow at 60 L h−1. 


The compounds were separated in a 150 mm × 4.60 mm Luna PFP2 analytical column, packed with 3.0 m particles (Phenomenex, Torrance, CA, USA) with a C-18 Waters Sentry pre-column (Waters, Milford, MA, USA). The mobile phase was consisted of methanol (solvent A) – 5 mM ammonium formate at pH = 5 (solvent B). The elution gradient was as follows: the mobile phase started with 60 % of methanol, which was increased linearly to 75 % in 4 min, and kept constant for 3 min, then raised to 80 % in 4 min. and kept constant for 3 min. The percentage was then raised to 100 % in 6 min and kept constant for 5 min; finally, it was returned to the initial conditions in 2 min. The column was equilibrated for 5 min, and flow rate was 0.3 mL min−1. The volume injected was 20 L.

The operating conditions of the MS system were optimised in the scan mode (scan range, m/z 50-500). Quantification was performed by external calibration. Calibration curves were obtained by plotting analyte peak areas (obtained from the total ion chromatogram (TIC) in SIM mode) versus concentration using matrix-matched standards (uncontaminated blank water samples spiked with standard analyte solutions, which were managed in a similar way to collected water samples). Several blank samples were performed during the extraction and injected every fifteen samples to check the presence of memory effects. And several standards were injected at different times of the sample set to check the goodness of the calibration.
Description of the study area

The Rioja DOCa wine region is located in northern Spain, straddling the River Ebro. Figure 1 shows a map of the area. The local terrain perfectly delimits the region and sets it apart from the surrounding area. Its 63,593 hectares of vineyards are divided between three provinces on the Upper Ebro - La Rioja (43,885 ha), Alava (12,934 ha) and Navarre (6,774 ha). One hundred kilometres separate Haro, the westernmost town, from Alfaro, the easternmost. The valley has a maximum width of about 40 km, being covered in vineyards that occupy successive terraces to an altitude of around 700 m above sea level. The whole area benefits from the confluence of two climates, Atlantic and Mediterranean, which provide mild temperatures and an annual rainfall of slightly above 400 L m-2. The region itself is divided into three sub-areas: Rioja Alavesa, which is significantly influenced by the Atlantic climate, and its soils, in general, are chalky-clay in terraces and small plots; Rioja Alta, with the climate being also mainly Atlantic, while the soils are chalky-clay, ferrous-clay or alluvial and, finally, Rioja Baja, with a drier and warmer climate and alluvial and ferrous-clay soil types. In general, the soils have low organic matter content (<2 %), a sandy clay loam or sandy loam texture and moderate water content, favouring the mobility of pesticides (Rioja DOCa - Qualified Designation of Origin, 2011). Besides vineyards, the other crops in this area are cereals, fruit trees, sugar beet and potatoes (Government of La Rioja, 2006). Table 2 shows the main characteristics of the sampling sites, including the hydrogeological units or aquifers where the samples are located, the type of crops and the existence or not of irrigation in the surrounding areas that could influence the type and levels of pesticides detected. The number of wells and springs in Rioja Alta and Rioja Alavesa is higher than in Rioja Baja, where irrigation is provided by river water (Lodosa canal). However, in general, the wells in Rioja Baja are deeper than in the other two regions, where the water table can be just a few meters below the surface.
Sample collection

Water samples were collected in 2 L amber glass bottles and transported to the laboratory in iceboxes. Within four days, the samples were filtered through nitrocellulose screens with 0.45 m pore size membranes (Millipore), being kept refrigerated at 4 ºC in the dark prior to extraction. The extracts were analysed within two weeks of collection. 


A total of ninety-two water samples were collected in March 2011 from different areas affected by agricultural development throughout the three different sub-areas of Rioja Alavesa (15 points), Rioja Alta (34 points) and Rioja Baja (43 points) (Figure 1 and Table 2). Thirteen of these samples corresponded to surface waters (two from the River Ebro at opposite ends of La Rioja region, six more from the main tributaries, two more from the Lodosa canal and three more from small rivers) and seventy-nine samples corresponded to groundwaters from privately dug wells with different depths varying between 1 and 15 m, in general, and public sources or springs. Only three samples came from depths of between 17 and 60 m (Table 2). The dug wells were located inside the cultivated fields or next to them, being generally used for irrigation purposes. Samples were collected manually or pumped, depending on the well type.
Sample preparation

Water samples were preconcentrated by SPE on a Waters extraction manifold (Milford, MA, USA) passing a volume of 500 mL through the Oasis HLB cartridges with a Gilson Minipuls 2 HP 8 peristaltic pump at a flow rate of 7 mL min−1. Each cartridge was conditioned with 5 mL of acetone, 5 mL of acetonitrile and 5 mL of UHQ water. After the adsorption of pesticides, the cartridges were dried in an air current under a vacuum of −20 mmHg for 5 min. The components retained were eluted with 4 mL of acetonitrile and then 4 mL of acetone. The organic phase obtained was evaporated to dryness under a nitrogen stream at 45 ºC in an EVA-EC2-L evaporator (VLM GmbH, Bielefeld, Germany), and the dry residues obtained were re-dissolved in 0.5 mL of a 1:1 (v/v) methanol-water solution. The final extracts were filtered through 0.45 µm GHP Acrodisc filters (Waters Corporation) into LC vials and analysed.

Results and Discussion


For this research, preliminary collection of available data was carried out to determine which pesticides have been recently used in the selected area. Fifty-eight compounds of different chemical classes and a wide range of physicochemical properties were selected according to data provided by public bodies, plant protection product dealers and local farmers. Some of the compounds and their main degradation products included in the list of 33 priority substances established by the EU to be controlled (EC, 2008) were also included (Table 1).

Optimisation of LC-MS method and SPE procedure 

To optimise the MS conditions, experiments were carried out by direct infusion in the mobile phase of a standard solution of 10 μg mL-1 of each target compound, operating the instrument under full scan. The solutions were prepared in methanol, and injected into the ESI source in positive mode at a range of cone voltages, and at a flow rate of 15 μg L-1 min-1. The cone voltage was studied for each compound in the 10–50 V range, with the cone voltage recording the largest peak area being chosen for quantification (Table 1). Identification of the target compound in unknown samples was based on the selection of the molecular ion and, in the cases where the compound studied contains Cl or Br, the relation of their isotopic masses was also used, because molecular ions should maintain these relations.

