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Abstract 14 
Pesticides, pharmaceuticals and lifestyle products undergo a variety of transformation processes resulting in 15 

the formation of a broad spectrum of transformation products (TPs). This chapter provides the first integrative 16 

overview dedicated to TPs in groundwater, spanning sources and fate in the subsurface, occurrences, 17 

regulatory context, and research needs. Due to their often-higher mobility than parent compounds, TPs are 18 

frequently detected in groundwater at elevated concentrations, with their occurrence influenced by natural 19 

attenuation, compound-specific properties, and residence time in the vadose zone and aquifer. These 20 

processes can result in the long-term persistence of certain TPs in groundwater, even decades after the parent 21 

substances have been banned. The most detected TPs are typically associated with substances of high 22 

production volume and widespread use. Despite limited data on their (eco)toxicity, several TPs have 23 

demonstrated toxic effects comparable to, or even exceeding, those of their parent compounds, raising 24 

concerns about their impact on non-target organisms. The frequent co-occurrence of multiple TPs in 25 

groundwater underscores the need for further research on the potential effects of chemical mixtures. 26 
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Regulatory frameworks for groundwater monitoring often include only a limited number of pesticide-derived 27 

TPs, while TPs originating from pharmaceuticals and lifestyle compounds remain largely unregulated. As 28 

awareness grows and analytical capabilities advance, it is likely that the list of TPs subject to threshold values 29 

in groundwater will expand in the future.  30 
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1. Introduction 35 

Anthropogenic activities involve the use and release of several thousand chemical and biological substances 36 

each year. Many of them reach various environmental compartments, including groundwater, where they 37 

may pose risks to ecosystems and public health [1, 2]. A significant portion of these substances are classified 38 

as contaminants of emerging concern (CECs) [3]. This category includes newly identified compounds not 39 

previously reported in the scientific literature, as well as known contaminants that have recently gained 40 

attention due to emerging data on their widespread occurrence and/or toxicity.  41 

Organic contaminants can undergo various transformation processes after entering the environment (e.g., 42 

photolysis, biodegradation), during metabolism (e.g., pharmaceuticals in the human body) or in wastewater 43 

treatment facilities. These processes can lead to the formation of a wide range of transformation products 44 

(TPs), some of which are benign, while others can be more harmful than their parent compound for non-45 

target organisms [4-6]. Some of these TPs, such as 1,1-dichloro-2-2-bis(p-chlorophenyl)ethylene (DDE), which 46 

is formed via the dehydrohalogenation of the insecticide DDT, have been known for decades [7]. Recent 47 

advances in the detection and analysis of CECs have led to the identification of TPs that were previously 48 

undetected in the environment. High-resolution mass spectrometry (HRMS) enables non-target screening by 49 

providing the mass accuracy and resolution required to detect and characterize novel CECs and their TPs [8]. 50 

For example, Kiefer et al. (2019) were the first to report the widespread presence of the polar chlorothalonil 51 

TP R471811 in groundwater, identified through a suspect screening approach [9]. Due to their typically higher 52 

polarity and mobility, TPs are often detected in groundwater more frequently and at higher concentrations 53 

than their parent compounds [9-11]. Yet, these TPs are less frequently monitored, less regulated, and their 54 

potential harmful effects are often unknown. 55 

The majority of studies investigating the occurrence of CECs and their TPs in aquatic environments have 56 

focused on wastewater—recognized as a major source of CECs to the environment [12] — and surface water, 57 

which generally exhibit higher concentrations than groundwater [13, 14]. Groundwater has generally received 58 
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less attention, even in regions where it serves as the primary source of drinking water [15]—a trend that was 59 

already recognized over a decade ago [16]. Furthermore, only a limited number of these studies report the 60 

occurrence of TPs. This chapter provides an overview of the current state of knowledge on major groups of 61 

TPs detected in groundwater, with a focus on those originating from pesticides, pharmaceuticals, and lifestyle 62 

products. It explores their sources, the key processes governing their transport and fate in the subsurface, 63 

and their occurrence in groundwater. The chapter also highlights existing knowledge gaps and research 64 

needs. In addition, current regulatory frameworks relevant to these compounds are discussed. 65 

2. Sources and pathways of transformation products to groundwater 66 

Main sources of CECs and their TPs that can lead to groundwater contamination, as well as pathways in the 67 

subsurface are summarized in Figure 1. Sources can be classified as point-source discharges or non-point 68 

(diffuse) sources, each with distinct implications for groundwater resources. A point-source pollution refers 69 

to a discrete, spatially well-defined unique source, with generally high loads of contaminants. This type of 70 

contamination generates a plume of dissolved contaminants in groundwater with potentially elevated 71 

concentrations (µg/L-mg/L ranges). Waste disposal sites (farm waste lagoons, landfills), septic tanks, 72 

accidental spills and waste-water treatment plants (WWTP) are all examples of point-source discharges. On 73 

the other hand, diffuse sources occur at a broader scale, are poorly defined and involve multiple sources that 74 

are virtually impossible to discriminate and identify (e.g., pesticide applications on multiple fields in an 75 

agricultural watershed). Diffuse sources contribute lower loadings per unit area and include atmospheric 76 

deposition, as well as urban and agricultural runoff. 77 
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78 
Figure 1. Main sources and pathways for groundwater pollution by pesticides, pharmaceuticals and lifestyle 79 

products and their TPs. Diffuse sources are shown in blue while point-source are in red. 80 

 81 

2.1. Point sources 82 

Treated and untreated wastewater from various sources (municipal, industrial, hospital) represents a major 83 

source of CECs and TPs in the environment [12]. The vast majority of WWTPs are equipped with biological 84 

treatment processes (e.g., activated sludge, membrane bioreactors, moving bed biofilm bioreactors), which 85 

are not designed to effectively remove organic compounds. Advanced and expensive treatments, such as 86 

membrane filtration (reverse osmosis), activated carbon adsorption, activated oxidation or disinfection 87 

processes must be implemented downstream for efficient removal of organic contaminants such as 88 

antibiotics [17]. However, these advanced treatments can create harmful oxidation products. For example, 89 

two ozonation products of the antiviral drug acyclovir were found to be more toxic than acyclovir [18]. Many 90 

of these CECs and their TPs have been reported in treated effluents at concentrations ranging from ng/L to 91 
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μg/L [19, 20], and can then reach groundwater through groundwater-surface water exchanges (GW-SW) and 92 

through managed artificial recharge (MAR).  93 

Rural areas largely rely on septic tanks for wastewater management, and poorly designed or maintained 94 

septic systems have been a known source of groundwater contamination for decades [21]. Pharmaceuticals, 95 

such as ibuprofen, naproxen, diclofenac and the TP salicylic acid, have been detected in proximity of leaking 96 

septic tanks, at concentrations as high as 12 µg/L [22]. Although contamination from septic tanks is typically 97 

localized and does not generate extensive plumes, it can still pose a threat to water supply, as households 98 

using such systems often also rely on private wells for drinking water. 99 

Landfill leachates, which contain a broad spectrum of pollutants—including trace metals, inorganic salts, 100 

nitrogen compounds, and organic compounds—can lead to groundwater contamination, with the specific 101 

contaminants detected depending on the composition of the buried waste [23-25]. Landfills have represented 102 

a significant source of groundwater contamination for many years, as historical landfills were often 103 

established in areas with permeable lithology, and hazardous materials were buried when landfill 104 

construction regulations were less stringent. Reports of pharmaceutical detection in landfill plumes started 105 

in the early 90s [26], and more recent studies have documented the presence of artificial sweeteners [27] as 106 

well as per- and polyfluoroalkyl substances [28].  107 

Veterinary antibiotics are administered to livestock to prevent and cure diseases, and up to 90% of the parent 108 

compounds or metabolites are excreted within hours after application [2]. Intensive livestock farming, 109 

especially in the form of concentrated animal feeding operations (CAFO) and large dairy farms, can represent 110 

a threat for groundwater resources through leaks in storage lagoons into the subsurface or manure spreading 111 

followed by runoff. For example, concentrations up to 3.6 μg/L of the antibiotic sulfamethazine have been 112 

measured in groundwater at dairy farms in California following the leak of a manure lagoon [29], and 113 

sulfamethazine and its TP N-acetyl-sulfamethazine are frequently reported in groundwater (Table 1).  114 
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2.2. Diffuse sources 115 

