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Abstract 

Micropollutants are frequently detected in groundwater. Thus, the question arises whether they are 

eliminated by natural attenuation so that pesticide degradation would be observed with increasing 

residence time in groundwater. Conventional analytical approaches rely on parent 

compound/metabolite ratios. These are difficult to interpret if metabolites are sorbed or further 

transformed. Compound-specific stable isotope analysis (CSIA) presents an alternative for 

identifying degradation based on the analysis of natural isotope abundances in pesticides and their 

changes during degradation. However, CSIA by gas chromatography-isotope ratio mass 

spectrometry is challenged by the low concentrations (ng/L) of micropollutants in groundwater. 

Consequently, large amounts of water need to be sampled requiring enrichment and clean-up steps 

from interfering matrix effects that must not introduce artefacts in measured isotope values. The 

aim of this study was to evaluate the accuracy of isotope ratio measurements of the frequently 

detected micropollutants atrazine, desethylatrazine and 2,6-dichlorobenzamide after enrichment 

from large water volumes (up to 100 L) by solid-phase extraction with consecutive clean-up by 

HPLC. Associated artefacts of isotope discrimination were found to depend on numerous factors 

including organic matter content and extraction volume. This emphasizes the necessity to perform 

a careful method evaluation of sample preparation and sample pre-treatment prior reliable CSIA. 
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Introduction 

Pesticides from agricultural applications and their metabolites are frequently detected in surface 

water and groundwater. Since groundwater is the main source of drinking water in many countries 

of the European Union, the presence of these compounds is of fundamental social concern [1, 2]. 

Especially, contaminants such as atrazine (ATZ), its metabolite desethylatrazine (DEA) and 2,6-

dichlorobenzamid (BAM) are detected in groundwater in concentrations of tens to hundreds of 

nanograms per litre [3, 4, 5, 6] even though their application has been legally banned decades ago. 

They are of major concern as these compounds can have residence times of several decades in 

groundwater. ATZ is a herbicide used for broadleaf and grassy weed control in the production of 

corn, sugar cane and crops. Its application was forbidden by the European Union in 2004 [7]. ATZ 

is known to be either dealkylated to DEA and desisopropylatrazine (DIA) [8], or hydrolyzed to 

hydroxyatrazine (HAT) [9]. Its degradation depends on the hydraulic and chemical characteristics 

of the environmental compartment  as well as on the pH-value and sorption to organic matter [10]. 

In the environment, the extent of degradation in the topsoil is much greater than in aquifers [11, 

12, 13], as microbial activity is highest in the topsoil. However, since the transit time of pesticides 

in aquifers can be orders of magnitude greater than in unsaturated soil, the question arises whether 

on-going attenuation of ATZ is significant, and whether such slow transformation can be observed 

in groundwater over the time scale of decades. Recent studies based on concentration analysis and 

modelling show that a comprehensive investigation of such long time scales in the environment is 

challenging [14, 15, 16]. 

In a similar case as for ATZ, the application of dichlobenil (DCB, 2,6-dichlorobenzonitrile) was 

forbidden in 2008, since its main metabolite BAM appeared in groundwater in concentrations of 

up to 5400 ng/L [17, 18, 19, 20, 21]. DCB had been used mainly in non-agricultural areas such as 

court yards, private gardens, industrial sites and railway lines to control grasses, broad leaved 

weeds and to eliminate tree roots [5]. Due to the sorption of DCB to soil, its concentration in 

groundwater is negligible. Its main metabolite BAM, in contrast, shows a much lower tendency to 

sorption and a much higher mobility so that it can leach through the vadose zone into groundwater 

[22]. In the environment, further degradation of BAM does not seem to be prevalent [5] and long-

term studies on degradation of BAM in the field are missing. 

Conventional approaches to assess degradation of pesticides rely on the measurement of parent 
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compound concentrations or molar ratios of metabolite-to-parent compounds [16, 23, 24]. Such 

ratios, however, can be biased if target analytes are subject to sorption and they may show 

inconsistent trends if parent compounds are repeatedly introduced by fresh mobilization from soil. 

Further, such assessments are not possible if the transformation product of the pesticide is not 

known and they give inaccurate estimates if the transformation product is further degraded [25]. 