With a view to obtaining a more sensitive method for the quantification of the selected pesticides, a study was performed using SPE for sample enrichment, which is a pre-requisite for reaching detection limits below the legally established figure of 0.1 μg L-1. Different parameters that may affect extraction efficiency were studied, namely, the SPE sorbent, the elution solvent and sample volume. Five cartridges were tested as SPE sorbent: three polymeric phases (Oasis HLB, LiChrolut EN and Strata-X), a modified silica-based material (C18), and a carbon-based material (SampliQ Carbon). Figure 2 shows the distribution of the recoveries obtained with different SPE cartridges when 100 mL of UHQ water spiked with all the analytes at a concentration of 1 g L-1 was passed through the cartridges. The highest proportion of recoveries (>70 %) was obtained with the polymeric sorbent Oasis HLB (58 % of the compounds studied). For this reason, the Oasis HLB was selected as the best sorbent for preconcentrating water samples. Five solvents were tested to elute the retained analytes, methanol, acetonitrile, acetone, hexane and ethyl acetate, obtaining the best recoveries when a mixture of 4 mL of acetonitrile + 4 mL of acetone as elution solvent was used to elute the Oasis HLB cartridges. Under these conditions, more than 90 % of the analytes studied recorded recoveries higher than 65 %.


Finally, the influence of the sample volume to be preconcentrated was studied by loading different volumes (50-1000 mL) of water spiked with the same amount (0.2 g) of each analyte. The overall results reveal no significant influence of the volume of water preconcentrated for most of the analytes studied. Only for pyrimidinol, metamitron, metribuzin and hydroxylated metabolites of atrazine, there was a small reduction in the recoveries when volumes higher than 250 mL were used and this reduction was further higher for volumes of 1000 mL. Therefore, a volume of 500 mL was selected as a compromise between the most satisfactory recovery values and the lowest detection limits that it was possible to obtain.

Method performance and validation


Although interferences are not visible in the LC–MS (SIM mode) chromatograms, co-eluting matrix components could inhibit or enhance the analyte signal, which can severely compromise the quantitative analysis of environmental samples. To evaluate the influence of the matrix on the analysis, 500 mL of three different kinds of water samples (UHQ, river and groundwater, previously analysed to verify the absence of any of the compounds studied) were spiked with the same amount (0.2 g L-1) of all the compounds selected. After extraction, the signals obtained for surface and ground water were compared with those of the UHQ water. In groundwater, 63 % of the compound studied recorded very low signal suppression or enhancement (−15 % to +15 %), and 23 % of the compounds presented a signal variation of < 25 %. Strong matrix effects were observed only for 14 % of the compounds studied, with chlorsulfuron, flazasulfuron, metribuzin and acetochlor being the compounds with the highest influence. Similar results were observed in surface water, although in this case the percentage of compounds with a very low effect was 68 %. Thus, to offset the matrix effect and avoid any under/over estimation of pesticides, a matrix-matched calibration in groundwater was used considering the largest number of samples of this kind.


The proposed methodology was validated for each of the compounds by studying the accuracy (average recovery) and precision (reproducibility and repeatability) at the level of concentration established by EU legislation and the limits of detection (LOD) and quantification (LOQ) of the complete method. The accuracy and precision of the proposed method was determined by recovery experiments and the relative standard deviations (RSD) of the signals or peak areas obtained for each analyte corresponding to five groundwater samples spiked with 0.1 g L-1 for each analyte. The recovery values were between 61 and 103 % with RSD in the 5-18 % range, except for dichlofop-methyl and cypermethrin, which could not be quantified at this level (Table 3). 


To estimate linearity, LOD and LOQ, eight matrix-matched standards were prepared with 500 mL of groundwater (previously analysed to verify the absence of the pesticides and metabolites) spiked with all the analytes in the 0.1–2.0 g L-1 concentration range. Good linear relationships were obtained with regression coefficients higher than 0.99 for all the compounds in the range studied (Table 3). The LODs and LOQs were estimated as the analyte concentration with a signal-to-noise-ratio of 3 and 10, respectively; the LODs ranged between 10 and 98 ng L-1 for metalaxyl and dichlofop-methyl, respectively; the LOQs ranged between 24 and 215 ng L-1 for metribuzin and dichlofop-methyl, respectively. Only flazasulfuron, deisopropylhydroxyatrazine (DIHA), deethylhydroxyatrazine (DEHA), acephate, cypermethrin and dichlofop-methyl had a higher LOQ than the limit established by the EU for drinking water (Table 3). The pesticide levels in the groundwater samples analysed were quantified by external standard calibration.
Pesticide monitoring in the studied area

The pesticide contamination of surface and ground waters in the Rioja DOCa wine-growing area was assessed by applying the developed and optimised method. Residual concentrations of both parent compounds and some of their degradation products were detected in most of the samples investigated. Out of the ninety-two points sampled, only one in Rioja Alta (ALT-G12) and three in Rioja Baja (BJ-G17, BJ-G23 and BJ-G36) did not contain any of the compounds studied possibly because the main agricultural activity in these points is not vineyard (Table 2), besides some of them are relatively deep wells. 

Figure 3 shows the distribution of the concentrations of detected pesticides in all positive surface or ground waters, indicating the number of samples that exceed the quality standard of 0.1 g L-1 for individual compounds. Figure 4 includes a distribution of the total samples for each pesticide according to the percentages of samples in which the pesticides were not detected or were detected in different concentration ranges: below the legally established limit (0.1 g L-1), between 0.1 g L-1 and 1.0 g L-1, and over 1.0 g L-1.

Firstly, it is observed that forty compounds (six insecticides, twelve herbicides, sixteen fungicides and six degradation products) of the fifty-eight selected for this study (Table 3) were detected in one or more of the samples. However, some insecticides (acephate, carbaryl, carbofuran and cypermethrin) herbicides (metamitron, chloridazon, dichlofop-methyl, chlorotoluron and its metabolite CMPU, isoproturon, chlorsulfuron, flazasulfuron and the hydroxylated metabolites of triazines) and fungicides (cyproconazole and carbendazim) were not detected in any one of the samples analysed. Furthermore, the compounds pirimicarb, nuarimol and benalaxyl did not exceed the level of 0.1 g L-1 in any sample, and other compounds such as pyrimethanil, metribuzin, imidacloprid, metobromuron, metolachlor, ethofumesate, flutriafol, chlorpyrifos, azoxystrobin and trifloxystrobin exceeded that level only in one sample. Other pesticides were detected at different concentration levels. 


The most ubiquitous compounds with the highest concentrations in all the samples were the herbicides terbuthylazine (67 % of the samples analysed, reaching values of 12.6 g L-1), its metabolite desethylterbuthylazine (DET) (82 %, 5.2 g L-1 of maximum concentration) and fluometuron (77 %, 18.7 g L-1 of maximum concentration). These results are consistent with the widespread application of these herbicides in the area studied and their GUS index values; the latter, being between 3.07 and 3.92, which indicate these compounds are potential leachers (Footprint, 2011). Terbuthylazine has increased its use in recent years in place of atrazine, and has been detected in groundwaters in areas of Spain (Claver et al., 2006; Hildebrandt et al., 2008; Postigo et al., 2010) and Portugal (Gonçalves et al., 2007). However, atrazine concentrations in these earlier works were always higher than terbuthylazine concentrations, contrary to the results obtained here (Figure 3) possibly due to the use of atrazine was banned in the EU in 2004 and finally retired from the market in Spain and Portugal in 2007 (Decision 2004/248/CE). Fluometuron is not frequently monitored in groundwaters and there are no data on its presence. The high concentrations detected in this work could be due to the simultaneous application of fluometuron with terbuthylazine; in fact, the concentrations of both herbicides were significantly correlated when all the samples were considered (r = 0.59, p<0.001).