Municipal biosolids, produced from sewage sludge treatment, and manure represent important sources of 116 

nutrients and organic matter for crop growth, and the land application of both is routinely practiced in many 117 

countries. However, organic compounds can accumulate in biosolids as a result of partial removal in WWTPs, 118 

and in manure following antibiotic administration, and may subsequently be exported to agricultural fields 119 

[30, 31]. For example, carbamazepine, diclofenac, the antihistamine diphenhydramine, and the antimicrobial 120 

triclocarban have been detected in biosolids at concentrations of up to 22 μg/g [32]. Following biosolid 121 

application, carbamazepine and triclocarban have also been detected in agricultural soils, albeit at 122 

concentrations several orders of magnitude lower. Although contaminants from manure, biosolids and WWTP 123 

effluents can reach groundwater through the soil and vadose zone, this is usually a minor route as a significant 124 

proportion of these contaminants can be retained and degraded in these matrices.  125 

A more important route is through groundwater-surface water (GW-SW) exchanges following contaminant 126 

export to surface water via runoff or direct discharge. Surface water typically contains a greater variety of 127 

compounds and at higher concentrations than groundwater, as it directly receives effluents. Shallow alluvial 128 

aquifers are hydraulically connected to surface water bodies, through which they may become contaminated 129 

[13, 14]. However, mass transfers can occur in both directions and depend on the contaminant load of each 130 

end-member; recent studies suggested that groundwater was likely an important source of pesticide TPs to 131 

streams, based on their frequent detection under baseflow conditions [33], and in groundwater discharge 132 

zones [34].  133 

Managed Aquifer Recharge (MAR), defined as “the intentional recharge of water to aquifers for subsequent 134 

recovery or environmental benefit” [35], is typically carried out using surface water or treated wastewater 135 

and is particularly used in arid and semi-arid regions to prevent groundwater shortage and saline water 136 

intrusion. However, it can result in groundwater contamination [36, 37]. Given the importance of MAR in 137 

sustaining groundwater resources in various regions of the world, a growing body of literature has focused 138 
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on the fate of wastewater-derived contaminants in the subsurface, best management practices, and risk 139 

assessment (for reviews, see [35, 36, 38]). Reclaimed wastewater (RWW) can be a viable alternative to 140 

freshwater irrigation for crops in areas facing water scarcity and reduce the reliance on more traditional 141 

resources (often groundwater). However, the use of RWW may result in continuous inputs of CECs and their 142 

TPs in agricultural soils and crops, resulting in groundwater contamination, and some evidence indicate the 143 

dissemination of antibiotic resistant bacteria and resistance genes [2].  144 

In urban areas, leaky sewer and water supply systems can significantly contribute to groundwater recharge 145 

[39, 40]. In the case of sewer leakage, they may also represent a major source of groundwater contamination 146 

by a wide range of contaminants, including pharmaceuticals and lifestyle products [41, 42]. These leaks bypass 147 

natural attenuation processes in the subsurface, such as sorption or biodegradation, and represent a 148 

significant threat to groundwater quality in urban environments. Overflows of combined sewers can be 149 

responsible for inputs of pesticides and hydrocarbons from stormwater, which can then reach groundwater 150 

through leaks or GW-SW exchanges [43]. Finally, rain, snow and atmospheric deposits are aerial diffuse 151 

sources of contaminants that are not expected to be a major threat to groundwater [44, 45]. 152 

 153 

3. Factors controlling the fate of transformation products in the subsurface  154 

Potential contaminants from the surface will typically migrate through the soil and the vadose zone before 155 

reaching groundwater. Figure 2 summarizes the main factors governing CECs and TPs migration, natural 156 

attenuation and occurrence in the subsurface. Land use is a major driver of CEC loading into the subsurface 157 

and shapes the pattern of compounds detected in aquifers. For example, Kiefer et al. (2019, [9]) have shown 158 

that TPs originating from urban CECs were predominantly detected in aquifers connected to streams 159 

impacted by wastewater, while pesticide TPs were mostly found in aquifers in agricultural catchments. Total 160 

loading also affects the potential for organic compounds to reach groundwater. Even minimal pesticide 161 
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leaching (as low as 0.1% of the applied amount) can lead to contamination of shallow groundwater at levels 162 

above the EU drinking water limit (<0.1 µg/L, [46, 47]). 163 

 164 
Figure 2. Main processes governing TPs subsurface migration and occurrence in groundwater. 165 

 166 

Physical and hydraulic parameters, such as the degree of confinement, depth to the water table, and 167 

characteristics of the vadose zone, define the intrinsic vulnerability of aquifers and their susceptibility to 168 

surface-derived contamination. In a survey of >1200 public-supply wells across the United-States, Bexfield et 169 

al. (2021) reported that detection frequencies of pesticides and their TPs were higher in shallow unconfined 170 

aquifers compared to deeper or confined aquifers [11]. Karstic aquifers and shallow groundwater are 171 

particularly susceptible to contamination because of very short transfer time and associated limited natural 172 

attenuation in the case of karst [48-50], and connection with surface water bodies which typically contain a 173 



 10 

higher load of CECs and TPs in the case of shallow groundwater [13, 51]. These physical and hydraulic 174 

parameters are often integrated into indices used to assess groundwater vulnerability and inform water 175 

resource protection policies [52]. 176 

Sorption of nonpolar and neutral compounds in soils is largely governed by clay and organic matter (OM) 177 

content, while the sorption of polar and ionizable compounds depends on additional factors such as the 178 

chemistry of soil pore water [2]. Soils can act as reservoirs for undegraded substances, which may be 179 

remobilized over extended periods of time. For example, a field study demonstrated that the herbicide 180 

atrazine persisted in agricultural soils in Germany two decades after its ban, representing a potential long-181 

term source of groundwater contamination [53]. Soil colloids play a key role in the sorption and transport of 182 

organic contaminants and can facilitate the migration of sorbed compounds into groundwater [54, 55]. Soils 183 

also represent a hotspot for microbial biodegradation, which is often the dominant pathway for CEC 184 

degradation in the environment compared to abiotic processes [56]. Microorganisms metabolize CEC for 185 

assimilation as nutrients and energy production. This results in the formation of TPs, which may undergo 186 

further degradation, but can also accumulate due to differences in enzyme kinetics or remain unmetabolized 187 

in the presence of more readily assimilable carbon sources [57, 58]. Biodegradation potential is also partly 188 

shaped by the time elapsed since a contaminant was first introduced into the environment: microorganisms 189 

have had limited time to evolve efficient degradation pathways for novel compounds, which are often not 190 

degraded or only partially degraded, leading to the accumulation of TPs [59]. The current understanding of 191 

the dynamics of most organic contaminants in soils and across the unsaturated zone is still limited, 192 

highlighting the need for continued research [2, 60]. 193 

Contaminant physicochemical properties, such as functional groups, water solubility and Koc/Kd play a major 194 

role to explain their persistence or degradation in the environment. The Groundwater Ubiquity Score (GUS) 195 

relates a compound’s half-life in soils and its Koc and is often used to indicate the relative leachability of 196 

pesticides [61]. A high GUS (>2.8) generally indicates a high leaching potential. Although this approach has its 197 