To circumvent this problem, compound-specific stable isotope analysis (CSIA) is an alternative 

analytical method to detect the occurrence of pesticide degradation [25]. Analysis of naturally 

occurring stable isotopes (e.g., 13C, 12C) and changes in their relative abundance (13C/12C) in 

pesticide target compounds can help to determine the extent of pesticide degradation [25]. Such 

changes in isotope ratios are caused by kinetic isotope effects occurring during biodegradation of 

organic compounds. Reactive bonds containing the heavy isotope (e.g., 13C) react more slowly 

than bonds containing its lighter counterpart (e.g, 12C), leading to an enrichment of heavy isotopes 

relative to light isotopes in the remaining compound fraction. In contrast to conventional analytical 

methods, however, it is not the analysis of total concentrations, which determines detection limits, 

but instead the ability of CSIA by GC-IRMS to analyse also the abundance of rarer isotopes with 

high precision. For example, as the 13C isotope is rare (about 1.11 % of total carbon) compared to 

the more abundant 12C isotope, as much as 1 nmol C on column are needed to determine carbon 

isotopic compositions precisely by GC-IRMS. Micropollutants, however, are often detected in 

groundwater in the nanograms-per-litre concentration range [26]. As a consequence, extraction 

from large amounts of water is necessary. Recent method development enabled CSIA of ATZ and 

BAM within the sub-µg per litre range. Schreglmann et al. [27] presented a non-isotope 

discriminating enrichment method for accurate CSIA of ATZ and DEA extracted from up to 10 L 

of water. Besides this method for large-volume water extraction of ATZ and DEA, Torrentó et al. 

described a method including the extraction of BAM from up to 30 L [28]. However, to assess the 

long-term environmental fate of a herbicide, methods are needed enabling its detection in 

groundwater bodies in even lower concentration ranges (low ng per litre range) [6, 27, 29]. Thus, 

to obtain the amount of target analyte required for accurate CSIA, a large-volume extraction of up 

to 300 L and therefore a scale up of methods published so far would be necessary. Large-scale 

SPE, however, does not only enrich the target analyte, but also interferences from the sample 

matrix and other pollutants. Consequently, an additional sample clean-up, for example using 

preparative high pressure liquid chromatography (HPLC), is necessary to eliminate interferences. 
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Therefore, method validation is required to ensure that no method-related isotope fractionation is 

introduced. The aim of this study was to assess whether the extraction of target compounds from 

large water sample volumes may compromise accurate CSIA. Thereto, large volumes of spiked 

and natural groundwater were used to test for the recovery of ATZ, DEA and BAM and to measure 

the carbon isotopic signature of each target analyte. 

Materials and Methods 

Chemicals. Atrazine (2-Chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine, CAS no.: 1912-

24-9), desethylatrazine (2-Amino-4-chloro-6-isopropylamino-1,3,5-triazine, CAS no.: 6190-65-4) 

and 2,6-dichlorobenzamide (98.5 %, CAS no.: 2008-58-4) were purchased from Dr. Ehrensdorfer 

GmbH (Augsburg, Germany). Ametryn (2-Ethylamino-4-isopropylamino-6-methylthio-1,3,5-

triazine, 98.5 %, CAS no.: 834-12-8) was produced by Fluka, supplied by Sigma Aldrich 

(Steinheim, Germany). Formic acid (98 %, CAS no.: 64-18-6), methanol (99.9 %, CAS no.: 67-

56-1), acetonitrile (99.9 %, CAS no.: 75-05-8) and ethyl acetate (99.9 %, CAS no.: 141-78-6) 

were supplied by Carl Roth (Karlsruhe, Germany). Potassium dihydrogen phosphate was 

purchased from Alfa Aesar GmbH & Co. KG (Karlsruhe, Germany). Ultrapure water was received 

from a Millipore DirectQ apparatus (Millipore, Bedford, MA, USA). 

Environmental Samples. For method evaluation ATZ-, DEA- and BAM-free water samples from 

the groundwater spring Haertgen 1 (national code: SCC-125-03) in the Luxembourg Sandstone 

Formation were collected within three different sampling campaigns (12th October 2015, 15th 

October 2015 and 21st October 2015). The water was collected in 15 L and 2 L Schott bottles 

(Schott AG, Mainz, Germany). A volume of 185 L per campaign was sampled and pre-treated 

immediately. 

