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Abstract 12 

The applicability of compound-specific isotope analysis (CSIA) for assessing in situ hydrolysis 13 

of parathion was investigated in a contaminated aquifer at a former pesticide wastes landfill site. 14 

Stable isotope analysis of parathion extracted from groundwater taken from different monitoring 15 

wells revealed a maximum enrichment in carbon isotope ratio of +4.9 ‰ compared to the source 16 

of parathion, providing evidence that in situ hydrolysis took place. Calculations based on the 17 

Rayleigh-equation approach indicated that the natural attenuation of parathion was up to 8.6% by 18 

hydrolysis under neutral and acidic conditions. In degradation experiments with aerobic and 19 

anaerobic parathion-degrading microbes, no carbon and hydrogen isotope fractionation of 20 

parathion were observed. For the first time, CSIA has been applied for the exclusive assessment 21 
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of the hydrolysis of phosphorothioate-containing organophosphorus pesticides at a contaminated 22 

field site.  23 

Key words: isotope fractionation, parathion, in situ hydrolysis, field application, CSIA 24 

1. Introduction 25 

Organophosphorus pesticides (OPs) have been used mainly as insecticides throughout the world 26 

since the decline in the use of organochlorine pesticides in the 1960s and 1970s. OPs exhibit 27 

acute toxicity by inhibiting acetylcholinesterase (AChE) in the nervous system. Today the 28 

consumption of OPs ranks second relative to the total global pesticide usage (Fenner et al. 2013). 29 

OPs are considered to be degradable in the environment in contrast to organochlorines, however, 30 

continuous and excessive use of OPs has led to environmental contaminations which raise public 31 

concerns (USEPA 2006) as the residues have repeatedly been detected in soils, sediments, 32 

waterbodies, air samples, fishes and humans (Aston and Seiber 1996, Kawahara et al. 2005, 33 

Pehkonen and Zhang 2002). Parathion (O,O-diethyl O-(4-nitrophenyl) phosphorothioate) was 34 

one of the most widely used organophosphorus insecticides in agriculture in the past decades, 35 

and was primarily used on fruit, cotton, wheat, vegetables, and nut crops (FAO 1990). Due to its 36 

toxicity, parathion has been banned or restricted in many countries; however, stockpiles and 37 

waste from previous manufacturing and former landfill sites often contain parathion (LRSB 2014, 38 

Nielsen et al. 2014) forming serious point source contaminations which require management 39 

strategies. Thus, it is important to understand the chemical fate of parathion for properly 40 

environmental risks assessment at landfill sites and for groundwater quality protection and 41 

management. 42 
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Hydrolysis is believed to be one of the major pathways controlling the fate of OPs in the 43 

environment.  Hydrolysis of OPs proceeds by a common mechanism, where H2O and OH– act as 44 

nucleophiles in a bimolecular nucleophilic substitution mechanism (SN2 mechanism) (Pehkonen 45 

and Zhang 2002, Thatcher and Kluger 1989). The ester bonds of OPs can be hydrolyzed under 46 

acidic and alkaline conditions by two different pathways whereas the relative contribution of 47 

each hydrolysis pathway is pH-dependent (Wu et al. 2018). Alkaline hydrolysis is much faster 48 

compared to acidic and neutral hydrolysis. For example, the half-life of parathion is reported to 49 

be 133 days at pH 5 (25 °C), 247 days at pH 7 (25 °C), 102 days at pH 9 (25 °C) (FAO 1990), 50 

and only 1.14 days at pH 12 (20 °C) (Wu et al. 2018). Generally, alkaline hydrolysis is unlikely 51 

to contribute significantly to the natural attenuation of parathion, since mostly neutral and 52 

slightly acidic conditions prevailing in the environment. Therefore, hydrolysis under neutral or 53 

slightly acidic environmental conditions will lead to long half-life of parathion. The pH of 54 

seawater is typically limited to a range between 7.5 and 8.4 and seawater ingressions in 55 

dumpsites affected by tidal fluctuation may potentially contribute to increase in situ hydrolysis.  56 

Compound specific isotope analysis (CSIA) opens the door to the development of field-based 57 

assessment of degradation reactions. CSIA is one of the most promising fate investigative tools 58 

which enable the detection of in situ biodegradation of organic contaminants (Nijenhuis and 59 

Richnow 2016, Vogt et al. 2016). It has been used to estimate the extent of biodegradation of a 60 

specific compound from changes in isotope ratios of field samples if the isotope enrichment 61 

factor (ε) of that compound is determined in laboratory experiments based on the Rayleigh 62 

equation (Bashir et al. 2015, Hofstetter et al. 2008, Liu et al. 2017, Thullner et al. 2012). The 63 

molecular size of many micropollutants, such as pesticides, consumer care products or 64 

pharmaceuticals, is greater than of typical legacy contaminants (chlorinated-compounds, benzene, 65 
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and toluene) thus limiting the sensitivity of CSIA. As only bond change reactions induce kinetic 66 

isotope effects used for charactering degradation reactions, large molecules exhibit more atoms 67 

which are not reacting.   Thus, changes in single element isotope ratios (e.g. δ13C) tend to 68 

become smaller with larger molecular size due to isotope dilution effects of non-reacting atoms. 69 

Moreover, single element isotope ratios in the field can be always influenced by masking of 70 

isotope fractionation which makes the identification of degradation pathways by single element 71 

isotope analysis more difficult (Elsner 2010). Multi-element isotope analysis offers an 72 

opportunity to circumvent the problem associated with single-element CSIA as it allows 73 

characterizing bond change reactions of several elements.  74 

In previous studies, we analyzed the carbon and hydrogen isotope fractionation of several OPs 75 

upon chemical oxidation and hydrolysis in laboratory experiments (Wu et al. 2018, Wu et al. 76 

2014). We could show that the rate-limiting step of the UV/H2O2 reaction of parathion is the 77 

oxidative attack of the OH radical on the P=S bond, as indicated by negligible carbon and 78 

hydrogen isotope fractionation. The hydrolysis of parathion under acidic and alkaline conditions 79 

resulted in distinct but different carbon isotope fractionation patterns, principally allowing the 80 

distinction of the two different pH-dependent pathways and giving the possibility for 81 

characterizing natural attenuation of parathion by hydrolysis in the environment using isotope 82 

fractionation concepts. 83 

CSIA has been widely used for biodegradation assessment of different contaminant groups 84 

(Elsner 2010, Thullner et al. 2012). Recently Vogt and colleges summarized the concepts for 85 

applying CSIA for characterization of natural attenuation of hydrocarbons in field studies (Vogt 86 

et al. 2016). In addition, CSIA has been proposed as a useful approach for characterizing 87 

degradation processes of micropollutants such as pesticides at field scale (Elsner and Imfeld 88 
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2016); however, only in a few field studies CSIA has been applied to assess microbial 89 

degradation of different pesticides or herbicides (Bashir et al. 2015, Liu et al. 2017, Milosevic et 90 

al. 2013). To our best knowledge, CSIA has not yet been applied in field studies to assess the in 91 

situ degradation of OPs. In order to fill this research gap, we selected parathion as a model 92 

compound of OPs and investigated its natural attenuation by hydrolysis at a contaminated site 93 

using carbon and hydrogen isotope analysis. 94 

2. Materials and methods 95 

2.1. Chemicals 96 

Parathion (O,O-diethyl O-(4-nitrophenyl) phosphorothioate, >99.7%) was purchased from 97 

Sigma-Aldrich and dichloromethane (DCM, ≥99.9%) was from Carl Roth GmbH & Co. KG, 98 

Germany. Anhydrous Na2SO4 (≥99 %) was obtained from Bernd Kraft GmbH, Germany. 99 

2.2. Field site and sampling 100 

Groyne 42 is situated at Harboøre Tongue in Denmark facing the North Sea. Between 1950 and 101 

1960, waste chemicals were disposed at the site. The area is still heavily contaminated by 102 

approximately 100 tons of primarily OPs, mainly the highly toxic parathion (NorthPestClean 103 

2014a). A complex dense non-aqueous phase liquid (DNAPL) presenting in Groyne 42 is a 104 

mixture of OPs and intermediate products, reactants, and solvents used or produced in the 105 

manufacturing of OPs. The background information of this site has been described elsewhere 106 

(Bondgaard et al. 2012, Hvidberg et al. 2008). In 2006 the contaminated area (20,000 m2) was 107 

encapsulated by installing a 600 m long and 14 m deep steel sheet piling and a plastic membrane 108 

cap in order to prevent further leaching of toxins to the seawater (Fig. S1, (NorthPestClean 109 

2014a)).  From 2007 to 2014 the Central Denmark Region and the Danish Environmental 110 
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Protection Agency conducted research to develop a new in situ treatment of the site. The 111 

treatment consisted of in situ alkaline hydrolysis (ISAH) combined with pump-and-treat. The 112 

demonstration experiments were carried out on site in controlled test cells (TCs) and test pipes 113 

(TPs). More information can be found in the online reports from North Pest Clean 114 

(NorthPestClean). Because of the demonstration experiments in the NorthPestClean project, the 115 

site contained discrete areas which are the treated areas with sodium hydroxide (pH 13) and the 116 

untreated areas with neutral to acidic conditions (pH 2-7). By 2014, the total removal of 117 

contaminants from TCs and TPs in treated areas is up to 85% from water and 76% from 118 

sediment by ISAH combined with pump-and-treat (NorthPestClean 2014b). However, the natural 119 

attenuation of parathion in the untreated area remains unknown due to the lack of efficient 120 

assessment methods. 121 

The locations of monitoring wells are indicated in Fig. 1. Two free phase samples from the 122 

