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ABSTRACT

A quarter of the world’s population uses groundwater from karst aquifers. A range of emerging organic con-
taminants (EOCs) are considered a potential threat to water resources and dependant ecosystems, and karst
aquifers are the most vulnerable groundwater systems to anthropogenic pollution. This paper provides the first
global compilation (based on 50 studies) of EOCs in karst aquifers and explores EOC occurrence and the use of
EOCs to understand karst systems. Of the 144 compounds detected in the reviewed studies, the vast majority in
karst groundwater are pharmaceuticals and pesticides. Maximum concentrations of compounds varied over five
orders of magnitude, and nearly half of the detected compounds exceed 100 ng/L. Karst groundwater is shown to
have lower frequency of detection and lower concentrations compared to surface waters and local shallow
intergranular aquifers, but overall higher concentrations compared to other major aquifer types. A growing
number of studies have demonstrated the utility of EOCs and some legacy compounds for groundwater quality
assessment and as tracers for characterising karst systems. They can improve understanding of vulnerability,
storage, attenuation mechanisms, and in some cases have been used to assist with catchment delineation. This is
a growing research area for karst hydrogeology, and more research is needed to understand EOC contamination
of karst aquifers, and to develop EOCs as tracers within karst to improve our understanding of this critical water

resource.

1. Introduction

Emerging organic contaminants (EOCs) are anthropogenic chemicals
(e.g. pharmaceuticals, personal care products and lifestyle compounds
(PCP-LS), pesticide compounds, and per and polyfluoroalkyls) that have
been detected in the environment due to advances in analytical tech-
niques (Muter and Bartkevics, 2020; Richardson and Kimura, 2020;
Schmidt, 2018) and for which there are growing concerns regarding
their potential harmful impact on the environment. However, most
EOCs are not regulated in the environment or routinely monitored in
groundwater (Lapworth et al., 2019). Their properties, environmental
behaviour and toxicological effects are still poorly understood (Brack,
2012; Halden, 2015; Kurwadkar, 2014; Lapworth et al., 2019; NOR-
MAN, 2019; Pal et al., 2014; Petrie et al., 2015; Poynton and Vulpe,
2009; Sauvé and Mélanie, 2014; Schriks et al., 2010; Stuart et al., 2012;
Thomaidi et al., 2015). There are 30,000 to 70,000 registered chemicals
in daily-used products (Schwarzenbach et al., 2006), and about 4000
new chemicals are registered every day (Dulio et al., 2018). There are
many newly emerging substances present in the environment, which

* Corresponding author.

https://doi.org/10.1016/j.jhydrol.2021.127242

may have adverse impacts on human health and ecosystems, for which
limited occurrence data are available (Bolong et al., 2009; Brack et al.,
2015; Brion et al., 2019; Freeling et al., 2019; Gavrilescu et al., 2015;
Geissen et al., 2015; Legradi et al., 2018; Lindsey et al., 2001; Stefanakis
and Becker, 2016). Micro-plastics are also a potentially important
emerging organic contaminant group in groundwater, this topic was
recently reviewed by Re (2019); and broader reviews by Wong et al.
(2020) and Stock et al., (2020).

Groundwater is a vital global water resource and is under increasing
pressure from contamination due to anthropogenic activities (Collet
et al., 2015; Gleeson et al., 2012; Lapworth et al., 2017; Lukac¢ Reberski
et al., 2019; Simonffy, 2012; Taylor et al., 2012). Groundwater is
generally less vulnerable to contamination by EOCs than surface water
(White et al., 2019), but trace concentrations of many pollutants,
including EOCs, are still commonly detected in groundwater (Cabeza
et al., 2012; Lapworth et al., 2012, 2019; Lopez et al., 2015; Moreau
et al., 2019). Moreover, some substances present in groundwater are
persistent and difficult to treat.

Many studies of EOCs in aquatic environments have been undertaken
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for wastewater (ww) effluents (Bueno et al., 2012; Petrovic et al., 2003)
and surface waters (Houtman, 2010; Loos et al., 2009; Matamoros et al.,
2012). Fewer studies have been undertaken for groundwater (Bexfield
et al., 2019; Lapworth et al., 2012; Loos et al., 2010; Sanchez-Vila et al.,
2015; Stuart et al., 2012; Sui et al., 2015). Karst aquifers are a particu-
larly important source of groundwater, with approximately 14 % of the
earth’s land surface covered by karst (BGR et al., 2017) and 25% of the
global population completely or partially dependent on drinking water
from karst aquifers (Chen et al., 2017; Hartmann et al., 2014).

Compared to other rock types, karst aquifers are especially vulner-
able to pollution due to direct infiltration via stream sinks, shafts, and
caves (Ford and Williams, 2007; Goldscheider and Drew, 2007).
Groundwater flow can be rapid over long distances as shown by the
median velocity of 1940 m/d from 3015 karst tracer tests between
stream sinks and springs (from 34 countries); with 595 over distances of
> 10 km (Worthington and Ford, 2009). It might therefore be expected
that karst aquifers are more impacted by EOCs than some other aquifer
types.

There have been some previous studies that have reviewed EOCs in
karst aquifers. Notably, Mahler and Musgrove (2019) provide a very
useful introduction to different types of emerging contaminants (Phar-
maceuticals, Personal care products and hormones; flame retardants;
Perfluorinated and Polyfluorinated Alkyl Compounds; Nanoparticles;
and Microplastics), together with an overview of studies that have
detected these different types of emerging contaminants in karst
groundwater. They highlight the vulnerability of the Edwards Aquifer in
Texas to pollution from Emerging Contaminants and recommend future
work to investigate this. Padilla and Vesper (2018) provide a compre-
hensive review of contaminant transport processes and modelling ap-
proaches within karst aquifers, with a focus on the transport of both
legacy and emerging contaminants (phthalates).

The initial objective of this paper is to provide the first compilation of
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EOC data from previous studies of EOCs in karst aquifers and review
how the types and concentrations of EOCs present compare to their
occurrence in surface water and other types of groundwater system. In
the second part of the paper we review how EOCs can assist with karst
hydrogeological characterisation, for example through contributing to
understanding of aquifer vulnerability and rapid groundwater flow,
identifying connecting with wastewater, identifying pollutant sources,
delineating catchments, and investigating contaminant attenuation
mechanisms.

2. Methods

An extensive literature search was undertaken using Google scholar,
Web of Science, ScienceDirect, ResearchGate, and Microsoft Academic
(Supplementary Material, Figure S1). > 10,000 published papers
relating to groundwater and EOCs were identified covering a range of
topics and groups of EOCs (Fig. 1) using the following key word com-
binations: karst groundwater, contaminants of emerging concern, PCP-
LS, industrials, emerging pollutants, pharmaceuticals, emerging
organic contaminants. The review and searches were limited to dis-
solved organic compounds; nano-materials and micro-plastics were not
considered in this paper, as there are very few studies on these new types
of contaminants in karst systems (e.g. Panno et al., 2019) and their fate
and behaviour in groundwater may be quite different compared to dis-
solved compounds (see Re, 2019). The literature search was also limited
to English publications. Several hundred papers were initially evaluated
based on a brief survey of titles, key words and abstracts, of which 50
publications related specifically to karst aquifers and containing EOC
occurrence data were selected and form the basis of this review.

In previous research on emerging organic contaminants, different
authors include different ranges of compounds and classified them
differently (Lapworth et al., 2012; Mahler and Musgrove, 2019; Zhao
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Fig. 1. Flowchart of literature selection process with the number of articles found after searching with different terms and including groundwater (gw) or karst and

groundwater (k + gw).
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et al., 2018; Bunting et al., 2021). This is partly because the status of a
compound as ’emerging’ is regionally dependant and may change with
time, thus newer studies may include compounds that were classified as
’emerging’ many years ago. However, there are also a wide range of
compounds that are routinely measured as part of the analysis suite for
emerging contaminants, even though some of these compounds have
been around for a long time and would not be defined as ‘emerging’.
This may be partly because some types of emerging contaminant classes
include both new and legacy compounds (e.g. some pesticides) and the
analytical suites (e.g. LC-MS/MS) used to look for these compounds
include both legacy and more recently added compounds such as
pharmaceuticals.

New compounds are being manufactured and utilised all the time,
the EOCs of today will be legacy contaminants in the future. In some
countries, compounds suspected of harmful health impacts are put on
the watch list and are monitored for several years after which they are
either transferred to the priority list or removed from that list (European
Commission Directive 2006/118/EC.; Lapworth et al., 2019; https://
www.epa.gov/dwucmr, 2021). Another challenge is the differences in
legislation in different countries. When regulated, microorganics are not
regulated globally, but at the country/and sometimes regional level. In
the EU pesticides are regulated both as an entire group and on an in-
dividual basis in some cases (WFD 2006/118/CE Annex I). However,
there are many other parts of the world where this is not the case. For
example, atrazine, widely considered a legacy compound in Europe, is
regulated in only 28 of the 104 countries that belong to the World Health
Organisation (WHO, 2018), and is not banned from use in parts of North
America. Given the focus of this study is a global data compilation we
have used the current WHO guidelines (WHO, 2018) as the benchmark
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for defining if a contaminant is emerging or not; all compounds with a
WHO guideline value or deemed not to need a limit because concen-
trations found in groundwater are too low to be considered a health
concern are excluded from the data compilation part of this paper. All
degradation compounds of pesticides are considered EOCs. Some former
EOCs (e.g. atrazine) are discussed in the second part of the paper in
relation to the review of the applications of EOCs in karst hydrogeology.

For the data compilation, EOCs were divided into four broader
groups: Pharmaceuticals comprising hormones, human and animal
drugs; Personal Care Products and Lifestyle compounds (PCP-LS)
comprising fragrances, cosmetics, artificial sweeteners, stimulants and
their metabolites; Industrial compounds comprising flame retardants
and plasticisers; and Agricultural products comprising pesticides, her-
bicides, fungicides, algicides and their metabolites. Some of the com-
pounds have multiple uses in which case they are classified according to
the most common use. The list of compounds is in the Supplementary
Material Table S1.

Maximum concentrations of compounds are used in the data pre-
sentation as this was the only parameter that was consistently available
from the studies reviewed. There are limitations to this approach due to
the presence of outliers, but we were not able to use a more suitable
measures such as the 90th or 95th percentile due to limited reporting in
the reviewed literature and lack of access to the raw data from the
majority of studies.
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3. Results and discussion
3.1. Occurrence of EOCs in karst aquifers

The 50 publications of EOCs in karst were from studies in 21 coun-
tries (Fig. 2). In some countries more research has been done, sometimes
in the same location (e.g. Germany); and in some countries, extensive
regional monitoring has been carried out in many locations (e.g. USA,
UK, France, China). Most studies have been carried out in Europe and
the USA, with few or no studies in many other parts of the world. The
different types of karst covered by the investigations of EOCs included in
this study differ significantly in age and degree of karstification. They
range chronostratigraphically from the older karst of Palaeozoic age,
characterised by low matrix porosity; to younger Cenozoic karst with
high matrix porosity. Comparative hydrological characteristics of some
of the springs, or karst regions they belong to, can be found in the WoKaS
database (Olarinoye et al., 2020).

Despite the relatively small number of studies in karst areas, they
provide key insights into patterns of EOCs in karst aquifers and have
been used for a wide range of applications (Table 1). Many other studies
(e.g. D’Alessio and Ray, 2016; Dong et al., 2018; Gavrilescu et al., 2015;
Lopez et al., 2015; Meffe and de Bustamante, 2014; Moreau et al., 2019;
Murray et al., 2010; Postigo and Barcelo, 2015) sampled EOCs from
karst, but karst samples were not distinguishable from other lithologies
and they are therefore not included in Table 1.

A total of 144 compounds from different groups of contaminants
were identified in studies of karst aquifers (data are available in sup-
plementary material). Most were pharmaceutical and pesticide com-
pounds used in agriculture, with fewer industrial compounds and
personal care products and lifestyle compounds detected (Table 1,
Fig. 3). Carbamazepine (anticonvulsant) and caffeine (stimulant) were
the most frequently detected compounds, whilst many compounds were
detected in just a single study (See Supplementary Material Table S1).
Most studies aimed to determine the occurrence (type and concentra-
tions) of emerging contaminants. However, the number of sample lo-
cations and sample frequencies; and the number, type and group of
analysed compounds for particular investigations varied greatly be-
tween studies. The way the results of the analyses were reported varied
as well; some studies reported medians, some mean values, thus
maximum concentrations were used for comparison as the only data
available in all studies. This review highlights the need to report high
percentiles (such as the 95th percentile) and for studies to make the full
set of results available so that these can be calculated as these would
help to avoid the issue of small numbers of outliers skewing results.

Maximum concentrations of compounds varied over 5 orders of
magnitude (Fig. 4), and nearly half of the detected compounds exceed
100 ng/L, the current EU drinking water limit for individual pesticides.
Many of the highest concentrations were industrial compounds (Fig. 4),
although the highest concentration was of the antibiotic sulphanilamide
(6.5 x 10® ng/L - not included in Fig. 4 to retain the clarity of the
figure), which was detected in the Chalk aquifer beneath a chemical
plant in the UK (Bennett et al., 2017). Bisphenol A (BPA), paracetamol,
and 2,6-dichlorobenzamide (BAM) are among the top 20 compounds in
terms of both concentration and detection frequency, and hence indicate
the greatest risk to karst aquatic ecosystem.