Characterization of the Luxembourg Sandstone Formation. The Luxembourg Sandstone 

Formation has been described in detail by Farlin et al. [23, 30]. It is a fractured aquifer surrounded 

by rural areas in Luxembourg. The land is mainly used for agriculture and forested land. For this 

aquifer, groundwater mean transit times of one to two decades are estimated [30, 31]. This range 

is comparable to the reported half-lives of ATZ. Consequently, ATZ concentrations of up to 

45 ng/L have been measured without showing signs of a decrease, even though the compound was 

banned 7 years prior to the sampling campaigns of Farlin et al. [30]. Within the same sampling 
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campaign DEA, the only detectable metabolite of ATZ, was quantified in concentrations between 

5 and 110 ng/L. 

General Analysis of Environmental Samples – Total Organic Carbon. Total organic carbon 

(TOC) was measured with a Torch Combustion Analyzer TOC/TN from TELEDYNE TEKMAR. 

One millilitre of sample was acidified using 1 mL of phosphoric acid (21 %). The inorganic carbon 

was then removed by purging with synthetic air. The organic carbon in the sample was 

subsequently converted to carbon dioxide (CO2) by catalytic combustion using a platinum-based 

catalyser. Afterwards, the formed CO2 was transferred into an infrared detector. 

Sample Pre-Treatment and Spiking with Target Analytes. Prior to spiking the groundwater 

with the target analyte, the groundwater was acidified, as pre-tests with spiked tap water had shown 

an increase of analyte recovery after acidification. To this end, 30 mL of formic acid ( 98 %) 

were added to 2 L of groundwater. Afterwards, the acidified water was transferred into 2 L custom-

made Schott-bottles (Schott AG, Mainz, Germany) with a cylindrical rounded bottom. The non-

contaminated groundwater was then spiked with different concentrations of ATZ, DEA and BAM 

(Table S1). 

Analyte Enrichment with Solid-Phase Extraction. For solid-phase extraction (SPE), 6 mL 

CHROMABOND EASY cartridges (Macherey-Nagel GmbH & Co. KG, Düren, Germany) with 

200 mg modified polystyrene-divinylbenzene copolymer sorbent were used after pre-tests with 

ATZ and tap-water (data not shown) resulted in high recoveries (105 % ±34%, 3 replicates). This 

protocol was established for the purpose of the Luxembourg sampling campaign at a time before 

alternative SPE methods [27] [28] had been brought forward. As the sorbent mass was designed 

to work up to a maximum sample volume of 4 L, the total sample was split into aliquots of 4 L, 

the aliquots were extracted on separate cartridges and the extracts were reunited after the extraction 

method. Each cartridge was pre-conditioned with 5 mL methanol at a flow rate of 1 mL/min and 

an equilibration time of 0.1 min using a Gilson GX-274 ASPEC (Gilson Incorporated, Middleton, 

WI). Subsequently, the samples were loaded by pumping the spiked water from the 2 L Schott-

bottles onto the cartridges using a vacuum manifold. After the sample had passed the cartridge, 

they were kept on the vacuum manifold until the sorbent was dried completely. Then, in contrast 

to conventional SPE, a subsequent washing step was skipped and the cartridges were transferred 

directly into the Gilson GX-274 ASPEC instrument, where the elution of the samples was carried 
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out automatically into 10 mL tubes with 2 mL methanol at a flow rate of 0.5 mL/min and an 

equilibration time of 0.5 min. After elution with methanol, the samples were transferred into 7 mL 

clear vials with solid caps (PTFE liner) (Supelco, Bellefonte, PA). Finally, the corresponding 

volumes of each eluate were combined and evaporated until dryness. 

Sample Clean-up with preparative HPLC. Prior to GC analysis, samples were subjected to a 

clean-up step by preparative HPLC. Thereto, the method described by Schreglmann et al. [27] was 

modified in order to accommodate analysis of an additional compound (BAM) and to increase the 

organic phase proportion in response to the high loads of DOM that were brought about by the 

large extraction volumes of this study. To this end, the sample extracts were dissolved in 800 µL 

ultrapure water/acetonitrile (70/30). To avoid a blockage of the HPLC column, samples were 

filtered prior to injection using a 4 mm single use filter device with a 0.2 µm PTFE Membrane 