The herbicides ethofumesate and diuron were detected in a large number of samples (72 %), albeit in lower concentrations (0.133 g L-1 of maximum concentration) or in a lower number of samples (29 %), but in a higher concentration (8.551 g L-1 of maximum concentration). Ethofumesate is used in beet cultivation and is classified as a potential leacher, with a GUS index of 3.38, and is also found at low concentrations in waters in other countries (Vryzas et al., 2009). Diuron is classified as a non-leacher (GUS index = 1.83), but it has also been detected in groundwaters when it is monitored (Claver et al., 2006; Postigo et al., 2010). Palma et al. (2009) considered this herbicide as one of the most abundant and ubiquitous compounds in surface waters in Portugal, together with atrazine, simazine, and terbuthylazine. The presence of herbicides in groundwaters at concentrations of >10 g L-1 has been reported (Carabias et al., 2000; Sanchez-Camazano et al., 2005; Gonçalves et al., 2007). This presence may be the result of intensive farming in the area and the extensive application of these compounds at the time of year when these samples were collected. 

The herbicides atrazine and propazine were also detected in several samples (~ 40 %) even though their use was banned several years ago. The number of samples exceeding the limit of 0.1 g L-1 was small (only four samples in each case, with a maximum concentration of 0.194 g L-1 for propazine and 0.333 g L-1 for atrazine). In addition, the presence of the degradation products deethylatrazine (DEA) and deisopropylatrazine (DIA) in nearly 20 % of the samples confirms contamination due to the use of these herbicides. Triazines and their degradation products have been found in groundwaters in many areas of Spain (Garrido et al., 2000; Carabias et al., 2000; Sánchez-Camazano et al., 2005; Postigo et al., 2010), as well as in other countries such as Greece (Papadopoulou-Mourkidou et al., 2004, Vryzas et al., 2009) and Portugal (Gonçalves et al., 2007; Palma et al., 2009). In this survey, the levels found for these compounds are lower than those previously reported, in keeping with the current ban on their use. 


Fungicides were also detected in a large number of samples in different  concentrations: pyrimethanil (75 % of samples and 0.234 g L-1 of maximum concentration), tebuconazole (75 % and 3.236 g L-1 of maximum concentration), kresoxim-methyl (51 % and 0.574 g L-1 of maximum concentration), metalaxyl (50 % and 8.015 g L-1 of maximum concentration), penconazole (46 % and 18.72 g L-1 of maximum concentration) and triadimenol (45 % and 3.103 g L-1 of maximum concentration). Two degradation products of metalaxyl (CGA-62826 and CGA-92370) were also found in more than 30 % of the samples studied, with recorded concentration levels of more than 1 g L-1 in three of the samples analysed. These compounds were identified in surface and ground waters in high concentrations, although they could be considered non-leachers according to the GUS index, which varies between 1.51 and 2.65 (with the exception of triadimenol). The occurrence of fungicides may be caused by their constant use in the vineyard areas where the sampling points were situated and by their increased use in a wide variety of vegetable, fruit, and grain crops. Few studies have investigated the presence of fungicides in surface and ground waters, although they have been found in different concentration ranges in several agricultural regions in Greece, Germany and the USA (Papadopoulou-Mourkidou et al., 2004; Berenzen et al., 2005; Battaglin et al., 2011), with the main compounds detected being azoxystrobin, metalaxyl, propiconazole, myclobutanil and tebuconazole. 


The insecticides included in the study were found in a much smaller number of samples. This is consistent with the fact that these kinds of pesticides are used less in the areas studied. Pirimicarb and diazinon were found in fewer than 40 % of the samples, dimethoate in fewer than 20 % and chlorpyrifos and methoxyfenozide in fewer than 5 %. The metabolite of diazinon (pyrimidinol) was also found in 20 % of the samples. Some of these compounds with very high water solubility, such as dimethoate (39800 mg L-1), or with a high GUS index, such as methoxyfenozide (3.02), were found in concentrations over the EU’s legal limit. The concentrations of diazinon were >0.1 μg L-1 in fewer than 20 % of the samples, and this insecticide is considered a non-leacher by the GUS index (1.14), but it is frequently found in ground waters (Postigo et al., 2010) or surface ones (Palma et al., 2009), generally below the limit of 0.1 μg L-1, but for long periods due to the wide use of this organophosphorus insecticide on different crops.

Pesticide distribution in the three different sub-areas in Rioja DOCa

The spatial distribution of these pesticides detected in the three different sub-areas in Rioja DOCa (Rioja Alavesa, Rioja Alta and Rioja Baja) was also studied, and the average and maximum concentrations of pesticides together with their detection frequency, reflected as the percentage of positive samples below and over the legal limit, are included in Table 4. 

Several compounds and some degradation products (Table 4) were detected in most of the groundwaters (75 samples) and in all the surface waters (13 samples). Additionally, the sum of compounds detected was higher than 0.5 g L-1 (the limit established by EU legislation for the sum of all pesticides detected in water for human consumption) in forty-eight groundwaters (64 % of total), corresponding to all the samples from Rioja Alavesa (Laguardia alluvial aquifer), except ALV-G12; twenty samples from Rioja Alta (mainly Najerilla alluvial and Oja alluvial aquifers) and seventeen samples from Rioja Baja (mainly the Mendavia alluvial and Lodosa-Tudela alluvial aquifers). In the rest of the groundwaters analysed (twenty-seven samples representing 36 % of the total), the presence of some pesticides was detected, but with a lower concentration. Again, one or more pesticides were detected in concentrations over the limit of 0.1 g L-1 in nine of these samples (ALV-G12, ALT-G28 and –G30, BJ-G13, -G24, -G25, -G28, -G31 and -G33). The samples with lower pollution and no pesticides over the EU limit corresponded largely to springs located in Rioja Alta (ALT-G3, -G4, -G5, -G7, -G9, -G16, -G22, -G23,), and Rioja Baja (BJ-G2, -G3, -G7, -G8, -G15, -G18, -G26, -G27, -G34, -G35) (See Table 2 and Figure 1).


A negative although no significant relationship (p>0.10) was observed between the depth of the groundwater and the total content of pesticides. Wells deeper than 10 m recorded the lowest content of pesticides (e.g., BJ-G2 with a depth of 60 m and a total concentration of 0.137 g L-1). On the other hand, groundwater samples from shallow wells (1-3 m) with the highest concentrations of pesticides corresponded, in general, to areas where the vineyard is the only crop, while less polluted groundwaters corresponded to wells located in areas where the main crops are fruit trees, cereals, etc. This is consistent with the higher amounts of pesticides used in vineyards for plant protection with regard to other crops. This explains the results obtained for the BJ-G17 sample collected from a well located in an area of mainly fruit trees and orchards, with no pollution detected, or the ALT-G26 sample, from a well 45 m deep, located in an area mainly of vineyards, where a very high concentration of pesticides (4.58 g L-1) was detected. 