Individual compounds in karst aquifers are typically found in con-
centrations that are considered too low, by several orders of magnitude,
to cause acute toxicity effects (e.g. Costanzo et al., 2007; Kim et al.,
2009; Nunes et al., 2005). In exceptional circumstances, detections in
relation to some point sources can lead to high concentrations in
groundwater that approach or exceed acute toxicity thresholds (e.g.
Bennett et al., 2017). One recent study by Geiger et al. (2016) found that
mixtures of pharmaceuticals were more toxic to algae (inhibiting algal
growth) than single compounds. However, the concentrations used are
not representative of typical environmental concentrations and further
work is needed using more realistic concentrations which reflect
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environmental exposure by organisms. There is little information on the
impact of mixtures of EOCs on chronic responses in organisms, but some
studies have shown chronic exposure effects are predicted at levels
found in karst groundwater in this review (e.g. Berninger and Brooks,
2010).

In Fig. 5 maximum concentrations of EOCs in karst aquifers are
compared with values found in a range of aquifers globally (Lapworth
et al., 2012) and surface waters in Europe (Loos et al., 2009). Maximum
concentrations depend upon the presence and nature of contaminant
sources within the catchment, which was not assessed in this literature
review. However, maximum concentrations appear lower in karst
groundwater compared to other aquifer types for carbamazepine,
caffeine, ibuprofen, nonylphenol, hormones; but are higher for sucra-
lose, metoprolol, tetracycline; and are comparable for paracetamol,
oxazepam, and 1H-benzotriazole (Fig. 5). While overall maximum
concentrations appear lower in karst groundwater, nearly 25% of
compounds had comparable or greater maximum concentrations in
karst compared to other aquifers (Fig. 5). Maximum concentrations re-
ported in Lapworth et al. (2012) were often from shallow alluvial
aquifers, and as such represent highly vulnerable groundwater systems
that are often at least periodically in hydraulic continuity with surface
waters, and hence may have high concentrations of microorganic
contamination, much like karst systems.

McManus et al. (2017) found significant differences and a lower
detection frequency in fractured/karstified limestones compared to
overlying shallower intergranular aquifers but showed that many of the
substances reached the deeper karst aquifers as well (e.g. pesticides and
their metabolites). Extensive national monitoring of hormones and
pharmaceuticals conducted in the United States (Bexfield et al., 2019)
showed that at least one compound was detected to a greater extent in
samples from carbonate rocks (26%) compared to non-carbonate rock
rocks (19%), but concentrations and frequency of detections of most
compounds were higher in non-carbonate rocks. Results from a large
national study in England and Wales (Manamsa et al., 2016b) showed
that Chalk and Jurassic Limestone (carbonate aquifers with some kar-
stification) had higher maximum concentrations for most microorganic
contaminants, including EOCs, compared to other important aquifer
types (e.g. Permo-Triassic Sandstone and Greensand). The percentage
frequency of detections for the different aquifer types varied depending
on the compound, but was overall comparable for the karst and sand-
stone aquifers and was typically below 5% (Manamsa et al., 2016b).
Comparing the results of two investigations of karst groundwater with
surface water, detection frequency and concentrations of all detected
PPCPs were higher in surface water compared to karst groundwater
except for fenofibrate (Zemann et al., 2015) and acesulfame-K (Doum-
mar and Aoun, 2018b).

It appears that EOCs may have a lower frequency of detection and
lower concentrations in karst groundwater compared to surface waters
and local shallow intergranular aquifers, but higher concentrations than
other major aquifer types such as sandstones and other unconsolidated
sedimentary aquifers. However, systematic sampling studies are needed
to confirm more conclusively how EOC occurrence in karst groundwater
compares to surface waters and other aquifers; and in all springs/ab-
stractions, the occurrence and magnitude of EOC contamination will
vary substantially depending on the type of catchment and pollution
sources found within them and timing of sampling the flow character-
istics of spring sources.

It is clear that karst is highly vulnerable to EOC contamination with
potentially serious impacts on both drinking water supplies, and karst
dependent ecosystems. However, the limited number of studies under-
taken in karst globally currently restricts our understanding of the extent
of pollution from EOCs in this vulnerable setting.

3.2. Applications of EOCs in karst hydrogeology

The increasing number and presence of EOCs in groundwater present
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Table 1

Summary of investigations related to emerging contaminants in karst areas. Explanation: OCC — occurrence, SSI — source specific indicators, ENV — tracers present in
environment, TRA - artificial tracers, CKA - characterisation of karstic aquifers, ML — mass loads, ATT - attenuation, PC — predicting contamination, MC — modeling
capabilities; PPCP-LS — pharmaceuticals, personal care products and lifestyle compounds.

Reference Country Type of karst Catchment Analysis Total Number of Sampling EOC types/ Application
area (km?) method number of  sampling sites and  frequency number of results
samples sample type

(spring, well.)

Bekele et al. Perth, karstified limestone  local test site 33 3 wells - Pharmaceuticals/ ATT
2011 Australia 5
Bennett et al. UK chalk local test site  HPLC 19 9 wells 1 sampling Sulphanilamide ATT
2017 campaign
Bexfield et al.  USA carbonate aquifers regional HPLC/MS/MS 191 wells 1 sampling Pharmaceuticals/ OCC
2019 campaign 13
Hormone/5
Industrial/1
PCP-LS/2
Chiffre et al., E France highly karstified 2320 km? UHPLC -MRM 12 spring Half-year (2 Pharmaceuticals/ OCC
2016 limestone campaign) 21
Hormone/10
Morasch, 2013 Swiss Jura highly karstified c. 6 km? UPLC-MS/MS 35 2 springs Monthly Pharmaceuticals/ OCC,
limestone ponor plus one 10 SSI,
additional Pesticides/8 ENV
campaign Industrial/2
Deleu, 2018 Liege, highly karstified 15.6 km? LC-MS 1 spring 1 sampling PPCP-LS/49 occC
Belgium limestone and campaign
sandstone aquifer
Dodgen et al. SW Illinois,  karstified dolostone ~ 600 km? LC-MS/MS 58 8 springs quarterly PPCP-LS/12 0OCC,
2017 USA and limestone 5 cave streams Hormones/7 SSI
Dong et al. Xuzhou karstified limestone  regional Karst pore water Industrial/1 0oCC
2018 China
Doummar et al. Beirut, highly karstified 150 km? SPE-HPLC-MS/ 28 spring 3-6h PPCP-LS/2 CKA,
2014 Lebanon limestone with MS) ENV,
dolostone, Jurassic ATT
Doummar and  Lebanon highly karstified 250 km? HPLC/MS-MS 8 spring 48 h (through 9  PPCP-LS/9 0OCC,
Aoun 2018a limestone with 2 wells days) Industrial/1 SSI
dolostone, Jurassic
Doummar and  Lebanon highly karstified 50 km? SPE-HPLC-MS/ 20 spring 4-8 h (3 events) PPCP_LS/4 ENV,
Aoun 2018b limestone with MS) CKA
dolostone, Jurassic
Dvory et al. Jerusalem, karst/fractured- 88 km? GC/MS 23 well 1-56 days PPCP-LS/2 MC,
2018a Israel porous carbonates LC/MS/MS (through 310 CKA,
days) PC
Dvory et al. ENV,
2018b ATT,
SSI
Einsied! et al. Southern karstified limestone 127 km? HPLCMS/MS 8 4 springs 2 campaigns Pharmaceuticals/ ENV,
2010 Germany and dolostone, (February and 2 occC
Carboniferous May)
Heinz et al. SW-Germany karstified limestone 45 km? GC-MS 57 spring 1 per week Industrials/8 ENV,
2009 and marly limestone, 4-6 h after PPCP-LS/3 SSI,
Upper Jurassic events ATT
Hillebrand SW-Germany karstified limestone 45 km? HPLC/MS-MS) 157 spring 3-24h (1.5 PPCP-LS/4 ENV,
et al. 2012a and marly limestone, month) SSI,
Upper Jurassic ML
Hillebrand SW-Germany karstified limestone 45 km? HPLC-ESI-MS/ 93 spring 10 min - few PCP-LS/1 ATT,
et al. 2012b and marly limestone, MS hours (7 days) TRA,
Upper Jurassic CKA
Hillebrand SW-Germany karstified limestone 45 km? HPLC-ESI-MS/ 263 spring Few hours - Pesticides/2 CKA,
et al. 2014 and marly limestone, MS weekly VA,
Upper Jurassic (1 year) SSI
Hillebrand SW-Germany karstified limestone 45 km? HPLC-ESI-MS/ 76 spring 0.5-12h (event) PPCP-LS/7 ATT,
et al. 2015 and marly limestone, MS TRA,
Upper Jurassic CKA
Huang et al. SW China, karstified carbonates 59 km? UPLC-MS/MS 41 3 springs Half-year (4 Pharmaceuticals/ OCC,
2019, Zou Kaiyang 4 rivers * sampling 35 SSI,
et al. 2018 campaigns) PC
Indelicato et al.  Sicily, Italy karstified limestone ~ 8x8 km? GC-LC-MS 30 13 wells 3 campaigns/3  Industrial/1 VA
2017 and marly months intervals

limestone- Mesozoic ~ 10x10 km?

(continued on next page)
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Table 1 (continued)
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Reference Country Type of karst Catchment Analysis Total Number of Sampling EOC types/ Application
area (km?) method number of  sampling sites and  frequency number of results
samples sample type
(spring, well.)
and Cenozoic
Katz et al. 2010 Florida, USA  Karstified limestones, 1100 km? GC-MS wells 3 sampling Pharmaceuticals/  SSI
Cenozoic campaigns 16
Lapworth et al.  SE England Chalk regional LC-MS/MS 300 wells 1 sampling Industrial/14 occC
2015 NW France GC/MS England campaign Pesticides/14
45 France Pharmaceuticals/
11
Leal-Bautista Riviera highly karstified 10 x 10 km®> HPLC 7 5 wells 1 sampling Caffeine SSI
et al. 2011 Maya, carbonates, Cenozoic 2 cenotes campaign
Yucatan
Mabhler and Global and vary - — - - - OCC,
Musgrove local (Texas) ENV,
2019 VA
Manamsa et al. England and  Jurassic limestone regional GC-MS 248 wells 1 sampling Wide range 0oCC
2016a Wales chalk limestone campaign
647 chalk
Manamsa et al.  Berkshire, UK chalk local test site  GC-MS 87 1 piezometer Monthly through Industrials/4 0oCC
2016b (13 months) PCP-LS/3
Pesticides/4
Pharmaceuticals/
1
McManus et al.  Ireland karstified limestone  regional UHPLC - MS- 730 springs Monthly through Pesticides/9 0oCC
2017 MS Piezometers 2 years Pesticide
metabolites/8
Metcalfe et al.  Riviera highly karstified local LC-MS/MS 5 4 caves Passive samplers Industrials SSI
2011 Maya, carbonates, Cenozoic recharge GC-ECD 1 cenote PPCP-LS
Yucatan area GC-LRMS Pesticides
Pharmaceuticals
Mooney et al.  Ireland Classical karst regional UHPLC - MS- 54 Springs One sampling Pharmaceuticals/ OCC,
2020 MS wells campaign 7 ENV
Morasch, 2013 Swiss Jura Classical Cca. 6 km?>  UPLC-MS/MS 35 2 springs Monthly Pharmaceuticals/  OCC,
1 swallow hole + one additional 7 SSI,
campaign Pesticides/5 ENV
Industrial/2
Padilla and N Puerto Rico Kkarstified limestones, regional - - - - - MC,
Vesper, 2018 Cenozoic CKA
Panno et al. NW Illinois,  Dolomites Cca. 1000 LC-MS/MS 11 8 springs One sampling Pharmaceuticals/  SSI,
2019 USA km? 3 shallow wells campaign 2 ENV
PPCP-LS/2
Reh et al. 2013, Central less karstified 65 km? HPLC-MS/MS 163 springs Half-year (4 PPCP-LS/34 0OCC,
2014 Germany carbonates Wells campaign) Pesticides/48 CKA,
(44 gw locations) Industrial/2 ATT
Schiperski et al. SW-Germany karstified limestone, 45 km? HPLC-ESIMS/ 54 spring 45 min —11 h (7 Pesticides/12 SSI,
2015 Upper Jurassic MS days) PPCP-LS/1 CKA,
PC
Sorensen et al.  Kabwe, karstified dolostone  cca. 120 km? GC-MS 21 wells 2 sampling Pesticides/34 occC
2015 Zambia campaign (dry Industral/3
and wet season) PCP-LS/1
Talarovich and ~ Central highly karstified 1.4 km? na 38 1 spring Storm event Industrial/1 VA
Krothe, 1998 Indiana, USA carbonates
Torres et al. N Puerto Rico karstified limestones, cca. 800 km? na 201 4 springs Spring, fall (3 Industrial/6 0OCC
2017, 2018 Cenozoic 17 wells years)
1803 historical data 1981-2013
Zemann et al.  Jordan karstified limestone  cca. 300 km? HPLC-ESI- 66 5 springs Yearly (4 Pharmaceuticals/  OCC,
2015 MS-MS 2 wells campaigns) 25 SSI
Zhang et al. SW China karstified and highly 300 km? GC-MS 196 springs Through 4 years Industrials/1 0OCC,
2015 karstified carbonates ponors SSI
Zirlewagen SW-Germany karstified limestone 45 km? HPLC-ESI-MS/ 51 spring 6 h -1 day SSI, ENVNAT
et al. 2016 and marly limestone, MS (winter and Pesticides/3
Upper Jurassic spring event) PCP-LS/2

na-not available.
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Fig. 3. The 20 most frequently detected compounds and their concentrations detected in karst groundwater. Bars show frequency (%) of studies that detected

substance, circles show concentrations.

many challenges due to the detrimental impacts on the quality of water
used for supply and which sustains rivers and ecosystems. However,
EOCs can also provide information to assist with karst hydrogeological
studies. In this section the use of these compounds in karst hydro-
geological studies are considered, with a summary of the applications in
Table 3.