(Whatman, Buckinghamshire, United Kingdom). The samples were injected onto a Synergi 4 µm 

Hydro-RP 80 Å (100 mm x 4.6 mm; Phenomenex, Aschaffenburg, Deutschland) operated in a 

Shimadzu UHPLC-DAD (Nexera XR, LC-20AD XR). Separation of the analytes was achieved 

using a gradient of 1 mM phosphate buffer at a pH of 7 and acetonitrile (ACN) at a flow rate of 

1.0 mL/min. The method started at 30 % ACN, which was held for 5 min. The proportion of ACN 

was then increased linearly to 65 % within 7 min. Subsequently, the gradient was increased to 

80 % within 0.5 min and held for 1.5 min. At the end of the run, the proportion of ACN was 

reduced to 30 % again (held for 3 min). The detector was operated at an absorbance of 220 nm. 

BAM, DEA and ATZ eluted at retention times of 3.5 min, 4.8 min, and 10.5 min, respectively. 

Thus, the fraction for BAM and DEA was collected from 2.1 to 6.7 min. For ATZ, the fraction 

from 9.5 to 13.0 min was taken for further analysis. Finally, the samples were freeze-dried and 

reconstituted in 50 µL ethyl acetate. 

Quantification with GC-qMS. The recovery of the target analytes from groundwater samples 

was determined with gas chromatography – quadrupole mass spectrometry (GC-qMS). Thereto, a 

7890A GC was hyphenated with a 5975C qMS (Agilent, Santa Clara, CA, US). For peak 

separation, a DB-5 column (60 m × 0.25 mm × 1 µm) (J&W Scientific, Santa Clara, CA) was 

used. The helium carrier gas (grade 5.0) was set to a flow of 1.4 mL/min. Using a CombiPAL 

autosampler (CTC Analytics AG, Zwingen, Switzerland), three microliters of each sample were 

injected in splitless mode at a temperature of 250 °C. The GC program started at a temperature of 
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70 °C, which was held for 1 min. Afterwards, the temperature was ramped with 18 °C/min to 

155 °C. Then, the temperature was increased with 2 °C/min to 240 °C and finally with 30 °C/min 

to 260 °C (held for 5 min) before the column was baked for 11 min at a temperature of 280 °C. 

The target analytes were introduced into the MS via a heated transfer line (250 °C). Subsequently, 

the ions were created with electron impact ionization at an electron-accelerating voltage of 70 V. 

The MS was run in scan mode (from mass-to-charge ratio (m/z) 40 to 550). ChemStation 

E.02.02.1431 was used as software to control the instrument and to evaluate the data. To determine 

the recovery, the target analytes were quantified with ametryn (20 mg/L) dissolved in ethyl acetate 

as an internal standard using its m/z 227 as a quantifier ion. Data evaluation for DEA and BAM 

was carried out using m/z 172 and 173, respectively, as quantifier ions. ATZ was quantified using 

the mass-to-charge ratio 200. All analytes were identified by their mass spectrum and by 

comparison of their retention times with those of an authentic standard.  

EA-IRMS Measurement for Determination of Reference Values. The carbon isotope 

composition of the reference standards of ATZ, DEA and BAM were determined by elemental 

analyser-isotope ratio mass spectrometry (EA-IRMS) [32]. Thereto, an EuroEA (Euro Vector, 

Milano, Italy) was coupled to a Finnigan MAT 253 IRMS via a FinniganTM ConFlow III interface 

(Thermo Fisher Scientific, Bremen, Germany). The reference standards were calibrated against 

the organic referencing materials L-glutamic acid (USG 40 and USG 41) and caffeine (IAEA 600) 

supplied by the International Atomic Agency (Vienna, Austria). The carbon isotope ratios are 

reported as isotope values (δ13C) in per mil relative to the international reference PeeDee 

Belemnite (V-PDB) according to equation 1: 

 

δ C13 =
C13 / CSample- C13 / CReference

1212

C13 / CReference
12  

(1) 

 

The isotope values were measured relative to our laboratory CO2 monitoring gas. The gas had been 

previously calibrated against RM8563 (CO2) purchased from the International Atomic Energy 