Groyne 42 DNAPL were taken in 2011 and 2014 and used to characterize the isotopic 123 

composition of the source of parathion. The Groyne 42 DNAPL has a density of 1.16 g mL-1 and 124 

viscosity of 13.9 cP at 10 °C (Muff et al. 2016). The composition by weight of the DNAPL was 125 

characterized to be 62 % parathion, 9 % methyl-parathion (O,O-dimethyl-O-p-126 

nitrophenylphosphorothioate), 7 % mercury, 5 % sulfotep (diethoxyphosphinothioyloxy-127 

diethoxy-sulfanylidene-λ5-phosphane), 3 % malathion (diethyl 2-128 

[(dimethoxyphosphorothioyl)sulfanyl]butanedioate) and 14 % other unknown contaminants 129 

(NorthPestClean 2014a). The free phase samples were dissolved in DCM and directly subjected 130 

for carbon and hydrogen isotope analysis to be used as the source signature of parathion. 131 

19 samples were collected from monitoring wells installed in the treated area and 17 samples 132 

were collected from the untreated area using a submersible electrical pump. 1 L of brown glass 133 
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bottles (Schott, Germany) were used for sampling from the treated area where high 134 

concentrations of parathion were expected. In order to avoid evaporation of parathion, bottles 135 

were filled with groundwater almost completely and sealed with Teflon-coated caps (Schott, 136 

Germany) without headspace. The pH of groundwater samples was adjusted to neutral or slightly 137 

acidic conditions using 25 % HCl solution (Carl Roth GmbH & Co. KG, Germany) to inhibit 138 

alkaline hydrolysis. Neutralization was monitored by universal pH indicator strips (0-14 pH 139 

Indicator Strips, Macherey-Nagel). 2.5 L of brown glass bottles (Schott, Germany) were used for 140 

sampling from the untreated area using the same procedures as described above but without 141 

adjusting the pH, because parathion has a relative slow hydrolysis rate at neutral to acidic 142 

conditions. The ground water level was measured on-site by an EL-WA water level meters. The 143 

concentrations of dissolved oxygen, temperature, pH, and electrical conductivity (EC) were 144 

measured on-site during sampling using a Multimeter (WTW, Weilheim, Germany). Samples 145 

were sent to the laboratory and stored at 4 °C until extraction. The extraction of samples was 146 

processed within 2 weeks after sampling. 147 

2.3. Sample preparation 148 

Groundwater samples were transferred into a 2 L glass-separation funnel. Each sample was 149 

extracted three times with 100 mL, 50 mL, and 50 mL of DCM, respectively, by shaking 150 

thoroughly. The organic phases were combined and evaporated to ~2 mL under a gentle stream 151 

of N2 in a TurboVap concentrator (TurboVap II, Biotage, Sweden). The extraction and 152 

evaporation procedure did not result in significant changes in carbon and hydrogen isotope ratios 153 

of parathion as shown elsewhere (Wu et al. 2017). The concentrated sample from the untreated 154 

area was then transferred into a 4 mL glass vial by a glass pipette and reconstituted into 3 mL of 155 

DCM. The concentrated sample from the treated area was transferred into a 20 mL glass vial by 156 
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a glass pipette and reconstituted into 10 mL of DCM due to the high concentration of parathion.  157 

Before analysis approximately 1.5 g (untreated area) or 5 g (treated area) of anhydrous Na2SO4 158 

were added in each vial to remove water.  159 

2.4. Aerobic and anaerobic degradation of parathion 160 

In order to investigate the isotopic profiles of parathion during biodegradation, experiments were 161 

conducted using two isolated aerobic strains (TERI OP1, TERI OP2) and one anaerobic strain 162 

(TERI ANA-1), respectively. The strains were isolated from soil samples collected from nearby 163 

garden located in Gwal Pahari (Gurgaon, Haryana), India. The aerobic strains were isolated in 164 

mineral salt (MS) medium with compositions as described elsewhere (Rokade and Mali 2013). 165 

Enrichment and isolation of anaerobic parathion degraders was carried out under strictly anoxic 166 

conditions. MS medium was prepared under anaerobic condition as described elsewhere 167 

(Junghare et al. 2012), by simultaneous boiling for 10 min and purging with nitrogen flush to 168 

remove the dissolved oxygen. 0.1% of resazurin was added as redox indicator and L-cysteine 169 

HCL (2.5 %) was added as a reducing agent to maintain the anoxic conditions. More details of 170 

the enrichment and isolation of strains were described in the Supporting Information (section 3.1, 171 

3.2 and 4.1). Batch experiments were conducted under oxic and anoxic conditions in 500 mL 172 

flasks containing 250 mL MS medium for studying parathion degradation kinetics. For each 173 

batch experiment, seven flasks containing 34 µM parathion-spiked MS medium were inoculated 174 

with 1 mL of inoculum. More information about inoculum preparation is provided in the 175 

Supporting Information (section 3.3). Sterile control flasks were prepared by the same 176 

procedures except adding inoculum. All control and culture flasks were incubated at 150 rpm 177 

and 30 °C in the dark. At different time intervals, 1 mL culture broth was taken for optical 178 

density and pH variation measurement. Residual parathion and potential metabolites in the 179 
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medium were extracted by 10 mL of DCM containing naphthalene (6.5 mg L-1) as internal 180 

standard for further analysis.  181 

2.5. Analytical methods and quantification. 182 

2.5.1. Concentration measurement. 183 

Parathion was quantified using an Agilent 6890 series GC (Agilent Technologies, USA) 184 

equipped with a flame ionization detector (FID) as described elsewhere (Wu et al. 2018, Wu et al. 185 

2017). A modified temperature program was used: the column was initially held at 60 °C for 2 186 

min, and increased at 8 °C min-1 to 280 °C, and then held for 2 min. 187 

2.5.2. Isotope analysis. 188 

The carbon isotope compositions of parathion were analyzed by a gas chromatography-189 

combustion-isotope ratio mass spectrometer (GC-C-IRMS) system, which consists of a GC 190 

7890A (Agilent Technologies, Palo Alto, CA, USA) coupled via a ConFlo IV interface (Thermo 191 

Fisher Scientific, Germany) to a MAT 253 IRMS (Thermo Fisher Scientific, Germany) via an 192 

open split. High-temperature pyrolysis was used to convert organically bound hydrogen into 193 

molecular hydrogen at 1200 °C for hydrogen isotope composition measurement via the gas 194 

chromatograph- high temperature conversion-isotope ratio mass spectrometer system (GC-HTC-195 

IRMS). A DB-608 column (30 m × 0.32 mm × 0.5 µm, Agilent J&W, USA) was used for sample 196 

separation, the column was initially held at 60 °C for 2 min, and increased at 8 °C min-1 to 197 

280 °C, and then held for 2 min. All samples were measured in triplicate. The other analytical 198 

details are the same as described elsewhere (Wu et al. 2017).  199 

2.5.3. Quantification of parathion degradation in the field 200 
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The carbon and hydrogen isotopic signatures are reported as δ values in parts per thousand (‰) 201 

relative to international reference materials which are Vienna PeeDee Belemnite (VPDB) for 202 

carbon and Standard Mean Ocean Water (SMOW) for hydrogen (Coplen 2011, Coplen et al. 203 

2006, Schimmelrnann et al. 2016). A main objective of CSIA is to quantify the amount of 204 

(chemical or biological) degradation in the field supporting monitored natural attenuation (MNA) 205 

as a site remedy. The extent of degradation can be estimated for individual compounds using the 206 

isotope shifts between the source and the residual not yet degraded fraction of the reacting 207 

compound using the Eq. (1) which is derived from the rearrangement of the logarithmic form of 208 

the Rayleigh equation Eq. (2) (Meckenstock et al. 2004): 209 

                                                                     (1) 210 

                                                                                                 (2) 211 

where Ct is the concentration at a given reaction time t or on a flow path downgradient a source; 212 

C0 is the concentration at the beginning of a reaction or in source area; δt and δ0 are the 213 

corresponding carbon and hydrogen isotope ratios of the reacting compound; ε is the isotope 214 

enrichment factor for a degradation process, which can be obtained from reference experiment 215 

under laboratory condition using Rayleigh equation Eq. (2). Thus, the extent of degradation (D%) 216 

in the field can be retrieved from isotope values alone, without additional information on 217 

concentrations or transformation products.  218 

3. Results and discussion 219 

3.1. Parathion distribution and hydrogeochemical conditions  220 
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The physicochemical parameters of the groundwater samples are listed in Table 1. The 221 

groundwater level in the monitoring wells ranged from 1.40 to 5.15 m below surface. The 222 

temperature was between 11.4 and 13.0 °C. Concentrations of dissolved oxygen were always 223 

below 0.1 mg L-1, indicating almost anoxic conditions. In the untreated area, the pH ranged from 224 

3.2 to 6.5, the acidic conditions were likely due to acid chemical waste deposition. Only one well 225 

in this area showed an alkaline pH of 9.4 (well V03-2). Parathion concentrations of samples from 226 

the untreated area were always lower than 5 mg L-1. In the treated area, the pH ranged from 6.9 227 

to 12.4, demonstrating the effectiveness of the remediation measure. Samples from well TC3-9-3 228 

in the treated area were strongly acidic (pH 2.2) indicating that this well is very close to the core 229 

of acid waste deposition and mixing of alkaline solutions with DNAPL did not result in alkaline 230 

conditions. The concentrations of parathion varied from 0.76 to 155.33 mg L-1 in the wells within 231 

the treated area (Table 1). The solubility of parathion is 10.4 mg L-1 in water at 8 °C (the average 232 

temperature of ground water in Denmark), which is calculated using the enthalpy of fusion for 233 

parathion as described elsewhere (Polatoğlu et al. 2015). Most of the parathion concentrations 234 

levels in the treated area are above its solubility. This is due to that the treated area is located at 235 

the contamination hotspot (Fig. 1) where free organic phases of a mixture of OPs, intermediate 236 

products, reactants, as well as solvents used in the manufacturing of OPs are present. Free 237 

contaminant phases probably fill pore space of the sediment implying a limited contact to water 238 

phases, thus reducing the mixing with alkaline water in the treated area.  The large variations of 239 

pH values and parathion concentrations in both areas illustrate rather heterogenic 240 

biogeochemical conditions at the investigated site. 241 

Potential transformation products of parathion were investigated in different treated and 242 

untreated areas of the site (Fig. S2 and Table S1).  The relative abundance and frequency of 243 
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detected aminoparathion (4-diethoxyphosphinothioyloxyaniline) suggested reduction of the nitro 244 

group of parathion by chemical or microbial processes (see also below). Compared to the treated 245 

area, the higher abundance of aminoparathion in the untreated area (Table S1) showing neutral 246 

and acidic conditions indicates that the reduction of the nitro group is preferentially a biological 247 

process. The presence of aminoparathion may point to reducing conditions prevailing at the 248 

dumpsite.  Aminoparathion was detected in our biological degradation experiments under 249 

aerobic conditions using strain TERI OP1 and under anoxic conditions using strain TERI ANA-1 250 

as described below in section 3.4, which is also in line with previous studies (Singh and Walker 251 