The sum of compounds detected in surface waters was higher than 0.5 g L-1 in eight of the samples collected (62 % of the total): two samples from Rioja Alavesa, corresponding to small rivers in Oyón and Viñaspre, three samples from Rioja Alta, located in the rivers Ebro, Najerilla and Oja, and three samples from Rioja Baja, corresponding to the Lodosa canal and the River Ebro. It is noted that the concentration of pesticides detected at the inflow of the River Ebro into La Rioja (3.22 g L-1 total in ALT-S1) decreases when it leaves this region (2.49 g L-1 total in BJ-S3), despite the high amount of pesticides detected in the groundwaters of Rioja DOCa. This is because the river’s inflow is lower than the outflow because of the large contribution made by its tributaries in this region and the ensuing dilution effect. Furthermore, a different behaviour in surface water was observed, while the main tributaries from Rioja Alavesa and Rioja Alta record a total content of pesticides that exceeded the limit of 0.5 g L-1, the tributaries from Rioja Baja did not exceed that limit.

Conclusions


The analytical method proposed, based on SPE-LC–MS, was optimised for the simultaneous determination of fifty-eight pesticides, including some of their degradation products. The highest recoveries for the majority of pesticides in the SPE procedure were achieved using Oasis HLB cartridges and acetonitrile-acetone as elution solvents. The application of this method to the analysis of ninety-two surface and ground waters in the wine-growing region of La Rioja showed that forty compounds were detected in at least three of the samples analysed. Terbuthylazine, its metabolite DET, fluometuron, pyrimethanil, ethofumesate and tebuconazole were the compounds most frequently detected, appearing in over 60 % of the samples analysed. Only four of the sampling points (4 %) did not feature any of the compounds studied, with these points corresponding to wells with depths over 10 m or natural springs. Another thirty-two samples (34 %) recorded a total content of pesticides below 0.5 g L-1, which is the quality standard for the total presence of pesticides set by EU legislation. Four out of these thirty-two samples correspond to surface water, and all of them are in Rioja Baja. Despite the high amount of pesticides detected in groundwaters in La Rioja, the total amount of pesticides detected at the inflow of the River Ebro into La Rioja was higher than the amount of pesticides detected at the outflow, which was due to the large increase in the river’s flow in this region and the ensuing dilution effect. The results obtained reveal the widespread presence of pesticides over the area under study. However, a study of the temporal variation in surface and ground water pollution should also be considered, taking into account the seasonal application of pesticides in vineyards and other crops in this area.
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Figure legends

Figure 1. Map of the Rioja DOCa wine-growing region in Spain, indicating the sampling points studied. The names of the hydrological units corresponding to numbers are included in Table 2.

Figure 2. Distribution of recoveries for pesticides after solid phase extraction with different sorbents. Sample: 100 mL of UHQ water spiked with all the compounds at 5 g L-1, cartridges were eluted with methanol.
Figure 3. Concentrations of pesticides detected in the surface and groundwater samples (logarithmic scale).

Figure 4. Distribution of samples with no detected concentrations of pesticides or detected concentrations below, over, or higher than ten times the legal limit for human consumption (0.1 g L-1). 
Table 1. Common names, uses and physicochemical properties of pesticides selected for the study (data taken from Footprint, 2011) and conditions for analytical determination of pesticides and degradation products. Chemicals with letters in brackets correspond to degradation compounds of parent compounds with the same letter as superscripts.

	Pesticide
	Field of use
	Water Solubility (mg L-1)
	GUS index
	Log Kow
	m/z
	V cone (V)
	SIM window
	RT (min)