Agency (IAEA). The reference gas was introduced into the system three times at the beginning 

and at the end of each analysis run. 
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GC-IRMS Conditions for Carbon Isotope Analysis. Carbon isotope analysis was conducted 

with a TRACE GC Ultra gas chromatograph (Thermo Fisher Scientific, Milan, Italy) hyphenated 

via a Finnigan Combustion III interface (Thermo Fisher Scientific) with a Finnigan MAT 253 

isotope ratio mass spectrometer (IRMS) (Thermo Fisher Scentific, Bremen, Germany). For the 

analysis, the IRMS parameters were kept at a vacuum of 2.1  10-6 mbar, an accelerating potential 

of 9 kV and an emission energy of 2 mA. Target analytes were transformed to CO2 at a temperature 

of 1030 °C using a NiO tube/CuO-NiO reactor (Thermo Fisher Scientific). The GC was equipped 

with a 60 m Rxi-5ms column (Restek GmbH, Bad Homburg, Germany) with an inner diameter of 

0.25 mm and a film thickness of 1 µm. At the beginning of the GC temperature program, the oven 

was set to a temperature of 50 °C, which was held for 1 min. Afterwards, the oven temperature 

was increased linearly with 18 °C/min to 155 °C, followed by 5 °C/min to 240 °C (held for 0 min). 

Subsequently, the temperature was increased with 30 °C/min to 260 °C, held for 5 min. Finally, a 

ramp of 15 °C/min heated the column to a temperature of 280 °C, which was held for 9 min. A 

volume of between 1 µL and 3 µL of sample extract was injected on-column using a PAL 

autosampler (CTC Analytics AG, Zwingen, Switzerland). Helium (grade 5.0) carrier gas flow and 

injector temperature program were controlled by an Optic 3 device (ATAS, GL Science, 

Eindhoven, Netherlands). The ATAS injector was equipped with a custom-made glass on-column 

liner. It had an initial temperature of 50 °C (held for 300 s). Subsequently, the injector temperature 

was increased with 4°C/s to 250 °C. Meanwhile, the split flow, which started at 14 mL/min, was 

set to 0 ml/min for 120 s and then back to its initial flow of 14 mL/min. At the beginning of each 

run, the flow rate was set to 0.3 mL/min, held for 2 min and then increased linearly to 1.4 mL/min 

within 120 s. To control and verify the instrument performance, reference standards of ATZ, DEA 

and BAM were used to monitor retention time and shifts in δ13C values during the sequence. 

 

Correction Procedure applied for Isotope Analysis. For each sample we aimed to measure the 

isotope value three times. All reported isotope ratios are expressed as arithmetic means of samples 

collected in different sampling campaigns with the respective estimates of their standard deviations 

(± σ). The calibration was performed by bracketing the samples with authentic reference standards 

to apply the principle of identical treatment by Werner and Brand [33]. With this method, drifts 

that occurred within a sequence as well as differences in the combustion efficiency were corrected 

directly. 
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Results and Discussion 

Recovery of ATZ, DEA and BAM from groundwater. The extraction of different water volumes 

resulted in unsatisfactory and non-reproducible recoveries for all three target analytes (Figure 1). 

Considering the differences between the mass spiked and the mass recovered, the applied method 

seems to be non-quantitative when extracting the large volumes of groundwater targeted in this 

study. 

Non-quantative SPE may potentially be caused by a breakthrough of the target analyte. This can 

occur due to high mass loadings or due to high sample volumes, where the target analyte already 

sorbed to the cartridge material is washed off. For the method presented in this study, the latter 

reason is unlikely, as a maximum volume of 4 L groundwater was loaded onto the SPE column. 

Alternatively, minor losses might occur during transformation steps. Another reason for low 

recoveries may be the interaction of analytes with components present in the water matrix. Indeed, 

pre-tests with tap water, where matrix components are minimized, gave much greater ATZ 

recoveries of 105 ± 17 % (V = 4 L; n = 3) applying the same extraction method at a pH of 2. 

Similar discrepancies in analyte recoveries between tap and environmental water were observed 

in our recent study for other polar micropollutants such as desphenylchloridazon (DPC), where 

recoveries of DPC in tap water were measured at approximately 100 %, while 

desphenylchloridazon (DPC) from environmental water samples showed a recovery of 30 % [28]. 