2006). p-nitrophenol (4-nitrophenol) is a typical alkaline hydrolysis product of parathion and was 252 

detected in both untreated and treated areas. The relative abundance and detection frequency 253 

were higher in the treated area (Table S1), showing the hydrolytic cleavage of the O-P bond. The 254 

abundance of p-nitrophenol in biodegradation studies suggests that biological hydrolysis 255 

potentially may contribute to transformation of parathion.  256 

3.2. Carbon and hydrogen isotope analysis of parathion from field samples  257 

The average value of all isotope analyses of source samples was taken as source signature of 258 

parathion, resulting in -22.9 ± 0.8 ‰ for δ13C (n = 10) and -212 ± 15 ‰ for δ2H (n = 12). In the 259 

untreated area, the obtained δ13C values differed from -22.1 ‰ to -18.0 ‰ and δ2H values 260 

differed from -226 ‰ to -208 ‰ (Table 1). In the treated area, the δ13C values varied from -23.6 ‰ 261 

to 20.1 ‰ and δ2H values varied from -227 ‰ to -201 ‰ (Table 1).  262 

Compared to the source signature of parathion, the δ13C enrichment of 0.8 ‰ to 4.9 ‰ was 263 

obtained from the wells in the untreated area (Fig. 2a), indicating in situ acidic and neutral 264 

hydrolysis was taking place. In the treated area, the δ13C values were almost identical with the 265 
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source signature (Fig. 2a)  showing that no carbon isotope fractionation of parathion occurs 266 

under strong alkaline conditions, which is in agreement with the results of laboratory hydrolysis 267 

experiments (Wu et al. 2018). δ13C enrichments of 2.8 ‰ and 2.1 ‰ were observed in samples 268 

from wells TC3-6-3 and TC3-7-2, respectively, which are characterized by strongly alkaline pH 269 

values (11.7 -12.4). This result might be explained by mixing of alkaline water and plumes 270 

during sampling. Mixing of water in porous media under laminar flow conditions in sandy 271 

aquifers is restricted, which imply that alkaline solution will not mix easily with contaminant 272 

phases or highly contaminated water. Mass transfer processes are widely controlled by diffusive 273 

transport resulting in transversal dispersion along a flow path. Convective mixing in porous 274 

sediments practically can be neglected. For example mixing of contaminants with electron donor 275 

or acceptor under laminar flow conditions can be limiting for biodegradation. Mixing during 276 

sampling need to be taken into account for interpreting isotope composition and lead to an 277 

underestimation of degradation reactions (Kopinke et al. 2005). Mixing of water bodies from 278 

different section of an aquifer with specific reaction conditions should be considered for 279 

quantitative interpretation of isotope fractionation pattern (Thullner et al. 2012). The isotope 280 

fractionation is an indication that the hydrolysis may have taken place under acidic, neutral or 281 

slight alkaline conditions explaining the carbon isotope enrichment. However, in both treated and 282 

untreated areas, the δ2H values were all overlapping with the source signature (Fig. 2b) because 283 

the hydrolysis of parathion is not associated to a detectable hydrogen isotope fractionation effect, 284 

independent of the pH value. 285 

3.3. Isotopic profiles of parathion during hydrolysis and chemical oxidation 286 

Carbon and hydrogen isotope fractionation patterns of hydrolysis and chemical oxidation of 287 

parathion have been investigated systematically in our previous study (Wu et al. 2018). Chemical 288 
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oxidation of parathion occurs via oxidation of the P=S bond to a P=O bond by an OH radical in 289 

the first rate-determining irreversible step (Fig. 3B); the reaction is not linked to detectable 290 

hydrogen or carbon isotope fractionation. In contrast, the hydrolysis of parathion results in no 291 

detectable H isotope fractionation but significant C isotope fractionation, corresponding to 292 

isotope enrichment factors of εC = -6.9 ± 0.8 ‰ at pH 2, -6.7 ± 0.4 ‰ at pH 5, -6.0 ± 0.2 ‰ at 293 

pH 7, -3.5 ± 0.4 ‰ at pH 9, and no detectable carbon isotope fractionation at pH 12. The 294 

different isotope fractionation patterns are due to two hydrolysis pathways of parathion (Fig. 3A): 295 

one is P-O bond cleavage by nucleophilic attack at the phosphorus atom under strong alkaline 296 

condition, resulting in no C and H isotope fractionation; another one is C-O bond cleavage by 297 

nucleophilic attack at the carbon atom under acidic, neutral and slightly alkaline conditions, 298 

resulting in a significant C but no H isotope fractionation.  299 

The obtained εC at pH 2, pH5 and pH7 are identical when considering the confidence intervals. 300 

This is due to the similar pathway takes place under neutral and acidic hydrolysis (Fig. 3A1) 301 

which cannot be by isotope fractionation. In the case of lower pH < 7, the changes of pH have 302 

effect on the reaction rates, for instance, the hydrolysis half-life of parathion at 25 °C is reported 303 

to be 133 days at pH 5 and 247 days at pH 7 (FAO 1990). However, no effects of pH changes on 304 

the reaction pathway and therefore the identical εC were obtained. Two hydrolysis pathways take 305 

place simultaneously in the range of 7 < pH >10. With the increase of pH, the contribution from 306 

C-O bond cleavage pathway decreases, resulting in smaller εC. The reduction of the εC at pH 9 307 

revealed that the contribution to parathion degradation via C-O bond cleavage pathway is 51–58% 308 

(Wu et al. 2018) using the extended Rayleigh-type equation derived by Van Breukelen (Van 309 

Breukelen 2007). Parathion is hydrolyzed completely by the P-O bond cleavage pathway at pH > 310 

10, as shown experimentally (Wanamaker et al. 2013), which is in agree with the result that no 311 
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detectable εC was obtained during hydrolysis at pH 12. Therefore, C isotope fractionation can be 312 

expected and applied to characterize parathion hydrolysis at pH < 10. 313 

3.4. Isotopic profiles of parathion during biodegradation 314 

Isotopic profiles of parathion during biodegradation were investigated under laboratory 315 

cultivation using two isolated aerobic strains (TERI OP1, TERI OP2) and one anaerobic strain 316 

(TERI ANA-1). Experimental details with regard to the microbiological investigations are 317 

described in the Supporting Information. During aerobic degradation of more than 80% 318 

parathion, no carbon and hydrogen isotope enrichment could be observed (Table S2). Similarly 319 

under anoxic conditions, no carbon and hydrogen isotope enrichment of parathion could be 320 

observed after 90% degradation (Table S3). Thus, the reactions were not associated with carbon 321 

and hydrogen isotope fractionation of parathion using the three tested strains. The potential 322 

biodegradation metabolites of parathion were tentative analyzed via GC-MS (for analytical 323 

details see supporting information). The tentative metabolites analyses suggested that p-324 

nitrophenol, formed through the hydrolysis of the ester bond, was one initial reaction product 325 

under aerobic conditions using strain TERI OP2. Aminoparathion was detected in degradation 326 

experiments under aerobic conditions and anoxic conditions using strain TERI OP1 and strain 327 

TERI ANA-1, respectively. This indicates that the biodegradation leads to the reduction of the 328 

nitro group to form the amino group. 329 

In previous studies, several microbial strains have been isolated capable of degrading parathion, 330 

affiliated e.g. to the genera Flavobacterium, Bacillus, Pseudomonas or Arthrobacter (Singh and 331 

Walker 2006). The previously proposed biodegradation mechanisms of parathion were 332 

summarized in Fig. 3C, which are (C1) hydrolysis of the phosphotriester bond to form p-333 
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nitrophenol (P-O bond cleavage), which is the major pathway; (C2) reduction of the nitro group 334 

acting as electron acceptor to form aminoparathion (N-O bond cleavage); (C3) oxidation of the 335 

sulfur group of parathion to form paraoxon (diethyl (4-nitrophenyl) phosphate) (P=S bond 336 

cleavage). No carbon or hydrogen bonds breaking is involved in the first rate-determining 337 

irreversible step of all three proposed pathways, thus, no significant carbon and/or hydrogen 338 

isotope fractionation is expected to be associated with the biodegradation of parathion. Therefore, 339 

the microbial degradation is not likely to be characterized by carbon and hydrogen isotope 340 

fractionation. However, only a limited number of studies exist on aerobic and anaerobic 341 

degradation of parathion, it cannot be fully excluded that microorganisms could attach parathion 342 

by oxidizing a carbon entity leading to carbon and hydrogen isotope fractionation. 343 