	Chlorsulfuron
	Herbicide
	12500
	5.38
	-0.99
	358.1
	20
	1
	4.52

	CGA-62826 (a)
	Degr. Prod.
	-
	-
	
	266.2
	25
	1
	4.8

	Flazasulfuron
	Herbicide
	2100
	2.34
	-0.06
	408.2
	20
	1
	5

	DIHA (b)
	Degr. Prod.
	-
	-
	-
	156.1
	25
	1
	6.6

	Acephate
	Insecticide
	790000
	1.14
	-0.85
	184.1
	15
	1
	6.9

	DEHA (c)
	Degr Prod.
	-
	-
	-
	170.1
	25
	1
	7.3

	Cymoxanil
	Fungicide
	780
	-0.37
	0.67
	199.2
	35
	1
	8.3

	Pyrimidinol (d)
	Degr Prod.
	-
	-
	
	153.2
	25
	1
	8.8

	DIA (e)
	Degr Prod.
	670
	-
	-
	174.2
	25
	1
	9.3

	Imidacloprid
	Insecticide
	610
	3.76
	0.57
	256.2
	15
	1
	9.3

	Chloridazon
	Herbicide
	422
	2.54
	1.19
	222.1
	30
	2
	10.3

	Dimethoate
	Insecticide
	39800
	1.05
	0.70
	230.2
	15
	2
	10.5

	Metamitron
	Herbicide
	1770
	3.09
	0.85
	203.2
	25
	2
	10.6

	HA (f)
	Degr Prod.
	-
	-
	-
	198.1
	25
	2
	10.8

	DEA (g)
	Degr Prod.
	3200
	3.54
	-
	188.1
	25
	2
	11.1

	CGA 92370 (h)
	Degr Prod.
	-
	-
	-
	194.2
	25
	2
	11.5

	Carbendazim
	Fungicide
	8.0
	2.64
	1.48
	192.2
	35
	2
	12.1

	Carbofuran
	Insecticide
	322
	3.02
	1.8
	222.2
	20
	2
	12.3

	HT (i)
	Degr Prod.
	7.19
	4.59
	
	212.2
	25
	3
	12.9

	Metribuzin
	Herbicide
	1165
	2.57
	1.65
	215.1
	20
	3
	13.2

	CMPU (j)
	Degr Prod.
	-
	-
	
	185.1
	20
	3
	13.5

	DET (k)
	Degr Prod.
	327.1
	3.54
	
	202.2
	20
	3
	13.5

	Carbaryl
	Insecticide
	9.1
	2.02
	2.36
	202.2
	15
	3
	14.0

	Flutriafol
	Fungicide
	95.0
	5.29
	2.3
	302.2
	20
	3
	14.1

	Lenacil
	Herbicide
	2.9
	4.25
	1.69
	235.2
	15
	3
	14.9

	Isoproturon
	Herbicide
	70.2
	2.07
	2.5
	207.2
	25
	3
	15.2

	Chlorotoluron j
	Herbicide
	74
	2.79
	2.5
	213.2
	20
	3
	15.5

	Metalaxyl a,h
	Fungicide
	8400
	2.11
	1.65
	280.2
	25
	3
	15.9

	Atrazine b,c,e,f,g
	Herbicide
	35
	3.30
	2.7
	216.1
	30
	3
	16.0

	Metobromuron
	Herbicide
	330
	2.52
	2.41
	259.1
	20
	3
	16.1

	Fluometuron
	Herbicide
	111
	3.92
	2.28
	233.2
	20
	3
	16.2

	Pirimicarb
	Insecticide
	3100
	2.73
	1.70
	239.2
	20
	3
	16.8

	Diuron
	Herbicide
	35.6
	1.83
	2.87
	233.2
	25
	3
	17.0

	Nuarimol
	Fungicide
	26
	3.52
	3.18
	315.1
	30
	4
	17.9

	Cyproconazole
	Fungicide
	93
	3.25
	3.09
	292.2
	20
	4
	18.3

	Azoxystrobin
	Fungicide
	6.0
	2.53
	2.5
	404.2
	25
	4
	18.3

	Propazine
	Herbicide
	8.6
	3.84
	3.95
	230.2
	25
	4
	18.7

	Myclobutanil
	Fungicide
	132
	3.54
	2.89
	289.1
	25
	4
	19.0

	Terbuthylazine b,e,i,k
	Herbicide
	6.6
	3.07
	3.4
	230.2
	25
	4
	19.1

	Ethofumesate
	Herbicide
	50
	3.38
	2.7
	287.2
	20
	4
	19.2

	Iprovalicarb
	Fungicide
	17.8
	2.35
	3.2
	321.3
	20
	5
	19.9

	Triadimenol
	Fungicide
	72.0
	3.75
	3.18
	296.2
	15
	5
	20.1

	Pyrimethanil
	Fungicide
	121
	2.65
	2.84
	200.2
	35
	5
	20.3

	Methoxyfenozide
	Insecticide
	3.3
	3.02
	3.72
	369.3
	20
	5
	20.5

	Linuron
	Herbicide
	63.8
	2.03
	3.0
	250.1
	20
	5
	20.6

	Dimethomorph
	Fungicide
	28.95
	2.56
	2.68
	388.2
	25
	5
	20.6

	Acetochlor
	Herbicide
	282
	1.77
	4.14
	270.2
	15
	5
	22.1

	Metolachlor
	Herbicide
	530
	3.49
	3.4
	284.2
	15
	5
	22.3

	Penconazole
	Fungicide
	73.0
	1.51
	3.72
	284.2
	20
	6
	23.5

	Kresoxim-methyl
	Fungicide
	2.0
	1.82
	3.4
	314.4
	15
	6
	24.4

	Tebuconazole
	Fungicide
	36.0
	2.0
	3.7
	308
	25
	6
	24.6

	Benalaxyl
	Fungicide
	28.6
	0.51
	3.54
	326.2
	25
	6
	25.2

	Cyprodinil
	Fungicide
	13
	1.2
	4.0
	226.2
	40
	6
	25.5

	Diazinon d
	Insecticide
	60
	1.14
	3.69
	305.2
	20
	6
	25.8

	Trifloxystrobin
	Fungicide
	0.61
	0.53
	4.5
	409.1
	20
	6
	26.9

	Dichlofop-methyl
	Herbicide
	0.39
	0
	4.8
	341.2
	20
	6
	27.3

	Chlorpyrifos
	Insecticide
	1.05
	0.15
	4.7
	350.1
	20
	6
	27.6

	Cypermethrin
	Insecticide
	0.009
	-2.12
	5.3
	416.2
	20
	6
	28.6


Table 2. Characteristics of the sampling points monitored in the three sub-areas studied in the La Rioja region. 

	Sampling point
	Hydrogeological unit or 

aquifer a
	Water type
	Water depth (m)
	Characteristics of the area

	
	
	
	
	Crops cultivated
	Watering

	Rioja Alavesa
	
	
	
	

	ALV-G1
	Laguardia alluvial (3)
	Groundwater
	1-2
	Vineyards
	Yes

	ALV-G2
	Laguardia alluvial (3)
	Groundwater
	1-2
	Vineyards
	Yes

	ALV-G3
	Laguardia alluvial (3)
	Groundwater
	<5
	Cereals and vineyards
	No

	ALV-G4
	Laguardia alluvial (3)
	Groundwater
	Spring
	Vineyards
	No

	ALV-G5
	Laguardia alluvial (3)
	Groundwater
	Spring
	Vineyards
	No

	ALV-G6
	Laguardia alluvial (3)
	Groundwater
	Spring
	Vineyards
	No

	ALV-G7
	Laguardia alluvial (3)
	Groundwater
	Spring
	Vineyards and olives
	No

	ALV-G8
	Laguardia alluvial (3)
	Groundwater
	<5
	Vineyards
	Yes

	ALV-G9
	Laguardia alluvial (3)
	Groundwater
	Spring
	Vineyards and cereals
	No

	ALV-G10
	Laguardia alluvial (3)
	Groundwater
	3
	Vineyards
	No

	ALV-G11
	Laguardia alluvial (3)
	Groundwater
	<5
	Vineyards
	No

	ALV-G12
	Laguardia alluvial (3)
	Groundwater
	Spring
	Vineyards and cereals
	No

	ALV-S1
	Moreda river
	Surface water
	-
	Vineyards and olives
	No

	ALV-S2
	Oyón river
	Surface water
	-
	Vineyards
	-

	ALV-S3
	Viñaspre river 
	Surface water 
	-
	Vineyards and orchard
	-

	Rioja Alta
	
	
	
	

	ALT-G1
	Najerilla alluvial (1)
	Groundwater
	Spring
	Vineyards and cereals
	No

	ALT-G2
	Najerilla alluvial (1)
	Groundwater
	Spring
	Vineyards and cereals
	No

	ALT-G3
	Najerilla alluvial (1)
	Groundwater
	Spring
	Vineyards and cereals
	No

	ALT-G4
	Najerilla alluvial (1)
	Groundwater
	Spring
	Vineyards and cereals
	No

	ALT-G5
	Oja alluvial (2)
	Groundwater
	Spring
	Cereals, vineyards and beet
	No

	ALT-G6
	Oja alluvial (2)
	Groundwater
	8
	Cereals, vineyards and beet
	No

	ALT-G7
	Laguardia alluvial (3)
	Groundwater
	<5
	Vineyards, cereals and beet
	No

	ALT-G8
	Laguardia alluvial (3)
	Groundwater
	2-3 
	Vineyards and cereals
	No

	ALT-G9
	Oja alluvial (2)
	Groundwater
	Spring
	Vineyards and cereals
	No

	ALT-G10
	Najerilla alluvial (1)
	Groundwater
	Spring
	Vineyards
	No

	ALT-G11
	Oja-Conchas Haro (2,11) 
	Groundwater
	5-10
	Vineyards and cereals
	No

	ALT-G12
	Najerilla-Mendavia alluvial (1,5)
	Groundwater
	<5
	Vineyards and fruit trees
	No