Understanding the degradation properties of EOCs is a prerequisite
for their use in aquifer characterisation and therefore in this section
studies on the degradation properties of compounds are reviewed
(Section 3.2.1). The use of EOCs in characterising vulnerability is then
discussed (Section 3.2.2), followed by the use of EOCs for identifying
longer term storage (Section 3.2.3). EOCs have also been used to
investigate attenuation mechanisms within karst aquifers and these
studies are discussed in Section 3.2.4. The final section (3.2.5) discusses
the use of EOCs as a tool for better defining catchment areas.

3.2.1. Degradation properties of EOCs.

The presence of rapidly degrading compounds is a useful indicator of
rapid groundwater flow and vulnerabilty. Studies of compound degra-
dation are summarized in Table 2.

Caffeine has been observed to degrade relatively rapidly, with half
lives of less than 104 h (Dvory et al., 2018b; Hillebrand et al., 2012a,
Hillebrand et al. 2015; Table 2), and an estimate of 12 days for degra-
dation in a lake (Buerge et al., 2003). However, Hillebrand et al. (2012b)
suggested wastewater leakage and the subsurface redox condition may
have contributed to the high biodegradation of caffeine that they
observed; and longer degradation times of 30 to 69 days have been
estimated for caffeine in intergranular aquifers (Goncalves et al., 2017;
Korosa et al., 2020).

Other compounds have also been found to have high degradation
rates. A study of the UK Chalk aquifer beneath a pharmaceutical factory
found sulfanilamide concentrations decreased from 650 to 10 mg/L over
a distance of about 500 m. 56% of this reduction was attributed to
biodegradation processes and 42% to processes within the aquifer such
as dilution and dispersion (Bennett et al., 2017). Some papers suggested
biodegradation as the main cause of decreasing concentrations of
caffeine in groundwater (Dvory et al. (2018b) and Hillebrand et al.
(2015). Heinz et al. (2009) suggest the same process for plasticizers,

flame retardants and PPCPs. Some studies have suggested that non-
chlorinated organophosphates degrade more rapidly than chlorinated
ones (Andresen et al., 2004; Heinz et al., 2009; Meyer and Bester, 2004)
and that substances with higher octanol-water partition coefficient
(Kow) values have higher degradation.

Some compounds, such as carbamazepine (Table 2) and atrazine
(Hillebrand et al., 2014; Morasch, 2013; Schiperski et al., 2015), are
more resistant to degradation. Atrazine has been found in karst aquifers
many years after it was banned in Europe (Chen et al., 2019; Lapworth
and Gooddy, 2006). Persistence in karst aquifers was also evident for a
range of EOCs: acesulfame (Doummar and Aoun, 2018b; Zirlewagen
et al., 2016); phthalates (Padilla and Vesper, 2018); sucralose, gemfi-
brozil, iohexol (Doummar and Aoun, 2018b); primidone, tamoxifen and
analgesic phenazone, which had a particularly high detection frequency
even though it has not recently been prescribed in significant quantities
(Reh et al., 2013).

Overall it appears that EOCs have very variable degradation prop-
erties. EOC compounds like caffeine, ibuprofen, atenolol which degrade
more rapidly in groundwater (Hillebrand et al. 2012b, Hillebrand et al.,
2015; Reh et al. 2013,) could be used as evidence of rapid groundwater
flow and high vulnerability. In contrast others (e.g. carbamazepine,
acesulfame and the former EOC atrazine) are more persistent. However,
the degradation properties of EOCs are still poorly understood, and the
extent to which observations reflect degradation or other attenuation
processes such as sorption and dilution is often unclear and there have
been few laboratory studies of EOC properties. Further work on the
properties of current and former EOCs would be very useful to improve
understanding of their persistence in groundwater. In addition, the
degradation products of EOCs can potentially be as toxic and persistent
as parent compounds, and this topic has also received little attention.

3.2.2. Investigating vulnerability using EOCs

A useful potential application of EOCs in karst hydrogeology is for
assessing the vulnerability of a spring or abstraction. In karst aquifers
indicators such as rapidly fluctuating spring discharge (Butscher and
Huggenberger, 2008), high turbidity (Fournier et al. 2006), or high
coliforms (Mahler et al., 2000) are used as evidence that springs or ab-
stractions have high vulnerability. EOCs provide further evidence of
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(Loos et al., 2009).

vulnerability if rapidly degrading compounds are present indicating EOC compounds.
rapid groundwater flow and low residence times; where particularly There are examples of studies that have demonstrated high vulner-
high concentrations of EOC compounds are present (Meffe and de Bus- ability using EOCs. High vulnerability from fast flow events in a karst

tamante, 2014); or where there are a wide range of different types of aquifer with a leaking sewage pipe was identified using carbamazepine
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Table 2
The use of EOCs (and other substances analysed as part of EOC analysis suites)
for karst hydrogeological investigations.

Type of Karst
Hydrogeological
investigation

EOCs/other indicator
substances

References

Identifying vulnerability
and rapid groundwater
flow

Identifying long residence
time components in karst
groundwaters

Investigating subsurface
contaminant attenuation
mechanisms

Identifying connectivity of
groundwater with
wastewater

Investigating whether
nitrate sources are
agricultural (or urban?)

Identifying catchment
areas/pollution sources
from source specific
pollutants (i.e.
substances that are not
widely used and can
usually be traced to a
single source)

Investigations of
groundwater flowpaths
and contaminant
attenuation using
introduced tracers

Calculating ww rate in gw
resource

Statistical analyses for
determing pollutant
sources and/or
catchment area

Caffeine
Nonchlorinated
organophosphates
Ibuprofen, theophylline
and metoprolol

Carbamazepine, Atrazine
Acesulfame

Phthalates

Sucralose, gemfibrozil,
iohexol

Primidone, tamoxifen,
phenazone,

Diclofenac, ibuprofen
Carbamazepine

Carbamazepine - for
treated and untreated ww
Caffeine-for recent inputs
Cyclamate-for raw ww
Acesulfame-K,
gemfibrozil, iohexol
Sucralose

Diatrizoic acid

Paraxanthine

Caffeine
Triazines-ternary
diagrams
Pharmaceuticals-
fingerprinting different
sources of anthropogenic
pollution

Caffeine

Caffeine

Group of different EOCs
compounds

Dvory et al., 2018b and
Hillebrand et al.,
2012a, Hillebrand

et al. 2015; Heinz

et al., 2009; Reh et al.
(2013

Dvory et al. 2018b;
Hillebrand et al. 2014,
Morasch, 2013;
Schiperski et al., 2015;
Doummar and Aoun,
2018b; Zirlewagen

et al., 2016; Padilla
and Vesper, 2018;
Doummar and Aoun,
2018b; Reh et al., 2013
Einsiedl et al. (2010;
Dvory et al. (2018a)

Hillebrand et al.,
2012a; Hillebrand
et al., 2012a;
Zirlewagen et al.,
2016; Doummar and
Aoun, 2018a;
Doummar and Aoun,
2018b

Zemann et al., 2015

Hillebrand et al.,
2012a; Leal-Bautista
et al., 2011; Chiffre

et al. (2016); Keifer et
al (2021)

Hillebrand et al.,
2012b, Hillebrand
et al., 2015

Hillebrand et al.
(2012b)

(Dodgen et al., 2017;
Huang et al., 2019;
Kiefer et al., 2021

and caffeine by Dvory et al. (2018a). Sorenson et al. (2015) found that
deep groundwater in a karst aquifer was more vulnerable than previ-
ously thought. Clay-rich superficials were thought to provide significant
groundwater protection to the karst aquifer, but high concentrations of
DEET, with more than a five-fold increase after the wet season, showed
that contaminants can transit rapidly from the surface to the bedrock
aquifer.

In some cases, EOCs have been used in conjunction with other pa-
rameters for vulnerability assessment. For example, Doummar and Aoun
(2018b) found that the mass flux of turbidity and chlorides were
strongly correlated with those of the two artificial sweeteners sucralose
and acesulfame-K. Schiperski et al. (2015) obtained good correlations
between atrazine, metazachlor, cyclamate and SEC and turbidity in
hysteresis plots.

Although the presence of EOCs can indicate rapid groundwater flow
and high vulnerability, the absence of EOCs does not necessarily indicate
low vulnerability if there are limited sources of EOC contaminants in the
catchment. The large numbers of EOC compounds that can be measured,
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including some that indicate short residence times are clearly useful as
indicators of vulnerability. These are best used in conjunction with other
evidence, such as turbidity, coliforms, and discharge variability; and a
good understanding of the land use in the catchment to enable assess-
ment of the likely contaminant loads that could impact the spring or
abstraction.

3.2.3. Identification of longer term storage in karst

Karst aquifers have extremely high hydraulic conductivities and
generally have large components of short residence time groundwater
(Ford and Williams, 2007). Nevertheless, even in highly karstified
aquifers, there may be a substantial component of longer term storage
(Ford and Williams, 2007; Atkinson, 1977; Smart and Friederich, 1986).
Understanding longer term storage in karst aquifers is an important
component of aquifer characterisation and EOCs could contribute to this
understanding.

In some locations banned substances (such as atrazine) can provide
evidence that karst aquifers could have significant contaminant storage
and or longer residence time pathways (Einsiedl et al., 2010; Hillebrand
et al., 2014; Reh et al., 2013; Schiperski et al., 2015; Zirlewagen et al.,
2016). For example, even though atrazine was prohibited in Europe>20
years ago, it is still widely detected in karst aquifers (Hertzman, 2017;
Iker et al., 2010; Lapworth and Gooddy, 2006; Morasch, 2013). It has
been suggested that this is because atrazine is stored and persists in the
matrix which slowly leaks into the fracture and conduit flow system
(Hillebrand et al., 2014; Morasch, 2013; Schiperski et al., 2015). Atra-
zine and its metabolites have been detected at ng/L-ug/L concentrations
in a range of karst studies and it appears that it may pose a continued risk
to humans and microbiological communities long after it has been
banned from use (Huang et al., 2019; Qin et al., 2020; Xiang et al.,
2020). In other cases, the start date for the use of a particular EOC, such
as artificial sugars or pharmaceuticals, can be obtained for a particular
country or region and may help constrain the residence time of the
groundwater system under investigation.

Zemann et al. (2015) found the most frequently detected compounds
in karst groundwater samples were two standard substances used in X-
ray diagnostics, diatrizoic acid (DA), whose use has been significantly
reduced since 2008, and iopamidol (IP), which is the usual replacement
for DA. During this five-year investigation, DA was detected only a few
times in wastewater, and IP occurred more commonly in wastewater and
groundwater, suggesting a more recent wastewater input to ground-
water. The low, but continuous DA concentrations in groundwater
suggest that there is also a longer term storage component with the re-
sidual concentrations of DA in the matrix of the unsaturated zone being
slowly being released into the more permeable parts of the karst system
(solutional fractures and conduits).

3.2.4. Attenuation mechanisms in karst aquifers

Within aquifers, a range of processes such as dilution, dispersion,
diffusion, and sorption are important for controlling natural attenuation.
Conduit rich karst is generally thought to have poor attenuation capa-
bilities due to rapid and focussed groundwater inputs via streams sinks
and rapid groundwater flow which can exceed a velocity of 30 km/
d (Petric et al., 2020), and because they are oligotrophic (Gibert et al.,
1994; Hirsch, 1986). However, even in highly karstified aquifers, con-
taminants can be attenuated. Studies of EOCs have contributed to un-
derstanding of attenuation mechanisms (Einsiedl et al., 2010; Hillebrand
et al., 2012b; Zemann et al., 2015). In particular, studies have consid-
ered attenuation via diffusion between different void types (e.g. con-
duits, fissures and fractures) (Dvory et al., 2018a, 2018b; Einsiedl et al.,
2010). Other studies have indirectly provided information on attenua-
tion processes (Bekele et al., 2009; Doummar and Aoun, 2018b; Heinz
et al., 2009; Hillebrand et al., 2012b, 2015; Katz et al., 2010; Reh et al.,
2013; Zemann et al., 2015).