Comparably low recoveries have been measured for ATZ in soil [34]. Commonly detected matrix 

components, which are present in soil and groundwater but not in tap water, are humic substances 

(HS) like fluvic and humic acids. Even though previously published studies of ATZ extraction 

methods from groundwater showed higher recoveries of up to 100 % [35, 36], there are only few 

studies validating the extraction of atrazine from large volumes of water rich in humic substances, 

and at trace concentrations of micropollutants [37]. On the other hand, the interaction of ATZ with 

HS, in particular with humic acids and fulvic acids has been studied before [38, 39, 40]. It has been 

observed that, depending on the pH-value of the water and the amount of HS present, ATZ-HS 

complexes may be formed. For a pH smaller than 5, complexes between ATZ and the HS are 

formed by either a proton-transfer bonding or a hydrogen bonding between N-H in the secondary 

amino groups or the triazine ring of ATZ with the oxygen containing functional groups within the 
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humic acids [41] (Scheme S1). The water in the Luxembourg Sandstone Formation is reported to 

have a pH of approximately 7 [23, 42, 43]. Consequently, due to the acidification of the water prior 

SPE, the pH of the water was decreased to approximately 4, which is expected to facilitate the 

ionic interaction between ATZ and HS. A TOC content of the extracted groundwater of 

1.64 ± 0.02 mg/L was measured for the water sampled on for the third sampling campaign (21st 

October). While data from the precise other sampling dates are not available, they can be estimated 

from long-term measurements of the total organic carbon of the spring from where the 

groundwater for spiked samples was taken (Figure S1). Here, values range between 0.6 mg/L and 

2 mg/L. Hence, differences in the total organic carbon (TOC) content of the water due to changes 

in flow components by surficial water intrusion during rain periods are a likely hypothesis to 

explain the low recoveries and the inter-day differences in the recovery observed in our study. 

 

Isotope fractionation after large volume extraction. Figure 2 shows the differences in isotope 

values of extracts from spiked groundwater samples compared to the reference value of the 

standard with which they were spiked.  

For ATZ, no isotopic discrimination was observed for extraction volumes smaller than 10 L 

(Figure 2a). This corresponds to the results of an alternative method presented by Torrentó et al. 

[28], where the isotope fractionation of ATZ was measured for extraction volumes of up to 10 L 

using a different sorbent material and sorbent mass (combination of 8 g Sepra ZT and 8 g SDB-1. 

Contrary to expectations, however, the presented SPE method introduced a significant isotope 

fractionation of up to 6 ‰ for extraction volumes greater than 10 L. As described by Bakkour et 

al. [44] solid phase extraction of a target analyte from large samples volumes implies that 

concomitantly also matrix constituents become enriched including TOC of groundwater and even 

oligomers of the SPE material (Figure 3). In the SPE extraction protocol described here, the high 

background may be a particular result of the missing washing step within the SPE. This step is not 

mandatory but results in cleaner samples, as it is usually applied to remove interfering undesirable 

compounds without eluting the target analyte [45]. It is accomplished by choosing a washing 

solvent similar or slightly stronger than the solvent used within the sample load step. Thus, matrix 

compounds, which are not as strongly retained by the sorbent as the target analyte, will be washed 

out, while the compound of interest remains within the sorbent [45]. Therefore, by omitting this 
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step within the procedure, after sample loading not only the target analytes were eluted but also 

components of the groundwater matrix. DEA showed no isotope fractionation for extraction 

volumes lower than 10 L. As shown in Figure 2b, isotope fractionation was also not observed for 

BAM. However, neither DEA, nor BAM could be measured for extraction volumes greater than 

10 L, as background interferences were too high compared to the low signals for peak detection 

(Figure S2). 

If in the case of a high background, the δ13C value of GC-IRMS measurements does not represent 

the isotopic ratio of the target analyte, this may have several reasons. (1) Difficulty of background 

correction. After peak separation target compounds are combusted to CO2 prior to IRMS analysis. 