3.5. Quantitative assessment of in situ hydrolysis at the investigated field site 344 

Even though the formation of OH radicals is unlikely in an anoxic or oxygen-limited aquifer, the 345 

chemical oxidation of parathion leads to desulfurization in the rate-limiting step and would not 346 

yield significant carbon or hydrogen isotope fractionation (Wu et al. 2018). As discussed above, 347 

it is unlikely that significant carbon or hydrogen isotope fractionation is associated with the 348 

biodegradation of parathion, and moreover, no carbon isotope fractionation can be expected 349 

during the hydrolysis of parathion at pH > 10. Hence, the carbon isotope enrichment obtained in 350 

parathion at the Groyne 42 site can be contributed exclusively to hydrolysis at pH < 10.  351 

The extent of hydrolysis can be estimated by Eq. (1) using the εC determined in laboratory 352 

experiments based on the Rayleigh equation. However, the accuracy of the degradation 353 

estimation in the field is highly dependent on the choice of an appropriate εC for the given field 354 

situation (USEPA 2008). The extent of in situ hydrolysis of parathion in the untreated area at the 355 
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Groyne 42 site was estimated using εC of -6.0 ± 0.2 (pH 7), -6.7 ± 0.4 (pH 5) and -6.9 ± 0.8 (pH 356 

2), respectively. The estimation using carbon isotope enrichment revealed the evidence that up to 357 

8.6 % natural attenuation of parathion was contributed by hydrolysis under neutral and acidic 358 

conditions (Table 1). The εC of -3.5 ± 0.4 (pH 9) was used to estimate the extent of degradation 359 

in the untreated area considering the mixed hydrolysis pathways, which resulted in up to 16 % of 360 

natural attenuation of parathion was contributed by hydrolysis under slightly alkaline conditions 361 

(Table 1). The low extent of in situ hydrolysis is due to long half-life of parathion under acidic 362 

and neutral conditions and low ground water temperature at the field site (11-13 °C). The initial 363 

concentration of parathion (C0) in the untreated area was calculated by applying Eq. (1) using the 364 

measured concentrations (Ct) and estimated extent of hydrolysis (Table 1). The initial 365 

concentrations of parathion in monitored wells in the untreated area were calculated to be below 366 

5.17 mg L-1, which is below the solubility of 10.4 mg L-1 in water at 8 °C (the average 367 

temperature of ground water in Denmark).  368 

Muff and colleagues investigated the influence of co-solvents on the aqueous solubility and 369 

reactivity of the OPs in the complex Groyne 42 DNAPL. Their results suggest that the hydrolysis 370 

reactions are limited by the rate of hydrolysis rather than NAPL dissolution (Muff et al. 2016). 371 

Chemical hydrolysis of parathion follows pseudo-first-order kinetics within the accuracy of 372 

measurement. Half-life of the reactions conducted at pH 1 to 7.8 and temperatures from 0 to 373 

90 °C under different conditions from different studies are summarized in Table S4. Arrhenius 374 

plots are often used to analyze the effect of temperature on the rates of chemical reactions which 375 

displays the logarithm of kinetic constants (ln () plotted against inverse temperature (1/T). The 376 

Arrhenius plot of parathion hydrolysis using collected data in Table S4 gave a straight line with 377 

R2 of 0.976 (Fig. 4), from which the activation energy (Ea) 92.04 kJ mol-1 was determined. The 378 
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obtained Ea is in the same order of the previous reported value of 22.35 kcal mol-1 = 93.52 kJ 379 

mol-1 which was calculated from the hydrolysis of parathion at pH 7.8 at different temperatures 380 

(Weber 1976). The equation obtained in Fig. 3 shows the correlation of temperature and the rate 381 

constants of parathion hydrolysis at pH < 7.8. From this, a half-life of 1521 days at the average 382 

ground water temperature in Denmark (8 °C) can be roughly predicted. The relative low 383 

temperature at the Groyne 42 field site would lead to long retention time of parathion in the 384 

untreated area. A previous study suggested that the enhancement of the average rate of 385 

hydrolysis could be achieved by a factor of 1.4 - 4.8 by increasing reaction temperature from 10 386 

to 30 °C (Muff et al. 2016). Our results contradicts to some extent with the assumption that the 387 

rate of hydrolysis is the rate limiting step in the in situ degradation, and believe that mixing is a 388 

major factor. Firstly, we found indication for neutral and acidic hydrolysis even in the treated 389 

areas where someone would expect prevailing alkaline conditions. Secondly, the high parathion 390 

concentrations clearly over the water solubility suggest that phases are present which are 391 

obviously not assessable to hydrolysis. Thirdly, in spite of long half-life, the high concentrations 392 

suggest that phases not assessable to hydrolysis still provide a source of contamination leaching 393 

into the ground water. 394 

Thus, the kinetic of hydrolytic transformation is expected to be controlled by mixing of alkaline 395 

water in the subsurface, and mixing in porous media is slow. Similar assumption could be made 396 

for neutral and acidic hydrolysis. Mixing of alkaline solutions with DNAPL seems to be a 397 

challenge for all in situ measures. Heterogenic reaction conditions could be expected as 398 

suggested by the carbon isotope enrichment of parathion even at places with high pH pointing to 399 

a predominance of neutral or acidic hydrolysis.  400 

4. Conclusions 401 
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Carbon isotope fractionation can be used to characterize acidic and neutral hydrolysis of 402 

parathion at contaminated field sites. Anaerobic and aerobic biodegradation of parathion proceed 403 

via reduction of the nitro group to aminoparathion and/or via enzymatic hydrolysis to p-404 

nitrophenol, and chemical oxidation by radicals occurs via desulfurization of parathion to 405 

paraoxon; both reaction mechanisms were shown to be not associated with carbon and hydrogen 406 

isotope fractionation. Therefore, the extent of hydrolysis under typical environmental pH values 407 

(3-10) can be quantified robustly using the Rayleigh concept and the isotope enrichment factors 408 

obtained in laboratory hydrolysis experiments.  409 

At pH smaller than 7 where the C-O bond cleavage is the dominant hydrolysis pathway, the pH 410 

changes will affect the reaction rate but has no effects on the carbon isotope enrichment factors 411 

of parathion. In addition, hydrolysis rates increase with increasing temperature, for instance, the 412 

half-life of parathion at pH 7 is 247 days at 25 °C (FAO 1990) and 75 hours at 60 °C (Wu et al. 413 

2018). However, the mechanisms will not change and the isotope fractionation of SN2 reaction is 414 

considered to be not much effected by temperature. A previous study reported that the hydrolysis 415 

rates of methyl halides increased with increasing temperature, while carbon kinetic isotope 416 

effects for halide substitution were almost independent of temperature (Baesman and Miller 417 

2005). This suggest that when both temperature and pH adjustments are required for technical 418 

measures to improve parathion hydrolysis at contaminated sites, the  isotope enrichment factors 419 

obtained in laboratory hydrolysis experiments are still applicable to analyze the mode of 420 

hydrolysis. 421 
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Abstract 12 

The applicability of compound-specific isotope analysis (CSIA) for assessing in situ hydrolysis 13 

of parathion was investigated in a contaminated aquifer at a former pesticide wastes landfill site. 14 

Stable isotope analysis of parathion extracted from groundwater taken from different monitoring 15 

wells revealed a maximum enrichment in carbon isotope ratio of +4.9 ‰ compared to the source 16 

of parathion, providing evidence that in situ hydrolysis took place. Calculations based on the 17 

Rayleigh-equation approach indicated that the natural attenuation of parathion was up to 8.6% by 18 

hydrolysis under neutral and acidic conditions. In degradation experiments with aerobic and 19 

anaerobic parathion-degrading microbes, no carbon and hydrogen isotope fractionation of 20 

parathion were observed. For the first time, CSIA has been applied for the exclusive assessment 21 
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of the hydrolysis of phosphorothioate-containing organophosphorus pesticides at a contaminated 22 

field site.  23 

Key words: isotope fractionation, parathion, in situ hydrolysis, field application, CSIA 24 

1. Introduction 25 

Organophosphorus pesticides (OPs) have been used mainly as insecticides throughout the world 26 

since the decline in the use of organochlorine pesticides in the 1960s and 1970s. OPs exhibit 27 

acute toxicity by inhibiting acetylcholinesterase (AChE) in the nervous system. Today the 28 

consumption of OPs ranks second relative to the total global pesticide usage (Fenner et al. 2013). 29 

OPs are considered to be degradable in the environment in contrast to organochlorines, however, 30 

continuous and excessive use of OPs has led to environmental contaminations which raise public 31 

concerns (USEPA 2006) as the residues have repeatedly been detected in soils, sediments, 32 

waterbodies, air samples, fishes and humans (Aston and Seiber 1996, Kawahara et al. 2005, 33 

Pehkonen and Zhang 2002). Parathion (O,O-diethyl O-(4-nitrophenyl) phosphorothioate) was 34 

one of the most widely used organophosphorus insecticides in agriculture in the past decades, 35 

and was primarily used on fruit, cotton, wheat, vegetables, and nut crops (FAO 1990). Due to its 36 

toxicity, parathion has been banned or restricted in many countries; however, stockpiles and 37 

waste from previous manufacturing and former landfill sites often contain parathion (LRSB 2014, 38 

Nielsen et al. 2014) forming serious point source contaminations which require management 39 

strategies. Thus, it is important to understand the chemical fate of parathion for properly 40 

environmental risks assessment at landfill sites and for groundwater quality protection and 41 

management. 42 
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Hydrolysis is believed to be one of the major pathways controlling the fate of OPs in the 43 

environment.  Hydrolysis of OPs proceeds by a common mechanism, where H2O and OH– act as 44 

nucleophiles in a bimolecular nucleophilic substitution mechanism (SN2 mechanism) (Pehkonen 45 

and Zhang 2002, Thatcher and Kluger 1989). The ester bonds of OPs can be hydrolyzed under 46 

acidic and alkaline conditions by two different pathways whereas the relative contribution of 47 

each hydrolysis pathway is pH-dependent (Wu et al. 2018). Alkaline hydrolysis is much faster 48 

compared to acidic and neutral hydrolysis. For example, the half-life of parathion is reported to 49 

be 133 days at pH 5 (25 °C), 247 days at pH 7 (25 °C), 102 days at pH 9 (25 °C) (FAO 1990), 50 

and only 1.14 days at pH 12 (20 °C) (Wu et al. 2018). Generally, alkaline hydrolysis is unlikely 51 

to contribute significantly to the natural attenuation of parathion, since mostly neutral and 52 

slightly acidic conditions prevailing in the environment. Therefore, hydrolysis under neutral or 53 

slightly acidic environmental conditions will lead to long half-life of parathion. The pH of 54 

seawater is typically limited to a range between 7.5 and 8.4 and seawater ingressions in 55 

dumpsites affected by tidal fluctuation may potentially contribute to increase in situ hydrolysis.  56 