Einsiedl et al. (2010) used two pharmaceuticals, diclofenac and
ibuprofen, from wastewater effluents in springs, to compliment
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Table 3
EOC degradation rates.
Compound Recovery rate/recovery rate Half life (h)/ Method Key processes identified Reference
related to uranine (%) Degradation rate
@h
Caffeine 27/55 104 h Simultaneous tracing with ww leakage and the redox condition Hillebrand et
0.16 d* caffeine and uranine al 2012a
41.4/67.2 89.1h Simultaneous tracing with eight Biodegradation Hillebrand
0.19d? tracers et al. 2015
82.1 +10.2 0.091 d! Transport modelling Biodegradation and sorption in to lesser extent. ~ Dvory et al.
(ww releases over the outcrops of  Caffeine was completely degraded a few months ~ 2018b
the carbonate aquifer) after the sewage spill
Atenolol 30.6/50 61.8h Simultaneous tracing with eight Biodegradation Hillebrand
Ibuprofen 31.3/51.1 79.9h tracers et al. 2015
Paracetamol 17.6/28.8 37.5h
Acesulfame 67.8/100
Cyclamate* 63.8/94.1 1366 h
Carbamazepine 61.2/100
Carbamazepine  86.2 + 14.2 less than0.05 Transport modelling 95 % of carbamazepine mass remained in the Dvory et al.
(ww releases over the outcrops of ~ vadose zone 6 months after its peak 2018b
the carbonate aquifer) concentrations
Atrazine 4-7.5 % of total applied mass  na Assumptions based on total Rock matrix storage, low to nonexistent Hillebrand
have been discharged applied mass to total mass degradation rates et al. 2014

through 45 years

discharged at spring

*]ess reliable data due to short residence time in the aquifer during the tracer test (Hillebrand et al., 2015).

modelling and tracer testing studies of attenuation. They concluded that
contaminant transport is significantly influenced by diffusion between
the mobile fracture flow component of the aquifer and groundwater in
the matrix.

Dvory et al. (2018a) investigated attenuation processes by simu-
lating carbamazepine transport in the saturated and unsaturated zones
of a karst aquifer to investigate processes during fast flow events and
baseflow. The modeling results suggested low solute exchange and less
diffusion of contaminant into the matrix during fast flow events with
more carbamazepine reaching the saturated zone from the unsaturated
zone. In contrast, during low flow conditions, high storage in the porous
matrix of the unsaturated zone was thought to provide a continuous
supply of carbamazepine to the saturated zone.

3.2.5. Identifying pollutant sources

EOCs can help identify the origin of pollution (Stuart et al., 2014;
Kiefer et al., 2021). Unlike many conventional indicators (e.g. inorganic
ions, electrical conductivity), they do not have natural background
concentrations. Some EOCs also have a unique source type, which makes
them particularly useful source specific indicators. When used in com-
bination with other tracers and tools they may provide useful insights
into the sources of pollution in the catchment. EOCs are particularly
useful for identifying connectivity with wastewater and the compounds
that have been most useful for this are discussed in Section 3.2.5.1. Their
use for identification of other pollutant sources are discussed in Section
3.2.5.2

3.2.5.1. Identifying connectivity with wastewater effluents. Wastewater
(ww) poses a major risk to groundwater, especially in vulnerable karst
areas. EOCs have been successfully used to provide information on how
effective ww treatments are and detect pollution incidents, and specific
indicators are reviewed below.

Carbamazepine

Several studies have shown that carbamazepine is a conservative
indicator for both treated and untreated wastewater (Clara et al., 2004;
Dvory et al., 2018b; Fenz et al., 2005; Gasser et al., 2010). However,
carbamazepine concentrations in effluent are often relatively low and
therefore may be a poor indicator where only small quantities of ww are
discharged into highly diluting systems (Hillebrand et al., 2012a).

Caffeine and its metabolites

Many surface water investigations found caffeine to be a good ww
indicator (Buerge et al., 2003, 2006; Edwards et al., 2015, Goncalves

10

et al., 2017). Caffeine has also been used as a ww indicator in karst
groundwater systems. Caffeine degrades in groundwater (Section 3.2.1),
and is not a good indicator in systems with long transit times, but can
determine recent ww inputs (Hillebrand et al., 2012a). It is especially
useful where carbamazepine concentrations are low (Dvory et al.,
2018b) because ww can contain caffeine concentrations several orders
of magnitude higher than carbamazepine (Miao et al., 2005). In one
study, a positive correlation of caffeine with its predominantly human
metabolite paraxanthine suggested a connection with domestic ww
(Hillebrand et al., 2012a) while in another it has been used as an indi-
cator of the impact of tourism on water quality in an area of the Yucatan
(Leal-Bautista et al., 2011).

Hillebrand et al. (2012b) used caffeine concentrations in spring
water and untreated ww, water consumption rates, and spring discharge
data, to calculate that the average amount of domestic ww discharging
at a karst spring was approximately 0.4% of the total amount of ww
within the spring catchment. This is a relatively low fraction compared
to those calculated by Rutsch et al. (2006) for other catchments which
were found to be in the range of 1-13 %. Doummar and Aoun (2018a)
suggested that compounds more resistant to high degradation would be
more suitable for estimating exfiltration rates of ww into the environ-
ment. Using a mixing model based on chloride mass fluxes, they defined
exfiltration rates in a karst catchment of 0.7-4 % in low to medium flow
and 5-10 % at high flow.

Cyclamate

Cyclamate (CYC) could be used as a tracer of raw ww sources (Zir-
lewagen et al., 2016). It has similar concentrations in ww to caffeine and
was shown to be a more sensitive indicator for untreated ww than
caffeine because it is less degradable. However, its detection does not
necessarily indicate a recent input of ww to karst systems, and therefore
the combined use of caffeine and cyclamate may be useful (Hillebrand
et al.,, 2015). Zirlewagen et al. (2016) suggested using the ratio of
cyclamate and another, much more persistent, artificial sweetener,
acesulfame (ACE) as indicator for raw wastewater as it is not affected by
uncertainties associated with dilution. The high CYC/ACE ratio in-
dicates fresh inputs of untreated ww. In the same investigation con-
centration curves of cyclamate were similar to those of the faecal
indicator bacteria suggesting that they had the same origin and that ww
is the main source of bacterial pollution in the catchment.

Other EOC tracers

Other EOCs that have been shown to be good wastewater indicators
are acesulfame-K, gemfibrozil, iohexol (Doummar and Aoun, 2018a),
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sucralose (Doummar and Aoun, 2018b), DEET, caffeine metabolites
theophylline, triclosan, and atenolol (Upton et al., 2020), and chlori-
nated organophosphate, tris-2-chloro-1-chloromethyl-ethyl-phosphate
(Heinz et al., 2009). Acesulfame-K, gemfibrozil and iohexol may be in-
dicators of domestic ww effluents, or pollution from specific point
sources such as poultry farms and hospitals (Doummar and Aoun,
2018a). Sucralose has a high detection limit of 100 pg/L but it has still
been detected and indicated the presence of wastewater in a karst
groundwater system (Doummar and Aoun, 2018b). There is inconclu-
sive evidence on whether diclofenac is a good ww tracer. Reh et al.
(2013) suggested that diclofenac has high attenuation. However, Ein-
siedl et al. (2010) reported frequent detections of diclofenac which they
attributed to high concentrations in treated WW effluent, widespread
long term use, and low sorption properties. Ibuprofen was thought to be
poor ww indicator in a study by Einsiedl et al. (2010) due to its low
detection in karst samples, despite its high concentrations in raw ww.
High biodegradation rates were suggested as the most likely explanation
for this.

3.2.5.2. Identifying other sources of pollution. EOCs and other legacy
microorganic pollutants also point to other non-ww sources of pollution
in karst, i.e. agriculture (Chiffre et al., 2016; Dong et al., 2018; Hill-
ebrand et al., 2014; Morasch, 2013; Reh et al., 2013) or industrial ac-
tivities (Dong et al., 2018). Reh et al. (2013) separated different sources
of pollutants using ternary diagrams of triazines (atrazine and its
degradation products DEA and DIA). Samples from agricultural areas
had high fractions of DEA, whilst those from urban areas had a higher
DIA fraction. Chiffre et al. (2016) detected pharmaceuticals at sample
locations in rural sparsely populated areas not just downstream of ww
treatment plant as expected, but upstream as well.

A good example of the application of EOCs as source specific in-
dicators is the study where sources of groundwater nitrate pollution
were identified by correlation with diatrizoic acid (Zemann et al., 2015).
It is well known that nitrate can reach groundwater from various sources
such as sewage and agriculture. However, as diatrizoic acid had not been
used in agriculture, but is found in urban ww, it was most likely that ww
was the source of nitrate in the groundwater. Much like Stuart et al.
(2014), and more recently Keifer et al (2021), they identified pharma-
ceutical detection rates as a suitable tool for fingerprinting different
sources of anthropogenic pollution.

3.2.6. Catchment delineation

Catchment delineation in karst can be challenging due to the high
heterogeneity and changes in groundwater divides under different water
level conditions. Many EOCs have limited numbers of potential sources,
and the occurrence of specific EOCs at a groundwater abstraction could
indicate connectivity with a particular contaminant source and thereby
demonstrate that it is in the catchment. For example, by intensive
monitoring of micropollutants (pharmaceuticals, corrosion inhibitor,
pesticides), Morash (2013) found that the main source of the pollutants
at two observed springs in a Swiss karst catchment was a swallow hole
draining an agricultural plain, indicating that this site is within the
spring catchment area. In another example, Reh et al. (2014) used de-
tections of triazines to help with catchment delineation by distinguish-
ing agricultural and urban pollutant sources. While in areas with
multiple potential sources, and high levels of contamination, it may be
difficult to determine the exact source of a contaminant (Lapworth et al.,
2015; Reh et al., 2013), the use of statistical methods (e.g. correlations,
clustering) can help to determine pollutant sources and thus catchment
areas (Dodgen et al., 2017; Huang et al., 2019; Stuart et al., 2014).

Although by definition EOCs are contaminants and should not be
knowingly introduced to groundwater, some newly measured com-
pounds could have suitable properties for use as artificial tracers if they
are non toxic. Artificial tracers should be conservative, absent from but
readily soluble in water, easy to detect quantitatively, inexpensive, and
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easy to handle (Goldscheider and Drew, 2007; Kass, 1998). Karst
groundwater tracer tests have been conducted using caffeine and results
were obtained (Hillebrand et al., 2012b, Hillebrand et al., 2015).
Caffeine is cheap but is degradable and present in the environment, so is
not an ideal tracer, but it could possibly be useful for tracer tests to
delineate catchments in small highly karstified areas in the case of
known or low background concentrations.

4. Conclusions

This paper reviewed 50 studies on EOCs in karst from 21 countries.
EOCs are clearly an important threat to karst groundwater quality which
could impact drinking water sources, rivers and other dependant eco-
systems. A total of 144 compounds were detected in spring and
groundwater samples. The most frequently detected compounds were
pharmaceutical products as well as pesticides used in agriculture, with
fewer industrial compounds and personal care products and lifestyle
compounds (PCP-LS) detected. Carbamazepine and caffeine were the
most frequently detected compounds, whilst many compounds were
detected in just a single study.

Maximum concentrations of compounds varied over 5 orders of
magnitude, and nearly half of the detected compounds exceed 100 ng/L,
the current EU drinking water limit for individual pesticides. Many of
the highest concentrations were industrial compounds, although the
highest concentration was of the antibiotic sulphanilamide (6.5 x 108
ng/L).

This review suggests that overall EOCs may have a lower frequency
of detection and lower concentrations in karst groundwater compared to
surface waters and local shallow alluvial aquifers, but higher concen-
trations compared to other major aquifer types such as sandstones.

This paper also reviews the use of EOCs in karst hydrogeological
studies. EOCs represent a potentially very large range of anthropogen-
ically introduced tracers with a wide range of physical and chemical
properties and different subsequent fate in karst. The presence of rapidly
degrading EOCs (e.g. caffeine) can be an indicator of rapid groundwater
flow and vulnerability; and aquifer vulnerability is also indicated by
high concentrations of EOCs or a wide range of different EOCs at a site.
In contrast, persistent, former EOCs that are banned or no longer used (e.
g atrazine, diatrizoic acid) can indicate a component of longer term
storage in karst aquifers. Furthermore, the transport of EOCs in karst
may help improve understanding of attenuation mechanisms, for
example, exchange between the matrix, fractures and larger conduits.

EOCs are useful to identify sources of pollution in karst. Several EOC
compounds have been shown to be good indicators of connectivity with
wastewater. More persistent compounds (e.g. carbamazepine, acesul-
fame) can be used as indicators for both treated and untreated waste-
water, while readily degradable compounds (e.g. caffeine, cyclamate)
indicate more recent wastewater inputs. Some EOCs also have a unique
source, which makes them particularly useful for source identification
and catchment delineation.

5. Future outlook

Studies of EOCs in karst are a fairly new area of research. The rela-
tively small number of studies (50) found in our review highlights the
need for further research on EOCs in karst aquifers, to improve under-
standing of their impacts on karst environments, and to develop their
use for karst aquifer characterisation. More studies employing more
frequent monitoring are required to assess temporal changes, particu-
larly important for dynamic karst systems; and more sensitive analytical
methods are also required to improve assessments of EOC contamina-
tion. The lack of data on microplastics in karst groundwaters is also an
important area requiring future research.

The data compiled here are limited because the only parameter that
was consistently reported in the studies reviewed was maximum con-
centration. A collaborative project with a full analysis of all the EOC data
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in karst aquifers would be extremely useful to provide more robust
conclusions on EOCs in karst aquifers.

The relationships between EOC occurrence and other drivers of stress
and the prevalence of anti microbial resistance should be further
assessed in these highly vulnerable (in many ways sentinel) karst
groundwaters systems. Given the role of karst as a host for a range of
important stygofauna (Maurice et al., 2016), it is also recommended that
further research is done to assess the fate of hazardous EOCs, as well as
their interaction and potential accumulation in dependant ecosystems
within karst.