	ALT-G13
	Oja alluvial (2)
	Groundwater
	Spring
	Vineyards
	No

	ALT-G14
	Najerilla alluvial (1)
	Groundwater
	5-10
	Vineyards and cereals
	No

	ALT-G15
	Najerilla alluvial (1)
	Groundwater
	<5
	Vineyards, cereals and fruit trees
	Sometimes

	ALT-G16
	Oja alluvial (2)
	Groundwater
	Spring
	Cereals and vineyards
	No

	ALT-G17
	Najerilla alluvial (1)
	Groundwater
	Spring
	Vineyards
	No

	ALT-G18
	Oja alluvial (2)
	Groundwater
	Spring
	Vineyards and orchards
	Si

	ALT-G19
	Oja alluvial (2)
	Groundwater
	Spring
	Vineyards and cereals
	No

	ALT-G20
	Oja alluvial (2)
	Groundwater
	<5
	Vineyards and cereals
	Yes, drip

	ALT-G21
	Oja alluvial (2)
	Groundwater
	Spring
	Vineyards and orchards
	Yes

	ALT-G22
	Oja alluvial (2)
	Groundwater
	Spring
	Vineyards and orchards
	Yes

	ALT-G23
	Sierra de Cantabria (4)
	Groundwater
	5-10
	Vineyards
	No

	ALT-G24
	Oja alluvial (2)
	Groundwater
	Spring
	Vineyards
	No

	ALT-G25
	Laguardia alluvial (3)
	Groundwater
	3
	Vineyards
	No

	ALT-G26
	Laguardia alluvial (3)
	Groundwater
	45
	Vineyards and orchards
	No

	ALT-G27
	Najerilla alluvial (1)
	Groundwater
	Spring
	Vineyards and cereals
	No

	ALT-G28
	Najerilla alluvial (1)
	Groundwater
	Spring
	Vineyards and orchards
	No

	ALT-G29
	Pancorbo-Conchas de Haro (11)
	Groundwater
	5-6
	Vineyards
	No

	ALT-G30
	Oja alluvial (2)
	Groundwater
	Spring
	Vineyards and cereals
	No

	ALT-G31
	Oja alluvial (2)
	Groundwater
	2-3
	Vineyards, cereals and potatoes
	Yes

	ALT-S1
	Ebro river
	Surface water
	-
	Vineyards, olive and fruits
	

	ALT-S2
	Najerilla river 
	Surface water
	-
	Vineyards
	

	ALT-S3
	Oja river
	Surface water
	-
	Vineyards
	

	Rioja Baja
	
	
	
	

	BJ-G1
	Lodosa-Tudela alluvial (0)
	Groundwater
	Spring
	Vineyards
	No

	BJ-G2
	Añavieja-Valdegutur alluvial (6)
	Groundwater
	60
	Vineyards
	Yes, drip

	BJ-G3
	Añavieja-Valdegutur alluvial (6)
	Groundwater
	Spring
	Fruit trees and orchards
	Yes

	BJ-G4
	Mendavia alluvial (5)
	Groundwater
	Spring
	Fruit trees
	Yes

	BJ-G5
	Mendavia alluvial (5)
	Groundwater
	<3
	Olive trees
	Yes, drip

	BJ-G6
	Mendavia alluvial (5)
	Groundwater
	3-4
	Vineyards
	No

	BJ-G7
	Mendavia alluvial (5)
	Groundwater
	Spring
	Fruit trees
	No

	BJ-G8
	Mendavia alluvial (5)
	Groundwater
	2-3
	Vineyards
	Yes, drip

	BJ-G9
	Mendavia alluvial (5)
	Groundwater
	3
	Vineyards
	Yes, drip

	BJ-G10
	Lodosa-Tudela alluvial (0)
	Groundwater
	4-5
	Vineyards
	Yes, drip

	BJ-G11
	Lodosa-Tudela alluvial (0)
	Groundwater
	5
	Vineyards and fruit trees
	Yes

	BJ-G12
	Lodosa-Tudela alluvial (0)
	Groundwater
	3-4
	Vineyards
	No

	BJ-G13
	Detritico Arnedo (9)
	Groundwater
	<5
	Orchards
	Yes

	BJ-G14
	Lodosa-Tudela alluvial (0)
	Groundwater
	5-6
	Vineyards and olives
	No

	BJ-G15
	Lodosa-Tudela alluvial (0)
	Groundwater
	Spring
	Vineyards
	Yes, drip

	BJ-G16
	Laguardia alluvial (3)
	Groundwater
	3-4
	Vineyards and cereals
	Sometimes

	BJ-G17
	Añavieja-Valdegutur (6)
	Groundwater
	17
	Fruit trees and orchards
	Yes

	BJ-G18
	Lodosa-Tudela alluvial (0)
	Groundwater
	7-9
	Vineyards and olives
	Yes, drip

	BJ-G19
	Lodosa-Tudela alluvial (0)
	Groundwater
	8-10
	Vineyards and olives
	Yes, drip

	BJ-G20
	Lodosa-Tudela alluvial (0)
	Groundwater
	> 10
	Vineyards
	No

	BJ-G21
	Lodosa-Tudela alluvial (0)
	Groundwater
	> 10
	Olive trees
	No

	BJ-G22
	Lodosa-Tudela alluvial (0)
	Groundwater
	> 10
	Orchards
	Yes

	BJ-G23
	Mendavia-Lodosa alluvial (0,5)
	Groundwater
	Spring
	Vineyards, cereals and olives
	No

	BJ-G24
	Fitero-Arnedillo (7)
	Groundwater
	5-10
	Vineyards and cereals
	No

	BJ-G25
	Añavieja-Valdegutur alluvial (6)
	Groundwater
	5-6
	Orchards
	Yes

	BJ-G26
	Fitero-Arnedillo (7)
	Groundwater
	Spring
	Vineyards and cereals
	No

	BJ-G27
	Mendavia Alluvial (5)
	Groundwater
	Spring
	Vineyards, cereals and olives
	No

	BJ-G28
	Mendavia-Lodosa alluvial (0,5)
	Groundwater
	<5
	Vineyards
	No

	BJ-G29
	Lodosa-Tudela alluvial (0)
	Groundwater
	3-4
	Vineyards
	Yes

	BJ-G30
	Lodosa-Tudela alluvial (0)
	Groundwater
	Spring
	Vineyards
	No

	BJ-G31
	Mendavia alluvial (5)
	Groundwater
	3-4
	Vineyards, cereals, fruit trees
	No

	BJ-G32
	Lodosa-Tudela alluvial (0)
	Groundwater
	6-8
	Vineyards
	No

	BJ-G33
	Laguardia alluvial (3)
	Groundwater
	Spring
	Vineyards and olives
	No

	BJ-G34
	Laguardia alluvial (3)
	Groundwater
	6-8
	Vineyards
	No

	BJ-G35
	Laguardia alluvial (3)
	Groundwater
	5-6
	Vineyards
	Yes, drip

	BJ-G36
	Lodosa-Tudela alluvial (0)
	Groundwater
	8-10
	Vineyards and cereals
	Yes