Thus, peak separation and background correction are critical since otherwise it would not be 

possible to distinguish whether CO2 origins from the target analyte or from interfering matrix 

components. If the TOC is so high that an adequate background correction is no longer feasible, 

peaks would represent a mean of the δ13C of the background and the target analyte. As the 

background has an isotopic signature different from the target analyte, determination of analyte-

specific isotope ratios and, hence, identification of shifts in δ13C values of ATZ that would 

demonstrate natural degradation in the field would be biased. (2) Compromised oxidation 

efficiency. Such an elevated background may in addition compromise the oxidation efficiency of 

the oxidation reactor which is positioned after the GC column to convert target compounds to CO2 

prior to isotope analysis. This combustion of target analytes to CO2 is achieved by oxygen stored 

in the form of CuO and NiO in the reactor. When feeding a too high carbon load onto the reactor, 

the combustion capacity of the reactor may be exhausted. As a result, target analytes are only 

partially combusted and measured δ13C values are more negative (‘lighter’) than the true isotope 

value. In the case of the data presented in Figure 2, this reason, however, can be excluded because 

the isotope values δ13C of both ATZ and DEA become more positive (‘heavier’) with an increasing 

extraction volume. High variations in the standard deviations (SD) of different sampling dates 

suggest that the observed deviations from true values are not reproducible so that the bias 

introduced by the method cannot be corrected. (3) Compromised chromatographic performance. 

Additionally, the high content of dissolved organic carbon posed chromatographic challenges, as 

the matrix and the target analyte were sorbed to the pre-column of the on-column injection, as 

identified during regular shortening. Such desorption creates active spots, which were found to 

result in reduced amplitudes of the target analyte in samples, and even in standards measured after 
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a sample. These spots were enhanced by the injection technique even though cold-on-column 

injection was initially used to increase the sensitivity. By decreasing the injector temperature, 

carrier gas flow and the split flow during sample injection, this procedure also increases matrix 

effects. The matrix residues sorbed to the pre-column could not be removed by heating of the GC 

oven and caused either partial or complete blockages of the system, which needed to be removed 

by shortening the corresponding parts of the pre-column. Thus, the high matrix background did 

not only affect the sample itself, but there was carry-over of the matrix affecting also isotope 

analysis of atrazine standards introduced after samples of large volume water extraction. An 

additional effect observed were isotope effects during chromatography leading to double peaks 

(Figure 4). This influence on the isotope value of the target analyte needed to be eliminated by 

either automatic or by manual integration of both peaks. 

Suggestions for Improvement. The results of our evaluation illustrate the case of an extraction 

method which needs to be further optimized in order to achieve sensitive, accurate and robust 

isotope analysis. It appears advisable to omit the acidification as a sample preparation step for SPE 

and rather add a buffer to in order to reduce possible interactions of the target analytes with humic 

substances. We hypothesize that the method tested may be significantly improved for robust and 

accurate carbon isotope analysis if measures are taken to eliminate interferences from DOC of 

groundwater and, potentially, from soluble SPE cartridge material. Further sample clean-up may 

be achieved by different approaches, most prominently by including a washing step within the 

SPE, after the sample has been loaded and prior to its elution.  

 

Environmental Significance and Outlook 

Hence, the SPE method of this study represents a case which necessitates further optimization. 

The results are presented in order to emphasize the necessity of a careful method validation of 

large volume extraction. They show that the hyphenation of many analytical procedures may not 

only have an influence on the recovery, but also on the integrity and reproducibility of isotope 

values and thus on the interpretation of field data. Consequently, prior to the extraction and 

measurement of environmental samples, methods need to be carefully validated, such as in 
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Torrentó et al. [28]. The following case of an environmental study illustrates that otherwise 

inaccurate conclusions may be drawn. 

Possible Bias in the Interpretation of Environmental Data. Figure 5a shows isotope values of 

ATZ from different natural atrazine-containing groundwater samples that were analysed in parallel 

to the method evaluation presented in this manuscript. This comparison includes samples deriving 

from an aquifer of the Luxemburg Sandstone Formation, which have all been prepared for CSIA 

according to the protocol described in this chapter. In contrast, for the other samples (Franconia 

and Austria), sample pre-treatment and extraction was carried out according to the methods of 

Schreglmann et al. [27]. 

Groundwater samples analysed from Franconian and Austrian aquifers according to Schreglmann 

et al. [27] showed isotope values of atrazine close to commercially available products, which 

usually fall within a range of δ13C values between -26 ‰ to -33 ‰ [32, 46, 47, 48]. In contrast, 

there is a correlation between δ13C and the ATZ concentration detected in the Luxembourg 

Sandstone Formation (Figure 5b and c). 

Carbon isotope values of samples collected in the Luxembourg Sandstone Formation (Figure 5b), 

show a significant enrichment in 13C of up to -16 ‰ within the low ng/L concentration range. 