Selected EOCs are now beginning to be included more widely within
some national monitoring plans (Glassmeyer et al., 2017; Bunting et al.,
2021), arecent example being the introduction of a Groundwater Watch
list in Europe (Lapworth et al., 2019). However, as this review has
shown, even in karst, which are amongst the most vulnerable ground-
water systems, there are relatively few studies that have been under-
taken on EOCs. There is a requirement for more research and monitoring
of EOCs in karst, and a need for better prioritisation of screening for
EOCs in groundwater and dependant ecosystems (e.g. Gaston et al.,
2019), particularly given the importance of karst for drinking water
supplies globally and its role as a unique and vulnerable ecosystem.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This paper is partly the result of collaboration, training and educa-
tion conducted through GeoTwinn project that has received funding
from the European Union’s Horizon 2020 research and innovation
programme under grant agreement no. 809943. BGS authors publish
with the permission of the BGS-UKRI director.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jhydrol.2021.127242.

References

Andresen, J.A., Grundmann, A., Bester, K., 2004. Organophosphorus flame retardants
and plasticisers in surface waters. Sci. Total Environ. 332 (1-3), 155-166. https://
doi.org/10.1016/j.scitotenv.2004.04.021.

Atkinson, T.C., 1977. Diffuse flow and conduit flow in limestone terrain in the Mendip
Hills, Somerset (Great Britain). J. Hydrol. 35 (1-2), 93-110.

Bekele, E., Toze, S., Patterson, B., Devine, B., Higginson, S., Fegg, W., Vanderzalm, J.,
2009. Design and operation of infiltration galleries and water quality guidelines -
Chapter 1. In: Toze, S., Bekele, E. (Eds.), Determining the Requirements for Managed
Aquifer Recharge in Western Australia (A Report to the Water Foundation).

Bekele, E., Toze, S., Patterson, B., Higginson, S., 2011. Managed aquifer recharge of
treated wastewater: Water quality changes resulting from infiltration through the
vadose zone. Water Res. 45 (17), 5764-5772. https://doi.org/10.1016/j.
watres.2011.08.058.

Bennett, K.A., Kelly, S.D., Tang, X., Reid, B.J., 2017. Potential for natural and enhanced
attenuation of sulphanilamide in a contaminated chalk aquifer. J. Environ. Sci. 62,
39-48. https://doi.org/10.1016/j.jes.2017.08.010.

Berninger, J.P., Brooks, B.W., 2010. Leveraging mammalian pharmaceutical toxicology
and pharmacology data to predict chronic fish responses to pharmaceuticals.
Toxicol. Lett. 193 (1), 69-78. https://doi.org/10.1016/j.toxlet.2009.12.006.

Bexfield, L. M., Toccalino, P. L., Belitz, K., Foreman, W. T., Furlong, E. T., 2019.
Hormones and Pharmaceuticals in Groundwater Used As a Source of Drinking Water
Across the United States. Environmental Science & Technology 2019 53 (6), 2950-
2960 DOI: 10.1021/acs.est.8b05592.

BGR, IAH, KIT, UNESCO, 2017. World Karst Aquifer Map, 1:40 000 000. Berlin, Reading,
Karlsruhe and Paris.

Bolong, N., Ismail, A.F., Salim, M.R., Matsuura, T., 2009. A review of the effects of
emerging contaminants in wastewater and options for their removal. Desalination
239 (1-3), 229-246. https://doi.org/10.1016/j.desal.2008.03.020.

12

Journal of Hydrology 604 (2022) 127242

Brack, W., 2012. Emerging substances of toxicological concern in a world full of
chemicals - the NORMAN way to find the needles in the haystack. NORMAN
Network Bulletin 3, 1-2.

Brack, W., Altenburger, R., Schiilirmann, G., Krauss, M., Lopez Herraez, D., van Gils, J.,
de Aragao Umbuzeiro, G., 2015. The SOLUTIONS project: Challenges and responses
for present and future emerging pollutants in land and water resources management.
Sci. Total Environ. 503-504, 22-31. https://doi.org/10.1016/j.
scitotenv.2014.05.143.

Brion, F., De Gussem, V., Buchinger, S., Hollert, H., Carere, M., Porcher, J.-M., Piccini, B.,
Féray, C., Dulio, V., Konemann, S., Simon, E., Werner, 1., Kase, R., Ait-Aissa, S., 2019.
Monitoring estrogenic activities of waste and surface waters using a novel in vivo
zebrafish embryonic (EASZY) assay: Comparison with in vitro cell-based assays and
determination of effect-based trigger values. Environ. Int. 130, 104896. https://doi.
org/10.1016/j.envint.2019.06.006.

Bueno, M.J.M., Gomez, M.J., Herrera, S., Hernando, M.D., Agiiera, A., Fernandez-
Alba, A.R., 2012. Occurrence and persistence of organic emerging contaminants and
priority pollutants in five sewage treatment plants of Spain: Two years pilot survey
monitoring. Environ. Pollut. 164, 267-273. https://doi.org/10.1016/].
envpol.2012.01.038.

Buerge, L.J., Poiger, T., Miiller, M.D., Buser, H.-R., 2003. Caffeine, an Anthropogenic
Marker for Wastewater Contamination of Surface Waters. Environ. Sci. Technol. 37
(4), 691-700. https://doi.org/10.1021/es020125z.

Buerge, 1.J., Poiger, T., Miiller, M.D., Buser, H.-R., 2006. Combined Sewer Overflows to
Surface Waters Detected by the Anthropogenic Marker Caffeine. Environ. Sci.
Technol. 40 (13), 4096-4102. https://doi.org/10.1021/es0525531.

Bunting, S.Y., Lapworth, D.J., Crane, E.J., Grima-Olmedo, J., Korosa, A., Kuczynska, A.,
Mali, N., Rosengvist, L., van Vliet, M.E., Togola, A., Lopez, B., 2021. Emerging
organic compounds in European groundwater. Environ. Pollut. 269, 115945.
https://doi.org/10.1016/j.envpol.2020.115945.

Butscher, C., Huggenberger, P., 2008. Intrinsic vulnerability assessment in karst areas: A
numerical modeling approach. Water Resour. Res. 44 (3) https://doi.org/10.1029/
2007wr006277.

Cabeza, Y., Candela, L., Ronen, D., Teijon, G., 2012. Monitoring the occurrence of
emerging contaminants in treated wastewater and groundwater between 2008 and
2010. The Baix Llobregat (Barcelona, Spain). J. Hazard. Mater. 239-240, 32-39.
https://doi.org/10.1016/j.jhazmat.2012.07.032.

Chen, Z., Auler, A.S., Bakalowicz, M., Drew, D., Griger, F., Hartmann, J., Jiang, G.,
Moosdorf, N., Richts, A., Stevanovic, Z., Veni, G., Goldscheider, N., 2017. The World
Karst Aquifer Mapping project: concept, mapping procedure and map of EuropeDas
Welt-Karstaquifer-Kartierprojekt: Konzept, Vorgehensweise und Europakarte.
Hydrogeol. J. 25 (3), 771-785. https://doi.org/10.1007/s10040-016-1519-3.

Chen, N., Valdes, D., Marlin, C., Blanchoud, Hélene, Guerin, R., Rouelle, M., Ribstein, P.,
2019. Water, nitrate and atrazine transfer through the unsaturated zone of the Chalk
aquifer in northern France. Sci. Total Environ. 652, 927-938.

Chiffre, A., Degiorgi, F., Buleté, A., Spinner, L., Badot, P.M., 2016. Occurrence of
pharmaceuticals in WWTP effluents and their impact in a karstic rural catchment of
Eastern France. Environ. Sci. Pollut. Res. 23 (24), 25427-25441. https://doi.org/
10.1007/511356-016-7751-5.

Clara, M., Strenn, B., Kreuzinger, N., 2004. Carbamazepine as a possible anthropogenic
marker in the aquatic environment: investigations on the behaviour of
Carbamazepine in wastewater treatment and during groundwater infiltration. Water
Res. 38 (4), 947-954. https://doi.org/10.1016/j.watres.2003.10.058.

Collet, L., Ruelland, D., Estupina, Valérie.B., Dezetter, A., Servat, E., 2015. Water supply
sustainability and adaptation strategies under anthropogenic and climatic changes of
a meso-scale Mediterranean catchment. Sci. Total Environ. 536, 589-602.

Costanzo, S.D., Watkinson, A.J., Murby, E.J., Kolpin, D.W., Sandstrom, M.W., 2007. Is
there a risk associated with the insect repellent DEET (N,N-diethyl-m-toluamide)
commonly found in aquatic environments? Sci. Total Environ. https://doi.org/
10.1016/j.scitotenv.2007.05.036.

European Commission Directive (WFD) 2006/118/EC of the European Parliament and of
the Council of 12 December 2006 on the protection of groundwater against pollution
and deterioration. http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:
2006:372:0019:0031:EN:PDF.

D’Alessio M., Ray, C. 2016. Pharmaceuticals and Groundwater Resources, Emerging
Issues in Groundwater Resources, A. Fares (ed.), Advance in Water Security,
Springer, doi:10.1007/978-3-319-32008-3_5.

Dodgen, L.K., Kelly, W.R., Panno, S.V., Taylor, S.J., Armstrong, D.L., Wiles, K.N.,
Zhang, Y., Zheng, W., 2017. Characterizing pharmaceutical, personal care product,
and hormone contamination in a karst aquifer of southwestern Illinois, USA, using
water quality and stream flow parameters. Sci. Total Environ. 578, 281-289. https://
doi.org/10.1016/j.scitotenv.2016.10.103.

Dong, W., Xie, W., Su, X., Wen, C., Cao, Z., Wan, Y., 2018. Review: Micro-organic
contaminants in groundwater in ChinaRevue: Polluants micro-organiques dans les
eaux souterraines en Chine. Hydrogeol. J. 26 (5), 1351-1369. https://doi.org/
10.1007/s10040-018-1760-z.

Doummar, J., Geyer, T., Baierl, M., Nodler, K., Licha, T., Sauter, M., 2014.
Carbamazepine breakthrough as indicator for specific vulnerability of karst springs:
Application on the Jeita spring, Lebanon. Appl. Geochem. 47, 150-156. https://doi.
org/10.1016/j.apgeochem.2014.06.004.

Doummar, J., Aoun, M., 2018a. Occurrence of selected domestic and hospital emerging
micropollutants on a rural surface water basin linked to a groundwater karst
catchment. Environ. Earth Sci. 77 (9) https://doi.org/10.1007/s12665-018-7536-x.

Doummar, J., Aoun, M., 2018b. Assessment of the origin and transport of four selected
emerging micropollutants sucralose, Acesulfame-K, gemfibrozil, and iohexol in a
karst spring during a multi-event spring response. J. Contam. Hydrol. 215, 11-20.
https://doi.org/10.1016/j.jconhyd.2018.06.003.


https://doi.org/10.1016/j.jhydrol.2021.127242
https://doi.org/10.1016/j.jhydrol.2021.127242
https://doi.org/10.1016/j.scitotenv.2004.04.021
https://doi.org/10.1016/j.scitotenv.2004.04.021
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0010
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0010
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0015
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0015
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0015
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0015
https://doi.org/10.1016/j.watres.2011.08.058
https://doi.org/10.1016/j.watres.2011.08.058
https://doi.org/10.1016/j.jes.2017.08.010
https://doi.org/10.1016/j.toxlet.2009.12.006
https://doi.org/10.1016/j.desal.2008.03.020
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0050
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0050
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0050
https://doi.org/10.1016/j.scitotenv.2014.05.143
https://doi.org/10.1016/j.scitotenv.2014.05.143
https://doi.org/10.1016/j.envint.2019.06.006
https://doi.org/10.1016/j.envint.2019.06.006
https://doi.org/10.1016/j.envpol.2012.01.038
https://doi.org/10.1016/j.envpol.2012.01.038
https://doi.org/10.1021/es020125z
https://doi.org/10.1021/es052553l
https://doi.org/10.1016/j.envpol.2020.115945
https://doi.org/10.1029/2007wr006277
https://doi.org/10.1029/2007wr006277
https://doi.org/10.1016/j.jhazmat.2012.07.032
https://doi.org/10.1007/s10040-016-1519-3
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0105
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0105
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0105
https://doi.org/10.1007/s11356-016-7751-5
https://doi.org/10.1007/s11356-016-7751-5
https://doi.org/10.1016/j.watres.2003.10.058
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0120
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0120
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0120
https://doi.org/10.1016/j.scitotenv.2007.05.036
https://doi.org/10.1016/j.scitotenv.2007.05.036
https://doi.org/10.1016/j.scitotenv.2016.10.103
https://doi.org/10.1016/j.scitotenv.2016.10.103
https://doi.org/10.1007/s10040-018-1760-z
https://doi.org/10.1007/s10040-018-1760-z
https://doi.org/10.1016/j.apgeochem.2014.06.004
https://doi.org/10.1016/j.apgeochem.2014.06.004
https://doi.org/10.1007/s12665-018-7536-x
https://doi.org/10.1016/j.jconhyd.2018.06.003

J. Lukac Reberski et al.

Dulio, V., van Bavel, B., Brorstrom-Lundén, E., Harmsen, J., Hollender, J., Schlabach, M.,
Slobodnik, J., Thomas, K., Koschorreck, J., 2018. Emerging pollutants in the EU: 10
years of NORMAN in support of environmental policies and regulations.
Environmental Sciences. Europe 30 (1). https://doi.org/10.1186/512302-018-0135-
3.