Compound specific isotope analysis (CSIA) opens the door to the development of field-based 57 

assessment of degradation reactions. CSIA is one of the most promising fate investigative tools 58 

which enable the detection of in situ biodegradation of organic contaminants (Nijenhuis and 59 

Richnow 2016, Vogt et al. 2016). It has been used to estimate the extent of biodegradation of a 60 

specific compound from changes in isotope ratios of field samples if the isotope enrichment 61 

factor (ε) of that compound is determined in laboratory experiments based on the Rayleigh 62 

equation (Bashir et al. 2015, Hofstetter et al. 2008, Liu et al. 2017, Thullner et al. 2012). The 63 

molecular size of many micropollutants, such as pesticides, consumer care products or 64 

pharmaceuticals, is greater than of typical legacy contaminants (chlorinated-compounds, benzene, 65 
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and toluene) thus limiting the sensitivity of CSIA. As only bond change reactions induce kinetic 66 

isotope effects used for charactering degradation reactions, large molecules exhibit more atoms 67 

which are not reacting.   Thus, changes in single element isotope ratios (e.g. δ13C) tend to 68 

become smaller with larger molecular size due to isotope dilution effects of non-reacting atoms. 69 

Moreover, single element isotope ratios in the field can be always influenced by masking of 70 

isotope fractionation which makes the identification of degradation pathways by single element 71 

isotope analysis more difficult (Elsner 2010). Multi-element isotope analysis offers an 72 

opportunity to circumvent the problem associated with single-element CSIA as it allows 73 

characterizing bond change reactions of several elements.  74 

In previous studies, we analyzed the carbon and hydrogen isotope fractionation of several OPs 75 

upon chemical oxidation and hydrolysis in laboratory experiments (Wu et al. 2018, Wu et al. 76 

2014). We could show that the rate-limiting step of the UV/H2O2 reaction of parathion is the 77 

oxidative attack of the OH radical on the P=S bond, as indicated by negligible carbon and 78 

hydrogen isotope fractionation. The hydrolysis of parathion under acidic and alkaline conditions 79 

resulted in distinct but different carbon isotope fractionation patterns, principally allowing the 80 

distinction of the two different pH-dependent pathways and giving the possibility for 81 

characterizing natural attenuation of parathion by hydrolysis in the environment using isotope 82 

fractionation concepts. 83 

CSIA has been widely used for biodegradation assessment of different contaminant groups 84 

(Elsner 2010, Thullner et al. 2012). Recently Vogt and colleges summarized the concepts for 85 

applying CSIA for characterization of natural attenuation of hydrocarbons in field studies (Vogt 86 

et al. 2016). In addition, CSIA has been proposed as a useful approach for characterizing 87 

degradation processes of micropollutants such as pesticides at field scale (Elsner and Imfeld 88 
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2016); however, only in a few field studies CSIA has been applied to assess microbial 89 

degradation of different pesticides or herbicides (Bashir et al. 2015, Liu et al. 2017, Milosevic et 90 

al. 2013). To our best knowledge, CSIA has not yet been applied in field studies to assess the in 91 

situ degradation of OPs. In order to fill this research gap, we selected parathion as a model 92 

compound of OPs and investigated its natural attenuation by hydrolysis at a contaminated site 93 

using carbon and hydrogen isotope analysis. 94 

2. Materials and methods 95 

2.1. Chemicals 96 

Parathion (O,O-diethyl O-(4-nitrophenyl) phosphorothioate, >99.7%) was purchased from 97 

Sigma-Aldrich and dichloromethane (DCM, ≥99.9%) was from Carl Roth GmbH & Co. KG, 98 

Germany. Anhydrous Na2SO4 (≥99 %) was obtained from Bernd Kraft GmbH, Germany. 99 

2.2. Field site and sampling 100 

Groyne 42 is situated at Harboøre Tongue in Denmark facing the North Sea. Between 1950 and 101 

1960, waste chemicals were disposed at the site. The area is still heavily contaminated by 102 

approximately 100 tons of primarily OPs, mainly the highly toxic parathion (NorthPestClean 103 

2014a). A complex dense non-aqueous phase liquid (DNAPL) presenting in Groyne 42 is a 104 

mixture of OPs and intermediate products, reactants, and solvents used or produced in the 105 

manufacturing of OPs. The background information of this site has been described elsewhere 106 

(Bondgaard et al. 2012, Hvidberg et al. 2008). In 2006 the contaminated area (20,000 m2) was 107 

encapsulated by installing a 600 m long and 14 m deep steel sheet piling and a plastic membrane 108 

cap in order to prevent further leaching of toxins to the seawater (Fig. S1, (NorthPestClean 109 

2014a)).  From 2007 to 2014 the Central Denmark Region and the Danish Environmental 110 
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Protection Agency conducted research to develop a new in situ treatment of the site. The 111 

treatment consisted of in situ alkaline hydrolysis (ISAH) combined with pump-and-treat. The 112 

demonstration experiments were carried out on site in controlled test cells (TCs) and test pipes 113 

(TPs). More information can be found in the online reports from North Pest Clean 114 

(NorthPestClean). Because of the demonstration experiments in the NorthPestClean project, the 115 

site contained discrete areas which are the treated areas with sodium hydroxide (pH 13) and the 116 

untreated areas with neutral to acidic conditions (pH 2-7). By 2014, the total removal of 117 

contaminants from TCs and TPs in treated areas is up to 85% from water and 76% from 118 

sediment by ISAH combined with pump-and-treat (NorthPestClean 2014b). However, the natural 119 

attenuation of parathion in the untreated area remains unknown due to the lack of efficient 120 

assessment methods. 121 

The locations of monitoring wells are indicated in Fig. 1. Two free phase samples from the 122 

Groyne 42 DNAPL were taken in 2011 and 2014 and used to characterize the isotopic 123 

composition of the source of parathion. The Groyne 42 DNAPL has a density of 1.16 g mL-1 and 124 

viscosity of 13.9 cP at 10 °C (Muff et al. 2016). The composition by weight of the DNAPL was 125 

characterized to be 62 % parathion, 9 % methyl-parathion (O,O-dimethyl-O-p-126 

nitrophenylphosphorothioate), 7 % mercury, 5 % sulfotep (diethoxyphosphinothioyloxy-127 

diethoxy-sulfanylidene-λ5-phosphane), 3 % malathion (diethyl 2-128 

[(dimethoxyphosphorothioyl)sulfanyl]butanedioate) and 14 % other unknown contaminants 129 

(NorthPestClean 2014a). The free phase samples were dissolved in DCM and directly subjected 130 

for carbon and hydrogen isotope analysis to be used as the source signature of parathion. 131 

19 samples were collected from monitoring wells installed in the treated area and 17 samples 132 

were collected from the untreated area using a submersible electrical pump. 1 L of brown glass 133 
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bottles (Schott, Germany) were used for sampling from the treated area where high 134 

concentrations of parathion were expected. In order to avoid evaporation of parathion, bottles 135 

were filled with groundwater almost completely and sealed with Teflon-coated caps (Schott, 136 

Germany) without headspace. The pH of groundwater samples was adjusted to neutral or slightly 137 

acidic conditions using 25 % HCl solution (Carl Roth GmbH & Co. KG, Germany) to inhibit 138 

alkaline hydrolysis. Neutralization was monitored by universal pH indicator strips (0-14 pH 139 

Indicator Strips, Macherey-Nagel). 2.5 L of brown glass bottles (Schott, Germany) were used for 140 

sampling from the untreated area using the same procedures as described above but without 141 

adjusting the pH, because parathion has a relative slow hydrolysis rate at neutral to acidic 142 

conditions. The ground water level was measured on-site by an EL-WA water level meters. The 143 

concentrations of dissolved oxygen, temperature, pH, and electrical conductivity (EC) were 144 

measured on-site during sampling using a Multimeter (WTW, Weilheim, Germany). Samples 145 

were sent to the laboratory and stored at 4 °C until extraction. The extraction of samples was 146 

processed within 2 weeks after sampling. 147 

2.3. Sample preparation 148 

Groundwater samples were transferred into a 2 L glass-separation funnel. Each sample was 149 

extracted three times with 100 mL, 50 mL, and 50 mL of DCM, respectively, by shaking 150 

thoroughly. The organic phases were combined and evaporated to ~2 mL under a gentle stream 151 

of N2 in a TurboVap concentrator (TurboVap II, Biotage, Sweden). The extraction and 152 

evaporation procedure did not result in significant changes in carbon and hydrogen isotope ratios 153 

of parathion as shown elsewhere (Wu et al. 2017). The concentrated sample from the untreated 154 

area was then transferred into a 4 mL glass vial by a glass pipette and reconstituted into 3 mL of 155 

DCM. The concentrated sample from the treated area was transferred into a 20 mL glass vial by 156 
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a glass pipette and reconstituted into 10 mL of DCM due to the high concentration of parathion.  157 