 11 

limitations (it does not account for soil properties nor field application rates [62]), it is a useful tool for an 198 

initial assessment. For example, S-metolachlor ethanesulfonic acid (ESA) and S-metolachlor oxanilic acid (OA), 199 

which are both TPs of the widely applied herbicide S-metolachlor, have a much higher solubility and lower Koc 200 

than S-metolachlor (Sw = 212 000 mg/L, 360 000 mg/L and 530 mg/L, respectively; Koc = 9 mL/g, Koc = 17 mL/g 201 

and Koc = 200 mL/g, respectively). This translates into a GUS of 2.4 for S-metolachlor, 7.2 for S-metolachlor 202 

ethanesulfonic acid and 6.0 S-metolachlor oxanilic acid, which means that these TPs are much more mobile 203 

than their parent compound, which is often the case. This higher mobility of TPs is generally linked to chemical 204 

and biological degradation that tends to increase molecular polarity and solubility while reducing sorption to 205 

soils, thereby promoting transport to groundwater. As a result, these two polar TPs are more frequently 206 

detected and at higher concentrations in groundwater than S-metolachlor [9, 11, 63]. Because they are 207 

virtually not retained onto the matrix subsurface, such as organic matter and clay, they are not available for 208 

(bio)degradation. Compounds with phenolic (e.g., acetaminophen, triclosan) or carboxylic groups (e.g., 209 

ibuprofen, imazethapyr) are usually more readily degraded than compounds with amide groups such as 210 

carbamazepine [64]. As a result, carbamazepine and its human metabolites are frequently detected in 211 

groundwater (see section 4.2.). 212 

Redox conditions are a key factor controlling both biotic and abiotic degradation in saturated and unsaturated 213 

zones and can strongly influence contaminant persistence and the occurrence of TPs. Aerobic degradation is 214 

generally more efficient than anaerobic degradation for a wide range of organic contaminants, including 215 

hydrocarbons, pesticides, and pharmaceuticals [65-67], and both processes often yield distinct TPs [68]. This 216 

can lead to the persistence of otherwise readily degradable compounds when reducing conditions develop in 217 

a plume from point source pollution, such as landfills, septic tanks or accidental spillage [22, 25, 69]. Redox 218 

conditions also govern reversible transformations, such as those involving the aromatic amines diclofenac 219 

and sulfamethoxazole: both compounds can be degraded into their nitro-derivatives under denitrifying 220 

conditions (associated with nitrite accumulation), which may be subsequently transformed back to their 221 
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parent compounds as nitrite concentrations decrease [70]. Redox conditions also critically influence 222 

degradation processes during MAR and riverbank filtration, both of which are intended to reduce 223 

concentrations of organic contaminants [71, 72].  224 

Once CECs and their TPs reach groundwater, their persistence depends on several factors, including microbial 225 

activity, groundwater residence time, recharge rate, and dilution from other water sources. Most aquifers are 226 

generally considered oligotrophic environments: they are carbon-poor (typically containing around 1-2 mg/L 227 

of dissolved organic carbon), often exhibit reducing conditions—particularly in deeper aquifers—and host low 228 

concentrations of indigenous microbial communities, which tend to grow slowly [73]. Low temperatures are 229 

also known to reduce the rate of both biotic and abiotic degradation processes [72]. As a result, degradation 230 

rates in groundwater are generally lower than those observed in soils. Because of the unique conditions in 231 

groundwater, contaminant behavior cannot be reliably predicted based on data from other hydrological 232 

compartments, stressing the need for compartment-specific studies [74]. Groundwater residence time also 233 

plays an important role in explaining the persistence of organic contaminants. For example, thirteen years 234 

after their ban, triazine herbicides were still detected, at increasing concentrations with depth—and thus with 235 

increasing residence time—in a shallow aquifer in France [75]. A national survey conducted in France further 236 

showed that groundwater contained a higher number and concentration of banned compounds and their TPs 237 

compared to surface water [63].  238 

To summarize, the occurrence and persistence of CECs and their TPs in groundwater result from a 239 

combination of key factors: i) their molecular properties and their loading to soils; ii) the extent of natural 240 

attenuation occurring in soils, the vadose zone and the saturated zone; iii) storage in soils and the potential 241 

for remobilization over extended time periods; and iv) transfer time through the vadose zone and residence 242 

time in groundwater. This explains the long-term presence of some compounds in groundwater, sometimes 243 

above regulatory thresholds, long after their ban [76, 77]. 244 
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 245 

4. Occurrence of transformation products of pesticides, pharmaceuticals and 246 

lifestyle products in groundwater 247 

4.1. Methodology 248 

For this section, a literature review was conducted following the workflow illustrated in Figure 3. 249 

Combinations of different keywords were searched in the Scopus database: i) “Groundwater” AND 250 

“transformation products” AND “pesticides”, ii) “Groundwater” AND “transformation products” AND 251 

“pharmaceuticals”, iii) “Aquifer” AND “transformation products” AND “pesticides”, iv) “Aquifer” AND 252 

“transformation products” AND “pharmaceuticals”, v) “Groundwater” AND “metabolites” AND “pesticides”, 253 

vi) “Groundwater” AND “metabolites” AND “pharmaceuticals”, vii) “Aquifer” AND “metabolites AND 254 

“pesticides”, and viii) “Aquifer” AND “metabolites” AND “pharmaceuticals”. Table 1 and Table 2 summarize 255 

the most frequently detected pesticide TPs and pharmaceuticals and lifestyle products, respectively, in 256 

groundwater (n ≥ 4 studies, published since 2004). The range of maximum concentrations is also reported for 257 

each compound, as well as the regulatory status, when available. 258 
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 259 

Figure 3. Workflow of the literature review process for the data presented in Tables 1 and 2. 260 

 261 

4.2. Pesticide transformation products 262 

The most frequently detected pesticide TPs in groundwater are compiled in Table 1. Most of them originate 263 

from herbicides (37 out of 46 TPs reported in Table 1), which also represent the most widely used type of 264 

pesticide worldwide [78]. TPs of atrazine, along those of the herbicides S-metolachlor, alachlor, acetochlor 265 

(all chloroacetanilides), dichlobenil, chloridazon and the fungicide chlorothalonil, are the most frequently 266 

detected compounds in groundwater, as well as those with the highest reported concentrations. 4-267 

hydroxychlorothalonil is detected less frequently than other chlorothalonil TPs but it has been reported at a 268 

concentrations as high as 368 µg/L in a well located near a golf course in the United States [77]. Some of these 269 

TPs have been present in groundwater for many years. For example, the atrazine TPs desethylatrazine (DEA) 270 

and deisopropylatrazine (DIA) were already detected in shallow aquifers in the United States in 1991 [79]. 271 
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Table 1. Summary of the most frequently detected pesticide TPs, including their CAS number, parent compound, regulatory limit in groundwater when 272 
available, and the range of highest reported concentrations (when available). 273 
Transformation Producta CAS number Parent compound Concentrations (ng/L)b Regulatory limit (ng/L) n References 

Herbicides       

Acetochlor ESA 187022-11-3 Acetochlor 10 – 1,560 900f 5 [9, 11, 50, 80, 81] 

Alachlor ESA 142363-53-9 Alachlor 3,187 - 7,070 900f 6 [11, 63, 77, 81-83] 

Alachlor OA 171262-17-2 Alachlor 1,448 - 4,170 100 (500)g 4 [11, 63, 77, 81] 

Desethylatrazine (DEA) 6190-65-4 Atrazine 5 - 1,860 900f 

5,000h 

100,000i 

35 [9, 11, 48-50, 63, 77, 80, 81, 
84-109] 

Deisopropylatrazine (DIA)c 1007-28-9 Atrazine <1 - 3,075 900f 

5,000h 

100,000i 

26 [9, 11, 48, 49, 63, 77, 80, 81, 
84, 86, 89, 92, 94-97, 100-107, 
109, 110] 

Hydroxyatrazine (HATR) 2163-68-0 Atrazine 2 - 822 900f 

200,000i 

5,000h 

14 [9, 11, 50, 63, 77, 81, 86, 89, 
100, 102, 103, 107, 109, 111] 

Desethyl-deisopropylatrazine (DEDIA) 3397-62-4 Atrazine 21 - 4,114 900f 11 [9, 11, 50, 63, 77, 81, 86, 89, 
100, 102] 