Dvory, N.Z., Livshitz, Y., Kuznetsov, M., Adar, E., Gasser, G., Pankratov, L, Lev, O.,
Yakirevich, A., 2018a. Caffeine vs. carbamazepine as indicators of wastewater
pollution in a karst aquifer. Hydrol. Earth Syst. Sci. 22 (12), 6371-6381. https://doi.
org/10.5194/hess-22-6371-2018.

Dvory, N.Z., Kuznetsov, M., Livshitz, Y., Gasser, G., Pankratov, 1., Lev, O., Adar, E.,
Yakirevich, A., 2018b. Modeling sewage leakage and transport in carbonate aquifer
using carbamazepine as an indicator. Water Res. 128, 157-170. https://doi.org/
10.1016/j.watres.2017.10.044.

Edwards, Q.A., Kulikov, S.M., Garner-O’Neale, L.D., 2015. Caffeine in surface and
wastewaters in Barbados. West Indies. SpringerPlus 4 (1). https://doi.org/10.1186/
540064-015-0809-x.

Einsiedl, F., Radke, M., Maloszewski, P., 2010. Occurrence and transport of
pharmaceuticals in a karst groundwater system affected by domestic wastewater
treatment plants. J. Contam. Hydrol. 117 (1-4), 26-36. https://doi.org/10.1016/j.
jeonhyd.2010.05.008.

Fenz, R., Blaschke, A.P., Clara, M., Kroiss, H., Mascher, D., Zessner, M., 2005.
Quantification of sewer exfiltration using the anti-epileptic drug carbamazepine as
marker species for wastewater. Water Sci. Technol. 52 (9), 209-217. https://doi.
org/10.2166/wst.2005.0321.

Ford, D.C., Williams, P.W., 2007. Karst Hydrogeology and Geomorphology. Wiley,
Chichester. https://doi.org/10.1002/9781118684986.

Fournier, M., Massei, N., Bakalowicz, M., Dussart-Baptista, L., Rodet, J., Dupont, J.P.,
2006. Using turbidity dynamics and geochemical variability as a tool for
understanding the behavior and vulnerability of a karst aquifer. Hydrogeol. J. 15 (4),
689-704. https://doi.org/10.1007/s10040-006-0116-2.

Freeling, F., Alygizakis, N.A., von der Ohe, P.C., Slobodnik, J., Oswald, P., Aalizadeh, R.,
Cirka, L., Thomaidis, N.S., Scheurer, M., 2019. Occurrence and potential
environmental risk of surfactants and their transformation products discharged by
wastewater treatment plants. Sci. Total Environ. 681, 475-487. https://doi.org/
10.1016/j.scitotenv.2019.04.445.

Gasser, G., Rona, M., Voloshenko, A., Shelkov, R., Tal, N., Pankratov, L., Elhanany, S.,
Lev, O., 2010. Quantitative Evaluation of Tracers for Quantification of Wastewater
Contamination of Potable Water Sources. Environ. Sci. Technol. 44 (10), 3919-3925.
https://doi.org/10.1021/es100604c.

Gaston, L., Lapworth, D.J., Stuart, M., Arnscheidt, J., 2019. Prioritization approaches for
substances of emerging concern in groundwater: a critical review. Environ. Sci.
Technol. 53 (11), 6107-6122.

Gavrilescu, M., Demnerova, K., Aamand, J., Agathos, S., Fava, F., 2015. Emerging
pollutants in the environment: present and future challenges in biomonitoring,
ecological risks and bioremediation. New Biotechnol. 32 (1), 147-156. https://doi.
org/10.1016/j.nbt.2014.01.001.

Geiger, E., Hornek-Gausterer, R., Sacan, M.Tiirker., 2016. Single and mixture toxicity of
pharmaceuticals and chlorophenols to freshwater algae Chlorella vulgaris.
Ecotoxicol. Environ. Saf. 129, 189-198.

Geissen, V., Mol, H., Klumpp, E., Umlauf, Giinter, Nadal, M., van der Ploeg, M., van de
Zee, S.E.A.T.M., Ritsema, C.J., 2015. Emerging pollutants in the environment: A
challenge for water resource management. International Soil and Water
Conservation Research 3 (1), 57-65. https://doi.org/10.1016/j.iswer.2015.03.002.

Gibert, J., Stanford, J.A., Dole-Olivier, M.-J., Ward, J.V., 1994. Basic attributes of
groundwater ecosystems and prospects for research. In: Gibert, J., Danielopol, D.L.,
Stanford, J.A. (Eds.), Groundwater Ecology. Academic Press, San Diego, USA, p. pp.
7e40..

Glassmeyer, S.T., Furlong, E.T., Kolpin, D.W., Batt, A.L., Benson, R., Boone, J.S.,
Conerly, O., Donohue, M.J., King, D.N., Kostich, M.S., Mash, H.E., Pfaller, S.L.,
Schenck, K.M., Simmons, J.E., Varughese, E.A., Vesper, S.J., Villegas, E.N.,

Wilson, V.S., 2017. Nationwide reconnaissance of contaminants of emerging concern
in source and treated drinking waters of the United States. Sci. Total Environ. 581-
582, 909-922.

Gleeson, T., Wada, Y., Bierkens, M.F.P., van Beek, L.P.H., 2012. Water balance of global
aquifers revealed by groundwater footprint. Nature 488 (7410), 197-200.

Goldscheider, N., Drew, D., 2007. Methods in Karst Hydrogeology. Taylor and Francis
Group, Leiden, Netherlands, p. 264.

Gongalves, E.S., Rodrigues, S.V., da Silva-Filho, E.V., 2017. The use of caffeine as a
chemical marker of domestic wastewater contamination in surface waters: seasonal
and spatial variations in Teres6polis, Brazil. Ambiente e Agua — Interdis. J. Appl. Sci.
12 (2), 192. https://doi.org/10.4136/ambi-agua.1974.

Halden, R.U., 2015. Epistemology of contaminants of emerging concern and literature
meta-analysis. J. Hazard. Mater. 282, 2-9. https://doi.org/10.1016/j.
jhazmat.2014.08.074.

Hartmann, A., Goldscheider, N., Wagener, T., Lange, J., Weiler, M., 2014. Karst water
resources in a chan-ging world: Review of hydrologicalmodeling approaches. Rev.
Geophys. 52 (3), 218-242. https://doi.org/10.1002/2013RG000443.

Heinz, B., Birk, S., Liedl, R., Geyer, T., Straub, K.L., Andresen, J., Bester, K., Kappler, A.,
2009. Water quality deterioration at a karst spring (Gallusquelle, Germany) due to
combined sewer overflow: evidence of bacterial and micro-pollutant contamination.
Environ. Geol. 57 (4), 797-808. https://doi.org/10.1007/500254-008-1359-0.

Hertzman, H., 2017. Atrazine in European groundwater: The distribution of Atrazine and
its relation to the geological setting. Student thesis. Ume& University, Faculty of
Science and Technology, Department of Ecology and Environmental Sciences.

13

Journal of Hydrology 604 (2022) 127242

Hillebrand, O., Nodler, K., Licha, T., Sauter, M., Geyer, T., 2012a. Caffeine as an
indicator for the quantification of untreated wastewater in karst systems. Water Res.
46 (2), 395-402. https://doi.org/10.1016/j.watres.2011.11.003.

Hillebrand, O., Nodler, K., Licha, T., Sauter, M., Geyer, T., 2012b. Identification of the
attenuation potential of a karst aquifer by an artificial dualtracer experiment with
caffeine. Water Res. 46 (16), 5381-5388. https://doi.org/10.1016/].
watres.2012.07.032.

Hillebrand, O., Nodler, K., Geyer, T., Licha, T., 2014. Investigating the dynamics of two
herbicides at a karst spring in Germany: Consequences for sustainable raw water
management. Sci. Total Environ. 482-483, 193-200. https://doi.org/10.1016/j.
scitotenv.2014.02.117.

Hillebrand, O., Nodler, K., Sauter, M., Licha, T., 2015. Multitracer experiment to evaluate
the attenuation of selected organic micropollutants in a karst aquifer. Sci. Total
Environ. 506-507, 338-343. https://doi.org/10.1016/j.scitotenv.2014.10.102.

Hirsch, P., 1986. Microbial life at extremely low nutrient levels. Adv. Space Res. 6 (12),
287-298. https://doi.org/10.1016/0273-1177(86)90097-9.

Houtman, C.J., 2010. Emerging contaminants in surface waters and their relevance for
the production of drinking water in Europe. J. Integr. Environ. Sci. 7 (4), 271-295.
https://doi.org/10.1080/1943815x.2010.511648.

Huang, F., Zou, S., Deng, D., Lang, H., Liu, F., 2019. Antibiotics in a typical karst river
system in China: Spatiotemporal variation and environmental risks. Sci. Total
Environ. 650, 1348-1355. https://doi.org/10.1016/j.scitotenv.2018.09.131.

Iker, B.C., Kambesis, P., Oehrle, S.A., Groves, C., Barton, H.A., 2010. Microbial Atrazine
Breakdown in a Karst Groundwater System and Its Effect on Ecosystem Energetics.
J. Environ. Qual. 39 (2), 509-518. https://doi.org/10.2134/jeq2009.0048.

Indelicato, S., Orecchio, S., Avellone, G., Bellomo, S., Ceraulo, L., Di Leonardo, R., Di
Stefano, V., Favara, R., Candela, E.G., La Pica, L., Morici, S., Pecoraino, G.,
Pisciotta, A., Scaletta, C., Vita, F., Vizzini, S., Bongiorno, D., 2017. Effect of solid
waste landfill organic pollutants on groundwater in three areas of Sicily (Italy)
characterized by different vulnerability. Environ. Sci. Pollut. Res. 24 (20),
16869-16882. https://doi.org/10.1007/s11356-017-9198-8.

Kass, W., 1998. Tracing technique in geohydrology. Balkema, Rotterdam, The
Netherlands, p. 581.

Katz, B.G., Griffin, D.W., McMahon, P.B., Harden, H.S., Wade, E., Hicks, R.W.,
Chanton, J.P., 2010. Fate of Effluent-Borne Contaminants beneath Septic Tank
Drainfields Overlying a Karst Aquifer. J. Environ. Qual. 39 (4), 1181-1195. https://
doi.org/10.2134/jeq2009.0244.

Kiefer, K., Du, L., Singer, H., Hollender, J., 2021. Identification of LC-HRMS nontarget
signals in groundwater after source related prioritization. Water Res. 196, 116994.
https://doi.org/10.1016/j.watres.2021.116994.

Kim, J.-W., Ishibashi, H., Yamauchi, R., Ichikawa, N., Takao, Y., Hirano, M., Koga, M.,
Arizono, K., 2009. Acute toxicity of pharmaceutical and personal care products on
freshwater crustacean (Thamnocephalus platyurus) and fish (Oryzias latipes). The
Journal of toxicological sciences 34 (2), 227-232. https://doi.org/10.2131/
jts.34.227.

Korosa, A., Brencic, M., Mali, N., 2020. Estimating the transport parameters of
propyphenazone, caffeine and carbamazepine by means of a tracer experiment in a
coarse-gravel unsaturated zone. Water Res. 175, 115680. https://doi.org/10.1016/j.
watres.2020.115680.

Kurwadkar, S., 2014. Emerging Trends in Groundwater Pollution and Quality. Water
Environ. Res. 86 (10), 1677-1691. https://doi.org/10.2175/
106143014x14031280668290.

Lapworth, D.J., Gooddy, D.C., 2006. Source and persistence of pesticides in a semi-
confined chalk aquifer of southeast England. Environ. Pollut. 144 (3), 1031-1044.
https://doi.org/10.1016/j.envpol.2005.12.055.

Lapworth, D.J., Baran, N., Stuart, M.E., Ward, R.S., 2012. Emerging organic
contaminants in groundwater: A review of sources, fate and occurrence. Environ.
Pollut. 163 (2012), 287-303. https://doi.org/10.1016/j.envpol.2011.12.034.

Lapworth, D.J., Baran, N., Stuart, M.E., Manamsa, K., Talbot, J., 2015. Persistent and
emerging micro-organic contaminants in Chalk groundwater of England and France.
Environ. Pollut. 203, 214-225. https://doi.org/10.1016/j.envpol.2015.02.030.

Lapworth, D.J., Nkhuwa, D.C.W., Okotto-Okotto, J., Pedley, S., Stuart, M.E., Tijani, M.N.
Wright, J.J.H.J., 2017. Urban groundwater quality in sub-Saharan Africa: current
status and implications for water security and public health. Hydrogeology Journal,
25(4), pp.1093-1116. doi: 10.1007/s10040-016-1516-6.

Lapworth, D.J., Lopez, B., Laabs, V., Kozel, R., Wolter, Riidiger, Ward, R., Vargas
Amelin, E., Besien, T., Claessens, J., Delloye, F., Ferretti, E., Grath, J., 2019.
Developing a groundwater watch list for substances of emerging concern: a
European perspective. Environ. Res. Lett. 14 (3), 035004. https://doi.org/10.1088/
1748-9326/aaf4d7.