Before analysis approximately 1.5 g (untreated area) or 5 g (treated area) of anhydrous Na2SO4 158 

were added in each vial to remove water.  159 

2.4. Aerobic and anaerobic degradation of parathion 160 

In order to investigate the isotopic profiles of parathion during biodegradation, experiments were 161 

conducted using two isolated aerobic strains (TERI OP1, TERI OP2) and one anaerobic strain 162 

(TERI ANA-1), respectively. The strains were isolated from soil samples collected from nearby 163 

garden located in Gwal Pahari (Gurgaon, Haryana), India. The aerobic strains were isolated in 164 

mineral salt (MS) medium with compositions as described elsewhere (Rokade and Mali 2013). 165 

Enrichment and isolation of anaerobic parathion degraders was carried out under strictly anoxic 166 

conditions. MS medium was prepared under anaerobic condition as described elsewhere 167 

(Junghare et al. 2012), by simultaneous boiling for 10 min and purging with nitrogen flush to 168 

remove the dissolved oxygen. 0.1% of resazurin was added as redox indicator and L-cysteine 169 

HCL (2.5 %) was added as a reducing agent to maintain the anoxic conditions. More details of 170 

the enrichment and isolation of strains were described in the Supporting Information (section 3.1, 171 

3.2 and 4.1). Batch experiments were conducted under oxic and anoxic conditions in 500 mL 172 

flasks containing 250 mL MS medium for studying parathion degradation kinetics. For each 173 

batch experiment, seven flasks containing 34 µM parathion-spiked MS medium were inoculated 174 

with 1 mL of inoculum. More information about inoculum preparation is provided in the 175 

Supporting Information (section 3.3). Sterile control flasks were prepared by the same 176 

procedures except adding inoculum. All control and culture flasks were incubated at 150 rpm 177 

and 30 °C in the dark. At different time intervals, 1 mL culture broth was taken for optical 178 

density and pH variation measurement. Residual parathion and potential metabolites in the 179 
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medium were extracted by 10 mL of DCM containing naphthalene (6.5 mg L-1) as internal 180 

standard for further analysis.  181 

2.5. Analytical methods and quantification. 182 

2.5.1. Concentration measurement. 183 

Parathion was quantified using an Agilent 6890 series GC (Agilent Technologies, USA) 184 

equipped with a flame ionization detector (FID) as described elsewhere (Wu et al. 2018, Wu et al. 185 

2017). A modified temperature program was used: the column was initially held at 60 °C for 2 186 

min, and increased at 8 °C min-1 to 280 °C, and then held for 2 min. 187 

2.5.2. Isotope analysis. 188 

The carbon isotope compositions of parathion were analyzed by a gas chromatography-189 

combustion-isotope ratio mass spectrometer (GC-C-IRMS) system, which consists of a GC 190 

7890A (Agilent Technologies, Palo Alto, CA, USA) coupled via a ConFlo IV interface (Thermo 191 

Fisher Scientific, Germany) to a MAT 253 IRMS (Thermo Fisher Scientific, Germany) via an 192 

open split. High-temperature pyrolysis was used to convert organically bound hydrogen into 193 

molecular hydrogen at 1200 °C for hydrogen isotope composition measurement via the gas 194 

chromatograph- high temperature conversion-isotope ratio mass spectrometer system (GC-HTC-195 

IRMS). A DB-608 column (30 m × 0.32 mm × 0.5 µm, Agilent J&W, USA) was used for sample 196 

separation, the column was initially held at 60 °C for 2 min, and increased at 8 °C min-1 to 197 

280 °C, and then held for 2 min. All samples were measured in triplicate. The other analytical 198 

details are the same as described elsewhere (Wu et al. 2017).  199 

2.5.3. Quantification of parathion degradation in the field 200 
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The carbon and hydrogen isotopic signatures are reported as δ values in parts per thousand (‰) 201 

relative to international reference materials which are Vienna PeeDee Belemnite (VPDB) for 202 

carbon and Standard Mean Ocean Water (SMOW) for hydrogen (Coplen 2011, Coplen et al. 203 

2006, Schimmelrnann et al. 2016). A main objective of CSIA is to quantify the amount of 204 

(chemical or biological) degradation in the field supporting monitored natural attenuation (MNA) 205 

as a site remedy. The extent of degradation can be estimated for individual compounds using the 206 

isotope shifts between the source and the residual not yet degraded fraction of the reacting 207 

compound using the Eq. (1) which is derived from the rearrangement of the logarithmic form of 208 

the Rayleigh equation Eq. (2) (Meckenstock et al. 2004): 209 

                                                                     (1) 210 

                                                                                                 (2) 211 

where Ct is the concentration at a given reaction time t or on a flow path downgradient a source; 212 

C0 is the concentration at the beginning of a reaction or in source area; δt and δ0 are the 213 

corresponding carbon and hydrogen isotope ratios of the reacting compound; ε is the isotope 214 

enrichment factor for a degradation process, which can be obtained from reference experiment 215 

under laboratory condition using Rayleigh equation Eq. (2). Thus, the extent of degradation (D%) 216 

in the field can be retrieved from isotope values alone, without additional information on 217 

concentrations or transformation products.  218 

3. Results and discussion 219 

3.1. Parathion distribution and hydrogeochemical conditions  220 
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The physicochemical parameters of the groundwater samples are listed in Table 1. The 221 

groundwater level in the monitoring wells ranged from 1.40 to 5.15 m below surface. The 222 

temperature was between 11.4 and 13.0 °C. Concentrations of dissolved oxygen were always 223 

below 0.1 mg L-1, indicating almost anoxic conditions. In the untreated area, the pH ranged from 224 

3.2 to 6.5, the acidic conditions were likely due to acid chemical waste deposition. Only one well 225 

in this area showed an alkaline pH of 9.4 (well V03-2). Parathion concentrations of samples from 226 

the untreated area were always lower than 5 mg L-1. In the treated area, the pH ranged from 6.9 227 

to 12.4, demonstrating the effectiveness of the remediation measure. Samples from well TC3-9-3 228 

in the treated area were strongly acidic (pH 2.2) indicating that this well is very close to the core 229 

of acid waste deposition and mixing of alkaline solutions with DNAPL did not result in alkaline 230 

conditions. The concentrations of parathion varied from 0.76 to 155.33 mg L-1 in the wells within 231 

the treated area (Table 1). The solubility of parathion is 10.4 mg L-1 in water at 8 °C (the average 232 

temperature of ground water in Denmark), which is calculated using the enthalpy of fusion for 233 

parathion as described elsewhere (Polatoğlu et al. 2015). Most of the parathion concentrations 234 

levels in the treated area are above its solubility. This is due to that the treated area is located at 235 

the contamination hotspot (Fig. 1) where free organic phases of a mixture of OPs, intermediate 236 

products, reactants, as well as solvents used in the manufacturing of OPs are present. Free 237 

contaminant phases probably fill pore space of the sediment implying a limited contact to water 238 

phases, thus reducing the mixing with alkaline water in the treated area.  The large variations of 239 

pH values and parathion concentrations in both areas illustrate rather heterogenic 240 

biogeochemical conditions at the investigated site. 241 

Potential transformation products of parathion were investigated in different treated and 242 

untreated areas of the site (Fig. S2 and Table S1).  The relative abundance and frequency of 243 
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detected aminoparathion (4-diethoxyphosphinothioyloxyaniline) suggested reduction of the nitro 244 

group of parathion by chemical or microbial processes (see also below). Compared to the treated 245 

area, the higher abundance of aminoparathion in the untreated area (Table S1) showing neutral 246 

and acidic conditions indicates that the reduction of the nitro group is preferentially a biological 247 

process. The presence of aminoparathion may point to reducing conditions prevailing at the 248 

dumpsite.  Aminoparathion was detected in our biological degradation experiments under 249 

aerobic conditions using strain TERI OP1 and under anoxic conditions using strain TERI ANA-1 250 

as described below in section 3.4, which is also in line with previous studies (Singh and Walker 251 

2006). p-nitrophenol (4-nitrophenol) is a typical alkaline hydrolysis product of parathion and was 252 

detected in both untreated and treated areas. The relative abundance and detection frequency 253 

were higher in the treated area (Table S1), showing the hydrolytic cleavage of the O-P bond. The 254 

abundance of p-nitrophenol in biodegradation studies suggests that biological hydrolysis 255 

potentially may contribute to transformation of parathion.  256 

3.2. Carbon and hydrogen isotope analysis of parathion from field samples  257 

The average value of all isotope analyses of source samples was taken as source signature of 258 

parathion, resulting in -22.9 ± 0.8 ‰ for δ13C (n = 10) and -212 ± 15 ‰ for δ2H (n = 12). In the 259 

untreated area, the obtained δ13C values differed from -22.1 ‰ to -18.0 ‰ and δ2H values 260 

differed from -226 ‰ to -208 ‰ (Table 1). In the treated area, the δ13C values varied from -23.6 ‰ 261 

to 20.1 ‰ and δ2H values varied from -227 ‰ to -201 ‰ (Table 1).  262 

Compared to the source signature of parathion, the δ13C enrichment of 0.8 ‰ to 4.9 ‰ was 263 

obtained from the wells in the untreated area (Fig. 2a), indicating in situ acidic and neutral 264 

hydrolysis was taking place. In the treated area, the δ13C values were almost identical with the 265 
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source signature (Fig. 2a)  showing that no carbon isotope fractionation of parathion occurs 266 

under strong alkaline conditions, which is in agreement with the results of laboratory hydrolysis 267 

experiments (Wu et al. 2018). δ13C enrichments of 2.8 ‰ and 2.1 ‰ were observed in samples 268 

from wells TC3-6-3 and TC3-7-2, respectively, which are characterized by strongly alkaline pH 269 

values (11.7 -12.4). This result might be explained by mixing of alkaline water and plumes 270 

during sampling. Mixing of water in porous media under laminar flow conditions in sandy 271 

aquifers is restricted, which imply that alkaline solution will not mix easily with contaminant 272 

phases or highly contaminated water. Mass transfer processes are widely controlled by diffusive 273 