Desethyl-2-hydroxyatrazine (DEAOH) 19988-24-0 Atrazine <1 - 172 900f 7 [9, 11, 81, 89, 92, 102, 109] 

Desphenyl chloridazon (DPC) 6339-19-1 Chloridazon 1,490 - 13,000 100 (500)g 12 [9, 48, 50, 63, 82, 86, 99, 101, 
102, 109, 112, 113] 

Methyl-desphenyl chloridazon (MDPC/B1) 17254-80-7 Chloridazon 15 - 1,700 100 (500)g 14 [9, 48, 50, 63, 86, 92, 99, 101, 
102, 104, 109, 112-114] 

2,6-dichlorobenzamide (BAM/AEC653711) 2008-58-4 Dichlobenil, Fluopicolid <1 - 10,000 100 (500)g 14 [9, 82, 86, 87, 90, 92, 96, 100-
102, 109, 113-115] 

Dimethachlor ESA (CGA354742) 1231710-75-0 Dimethachlor 6 - 120 900f 8 [9, 50, 63, 82, 86, 109, 113, 
116] 

Dimethachlor CGA 369873 2387071-47-6 Dimethachlor 18 - >100 900f 7 [9, 63, 86, 104, 109, 113, 114] 

Dimethachlor OA (CGA 50266) 1086384-49-7 Dimethachlor 3 - 44 900f 5 [9, 102, 109, 113, 116] 

Dimethenamid ESA (P-M27) 205939-58-8 Dimethenamid >10 - 320 900f 6 [11, 50, 63, 86, 113, 116] 

N-(3,4 dichlorophenyl)-N-(methyl)-urea 
(DCPMU) 

3567-62-2 Diuron 11 - 162 900f 4 [11, 77, 114, 117] 

Flufenacet ESA 201668-32-8 Flufenacet 51 - 380 100 (500)g 7 [9, 10, 63, 109, 113, 118, 119] 

Flufenacet OA 201668-31-7 Flufenacet 4 - 5 900f 6 [9, 10, 109, 113, 118, 119] 

Aminomethylphosphonic acid (AMPA) 1066-51-9 Glyphosated 2 - 19,000 900f 10 [90, 120-128] 

Metamitron-desamino 36993-94-9 Metamitron <1 - 350 900f 6 [9, 86, 102, 104, 109, 114] 
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Metazachlor-ESA (BH 479-08) 172960-62-2 Metazachlor >10 - 6,900 900f 11 [9, 10, 50, 63, 86, 102, 104, 
109, 113, 114, 119] 

Metazachlor-OA (BH 479-04) 1231244-60-2 Metazachlor >100 - 3,990 900f 9 [9, 10, 50, 63, 86, 109, 113, 
114, 119] 

Desamino-metribuzine 35045-02-4 Metribuzine 12 - 140 900f 4 [11, 48, 77, 101] 

Nicosulfuron UCSN n.a. Nicosulfuron 13 - 140 900f 4 [9, 86, 109, 116] 

Metolachlor ESA (CGA 354743/CGA 380168) 171118-09-5 S-metolachlor 98 - 4,800 900f 13 [9, 11, 50, 63, 77, 80, 81, 86, 
109, 110, 113, 114, 129] 

Metolachlor OA (CGA 51202/CGA 351916) 152019- 73-3 S-metolachlor 54 - 4,920 900f 12 [9, 11, 50, 63, 77, 80, 81, 86, 
109, 113, 114, 129] 

Deschlorometolachlor 126605-22-9 S-metolachlor 18 – 453 900f 4 [11, 77, 80, 106] 

Acetochlor sec-sulfonic acid (CGA 368208) 446027-17-4 S-metolachlor <1 - >100 900f 6 [9, 63, 86, 109, 113, 114] 

NOA 413173 1418095-19-8 S-metolachlor <1 - >1,000 900f 6 [9, 63, 82, 86, 113, 114] 

Simazine-2-hydroxy 2599-11-3 Simazine 1 - 40 900f 5 [9, 11, 102, 106, 109] 

Desethyl-terbuthylazine (MT1) 30125-63-4 Terbuthylazine 9 - 4,550 900f 15 [9, 80, 86, 89, 92, 95, 99, 103, 
105, 108-110, 119, 129, 130] 

CSCD648241 (LM6) n.a. Terbuthylazine 11 - 192 900f 6 [9, 63, 86, 102, 104, 109] 

Terbutylazine-2-hydroxy (MT13) 66753-07-9 Terbuthylazine <1 - 862 900f 6 [50, 63, 103, 105, 114, 129] 

Terbutylazine CSAA036479 (LM2) n.a. Terbuthylazine 18 - 147 900f 4 [9, 86, 102, 109] 

Terbutylazine MT23-GS16984 (LM5) n.a. Terbuthylazine 59 – 9,706 900f 4 [9, 86, 102, 109] 

Terbutylazine-desethyl-2-hydroxy (MT14)i 66753-06-8 Terbuthylazine <1 - 1,285 900f 4 [50, 92, 102, 106] 

Fungicides 
   

 
  

2-amido-3,5,6-trichlo-4-
cyanobenzenesulphonic acid (R417888) 

1418095-02-9 Chlorothalonil 31 - >1,000 100 (500)g 9 [9, 63, 86, 104, 109, 113, 114, 
116, 131] 

4-bis-amido-3,5,6-
trichlorobenzenesulfonate (R471811) 

n.a. Chlorothalonil 410 – 2,200 900f 6 [9, 63, 86, 104, 109, 131] 

4-amido-2,5-dichloro-6-cyano benzene-1,3-
disulfonic acid (R419492) 

n.a. Chlorothalonil 30-740 900f 5 [9, 86, 109, 116, 131] 

2,4,5-trichloro-3-cyano-6-hydroxy-
benxamide (SYN507900) 

115044-73-0 Chlorothalonil >100 900f 5 [9, 63, 86, 109, 131] 

N,N-dimethyl-sulfamide 3984-14-3 Dichlofuanid, Tolyfluanid >100 - 52,000 100 (500)g 6 [9, 86, 99, 109, 113, 114] 

M-CGA108906 104390-56-9 Metalaxyl 9 – 2,813 900f 4 [9, 102, 109, 113] 

Insecticides 
   

 
  

Fipronil sulfone (MB46136) 120068-36-2 Fipronil 2 - 40 900f 7 [11, 85, 86, 101, 132-134] 

Fipronil sulfide 120067-83-6 Fipronil <1 - 28 900f 6 [11, 77, 101, 132-134] 
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Fipronil desulfinyl 205650-65-3 Fipronil <1 - 11 900f 4 [11, 132-134] 

Clothianidine 210880-92-5 Thiamethoxam 2-392 100 (500)g 7 [34, 83, 86, 87, 132, 135, 136] 

 274 
aESA: ethanesulfonic acid; OA: oxanilic acid. 275 
brange of maximum reported concentrations. 276 
cdeisopropylatrazine = desethylsimazine. 277 
dglyphosate can also be formed from aminopolyphosphonates [137]. 278 
eclothianidin is both a TP of thiamethoxam and an insecticide used on its own. 279 
fEuropean Union. This is a recommended maximum value for drinking water for non-relevant TPs rather than a strict regulatory limit. This threshold is 280 
determined at the national level; the example provided corresponds to France. See section 5.1 for further details. 281 
gEuropean Union. 100 ng/L for pesticide or relevant TP, 500 ng/L in a mixture [47, 138]. See section 5.1 for definition of a relevant TP. 282 
hCanada. The maximum acceptable concentration applying to the sum of atrazine and its N-dealkylated TPs in drinking water is set at 5,000 ng/L [139]. 283 
iWorld Health Organization. The guideline provides recommended maximum concentrations in drinking water [140]. 284 
n.a. not available 285 
 286 
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The higher mobility of TPs in the subsurface often results in greater detection frequencies and concentrations 287 

compared to their parent compounds. For example, S-metolachlor was detected in 3.5% of the sampled 288 

points (maximum concentration of 1,419 ng/L) while the TP S-metolachlor (ESA) was reported in 11.4% of the 289 

samples at a maximum concentration of 2,509 ng/L in a survey across the United States [11]. Methyl-290 

desphenyl chloridazon (MDPC) and desphenyl-chloridazon (DPC) are reported in groundwater much more 291 

frequently than chloridazon, often at concentrations several orders of magnitude higher [13, 101]. This is also 292 

the case for aminomethylphosphonic acid (glyphosate TP, [120]) and triazines TPs [9].  293 