Leal-Bautista, R. M., Hernandez, G., Jaime, N., Cuevas, G., Velazquez, G., 2011.
Pathogens and pharmaceutical pollutants as indicators of contamination at the
northeasthern aquifer of Quintana ROO. Tropical and Subtropical Agroecosystems,
13, 211-219. URN: http://www.revista.ccba.uady.mx/urn:ISSN:1870-0462-tsaes.
v13i2.811.

Legradi, J.B., Di Paolo, C., Kraak, M.H.S., 2018. An ecotoxicological view on
neurotoxicity assessment. Environ Sci Eur 30, 46. https://doi.org/10.1186/512302-
018-0173-x.

Lindsey, M.E., Meyer, M., Thurman, E.M., 2001. Analysis of trace levels of sulfonamide
and tetracycline antimicrobials in groundwater and surface water using solid phase
extraction and liquid chromatography/mass spectrometry. Anal. Chem. 73,
4640-4646. https://doi.org/10.1021/ac010514w.

Loos, R., Gawlik, B.M., Locoro, G., Rimaviciute, E., Contini, S., Bidoglio, G., 2009. EU-
wide survey of polar organic persistent pollutants in European river waters. Environ.
Pollut. 157 (2), 561-568. https://doi.org/10.1016/j.envpol.2008.09.020.


https://doi.org/10.1186/s12302-018-0135-3
https://doi.org/10.1186/s12302-018-0135-3
https://doi.org/10.5194/hess-22-6371-2018
https://doi.org/10.5194/hess-22-6371-2018
https://doi.org/10.1016/j.watres.2017.10.044
https://doi.org/10.1016/j.watres.2017.10.044
https://doi.org/10.1186/s40064-015-0809-x
https://doi.org/10.1186/s40064-015-0809-x
https://doi.org/10.1016/j.jconhyd.2010.05.008
https://doi.org/10.1016/j.jconhyd.2010.05.008
https://doi.org/10.2166/wst.2005.0321
https://doi.org/10.2166/wst.2005.0321
https://doi.org/10.1002/9781118684986
https://doi.org/10.1007/s10040-006-0116-2
https://doi.org/10.1016/j.scitotenv.2019.04.445
https://doi.org/10.1016/j.scitotenv.2019.04.445
https://doi.org/10.1021/es100604c
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0215
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0215
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0215
https://doi.org/10.1016/j.nbt.2014.01.001
https://doi.org/10.1016/j.nbt.2014.01.001
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0225
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0225
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0225
https://doi.org/10.1016/j.iswcr.2015.03.002
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0235
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0235
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0235
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0235
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0240
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0240
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0240
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0240
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0240
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0240
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0245
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0245
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0250
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0250
https://doi.org/10.4136/ambi-agua.1974
https://doi.org/10.1016/j.jhazmat.2014.08.074
https://doi.org/10.1016/j.jhazmat.2014.08.074
https://doi.org/10.1002/2013RG000443
https://doi.org/10.1007/s00254-008-1359-0
https://doi.org/10.1016/j.watres.2011.11.003
https://doi.org/10.1016/j.watres.2012.07.032
https://doi.org/10.1016/j.watres.2012.07.032
https://doi.org/10.1016/j.scitotenv.2014.02.117
https://doi.org/10.1016/j.scitotenv.2014.02.117
https://doi.org/10.1016/j.scitotenv.2014.10.102
https://doi.org/10.1016/0273-1177(86)90097-9
https://doi.org/10.1080/1943815x.2010.511648
https://doi.org/10.1016/j.scitotenv.2018.09.131
https://doi.org/10.2134/jeq2009.0048
https://doi.org/10.1007/s11356-017-9198-8
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0325
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0325
https://doi.org/10.2134/jeq2009.0244
https://doi.org/10.2134/jeq2009.0244
https://doi.org/10.1016/j.watres.2021.116994
https://doi.org/10.2131/jts.34.227
https://doi.org/10.2131/jts.34.227
https://doi.org/10.1016/j.watres.2020.115680
https://doi.org/10.1016/j.watres.2020.115680
https://doi.org/10.2175/106143014x14031280668290
https://doi.org/10.2175/106143014x14031280668290
https://doi.org/10.1016/j.envpol.2005.12.055
https://doi.org/10.1016/j.envpol.2011.12.034
https://doi.org/10.1016/j.envpol.2015.02.030
https://doi.org/10.1088/1748-9326/aaf4d7
https://doi.org/10.1088/1748-9326/aaf4d7
https://doi.org/10.1021/ac010514w
https://doi.org/10.1016/j.envpol.2008.09.020

J. Lukac Reberski et al.

Loos, R., Locoro, G., Comero, S., Contini, S., Schwesig, D., Werres, F., Balsaa, P., Gans, O.,
Weiss, S., Blaha, L., Bolchi, M., Gawlik, B.M., 2010. Pan-European survey on the
occurrence of selected polar organic persistent pollutants in ground water. Water
Res. 44 (14), 4115-4126. https://doi.org/10.1016/j.watres.2010.05.032.

Lopez, B., Ollivier, P., Togola, A., Baran, N., Ghestem, J.-P., 2015. Screening of French
groundwater for regulated and emerging contaminants. Sci. Total Environ. 518-519,
562-573. https://doi.org/10.1016/j.scitotenv.2015.01.110.

Lukac Reberski, J., Rubini¢, J., Terzi¢, J., Radisi¢, M., 2019. Climate change impacts on
groundwater resources in the coastal karstic adriatic area: A case study from the
dinaric karst. Nat. Resour. Res. 29 (3), 1975-1988. https://doi.org/10.1007/
s11053-019-09558-6.

Mahler, B., Personné, J.-C., Lods, G., Drogue, C., 2000. Transport of free and particulate-
associated bacteria in karst. J. Hydrol. 238 (3-4), 179-193. https://doi.org/
10.1016/50022-1694(00)00324-3.

Mabhler, B., Musgrove, M., 2019. Emerging contaminants in groundwater, karst, and the
Edwards (Balcones Fault Zone) Aquifer, The Edwards Aquifer: The Past, Present, and
Future of a Vital Water Resource, John M. Sharp, Jr., Ronald T. Green, Geary M.
Schindel.

Manamsa, K., Lapworth, D.J., Stuart, M.E., 2016a. Temporal variability of micro-organic
contaminants in lowland chalk catchments: New insights into contaminant sources
and hydrological processes. Sci. Total Environ. 568, 566-577. https://doi.org/
10.1016/j.scitotenv.2016.01.146.

Manamsa, K., Crane, E., Stuart, M., Talbot, J., Lapworth, D., Hart, A., 2016b. A national-
scale assessment of micro-organic contaminants in groundwater of England and
Wales. Sci. Total Environ. 568, 712-726. https://doi.org/10.1016/j.
scitotenv.2016.03.017.

Matamoros, V., Arias, C.A., Nguyen, L.X., Salvadd, V., Brix, H., 2012. Occurrence and
behavior of emerging contaminants in surface water and a restored wetland.
Chemosphere 88 (9), 1083-1089. https://doi.org/10.1016/j.
chemosphere.2012.04.048.

Maurice, L., Robertson, A.R., White, D., Knight, L., Johns, T., Edwards, F., Arietti, M.,
Sorensen J.P.R., Weitowitz, D., Marchant, B.P., and Bloomfield, J.P., 2016. The
invertebrate ecology of the Chalk aquifer in England (UK). Hydrogeology Journal 24
(2), 459-474.

McManus, S.-L., Coxon, C.E., Mellander, P.-E., Danaher, M., Richards, K.G., 2017.
Hydrogeological characteristics influencing the occurrence of pesticides and
pesticide metabolites in groundwater across the Republic of Ireland. Sci. Total
Environ. 601-602, 594-602. https://doi.org/10.1016/j.scitotenv.2017.05.082.

Meffe, R., de Bustamante, 1., 2014. Emerging organic contaminants in surface water and
groundwater: A first overview of the situation in Italy. Sci. Total Environ. 481,
280-295. https://doi.org/10.1016/j.scitotenv.2014.02.053.

Metcalfe, C.D., Beddows, P.A., Bouchot, G.G., Metcalfe, T.L., Li, H., Van Lavieren, H.,
2011. Contaminants in the coastal karst aquifer system along the Caribbean coast of
the Yucatan Peninsula. Mexico. Environmental Pollution 159 (4), 991-997. https://
doi.org/10.1016/j.envpol.2010.11.031.

Meyer, J., Bester, K., 2004. Organophosphate flame retardants and plasticisers in
wastewater treatment plants. J. Environ. Monit. 6 (7), 599-605. https://doi.org/
10.1039/b403206c¢.

Miao, X.-S., Yang, J.-J., Metcalfe, C.D., 2005. Carbamazepine and Its Metabolites in
Wastewater and in Biosolids in a Municipal Wastewater Treatment Plant. Environ.
Sci. Technol. 39 (19), 7469-7475. https://doi.org/10.1021/es050261e.

D. Mooney K.G. Richards M. Danaher J. Grant L. Gill P.-E. Mellander C.E. Coxon An
investigation of anticoccidial veterinary drugs as emerging organic contaminants in
groundwater Science of The Total Environment 746 2020 141116~ 10.1016/j.
scitotenv.2020.141116.

Morasch, B., 2013. Occurrence and dynamics of micropollutants in a karst aquifer.
Environ. Pollut. 173, 133-137. https://doi.org/10.1016/j.envpol.2012.10.014.

Moreau, M., Hadfield, J., Hughey, J., Sanders, F., Lapworth, D.J., White, D., Civil, W.,
2019. A baseline assessment of emerging organic contaminants in New Zealand
groundwater. Sci. Total Environ. 686, 425-439. https://doi.org/10.1016/].
scitotenv.2019.05.210.

Muter, O., Bartkevics, V., 2020. Advanced analytical techniques based on high-resolution
mass spectrometry for the detection of micropollutants and their toxicity in aquatic
environments. Curr. Opin. Environ. Sci. Health 18, 1-6. https://doi.org/10.1016/j.
coesh.2020.05.002.

Murray, K.E., Thomas, S.M., Bodour, A.A., 2010. Prioritizing research for trace pollutants
and emerging contaminants in the freshwater environment. Environ. Pollut. 158
(12), 3462-3471. https://doi.org/10.1016/j.envpol.2010.08.009.

NORMAN network, 2019. Emerging substances, viewed 7 July 2019, https://www.
norman-network.net/?q=node/19.

Nunes, B., Carvalho, F., Guilhermino, L., 2005. Acute toxicity of widely used
pharmaceuticals in aquatic species: Gambusia holbrooki, Artemia parthenogenetica
and Tetraselmis chuii. Ecotoxicol. Environ. Saf. 61 (3), 413-419.

Olarinoye, T., Gleeson, T., Marx, V., et al., 2020. Global karst springs hydrograph dataset
for research and management of the world’s fastest-flowing groundwater. Sci. Data 7
(1). https://doi.org/10.1038/s41597-019-0346-5.

Padilla, LY., Vesper, D.J., 2018. Fate, transport, and exposure of emerging and legacy
contaminants in karst systems: state of knowledge and uncertainty. Adv. Karst Sci.
33-49 https://doi.org/10.1007/978-3-319-51070-5_5.

Pal, A., He, Y., Jekel, M., Reinhard, M., Gin, K.-Y.-H., 2014. Emerging contaminants of
public health significance as water quality indicator compounds in the urban water
cycle. Environ. Int. 71, 46-62. https://doi.org/10.1016/j.envint.2014.05.025.

Panno, S.V., Kelly, W.R., Scott, J., Zheng, W., McNeish, R.E., Holm, N., Hoellein, T.J.,
Baranski, E.L., 2019. Microplastic Contamination in Karst Groundwater Systems.
Ground Water 57 (2), 189-196. https://doi.org/10.1111/gwat.2019.57.issue-
210.1111/gwat.12862.

14

Journal of Hydrology 604 (2022) 127242

Petri¢, M., Ravbar, N., Gostincar, P., Krsnik, P., Gacin, M., 2020. GIS database of
groundwater flow characteristics in carbonate aquifers: Tracer test inventory from
Slovenian karst. Appl. Geogr. 118, 102191. https://doi.org/10.1016/j.
apgeog.2020.102191.

Petrie, B., Barden, R., Kasprzyk-Hordern, B., 2015. A review on emerging contaminants
in wastewaters and the environment: Current knowledge, understudied areas and
recommendations for future monitoring. Water Res. 72, 3-27. https://doi.org/
10.1016/j.watres.2014.08.053.

Petrovié¢, M., Gonzalez, S., Barcelo, D., 2003. Analysis and removal of emerging
contaminants in wastewater and drinking water. Trends Anal. Chem. https://doi.
0rg/10.1016/50165-9936(03)01105-1.

Postigo, C., Barceld, D., 2015. Synthetic organic compounds and their transformation
products in groundwater: Occurrence, fate and mitigation. Sci. Total Environ.
503-504, 32-47. https://doi.org/10.1016/j.scitotenv.2014.06.019.

Poynton, H.C., Vulpe, C.D., 2009. Ecotoxicogenomics: Emerging Technologies for
Emerging Contaminants. JAWRA Journal of the American Water Resources
Association 45 (1), 83-96. https://doi.org/10.1111/j.1752-1688.2008.00291 ..