transport resulting in transversal dispersion along a flow path. Convective mixing in porous 274 

sediments practically can be neglected. For example mixing of contaminants with electron donor 275 

or acceptor under laminar flow conditions can be limiting for biodegradation. Mixing during 276 

sampling need to be taken into account for interpreting isotope composition and lead to an 277 

underestimation of degradation reactions (Kopinke et al. 2005). Mixing of water bodies from 278 

different section of an aquifer with specific reaction conditions should be considered for 279 

quantitative interpretation of isotope fractionation pattern (Thullner et al. 2012). The isotope 280 

fractionation is an indication that the hydrolysis may have taken place under acidic, neutral or 281 

slight alkaline conditions explaining the carbon isotope enrichment. However, in both treated and 282 

untreated areas, the δ2H values were all overlapping with the source signature (Fig. 2b) because 283 

the hydrolysis of parathion is not associated to a detectable hydrogen isotope fractionation effect, 284 

independent of the pH value. 285 

3.3. Isotopic profiles of parathion during hydrolysis and chemical oxidation 286 

Carbon and hydrogen isotope fractionation patterns of hydrolysis and chemical oxidation of 287 

parathion have been investigated systematically in our previous study (Wu et al. 2018). Chemical 288 
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oxidation of parathion occurs via oxidation of the P=S bond to a P=O bond by an OH radical in 289 

the first rate-determining irreversible step (Fig. 3B); the reaction is not linked to detectable 290 

hydrogen or carbon isotope fractionation. In contrast, the hydrolysis of parathion results in no 291 

detectable H isotope fractionation but significant C isotope fractionation, corresponding to 292 

isotope enrichment factors of εC = -6.9 ± 0.8 ‰ at pH 2, -6.7 ± 0.4 ‰ at pH 5, -6.0 ± 0.2 ‰ at 293 

pH 7, -3.5 ± 0.4 ‰ at pH 9, and no detectable carbon isotope fractionation at pH 12. The 294 

different isotope fractionation patterns are due to two hydrolysis pathways of parathion (Fig. 3A): 295 

one is P-O bond cleavage by nucleophilic attack at the phosphorus atom under strong alkaline 296 

condition, resulting in no C and H isotope fractionation; another one is C-O bond cleavage by 297 

nucleophilic attack at the carbon atom under acidic, neutral and slightly alkaline conditions, 298 

resulting in a significant C but no H isotope fractionation.  299 

The obtained εC at pH 2, pH5 and pH7 are identical when considering the confidence intervals. 300 

This is due to the similar pathway takes place under neutral and acidic hydrolysis (Fig. 3A1) 301 

which cannot be by isotope fractionation. In the case of lower pH < 7, the changes of pH have 302 

effect on the reaction rates, for instance, the hydrolysis half-life of parathion at 25 °C is reported 303 

to be 133 days at pH 5 and 247 days at pH 7 (FAO 1990). However, no effects of pH changes on 304 

the reaction pathway and therefore the identical εC were obtained. Two hydrolysis pathways take 305 

place simultaneously in the range of 7 < pH >10. With the increase of pH, the contribution from 306 

C-O bond cleavage pathway decreases, resulting in smaller εC. The reduction of the εC at pH 9 307 

revealed that the contribution to parathion degradation via C-O bond cleavage pathway is 51–58% 308 

(Wu et al. 2018) using the extended Rayleigh-type equation derived by Van Breukelen (Van 309 

Breukelen 2007). Parathion is hydrolyzed completely by the P-O bond cleavage pathway at pH > 310 

10, as shown experimentally (Wanamaker et al. 2013), which is in agree with the result that no 311 
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detectable εC was obtained during hydrolysis at pH 12. Therefore, C isotope fractionation can be 312 

expected and applied to characterize parathion hydrolysis at pH < 10. 313 

3.4. Isotopic profiles of parathion during biodegradation 314 

Isotopic profiles of parathion during biodegradation were investigated under laboratory 315 

cultivation using two isolated aerobic strains (TERI OP1, TERI OP2) and one anaerobic strain 316 

(TERI ANA-1). Experimental details with regard to the microbiological investigations are 317 

described in the Supporting Information. During aerobic degradation of more than 80% 318 

parathion, no carbon and hydrogen isotope enrichment could be observed (Table S2). Similarly 319 

under anoxic conditions, no carbon and hydrogen isotope enrichment of parathion could be 320 

observed after 90% degradation (Table S3). Thus, the reactions were not associated with carbon 321 

and hydrogen isotope fractionation of parathion using the three tested strains. The potential 322 

biodegradation metabolites of parathion were tentative analyzed via GC-MS (for analytical 323 

details see supporting information). The tentative metabolites analyses suggested that p-324 

nitrophenol, formed through the hydrolysis of the ester bond, was one initial reaction product 325 

under aerobic conditions using strain TERI OP2. Aminoparathion was detected in degradation 326 

experiments under aerobic conditions and anoxic conditions using strain TERI OP1 and strain 327 

TERI ANA-1, respectively. This indicates that the biodegradation leads to the reduction of the 328 

nitro group to form the amino group. 329 

In previous studies, several microbial strains have been isolated capable of degrading parathion, 330 

affiliated e.g. to the genera Flavobacterium, Bacillus, Pseudomonas or Arthrobacter (Singh and 331 

Walker 2006). The previously proposed biodegradation mechanisms of parathion were 332 

summarized in Fig. 3C, which are (C1) hydrolysis of the phosphotriester bond to form p-333 
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nitrophenol (P-O bond cleavage), which is the major pathway; (C2) reduction of the nitro group 334 

acting as electron acceptor to form aminoparathion (N-O bond cleavage); (C3) oxidation of the 335 

sulfur group of parathion to form paraoxon (diethyl (4-nitrophenyl) phosphate) (P=S bond 336 

cleavage). No carbon or hydrogen bonds breaking is involved in the first rate-determining 337 

irreversible step of all three proposed pathways, thus, no significant carbon and/or hydrogen 338 

isotope fractionation is expected to be associated with the biodegradation of parathion. Therefore, 339 

the microbial degradation is not likely to be characterized by carbon and hydrogen isotope 340 

fractionation. However, only a limited number of studies exist on aerobic and anaerobic 341 

degradation of parathion, it cannot be fully excluded that microorganisms could attach parathion 342 

by oxidizing a carbon entity leading to carbon and hydrogen isotope fractionation. 343 

3.5. Quantitative assessment of in situ hydrolysis at the investigated field site 344 

Even though the formation of OH radicals is unlikely in an anoxic or oxygen-limited aquifer, the 345 

chemical oxidation of parathion leads to desulfurization in the rate-limiting step and would not 346 

yield significant carbon or hydrogen isotope fractionation (Wu et al. 2018). As discussed above, 347 

it is unlikely that significant carbon or hydrogen isotope fractionation is associated with the 348 

biodegradation of parathion, and moreover, no carbon isotope fractionation can be expected 349 

during the hydrolysis of parathion at pH > 10. Hence, the carbon isotope enrichment obtained in 350 

parathion at the Groyne 42 site can be contributed exclusively to hydrolysis at pH < 10.  351 

The extent of hydrolysis can be estimated by Eq. (1) using the εC determined in laboratory 352 

experiments based on the Rayleigh equation. However, the accuracy of the degradation 353 

estimation in the field is highly dependent on the choice of an appropriate εC for the given field 354 

situation (USEPA 2008). The extent of in situ hydrolysis of parathion in the untreated area at the 355 
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Groyne 42 site was estimated using εC of -6.0 ± 0.2 (pH 7), -6.7 ± 0.4 (pH 5) and -6.9 ± 0.8 (pH 356 

2), respectively. The estimation using carbon isotope enrichment revealed the evidence that up to 357 

8.6 % natural attenuation of parathion was contributed by hydrolysis under neutral and acidic 358 

conditions (Table 1). The εC of -3.5 ± 0.4 (pH 9) was used to estimate the extent of degradation 359 

in the untreated area considering the mixed hydrolysis pathways, which resulted in up to 16 % of 360 

natural attenuation of parathion was contributed by hydrolysis under slightly alkaline conditions 361 

(Table 1). The low extent of in situ hydrolysis is due to long half-life of parathion under acidic 362 

and neutral conditions and low ground water temperature at the field site (11-13 °C). The initial 363 

concentration of parathion (C0) in the untreated area was calculated by applying Eq. (1) using the 364 

measured concentrations (Ct) and estimated extent of hydrolysis (Table 1). The initial 365 

concentrations of parathion in monitored wells in the untreated area were calculated to be below 366 

5.17 mg L-1, which is below the solubility of 10.4 mg L-1 in water at 8 °C (the average 367 

temperature of ground water in Denmark).  368 

Muff and colleagues investigated the influence of co-solvents on the aqueous solubility and 369 

reactivity of the OPs in the complex Groyne 42 DNAPL. Their results suggest that the hydrolysis 370 

reactions are limited by the rate of hydrolysis rather than NAPL dissolution (Muff et al. 2016). 371 

Chemical hydrolysis of parathion follows pseudo-first-order kinetics within the accuracy of 372 

measurement. Half-life of the reactions conducted at pH 1 to 7.8 and temperatures from 0 to 373 

90 °C under different conditions from different studies are summarized in Table S4. Arrhenius 374 

plots are often used to analyze the effect of temperature on the rates of chemical reactions which 375 

displays the logarithm of kinetic constants (ln () plotted against inverse temperature (1/T). The 376 

Arrhenius plot of parathion hydrolysis using collected data in Table S4 gave a straight line with 377 

R2 of 0.976 (Fig. 4), from which the activation energy (Ea) 92.04 kJ mol-1 was determined. The 378 
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obtained Ea is in the same order of the previous reported value of 22.35 kcal mol-1 = 93.52 kJ 379 

mol-1 which was calculated from the hydrolysis of parathion at pH 7.8 at different temperatures 380 