As a result, TP concentrations frequently exceed groundwater quality standards when such standards are 294 

established. Figure 4 presents boxplots of maximum concentrations for selected TPs listed in Table 1, 295 

alongside EU regulatory limits (only TPs or groups of TPs derived from the same parent compound with at 296 

least 10 reported concentrations values are shown; note that some studies listed in Table 1 do not report 297 

concentrations or detection frequencies). As noted above, TPs of glyphosate, chloridazon, S-metolachlor, 298 

chlorothalonil and metazachlor showed the highest concentrations, with median values exceeding 0.2 µg/L. 299 

A survey of drinking water in France conducted between 2021 and 2022, with approximately 66% of samples 300 

derived from groundwater [141], revealed that 12,281 samples —about 20% of the total—exceeded the 301 

regulatory limit of 0.1 µg/L [47, 142]. S-metolachlor ESA, which was classified as a relevant TP at the time, was 302 

responsible for 6,550 exceedances, followed by DPC and MDPC (4,125 and 2,539, respectively). DPC was also 303 

the compound that most frequently exceeded the 0.1 µg/L threshold value in groundwater in a pan-European 304 

survey in 2010 [99]. In a recent survey conducted in Switzerland, the chlorothalonil TP R471811 was detected 305 

in all water samples—primarily groundwater—and exceeded the 0.1 µg/L threshold in more than half of them 306 

[131]. While a single TP often exceeds regulatory limits, it is very common for a mixture of TPs, with or without 307 

parent compounds, to be detected at a sampling point [11, 75, 102]. In response to the widespread presence 308 

of these TPs in water resources and the potential threats they pose to aquatic ecosystems and human health 309 
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[4], the European Union banned chlorothalonil and chloridazon in 2019 [143, 144], and S-metolachlor in 2024 310 

[145]. 311 

 312 
Figure 4. Boxplots showing the maximum concentrations of TPs of glyphosate, chloridazon, S-metolachlor, 313 

chlorothalonil, metazachlor, atrazine, dichlobenil, terbutylazine, dimethachlor, and fipronil. n denotes the 314 

number of data points; only TPs or TP combinations for a given parent pesticide with at least 10 reported 315 

maximum concentrations are included. The red dashed line indicates the European regulatory limit (0.1 316 



 20 

µg/L), and the green dashed line indicates the recommended limit for non-relevant TPs (0.9 µg/L) applied in 317 

some European countries. 318 

 319 

However, banned pesticides and their TPs are still detected in groundwater, sometimes decades after their 320 

phase-out, due to the long residence time of water in aquifers and the potential remobilization of compounds 321 

stored in soils [77]. For example in France, atrazine and its TPs were still detected in groundwater more than 322 

a decade after its ban in the European Union, occasionally exceeding the 0.1 µg/L threshold, although 323 

exceedance frequencies declined with time [146]. 2,6-dichlorobenzamide (BAM), a TP of the herbicide 324 

dichlobenil—banned in the EU since 2009— was reported in Danish groundwater in 2023 at concentrations 325 

as high as 1,310 ng/L [102]. The same study found that most of the detected pesticides and their TPs were no 326 

longer approved for use in Denmark or were subject to usage restrictions. 327 

Some of these TPs may exhibit toxicity equal to or greater than that of their parent compounds. For example, 328 

4-hydroxychlorothalonil has been shown to be more toxic to zebrafish than its parent compound, 329 

chlorothalonil [4]. DEA, along with other chlorinated atrazine TPs, is considered to have toxicity equivalent to 330 

that of atrazine, exhibiting neuroendocrine effects [147]. Oxon TPs formed from organophosphorus pesticides 331 

such as chlorpyrifos, malathion and diazinon are 10 to 100 times more toxic than their parent compounds to 332 

foothill yellow-legged frogs [148]. 333 

TPs of certain insecticides—especially neonicotinoids and the fluorinated pesticide fipronil—have only 334 

recently been identified in groundwater. Given that neonicotinoids like clothianidin, thiamethoxam, 335 

imidacloprid, thiacloprid, and acetamiprid rank among the top-selling insecticides globally [5], they may pose 336 

an emerging risk to groundwater quality. Recent studies have reported the occurrence of multiple TPs from 337 

these five compounds in groundwater in both the United States [132, 136] and China [135, 149] in the low 338 

ng/L range. Some of these TPs, particularly those of imidacloprid, have demonstrated greater toxicity to 339 

aquatic organisms than their parent compounds [1]. Desnitro-imidacloprid is of particular concern due to its 340 
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toxicity and its occurrence in the environment [5]. Fipronil TPs are also considered toxic to non-target 341 

organisms [150, 151], but they are generally reported at relatively low concentrations in groundwater, likely 342 

due to their tendency for sorption (see also Figure 4). 343 

Trifluoroacetic acid (TFA) is the smallest member of the per- and polyfluoroalkyl substances (PFAS) family and 344 

represents the final TP of a range of fluorinated precursors, including pesticides (e.g., diflufenican, fluazinam, 345 

and flufenacet) and pharmaceuticals (e.g., nirmatrelvir) that contain aromatic groups with CF₃ substitutions. 346 

Due to its high polarity, TFA is not retained in soils, and exhibits strong resistance to degradation. TFA 347 

concentrations in surface water have increased over the last two decades [152], and TFA is expected to be 348 

ubiquitous in groundwater. In a 2021 screening study, TFA was detected in 89% of groundwater wells (n = 349 

247) across Denmark [153].  350 

4.3. Pharmaceutical transformation products 351 

As with pesticides, the occurrence of pharmaceuticals in groundwater is relatively well documented, whereas 352 

TPs are monitored far less frequently. Table 2 summarizes the most detected pharmaceutical (n = 19) and 353 

lifestyle products TPs in groundwater (n = 2). Pharmaceuticals are intentionally engineered to be bioavailable. 354 

In contrast to pesticides—whose TPs are primarily formed in soils and water following field application—355 

pharmaceutical TPs are often metabolites excreted by humans (originating from wastewater effluents, leaks 356 

in urban areas, septic tanks in rural areas, or direct discharge) and animals (via manure and other agricultural 357 

waste in rural settings). For example, it is estimated that less than 2% of administered carbamazepine is 358 

excreted unmetabolized in human urine [154].  359 

 360 
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Table 2. Summary of the most frequently detected pharmaceutical and lifestyle TPs, including their CAS number, parent compound, parent compound use, 361 
and the range of highest reported concentrations (when available). None of these TPs are currently regulated in water. 362 
Transformation Product CAS number Parent compound Drug category Concentrations (ng/L)a n References 

Pharmaceuticals       

Salicylic acidb 69-72-7 Acetylsalicylic acid Analgesic <1 - 78,350 16 [22, 93, 105, 111, 155-166] 

N-acetyl-4-amino-antipyrine (4-AAA) 83-15-8 Metamizole Analgesic 4 - 362 8 [51, 92, 110, 155, 167-170] 

N-formyl-4-amino-antipyrine (4-FAA) 1672-58-8 Metamizole Analgesic 1 - 275 11 [9, 51, 83, 92, 109, 110, 155, 
167-170] 

10,11-epoxycarbamazepine (CBZ-EP) 36507-30-9 Carbamazepine Antiepileptic <1 - 39 14 [9, 92, 93, 106, 133, 155, 
159, 161, 168, 171-175] 

10-11-dihydro-10,11-dihydroxy-
carbamazepine (CBZ-H) 