Comparing the measured δ13C values from Luxembourg to the carbon isotope values of ATZ 

measured in other field samples and to the isotope signatures of commercially available products, 

the detected 13C enrichment would be interpreted as an indication of extensive degradation. 

According to laboratory degradation experiments of Meyer et al.[25] and Lihl et al.[49], where 

degradation of ATZ by Arthrobacter aurencens TC1 and Rhodococcus sp. NI 86/21 was 

quantified, a δ13C (ATZ) of -16 ‰ would indicate that 80 to 90 % of the ATZ has already been 

degraded presuming an ATZ source signature of -26 ‰.  

When relating the measured carbon isotope value of ATZ to the extracted water volume, however 

(Figure 5c) a correlation of 13C enrichment with the extraction volume becomes apparent, in a 

similar manner as observed in Figure 2. This trend is not observed for the samples collected in 

Austria and Franconia. Hence, based on our observations in the present study, isotopic shifts 

induced by extensive sample extraction would be a likely explanation of these results. 
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Consequently, the application of the SPE protocol described may lead to potentially inaccurate 

conclusions about degradation in natural samples if it is not accompanied by a careful method 

evaluation as presented here. This emphasizes the general need of method validation. 

 

Opportunities for Further Analytical Developments. To further decrease limits of sensitive 

CSIA, different opportunities exist. First, fractionative HPLC clean-up can be repeated using a 

different gradient method in order to separate target analytes from additional remaining 

interferences. Second, Molecularly Imprinted Solid Phase Extraction (MISPE), a selective 

enrichment method to remove matrix in organic solvents by specific intramolecular interactions, 

can be applied after fractionative HPLC. Here, materials have been developed for organic 

micropollutants such as triazines [50, 51] but not yet for BAM. Both approaches, however - 

fractionative HPLC and MISPE - are highly labour intensive. Hence, the application of 

comprehensive GC×GC-IRMS represents a further attractive option to enable carbon isotope 

analysis of analytes in complex matrices. Here, resolution and separation capacity are increased 

by adding a second dimension to the system and thus separating the background from the target 

analyte [52]. Hence, dedicated analytical efforts are necessary, and bear potential, to further push 

the limits for analysis of organic trace compounds in groundwater. 
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Figure 1: Recovery in percent of a) ATZ (diamonds) b) DEA (squares) and c) BAM (circles) in relation to water volumes 
extracted; Extracts from spiked samples for which the original groundwater was collected on 15th October 2015 are 
represented as black symbols, while those for which the groundwater was collected on 21st October 2015 are represented as 
white shapes.  
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Figure 2: Deviation of carbon isotope values of standard measurements induced by large volume water extraction of a) 
ATZ (grey diamonds), DEA (black squares); error bars show the standard deviation of the isotope fractionation between 
the 3 sampling campaigns. b) BAM (black circles); the y-axis represents the deviation from the true value, where the black 
line indicates the absence of isotope fractionation; white symbols correspond to samples for which only a single 
measurement was achieved; note: for BAM and DEA no standard deviation was calculated as isotope fractionation of only 
two sampling campaigns (15th October 2015 and 21st October 2015) was measured and standard deviation of each measured 
replicate was < 0.6 ‰. 
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Figure 3: Chromatograms of ATZ after HPLC-cleanup and on-column injection of a) and b) 1 L of water extraction and c) 
and d) 100 L of water extraction 

 

Figure 4: Deviation of atrazine carbon isotope values of standard measurements and spiked groundwater samples used for 
method validation observed within a sequence; circles represent the amplitude and diamonds the deviation from target 
carbon isotope values of standard 1 (grey), standard 2 (white) and spiked groundwater samples (10 L sample extraction, 
black). 
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Figure 5: a) and b) Carbon isotope values of ATZ versus analyte concentration in natural groundwater samples.; c) carbon 
isotope values of ATZ in relation to the volume of water extracted for CSIA; dark grey diamonds represent samples 
collected in the aquifer of the Luxembourg Sandstone Formation and extracted according to the method evaluated here. In 
contrast, circles (ATZ samples from two different collection sites in Austria) and triangles (ATZ samples from two different 
collection sites in Franconia) were extracted according to the method of Schreglmann et al. [27]. 

 