(Weber 1976). The equation obtained in Fig. 3 shows the correlation of temperature and the rate 381 

constants of parathion hydrolysis at pH < 7.8. From this, a half-life of 1521 days at the average 382 

ground water temperature in Denmark (8 °C) can be roughly predicted. The relative low 383 

temperature at the Groyne 42 field site would lead to long retention time of parathion in the 384 

untreated area. A previous study suggested that the enhancement of the average rate of 385 

hydrolysis could be achieved by a factor of 1.4 - 4.8 by increasing reaction temperature from 10 386 

to 30 °C (Muff et al. 2016). Our results contradicts to some extent with the assumption that the 387 

rate of hydrolysis is the rate limiting step in the in situ degradation, and believe that mixing is a 388 

major factor. Firstly, we found indication for neutral and acidic hydrolysis even in the treated 389 

areas where someone would expect prevailing alkaline conditions. Secondly, the high parathion 390 

concentrations clearly over the water solubility suggest that phases are present which are 391 

obviously not assessable to hydrolysis. Thirdly, in spite of long half-life, the high concentrations 392 

suggest that phases not assessable to hydrolysis still provide a source of contamination leaching 393 

into the ground water. 394 

Thus, the kinetic of hydrolytic transformation is expected to be controlled by mixing of alkaline 395 

water in the subsurface, and mixing in porous media is slow. Similar assumption could be made 396 

for neutral and acidic hydrolysis. Mixing of alkaline solutions with DNAPL seems to be a 397 

challenge for all in situ measures. Heterogenic reaction conditions could be expected as 398 

suggested by the carbon isotope enrichment of parathion even at places with high pH pointing to 399 

a predominance of neutral or acidic hydrolysis.  400 

4. Conclusions 401 
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Carbon isotope fractionation can be used to characterize acidic and neutral hydrolysis of 402 

parathion at contaminated field sites. Anaerobic and aerobic biodegradation of parathion proceed 403 

via reduction of the nitro group to aminoparathion and/or via enzymatic hydrolysis to p-404 

nitrophenol, and chemical oxidation by radicals occurs via desulfurization of parathion to 405 

paraoxon; both reaction mechanisms were shown to be not associated with carbon and hydrogen 406 

isotope fractionation. Therefore, the extent of hydrolysis under typical environmental pH values 407 

(3-10) can be quantified robustly using the Rayleigh concept and the isotope enrichment factors 408 

obtained in laboratory hydrolysis experiments.  409 

At pH smaller than 7 where the C-O bond cleavage is the dominant hydrolysis pathway, the pH 410 

changes will affect the reaction rate but has no effects on the carbon isotope enrichment factors 411 

of parathion. In addition, hydrolysis rates increase with increasing temperature, for instance, the 412 

half-life of parathion at pH 7 is 247 days at 25 °C (FAO 1990) and 75 hours at 60 °C (Wu et al. 413 

2018). However, the mechanisms will not change and the isotope fractionation of SN2 reaction is 414 

considered to be not much effected by temperature. A previous study reported that the hydrolysis 415 

rates of methyl halides increased with increasing temperature, while carbon kinetic isotope 416 

effects for halide substitution were almost independent of temperature (Baesman and Miller 417 

2005). This suggest that when both temperature and pH adjustments are required for technical 418 

measures to improve parathion hydrolysis at contaminated sites, the  isotope enrichment factors 419 

obtained in laboratory hydrolysis experiments are still applicable to analyze the mode of 420 

hydrolysis. 421 
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Table 1. Physicochemical parameters of groundwater samples, parathion concentrations, parathion isotope values and qualitative 

assessment of in situ hydrolysis of parathion. Samples containing parathion concentrations below detection limit are not listed. 

Well ID water 
level 
(m) 

Temp. 
(°C) 

O2 
(mg L-1) 

conductivi
ty 

(mS cm-1) 

pH sample 
volumn 

(L) 

Parathion 
(mg L-1) 

δ13C 
(‰) 

δ2H 
(‰) 

In situ 
hydrolysis at 

pH 2, 5 and 7a 
(%) 

In situ 
hydrolysis 
at pH 9b 

(%) 

C0 
(mg L-1) 

samples from treated area 

TC3-1-1 5.15 12.5 0.01 19.31 9.2 1.00 107.90 -23.6 ± 0.5 b.d.    

TC3-1-2 2.94 12.4 0.04 23.50 11.2 0.98 0.78 b.d.c b.d.    

TC3-1-3 3.96 12.6 0.05 10.03 6.9 1.01 133.65 -22.8 ± 0.1 b.d.    

TC3-2-2 3.06 12.2 0.09 33.00 11.9 0.98 0.76 b.d. b.d.    

TC3-2-3 3.04 12.4 0.04 12.70 10.3 0.98 1.37 b.d. b.d.    

TC3-3-3 3.12 13.0 0.03 12.23 9.5 1.00 56.99 -22.1 ± 0.1 -210 ± 2    

TC3-6-3 3.19 12.6 0.04 12.51 11.7 0.98 5.75 -20.1 ± 0.4 b.d. 3.7 - 5.0 7.4 - 9.3 5.97 - 6.34 

TC3-7-2 2.95 11.6 0.05 27.50 12.4 0.87 155.33 -20.8 ± 0.0 -227 ± 3 2.8 - 3.7 5.5 - 7.0  

TC3-7-3 2.97 12.2 0.05 12.26 8.1 0.94 124.46 -22.4 ± 0.2 -211 ± 6    

TC3-8-3 4.00 12.3 0.06 9.28 9.4 0.96 132.51 -23.0 ± 0.1 -201 ± 2    

TC3-9-3 3.07 12.2 0.11 13.91 2.2 1.00 33.97 -22.7 ± 0.1 -211 ± 2    

samples from untreated area 

T1-3-1 3.59 11.4 0.09 20.20 4.4 2.19 2.64 -22.1 ± 0.1 b.d. 1.1 - 1.4 2.2 - 2.7 2.67 - 2.72 

TP2-1-1 1.40 11.4 0.07 5.47 3.8 2.18 3.22 -21.1 ± 0.3 b.d. 2.4 - 3.2 4.7 - 5.9 3.30 - 3.42 

F5 3.81 12.7 0.08 5.46 4.1 2.00 3.16 -21.7 ± 0.2 -211 ± 1 1.6 - 2.1 3.1 - 3.9 3.21 - 3.29 

V03-2 3.85 11.8 0.05 6.73 9.4 2.13 1.86 -21.7 ± 0.0 -215 ± 4 1.6 - 2.1 3.1 - 3.9 1.88 - 1.93 

DGE15 3.88 12.0 0.08 6.81 4.0 2.33 4.94 -21.5 ± 0.6 -226 ± 0 1.8 - 2.4 3.6 - 4.5 5.03 - 5.17 

V05 A 4.03 11.4 0.09 17.23 3.2 2.50 0.58 -18.3 ± 0.4 -208 ± 1 6.1 - 8.1 12.0 - 15.1 0.62 - 0.68 

DGE13 3.51 12.5 0.10 9.34 6.5 2.50 0.01 -21.8 ± 0.0 b.d. 1.5 - 2.0 2.9 - 3.7 0.01 - 0.01 

V81 B 3.49 12.4 0.10 14.64 3. 5 2.27 0.12 -18.0 ± 0.6 -214 ± 5 6.5 - 8.6 12.7 - 16.0 0.13 - 0.14 
a quantitative assessment of in situ hydrolysis of parathion under neutral and acidic conditions using εC of -6.0 ± 0.2 at pH 7, εC of -6.7 ± 0.4 at pH 5 and εC of  -
6.9 ± 0.8 at pH 2. The εC values were obtained from lab experiments (Wu et al. 2018); 
b quantitative assessment of in situ hydrolysis of parathion under slightly alklaine condition using εC of -3.5 ± 0.4 at pH 9 obtained from (Wu et al. 2018) ; 
c b.d. : below detection limit. 
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Fig. 1: Map of the “Groyne 42” field site showing the areas of in situ treatment by alkaline 

hydrolysis (TC1-TC3) and the locations of the sampling wells within the treated (pink circles) 

and untreated area (red circles). The area colored in blue indicates the location of the 

contamination hotspot. 

 

Figure 1_sampling map



 

Fig. 2: Carbon (a) and hydrogen (b) isotope ratios of parathion obtained from the ground water 

from the “Groyne 42” field site. Green squares indicate the samples from the treated area; blue 

circles indicate the samples from untreated area; Red dotted lines indicate the carbon and 

hydrogen source signatures of parathion. 

Figure 2_Isotope ratio of field samples



 

Fig. 3: Proposed reaction schemes with transformation mechanisms of parathion during (A) 

hydrolysis at different pH, (B) chemical oxidation by OH radical and (C) biodegradation. 

Scheme (A) illustrates that hydrolysis of parathion occurs via two pathways: (A1) nucleophilic 

attack by H2O at the α-carbon of the alkoxy group at acidic/neutral condition; (A2) nucleophilic 

Figure 3_reaction scheme



attack by OH- and H2O at the phosphorus atom at alkaline condition.  Scheme (B) illustrates that 

the first rate-limiting step of the chemical oxidation of parathion by OH radical occurs via OH 

radical addition to the central phosphorus atom and stabilized by two different pathways: (B1) 

the elimination of sulfhydryl radical to produce P=O bond to form paraoxon; (B2) the 

elimination of nitrophenol from the phosphoric center to p-nitrophenol. Scheme (C) summarizes 

biodegradation pathways of parathion: (C1) enzymatic hydrolysis of the phosphotriester bond to 

form p-nitrophenol; (C2) reduction of the nitrogroup to form amino parathion; (C3) oxidation of 

parathion to paraoxon. 



 

Fig. 4: The Arrhenius plot of parathion hydrolysis using collected data in Table S4. 
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