58955-93-4 Carbamazepine Antiepileptic 6 – 1,100 12 [9, 48, 92, 102, 109, 168, 
171-173, 176-178] 

Acridone 578-95-0 Carbamazepine Antiepileptic <1 - 30 4 [110, 133, 161, 174] 

Acridinec 260-94-6 Carbamazepine Antiepileptic <1 - 16 4 [110, 161, 174, 177] 

Anhydroerythromycin 23893-13-2 Erythromicin Antibiotic 2 - 300 8 [161, 163, 165, 179-183] 

N-acetyl-sulfadiazine 127-74-2 Sulfadiazine Antibiotic <1 - 209 4 [110, 159, 183, 184] 

N-acetyl-sulfamethazine 100-90-3/ 
35255-37-9d 

Sulfamethazine Antibiotic 4 - 57 5 [183-187] 

N-acetyl-sulfamethoxazole 21312-10-7 Sulfamethoxazole Antibiotic <1 - 191 7 [93, 133, 159, 161, 183, 184, 
188] 

O-Desmethylvenlafaxine 93413-62-8 Venlafaxine Antidepressant <1 - 660 5 [31, 105, 106, 110, 133] 

N-Desmethylvenlafaxine 149289-30-5 Venlafaxine Antidepressant 2 - 14 4 [9, 92, 109, 159] 

Valsartan acid 164265-78-5 Valsartan Antihypertensive 10 - 2,805 5 [93, 133, 168, 171, 189] 

Estronee 53-16-7 17-α-ethynylestradiol Steroid hormone 9-1483 7 [100, 166, 190-194] 

Benzoylecgonine 519-09-5 Cocaine Illicit drug <1 - 600 9 [9, 49, 109, 110, 130, 133, 
179, 195, 196] 

Oxipurinol 2465-59-0 Allopurinol Purine receptor 
modulator 

125 – 1,800 4 [167, 168, 171, 197] 

Clofibric acidf 882-09-7 Clofibrate Lipid controlling 
agent 

<1 – 7,300 12 [42, 49, 93, 111, 133, 161, 
163, 179, 181, 198-200] 

Lifestyle products       

Cotinine 486-56-6 Nicotine n.a. 3 – 2,330 18 [28, 48, 49, 85, 93, 96, 100, 
133, 155, 168, 171, 179, 180, 
189, 193, 201-203] 
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Paraxanthine 611-59-6 Caffeine n.a. 4 – 3,180 21 [28, 49, 93, 100, 106, 133, 
168, 170, 171, 179, 189, 193, 
201, 203-210] 

 363 
arange of maximum reported concentrations. 364 
bsalicylic acid compound also occurs naturally [211]. 365 
cacridin is also a dye precursor. 366 
dThe same designation corresponds to two CAS numbers, making precise identification impossible without further details. 367 
eestrone is also a natural hormone. 368 
fclofibric acid is also an obsolete plant growth regulator. 369 
n.a. not applicable 370 
 371 
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The most frequently reported TPs in groundwater are associated with widely prescribed and commonly used 372 

human pharmaceuticals, including acetylsalicylic acid (analgesic), carbamazepine (antiepileptic), clofibrate 373 

(lipid-lowering agent), cocaine (illicit drug), and erythromycin (antibiotic). Clofibric acid, the TP of clofibrate, 374 

has been reported in water resources across more than 20 countries [212]. Sulfonamide antibiotics and their 375 

TP, such as sulfamethazine and N-acetyl-sulfamethazine, are veterinary drugs commonly detected in 376 

agricultural areas associated to intensive animal farming [29, 190]. Similarly to Figure 4, Figure 5 shows 377 

boxplots of maximum concentrations for several TPs compiled in Table 2 (for TPs or groups of TPs derived 378 

from the same parent compound with at least 10 reported concentrations). Pharmaceutical TPs are generally 379 

present in groundwater at lower concentrations than pesticide TPs; however, local concentrations can be 380 

elevated. For instance, Khezami et al. (2024) reported the highest concentrations and the greatest number of 381 

detected compounds in wells located near a wadi receiving substantial volumes of effluent from WWTPs, 382 

including salicylic acid at concentrations exceeding 6 µg/L [93]. Similarly, in a study on groundwater quality in 383 

the Barcelona area, Lopez-Serna et al. (2013) found the highest concentrations of pharmaceuticals and their 384 

TPs in wells influenced by bank filtration from a river receiving large volumes of WWTP effluents [161]. Hence, 385 

pharmaceuticals are often used as tracers of sewage-derived contamination in groundwater (see also [199, 386 

213]). Concentrations of pharmaceutical TPs are often comparable to or lower than those of their parent 387 

compounds [92, 133, 161]. 388 
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 389 
Figure 5. Boxplots showing the maximum concentrations of TPs of acetylsalicylic acid, caffeine, metamizole, 390 

clofibrate, nicotine and carbamazepine. n denotes the number of data points; only TPs or TP combinations 391 

for a given parent pesticide with at least 10 reported maximum concentrations are included. 392 

 393 
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Some pharmaceutical TPs remain pharmacologically active, including salicylic acid, clofibric acid, des-394 

methyldiazepam, 10,11-epoxycarbamazepine, 4-hydroxypropanolol, and enalaprilat [161], raising concerns 395 

about potential impacts on ecosystem health and, in the case of antibiotics, the promotion of antibiotic 396 

resistance [2]. Other compounds, such as clofibric acid, have been identified as potential endocrine-397 

disruptors, as they may alter the function of the endocrine system and induce adverse health effects [161]. 398 

Estrone, a transformation product of the synthetic steroid hormone 17α-ethynylestradiol and a naturally 399 

occurring hormone excreted by mammals, is frequently detected in groundwater (see Table 2).  400 

Similar to pesticide TPs, certain pharmaceuticals TPs appear to be more toxic than their parent compounds. 401 

For example, gabapentin-lactam, a TP of the antiepileptic drug gabapentin, has been shown to induce 402 

developmental toxicity in zebrafish embryos at concentrations of 10 ng/L [214]. Methylated diclofenac, a 403 

biotransformation product of diclofenac in organisms, exhibits significantly higher acute toxicity than the 404 

parent compound [6]. Moreover, this metabolite has been detected in various organisms, highlighting the 405 

need for further investigation of methylated metabolites of polar contaminants. 406 

4.4. Transformation products of lifestyle compounds 407 

The caffeine TP paraxanthine and the nicotine TP cotinine have been widely detected in water resources and 408 

are considered ubiquitous in urban groundwater (Table 2). Their primary sources include wastewater 409 

effluents [207], as well as both historical and modern landfills [28], and they may also reach groundwater 410 

through irrigation with RWW [155, 170]. In a study on historical landfills, Propp et al. (2021) detected cotinine 411 

in 98% of the samples, with concentrations reaching up to 6,600 ng/L, indicating its high persistence and 412 

suitability as a tracer for landfill leachates [28]. Other caffeine TPs, such as 1-methylxanthine, 3-413 

methylxanthine and theobromine have also been reported in groundwater, [49, 207], although they appear 414 

less frequently.  415 
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The primary entry routes of artificial sweeteners into groundwater, as with other lifestyle compounds, are 416 

wastewater effluents and landfill leachates. Although several TPs of artificial sweeteners—formed through 417 

biodegradation, abiotic degradation, and ozonation—have been identified, their occurrence in groundwater 418 

has not yet been reported [215]. 2,6-di-tert-butyl-4-methylphenol (BHT) is a widely used preservative in 419 

cosmetic formulations and food products. Its TPs, including 3,5-di-tert-butyl-4-hydroxybenzaldehyde (BHT-420 