	BJ-S1
	Lodosa canal
	Surface water
	-
	Vineyards, olives and fruit trees
	

	BJ-S2
	Lodosa canal
	Surface water
	-
	Vineyards and fruit trees
	

	BJ-S3
	Ebro river
	Surface water
	-
	Vineyards
	

	BJ-S4
	Ega river
	Surface water
	-
	Vineyards
	

	BJ-S5
	Iregua river 
	Surface water
	-
	Vineyards
	

	BJ-S6
	Leza river
	Surface water
	-
	Vineyards
	

	BJ-S7
	Villar de Arnedo river
	Surface water
	-
	Vineyards
	


a Numbers in parenthesis correspond to distribution of hydrological units in Figure 1 

Table 3. Quality control parameters of the SPE-LC-MS method applied to the analysis of pesticides in surface and ground waters. Chemicals with letters in brackets correspond to degradation compounds of parent compounds with the same letter as superscripts. 

	Pesticides
	SIM ion

(m/z)
	Recovery a (%)
	RSD (%)
	r2 

(0.1-2.0 g L-1)b
	LODc
g L-1)
	LOQd
g L-1)

	Chlorsulfuron
	358.1
	67
	11
	0.990
	0.025
	0.071

	CGA-62826 (a)
	266.2
	69
	5
	0.990
	0.024
	0.054

	Flazasulfuron
	408.2
	71
	12
	0.993
	0.041
	0.106

	DIHA (b)
	156.1
	63
	14
	0.991
	0.046
	0.112

	Acephate
	184.1
	68
	10
	0.990
	0.064
	0.147

	DEHA (c)
	170.1
	67
	15
	0.996
	0.048
	0.107

	Cymoxanil
	199.2
	76
	13
	0.991
	0.022
	0.069

	Pyrimidinol (d)
	153.2
	61
	15
	0.998
	0.011
	0.036

	DIA (e)
	174.2
	82
	8
	0.999
	0.013
	0.034

	Imidacloprid
	256.2
	103
	7
	0.991
	0.019
	0.048

	Chloridazon
	222.1
	86
	14
	0.993
	0.021
	0.058

	Dimethoate
	230.2
	80
	18
	0.996
	0.023
	0.054

	Metamitron
	203.2
	69
	16
	0.990
	0.019
	0.030

	HA (f)
	198.1
	71
	10
	0.997
	0.037
	0.065

	DEA (g)
	188.1
	81
	15
	0.997
	0.021
	0.064

	CGA 92370 (h)
	194.2
	68
	8
	0.997
	0.021
	0.067

	Carbendazim
	192.2
	71
	17
	0.992
	0.012
	0.051

	Carbofuran
	222.2
	93
	12
	0.993
	0.026
	0.071

	HT (i)
	212.2
	76
	11
	0.990
	0.027
	0.080

	Metribuzin
	215.1
	65
	12
	0.991
	0.01
	0.024

	CMPU (j)
	185.1
	90
	10
	0.994
	0.039
	0.089

	DET (k)
	202.2
	84
	9
	0.994
	0.016
	0.046

	Carbaryl
	202.2
	81
	11
	0.996
	0.022
	0.069

	Flutriafol
	302.2
	91
	7
	0.996
	0.023
	0.062

	Lenacil
	235.2
	94
	5
	0.996
	0.026
	0.061

	Isoproturon
	207.2
	78
	13
	0.990
	0.021
	0.065

	Chlorotoluron j
	213.2
	85
	13
	0.993
	0.015
	0.040

	Metalaxyl a,h
	280.2
	86
	8
	0.997
	0.010
	0.032

	Atrazine b,c,e,f,g
	216.1
	86
	7
	0.993
	0.011
	0.040

	Metobromuron
	259.1
	77
	5
	0.996
	0.018
	0.061

	Fluometuron
	233.2
	87
	8
	0.993
	0.019
	0.047

	Pirimicarb
	239.2
	69
	12
	0.996
	0.012
	0.028

	Diuron
	233.2
	93
	10
	0.992
	0.013
	0.041

	Nuarimol
	315.1
	77
	12
	0.996
	0.018
	0.051

	Cyproconazole
	292.2
	76
	13
	0.992
	0.021
	0.059

	Azoxystrobin
	404.2
	85
	11
	0.995
	0.017
	0.052

	Propazine
	230.2
	74
	12
	0.995
	0.022
	0.058

	Myclobutanil
	289.1
	79
	14
	0.998
	0.013
	0.045

	Terbuthylazine b,e,i,k
	230.2
	81
	9
	0.996
	0.011
	0.038

	Ethofumesate
	287.2
	70
	10
	0.993
	0.015
	0.048

	Iprovalicarb
	321.3
	86
	7
	0.995
	0.016
	0.037

	Triadimenol
	296.2
	89
	9
	0.992
	0.019
	0.039

	Pyrimethanil
	200.2
	63
	16
	0.992
	0.014
	0.038

	Methoxyfenozide
	369.3
	73
	10
	0.998
	0.016
	0.042

	Linuron
	250.1
	69
	11
	0.995
	0.023
	0.061

	Dimethomorph
	388.2
	82
	12
	0.995
	0.017
	0.062

	Acetochlor
	270.2
	80
	15
	0.995
	0.023
	0.054

	Metolachlor
	284.2
	78
	14
	0.990
	0.020
	0.038

	Penconazole
	284.2
	73
	9
	0.991
	0.018
	0.044

	Kresoxim-methyl
	314.4
	76
	11
	0.995
	0.019
	0.036

	Tebuconazole
	308
	77
	10
	0.991
	0.012
	0.035

	Benalaxyl
	326.2
	89
	15
	0.992
	0.015
	0.048

	Cyprodinil
	226.2
	73
	9
	0.994
	0.018
	0.043

	Diazinon d
	305.2
	79
	14
	0.999
	0.026
	0.055

	Trifloxystrobin
	409.1
	64
	7
	0.991
	0.016
	0.037

	Dichlofop-methyl
	341.2
	-
	-
	0.990
	0.098
	0.215

	Chlorpyrifos
	350.1
	65
	12
	0.991
	0.031
	0.055

	Cypermethrin
	416.2
	-
	-
	0.991
	0.094
	0.207


a Calculated from the replicated analysis (n = 5) of spiked (0.1 μg L-1) groundwater samples; b Linear calibration range; c Limit of detection; d Limit of concentration that can be quantified 

Table 4. Percentage of positive samples (or samples with some compound detected) with concentrations below and over 0.1 g L-1 and average and maximum concentrations for the pesticides detected in the different areas of study

	Pesticide
	Rioja Alavesa (n = 15)
	Rioja Alta (n = 34)
	Rioja Baja (n = 43)