CHO) have been detected in various environmental compartments, such as indoor dust, ambient air 421 

particulates, sea sediments, and river water [216]. However, their presence in groundwater has been 422 

reported in only a single study [217]. 423 

 424 

5. Transformation products in groundwater: regulatory frameworks 425 

A comprehensive assessment of groundwater contamination by pesticides, pharmaceuticals and their TPs is 426 

crucial for effective resource protection and for evaluating and mitigating potential risks to both human 427 

health and ecological systems. However, regulatory frameworks for monitoring contamination by these 428 

compounds in groundwater vary significantly across countries at regional, national, and state levels. In many 429 

cases, legal concentrations limits are established for treated drinking water rather than for raw water sources 430 

such as groundwater, or they are established as reference values for guidance rather than as enforceable 431 

regulatory thresholds (e.g., recommended maximum value for non-relevant TPs in the European Union, see 432 

Table 1 and below). The World Health Organization (WHO) has issued drinking water quality guidelines that 433 

includes such recommended maximum concentrations for several pesticides and selected TPs, including 434 

atrazine TPs and DDT TPs [140]. Pharmaceuticals are increasingly recognized as contaminants of emerging 435 

concern and are more frequently included in monitoring programs. However, they are generally unregulated, 436 

as are their TPs (see Table 2). 437 

5.1. European Union 438 
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In Europe, the monitoring of pesticide TPs in groundwater is relatively well integrated into regulatory 439 

frameworks, primarily through several key environmental directives: the Water Framework Directive (WFD, 440 

2000/60/EC [218]), the associated Groundwater Directive (GWD, 2006/118/EC [138]), the Drinking Water 441 

Directive (DWD, 2020/2184 [47]) and the European Regulation (EC) 1107/2009 [219], which governs the 442 

authorization, sale, use, and control of plant protection products within the European Union. Member States 443 

report monitoring results every three years for a limited set of substances—10 active ingredients and one TP 444 

(desethylatrazine)—as well as additional pesticides and TPs monitored at the national level [220]. However, 445 

both the selection of substances monitored, and the monitoring strategies vary considerably between 446 

countries, and even between monitoring programs within the same country. For instance, France includes 21 447 

pesticide TPs in its core monitoring list, Denmark includes 42, while only 8 are monitored in England [76]. 448 

These differences hinder comparability of groundwater contamination data across countries. 449 

According to the DWD and GWD, the concentration of any single pesticide or relevant TP in groundwater 450 

should not exceed 0.1 µg/L, with a stricter limit of 0.03 µg/L applied to aldrin, dieldrin, heptachlor, and 451 

heptachlor epoxide. The cumulative concentration of all compounds should not exceed 0.5 µg/L. A TP is 452 

considered relevant “if there is a reason to assume that it has intrinsic properties comparable to the parent 453 

substance in terms of its biological target activity, or that it poses a higher or comparable risk to organisms 454 

than the parent substance or that it has certain toxicological properties that are considered unacceptable” 455 

[219]. Examples of TPs classified as relevant in France include DPC, MDPC, and BAM; however, the criteria for 456 

classification differ across countries (see Table 1). Currently, pharmaceuticals, lifestyle compounds, and their 457 

TPs are not subject to regulation. 458 

A “Voluntary Groundwater Watch List” (GWWL) has been developed to collect data on the occurrence of at 459 

least five selected substances in groundwater that are currently unregulated, with the aim of identifying 460 

compounds that may pose an actual or potential risk to groundwater bodies—such as per- and polyfluoroalkyl 461 

substances (PFAS) and pharmaceuticals [221]. In 2022, the GWWL was incorporated into the proposal to 462 
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amend the WFD and the GWD, and an agreement has been reached by Member States in 2025. However, 463 

this proposal has not yet been adopted by the Council of the European Union or by EU ministers. 464 

 465 
5.2. United States 466 

In the United States, the Environmental Protection Agency (EPA) serves as the primary regulatory authority 467 

for drinking water quality. The EPA establishes Maximum Contaminant Levels (MCLs) for drinking water based 468 

on the potential human health risks associated with individual compounds [222]. These MCLs are compound-469 

specific and currently apply to 18 pesticides and one pesticide TP (heptachlor epoxide, a TP of the banned 470 

insecticide heptachlor). For pesticides lacking federal MCLs, the EPA has developed Human Health 471 

Benchmarks for Pesticides (HHBPs), which provide information to assess whether detected levels of a 472 

compound in drinking water or its sources may pose a potential health risk, and to support the prioritization 473 

of water monitoring efforts. These HHBPs currently cover 430 substances, including several pesticide TPs 474 

[223]. Groundwater quality monitoring is primarily conducted through the U.S. Geological Survey’s (USGS) 475 

National Water-Quality Assessment (NAWQA) Project. 476 

The list of regulated contaminants is periodically updated through the Contaminant Candidate List (CCL), 477 

which identifies substances not currently subject to national primary drinking water regulations but that are 478 

known or anticipated to occur in drinking water. The fourth and fifth iterations of the CCL (CCL4 [224] and 479 

CCL5 [225]) included several pesticides, pesticide TPs (e.g., TPs of S-metolachlor and atrazine), hormones, and 480 

one pharmaceutical TP (desvenlafaxine). However, these compounds have not been incorporated into the 481 

National Primary Drinking Water Regulations, and hormones and pharmaceuticals are not regulated in U.S. 482 

drinking water. In addition to federal standards, individual states may adopt MCLs for additional substances. 483 

For instance, California regulates a broader range of compounds than those included at the national level, 484 

although this does not extend to a larger number of TPs [226].  485 

5.3. Other countries 486 
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None of the countries referenced below have established regulations for pharmaceuticals or their 487 

transformation products in groundwater or drinking water. In China, the national drinking water standards 488 

(GB5749-2022 [227]) set concentration limits for 17 pesticides; however, pesticide TPs are not included. 489 

Furthermore, concentration limits for pesticides have been defined for surface waters to protect aquatic 490 

ecosystems (GB3838-2002 [228]), but equivalent regulatory thresholds for groundwater are currently lacking. 491 

Approximately 80% of India’s 1.35 billion population depends on groundwater for drinking and agricultural 492 

irrigation. Drinking water quality is primarily regulated under the Bureau of Indian Standards (BIS) 493 

specification IS 10500:2012 [229], which sets compound-specific limits for 18 pesticides, predominantly 494 

organochlorine compounds. Groundwater monitoring is conducted by the Central Ground Water Board. The 495 

most recent report, published in 2024, indicated that over 20% of the country's shallow aquifers contained 496 

nitrate concentrations exceeding the regulatory threshold, while no data on pesticide contamination were 497 

reported [230]. 498 

Brazil is currently the world's largest consumer of agrochemicals [231]. National standards and procedures 499 

for drinking water quality control, including monitoring requirements, are defined by Ordinance No. 500 

2914/2011, issued by the Brazilian Ministry of Health [232]. The regulation specifies compound-specific 501 

maximum permissible concentrations for 27 pesticides or their TPs that must be measured every 6 months.  502 

South Africa is among the most advanced African countries in terms of environmental regulation. The control 503 

of contaminant concentrations in water is primarily governed by the National Water Act (36:1998, [233]). The 504 

Department of Water and Sanitation establishes concentration limits for various contaminants in drinking 505 

water and for the protection of aquatic ecosystems [234]. To date, threshold values have been defined for 506 

only two pesticides—atrazine and endosulfan— for both human consumption and aquatic environmental 507 

protection. 508 

6. Future prospects 509 
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The number of studies on the occurrence, transport and transformation of CECs and their TPs in groundwater 510 

has increased in recent years. However, groundwater still receives less attention than surface water, and TPs 511 

of CECs remain comparatively under-monitored. Numerous studies continue to focus primarily on point-512 

source pollution—such as landfills, wastewater discharges, and animal waste storage facilities [25, 27, 29, 513 

163, 190]—whereas regional-scale surveys remain relatively scarce [11, 101, 102]. Nonetheless, such regional 514 

studies are essential—for example, to assess the suitability of groundwater for various uses, to conduct health 515 

risk assessments, and to support decision-making for long-term monitoring and management. Most existing 516 

studies are still concentrated in Europe, North America, and China, despite a growing body of evidence 517 

documenting the occurrence of CECs and their TPs in Africa, South America, and other parts of Asia [93, 103, 518 

125, 235]. As illustrated in Figure 6, 76% of the studies listed in Tables 1 and 2 were conducted in North 519 

America and Europe, compared with only 6% in Africa. In Africa, the occurrence of CECs and their TPs is 520 

generally within the same order of magnitude as in the Western world. However, at some locations, for 521 

specific groups of compounds such as antiretroviral and antimalarial drugs, higher concentrations have been 522 

reported [234]. Given the projected increase in global water demand and the impacts of climate change on 523 

water availability [236], water scarcity is expected to intensify in many regions. Consequently, water reuse 524 

practices such as MAR and RWW are likely to become increasingly essential and widespread. This underscores 525 

the need for enhanced monitoring and a deeper understanding of potential risks to groundwater resources. 526 

 527 
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 528 
Figure 6. Geographical distribution of the 127 studies reported in Tables 1 and 2. 529 

 530 

While current analytical methods include many of the most used, high-production-volume, and 531 

ecotoxicologically relevant substances, a substantial number of compounds and their TPs remain 532 

unmonitored. TPs are generally more polar than their parent compound and may not be retained using widely 533 

applied sample preparation techniques (e.g., solid-phase extraction), nor effectively detected by conventional 534 

analytical methods such as reversed-phase liquid chromatography. Alternative approaches —many of which 535 

are not yet widely implemented and require costly instrumentation as well as specialized personnel— are 536 

needed to effectively retain and analyze these polar TPs [116, 203]. Unknown TPs can be detected using non-537 

target (NTS) or suspect screening approaches, in which tentative identification is based on mass spectrometry 538 

and the use of searchable spectral libraries—a rapidly advancing field [237]. However, definitive identification 539 

and accurate quantification of TPs still require analytical reference standards, which are often unavailable. 540 

Harmonization of NTS approaches is still needed to support their effective implementation in scientific, 541 

commercial, and governmental laboratories for environmental monitoring, and to promote broader 542 

acceptance by managers and regulators [238]. 543 

The constant progress of analytical methods allows the identification of a growing number of TPs, sometimes 544 

occurring at very low concentrations (ng/L-pg/L) in water resources, raising the question of prioritization for 545 
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the inclusion of new compounds in monitoring programs. Several approaches have been proposed for 546 

prioritization, often based on criteria such as use, toxicity, exposure, chemical properties or environmental 547 

fate [239, 240]. However, a recent review has highlighted the lack of a groundwater-specific prioritization 548 

approach, despite well-known differences between groundwater and surface water regarding occurrence and 549 

fate of TPs and CECs [241]. To address this gap, the European GWWL and the U.S. CCL have the potential to 550 

offer dynamic frameworks for identifying key compounds with the potential to pose risks to groundwater 551 

quality. Over half of the newly approved pesticide active ingredients are fluorinated, and nearly 70% of 552 

agrochemicals authorized in recent years contain at least one fluorine atom [242]. This trend raises concerns 553 

regarding the environmental persistence of these new pesticides, their potential toxicity, and the formation 554 

of highly mobile TPs, such as TFA, which is both extremely persistent and mobile. Comprehensive 555 

groundwater monitoring data for such compounds are currently lacking, as well as toxicological assessment 556 

[243]. 557 

Another gap identified in the review by Gaston et al. (2019) is the limited availability of data on the 558 

physicochemical properties and toxicity of many CECs and TPs [241]. Toxicological and ecotoxicological data 559 

are more commonly available for well-characterized compounds such as pesticides than for their TPs or for 560 

mixtures. Yet, the importance of understanding the potential effects of mixtures under prolonged exposure 561 

at environmentally relevant concentrations is well recognized and urgent to address, particularly when it 562 

comes to TPs, which are often detected together with other compounds [102, 244, 245]. In this context, 563 

Quantitative Structure-Activity Relationship (QSAR) models—which predict properties such as toxicity based 564 

on molecular structure of yet untested substances— can help address the lack of experimental data and 565 

facilitate the identification of potentially mobile and hazardous compounds [246, 247].  566 

Key properties and processes governing the fate of many TPs in the subsurface remain poorly understood, 567 

representing a priority area for future research. For instance, compounds that are charged under 568 

environmental conditions—such as ionic species and zwitterions—tend to be highly mobile and persistent in 569 
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water. New models describing their sorption behavior are urgently needed to evaluate their potential to 570 

contaminate groundwater resources [248]. Microplastics, which are emerging groundwater contaminants 571 

themselves, have strong sorption capacities and can serve as vectors for the transport of organic compounds 572 

in the subsurface [249]. The relative importance of abiotic degradation processes in subsurface environments 573 

remain poorly characterized for many classes of organic compounds—apart from pesticides— and data on 574 

their redox-dependent behavior under representative subsurface conditions (e.g., low temperatures, 575 

reducing environments, low carbon content) are still limited. Stable-isotope-based approaches offer valuable 576 

tools for investigating degradation pathways at both the laboratory and field scales. Isotope labelling enables 577 

sensitive quantification of (bio)degradation and mineralization rates, as well as turnover mass balances [250, 578 

251]. Meanwhile, Compound-Specific Isotope Analysis (CSIA) allows the identification and quantification of 579 

transformation processes based on shifts in the natural abundance of stable isotopes [252-254]. Finally, most 580 

transformation studies still focus on the parent compounds, while the environmental fate of TPs after their 581 

formation remains largely unknown. 582 

As discussed in previous sections, although EU legislation provides a general framework for groundwater 583 

protection, the regulation of CECs, including TPs, remains largely defined at the Member State level, leading 584 

to heterogeneous threshold values, monitoring practices, and risk assessment approaches. Figure 7 integrates 585 

knowledge gaps and research opportunities identified in this Section into a simple framework designed to 586 

support the development of a more systematic regulatory approach to TPs in groundwater. At the EU scale, 587 

regulatory harmonization will require a more systematic integration of TPs into the GWWL, standardized 588 

monitoring protocols, and the broader implementation of analytical methods tailored to the analysis of polar 589 

compounds, as well as the development of approaches for mixture risk assessment, and the derivation of 590 

binding threshold values for priority TPs based on these data. 591 
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 592 
Figure 7. Conceptual framework for addressing knowledge and management gaps related to TPs in 593 

groundwater.  594 

 595 
7. Conclusions 596 

While pharmaceutical TPs often enter environmental compartments already in their transformed form, 597 

pesticide TPs are formed in the environment, predominantly through biotic processes, but also via abiotic 598 

mechanisms. Due to their typically higher polarity and mobility compared to their parent compounds—599 

particularly in the case of pesticide TPs—they are often detected at higher concentrations in groundwater, 600 

sometimes reaching the tens of µg/L range. The occurrence of TPs in groundwater is driven by several key 601 

factors, including the potential for natural attenuation in the subsurface, their physicochemical and sorption 602 

properties, and their overall residence time in the vadose zone and in groundwater. These processes 603 

contribute to the continued detection of certain TPs in groundwater, even decades after their ban. 604 

The most frequently detected TPs are mainly derived from high-use, high-production-volume substances. 605 

However, the TPs identified to date likely represent only a fraction of those present in groundwater, with 606 
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more expected to emerge as analytical techniques improve. Toxicity and ecotoxicity data for TPs remain 607 

limited; however, several TPs have been shown to be at least as toxic as their parent compounds, posing a 608 

potential threat to non-target organisms. The co-occurrence of multiple TPs in groundwater, often mixed with 609 

their parent compound, calls for further investigation into the effects of chemical mixtures. 610 

The detection and persistence of TPs in groundwater emphasize the importance of their systematic inclusion 611 

in long-term monitoring programs to better evaluate the effectiveness of regulatory actions and to support 612 

comprehensive risk assessments. However, as of today, the list of regulated compounds in groundwater 613 

usually covers a limited number of pesticide TPs, while TPs from pharmaceuticals and lifestyle products 614 

remain largely unregulated. This list of TPs subject to threshold values in groundwater is likely to expand in 615 

the future. 616 
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