	
	Positive samples (%)
	Concentration 

(g L-1)
	Positive samples (%)
	Concentration 

(g L-1)
	Positive samples (%)
	Concentration 

(g L-1)

	
	C < 0.1
	C > 0.1
	Average±SD
	Cmax
	C < 0.1
	C > 0.1
	Average±SD
	Cmax
	C < 0.1
	C > 0.1
	Average±SD
	Cmax

	Propazine
	47
	0
	0.024±0.008
	0.043
	35
	0
	0.032±0.021
	0.81
	23
	9
	0.071±0.064
	0.194

	Terbuthylazine
	20
	60
	2.386±4.053
	12.597
	24
	53
	1.235±2.045
	7.171
	23
	32
	0.917±2.307
	9.900

	DETbz
	67
	20
	0.289±0.486
	1.385
	68
	15
	0.049±0.051
	0.203
	58
	19
	0.220±0.897
	5.192

	Atrazine
	20
	7
	0.092±0.085
	0.214
	26
	3
	0.053±0.028
	0.110
	28
	5
	0.076±0.082
	0.333

	DEA
	7
	7
	0.075±0.077
	0.130
	12
	3
	0.065±0.057
	0.156
	19
	2
	0.053±0.040
	0.132

	DIA
	27
	0
	0.214±0.364
	0.864
	9
	6
	0.095±0.071
	0.215
	9
	5
	0.170±0.237
	0.642

	Cymoxanil
	0
	0
	0
	0
	15
	6
	0.189±0.315
	0.900
	0
	7
	0.162±0.054
	0.219

	Pyrimethanil
	55
	18
	0.057±0.016
	0.089
	74
	6
	0.056±0.039
	0.234
	65
	2
	0.049±0.016
	0.105

	Metribuzin
	0
	7
	0.170
	0.170
	6
	0
	0.051±0.011
	0.059
	0
	0
	0
	0

	Cyprodinil
	13
	0
	0.080±0.005
	0.084
	15
	12
	0.381±0.692
	2.133
	14
	0
	0.055±0.030
	0.084

	Dimethoate
	0
	7
	0.173
	0.173
	15
	12
	1.144±2.444
	7.549
	9
	9
	0.228±0.367
	1.114

	Fluometuron
	60
	40
	0.999±3.246
	12.717
	41
	41
	0.382±0.744
	3.599
	28
	33
	1.631±4.156
	18.365

	Diuron
	20
	27
	0.344±0.534
	1.512
	12
	12
	1.684±2.907
	8.551
	19
	9
	0.072±0.088
	0.247

	Linuron
	20
	7
	0.080±0.035
	0.118
	32
	6
	0.077±0.043
	0.165
	12
	19
	0.145±0.104
	0.301

	Lenacil
	20
	33
	0.307±0.537
	1.612
	18
	9
	0.099±0.082
	0.303
	12
	12
	0.172±0.152
	0.541

	Pirimicarb
	47
	0
	0.030±0.004
	0.037
	38
	0
	0.029±0.004
	0.039
	30
	0
	0.030±0.003
	0.036

	Imidacloprid
	0
	0
	
	
	3
	3
	0.350±0.433
	0.656
	9
	0
	0.037±0.013
	0.052

	Iprovalicarb
	13
	7
	0.077±0.030
	0.111
	12
	3
	0.107±0.118
	0.315
	2
	2
	0.147±0.080
	0.204

	Metobromuron
	13
	0
	0.022±0.015
	0.032
	6
	0
	0.052±0.048
	0.086
	16
	2
	0.036±0.035
	0.116

	Acetochlor
	13
	40
	0.154±0.071
	0.292
	9
	38
	0.143±0.065
	0.314
	5
	7
	0.149±0.055
	0.224

	Metolachlor
	20
	0
	0.032±0.006
	0.039
	12
	0
	0.039±0.020
	0.068
	7
	2
	0.065±0.068
	0.163

	Metalaxyl
	47
	13
	0.536±1.139
	3.396
	41
	15
	0.204±0.610
	2.707
	30
	12
	0.500±1.876
	8.015

	CGA 92370
	20
	27
	1.567±2.784
	7.266
	26
	12
	0.068±0.042
	0.164
	23
	9
	0.163±0.281
	1.089

	CG-62826
	7
	53
	1.392±2.835
	8.250
	3
	26
	0.252±0.342
	1.158
	0
	21
	0.173±0.157
	0.587

	Penconazole
	60
	0
	0.052±0.033
	0.089
	44
	12
	2.022±8.396
	18.721
	30
	2
	0.048±0.086
	0.338

	Ethofumesate
	80
	0
	0.037±0.014
	0.067
	79
	0
	0.032±0.012
	0.071
	60
	2
	0.038±0.022
	0.133

	Myclobutanil
	20
	33
	1.033±2.498
	7.208
	12
	26
	0.189±0.137
	0.474
	16
	16
	0.143±0.142
	0.404

	Triadimenol
	33
	13
	0.573±0.965
	2.476
	26
	15
	0.295±0.754
	2.889
	28
	19
	0.279±0.679
	3.103

	Flutriafol
	47
	7
	0.058±0.033
	0.101
	21
	3
	0.106±0.154
	0.484
	12
	0
	0.049±0.026
	0.095

	Diazinon
	0
	20
	1.337±1.447
	2.807
	18
	18
	0.182±0.224
	0.822
	12
	14
	0.351±0.371
	1.128

	Pyrimidinol
	0
	13
	1.081±1.221
	1.944
	12
	15
	0.228±0.351
	1.148
	5
	14
	0.293±0.189
	0.622

	Tebuconazole
	87
	7
	0.270±0.854
	3.236
	76
	0
	0.042±0.019
	0.093
	63
	5
	0.053±0.040
	0.205

	Kresoxim-methyl
	53
	7
	0.078±0.054
	0.212
	47
	9
	0.088±0.122
	0.574
	37
	7
	0.072±0.046
	0.232

	Nuarimol
	13
	0
	0.071±0.025
	0.089
	3
	0
	0.034
	0.034
	5
	0
	0.045±0.003
	0.048

	Benalaxyl
	13
	0
	0.037±0.007
	0.043
	9
	0
	0.063±0.017
	0.081
	9
	0
	0.054±0.027
	0.091

	Chlorpyrifos
	0
	0
	
	
	6
	3
	0.072±0.056
	0.128
	0
	0
	
	

	Methoxyfenozide
	7
	20
	1.309±2.332
	4.806
	3
	3
	0.084±0.068
	0.132
	0
	0
	0
	0

	Dimethomorph
	0
	13
	0.222±0.069
	0.271
	0
	0
	0
	0
	2
	0
	0.013
	0.013

	Azoxystrobin
	7
	7
	0.493±0.636
	0.943
	15
	0
	0.042±0.023
	0.074
	9
	0
	0.037±0.023
	0.070

	Trifloxystrobin
	
	
	
	
	6
	3
	0.166±0.236
	0.439
	2
	0
	0.025
	0.025
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Figure 2
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