Qin, L.-T., Pang, X.-R., Zeng, H.-H., Liang, Y.-P., Mo, L.-Y., Wang, D.-Q., Dai, J.-F., 2020.
Ecological and human health risk of sulfonamides in surface water and groundwater
of Huixian karst wetland in Guilin, China. Sci. Total Environ. 708, 134552. https://
doi.org/10.1016/j.scitotenv.2019.134552.

Re, V., 2019. Shedding light on the invisible: addressing the potential for groundwater
contamination by plastic microfibers. Hydrogeol J 27, 2719-2727. https://doi.org/
10.1007/5s10040-019-01998-x.

Reh, R, Licha, T., Geyer, T., Nodler, K., Sauter, M., 2013. Occurrence and spatial
distribution of organic micro-pollutants in a complex hydrogeological karst system
during low flow and high flow periods, results of a two-year study. Sci. Total
Environ. 443, 438-445. https://doi.org/10.1016/j.scitotenv.2012.11.005.

Reh, R, Licha, T., Nodler, K., Geyer, T., Sauter, M., 2014. Evaluation and application of
organic micro-pollutants (OMPs) as indicators in karst system characterization.
Environ. Sci. Pollut. Res. 22 (6), 4631-4643. https://doi.org/10.1007/s11356-014-
3676-z.

Richardson, S.D., Kimura, S.Y., 2020. Water analysis: emerging contaminants and
current issues. Anal. Chem. 92 (1), 473-505. https://doi.org/10.1021/acs.
analchem.9b05269.

Rutsch, M., Rieckermann, J., Krebs, P., 2006. Quantification of sewer leakage: a review.
Water Sci. Technol. 54 (6-7), 135-144. https://doi.org/10.2166/wst.2006.616.
Sanchez-Vila, X., Vazquez-Suné, E., Rodriguez-Escales, P., Jurado, A., Folch, A., Carles-

Brangari, A., CarreraD, J., Fernandez-Garcia, D., 2015. Emerging organic
contaminants in aquifers: sources, transport, fate, and attenuation. Emerg. Contam.
River Ecosystems 47-75. https://doi.org/10.1007/698 2015 _5010.

Sauvé, S., Desrosiers, M., 2014. A review of what is an emerging contaminant. Chem.
Cent. J. 8, 15. https://doi.org/10.1186/1752-153X-8-15.

Schiperski, F., Zirlewagen, J., Hillebrand, O., Nodler, K., Licha, T., Scheytt, T., 2015.
Relationship between organic micropollutants and hydro-sedimentary processes at a
karst spring in south-west Germany. Sci. Total Environ. 532, 360-367. https://doi.
org/10.1016/j.scitotenv.2015.06.007.

Schmidt, T.C., 2018. Recent trends in water analysis triggering future monitoring of
organic micropollutants. Anal. Bioanal. Chem. 410 (17), 3933-3941. https://doi.
org/10.1007/s00216-018-1015-9.

Schriks, M., Heringa, M.B., van der Kooi, M.M.E., de Voogt, P., van Wezel, A.P., 2010.
Toxicological relevance of emerging contaminants for drinking water quality. Water
Res. 44 (2), 461-476. https://doi.org/10.1016/j.watres.2009.08.023.

Schwarzenbach, R.P., Escher, B.1., Fenner, K., Hofstetter, T.B., Johnson, C.A., von
Gunten, U., Wehrli, B., 2006. The Challenge of Micropollutants in Aquatic Systems.
Science 313 (5790), 1072-1077. https://doi.org/10.1126/science.1127291.

Simonffy, Z., 2012. Availability of water resources (final report). WP4, Climate Change
and Impacts on Water Supply.

Smart, P.L., Friederich, H., 1986. Water movement and storage in the unsaturated zone
of a maturely karstified carbonate aquifer, Mendip Hills, England. In: Proceedings of
the Environmental Problems in Karst Terranes and their Solutions Conference,
pp. 59-87.

Sorensen, J.P.R., Lapworth, D.J., Nkhuwa, D.C.W., Stuart, M.E., Gooddy, D.C., Bell, R.A.,
Chirwa, M., Kabika, J., Liemisa, M., Chibesac, M., Pedley, S., 2015. Emerging
contaminants in urban groundwater sources in Africa. Water Res. 72, 51-63. https://
doi.org/10.1016/j.watres.2014.08.002.

Stefanakis, A.L, Becker, J.A., 2016. A Review of Emerging Contaminants in Water:
Classification, Sources, and Potential Risks. In: McKeown, A., Bugyi, G. (Eds.),
Impact of Water Pollution on Human Health and Environmental Sustainability. IGI
Global, Hershey, PA, pp. 55-80. https://doi.org/10.4018/978-1-4666-9559-7.
ch003.

Stock, F., Reifferscheid, G., Brennholt, N., Kostianaia, E., (Eds) 2020. Plastics in the
Aquatic Environment - Part I Current Status and Challenges. Published by Springer.
ISBN: 978-3-030-84118-8.

Stuart, M., Lapworth, D., Crane, E., Hart, A., 2012. Review of risk from potential
emerging contaminants in UK groundwater. Sci. Total Environ. 416, 1-21. https://
doi.org/10.1016/j.scitotenv.2011.11.072.

Stuart, M.E., Lapworth, D.J., Thomas, J., Edwards, L., 2014. Fingerprinting groundwater
pollution in catchments with contrasting contaminant sources using microorganic
compounds. Sci. Total Environ. 468, 564-577. https://doi.org/10.1016/j.
scitotenv.2013.08.042.

Sui, Q., Cao, X., Lu, S., Zhao, W., Qiu, Z., Yu, G., 2015. Occurrence, sources and fate of
pharmaceuticals and personal care products in the groundwater: A review. Emerg.
Contam. 1 (1), 14-24. https://doi.org/10.1016/j.emcon.2015.07.001.


https://doi.org/10.1016/j.watres.2010.05.032
https://doi.org/10.1016/j.scitotenv.2015.01.110
https://doi.org/10.1007/s11053-019-09558-6
https://doi.org/10.1007/s11053-019-09558-6
https://doi.org/10.1016/s0022-1694(00)00324-3
https://doi.org/10.1016/s0022-1694(00)00324-3
https://doi.org/10.1016/j.scitotenv.2016.01.146
https://doi.org/10.1016/j.scitotenv.2016.01.146
https://doi.org/10.1016/j.scitotenv.2016.03.017
https://doi.org/10.1016/j.scitotenv.2016.03.017
https://doi.org/10.1016/j.chemosphere.2012.04.048
https://doi.org/10.1016/j.chemosphere.2012.04.048
https://doi.org/10.1016/j.scitotenv.2017.05.082
https://doi.org/10.1016/j.scitotenv.2014.02.053
https://doi.org/10.1016/j.envpol.2010.11.031
https://doi.org/10.1016/j.envpol.2010.11.031
https://doi.org/10.1039/b403206c
https://doi.org/10.1039/b403206c
https://doi.org/10.1021/es050261e
https://doi.org/10.1016/j.envpol.2012.10.014
https://doi.org/10.1016/j.scitotenv.2019.05.210
https://doi.org/10.1016/j.scitotenv.2019.05.210
https://doi.org/10.1016/j.coesh.2020.05.002
https://doi.org/10.1016/j.coesh.2020.05.002
https://doi.org/10.1016/j.envpol.2010.08.009
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0515
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0515
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0515
https://doi.org/10.1038/s41597-019-0346-5
https://doi.org/10.1007/978-3-319-51070-5_5
https://doi.org/10.1016/j.envint.2014.05.025
https://doi.org/10.1111/gwat.2019.57.issue-210.1111/gwat.12862
https://doi.org/10.1111/gwat.2019.57.issue-210.1111/gwat.12862
https://doi.org/10.1016/j.apgeog.2020.102191
https://doi.org/10.1016/j.apgeog.2020.102191
https://doi.org/10.1016/j.watres.2014.08.053
https://doi.org/10.1016/j.watres.2014.08.053
https://doi.org/10.1016/S0165-9936(03)01105-1
https://doi.org/10.1016/S0165-9936(03)01105-1
https://doi.org/10.1016/j.scitotenv.2014.06.019
https://doi.org/10.1111/j.1752-1688.2008.00291.x
https://doi.org/10.1016/j.scitotenv.2019.134552
https://doi.org/10.1016/j.scitotenv.2019.134552
https://doi.org/10.1016/j.scitotenv.2012.11.005
https://doi.org/10.1007/s11356-014-3676-z
https://doi.org/10.1007/s11356-014-3676-z
https://doi.org/10.1021/acs.analchem.9b05269
https://doi.org/10.1021/acs.analchem.9b05269
https://doi.org/10.2166/wst.2006.616
https://doi.org/10.1007/698_2015_5010
https://doi.org/10.1186/1752-153X-8-15
https://doi.org/10.1016/j.scitotenv.2015.06.007
https://doi.org/10.1016/j.scitotenv.2015.06.007
https://doi.org/10.1007/s00216-018-1015-9
https://doi.org/10.1007/s00216-018-1015-9
https://doi.org/10.1016/j.watres.2009.08.023
https://doi.org/10.1126/science.1127291
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0625
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0625
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0635
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0635
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0635
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0635
https://doi.org/10.1016/j.watres.2014.08.002
https://doi.org/10.1016/j.watres.2014.08.002
https://doi.org/10.4018/978-1-4666-9559-7.ch003
https://doi.org/10.4018/978-1-4666-9559-7.ch003
https://doi.org/10.1016/j.scitotenv.2011.11.072
https://doi.org/10.1016/j.scitotenv.2011.11.072
https://doi.org/10.1016/j.scitotenv.2013.08.042
https://doi.org/10.1016/j.scitotenv.2013.08.042
https://doi.org/10.1016/j.emcon.2015.07.001

J. Lukac Reberski et al.

Talarovich, S.G., Krothe, N.C., 1998. Three-component storm hydrograph separation of a
Karst spring contaminated by polychlorinated biphenyls in Central Indiana. Environ.
Geosci. 5 (4), 162-176. https://doi.org/10.1046/j.1526-0984.1998.08024.x.

Taylor, R.G., Scanlon, B., Doll, P., Rodell, M., van Beek, R., Wada, Y., Treidel, H., 2012.
Ground water and climate change. Nat. Climate Change 3 (4), 322-329. https://doi.
org/10.1038/nclimate1744.

Torres, N.I., Padilla, 1.Y., Rivera, V.L., 2017. Potential exposure of emerging
contaminants in tap water from Karst groundwater sources. Adv. Karst Sci. 237-241
https://doi.org/10.1007/978-3-319-51070-5_27.

Thomaidi, V.S., Stasinakis, A.S., Borova, V.L., Thomaidis, N.S., 2015. Is there a risk for
the aquatic environment due to the existence of emerging organic contaminants in
treated domestic wastewater? Greece as a case-study. Elsevier. 283, 740-747.
https://doi.org/10.1016/j.jhazmat.2014.10.023.

Upton, E., Philip, V.B., Bialkowska-Jelinska, E., Calcul, L. 2020. Fate of Contaminants of
Emerging Concern in a Sinkhole Lake, Florida, USA. AC [Internet]. 2020Dec.16
[cited 2021Mar.29];49(2-3). Available from: https://ojs.zrc-sazu.si/carsologica/
article/view/8007.

White, D., Lapworth, D.J., Civil, W., Williams, P., 2019. Tracking changes in the
occurrence and source of pharmaceuticals within the River Thames, UK; from source
to sea. Environ. Pollut. 249, 257-266. https://doi.org/10.1016/j.
envpol.2019.03.015.

Wong, Kee Hong Johnny; Lee, Kek Kin; Tang, Kuok Ho Daniel; Yap, Pow-Seng, 2020.
Microplastics in the freshwater and terrestrial environments: Prevalence, fates,
impacts and sustainable solutions. Science of The Total Environment, 137512-. doi:
10.1016/j.scitotenv.2020.137512.

World Health Organization (WHO), 2018. A global overview of national regulations and
standards for drinking-water quality. CC, Geneva: Licence.

15

Journal of Hydrology 604 (2022) 127242

Worthington, S.R.H., Ford, D.C., 2009. Self-organized permeability in carbonate aquifers.
Groundwater. https://doi.org/10.1111/§.1745-6584.2009.00551.x.

Xiang, S., Wang, X., Ma, W, Liu, X., Zhang, B., Huang, F., Liu, F., Guan, X., 2020.
Response of microbial communities of karst river water to antibiotics and microbial
source tracking for antibiotics. Sci. Total Environ. 706, 135730. https://doi.org/
10.1016/j.scitotenv.2019.135730.

Zemann, M., Wolf, L., Grimmeisen, F., Tiehm, A., Klinger, J., Hotzl, H., Goldscheider, N.,
2015. Tracking changing X-ray contrast media application to an urban-influenced
karst aquifer in the Wadi Shueib, Jordan. Environ. Pollut. 198, 133-143. https://doi.
org/10.1016/j.envpol.2014.11.033.

Zhang, J., Qi, S., Bao, H., 2015. The Study of PAHs Distribution in Underground Water in
Southwest China. In: Proceedings of the AASRI International Conference on
Industrial Electronics and Applications. AASRI International Conference on
Industrial Electronics and Applications. https://doi.org/10.2991 /iea-15.2015.119.

Zhao, Y., Ye, L., Zhang, X.-X., 2018. Emerging Pollutants-Part I: Occurrence, Fate and
Transport. Water Environ. Res. 90 (10), 1301-1322. https://doi.org/10.2175/
106143018x15289915807236.

Zirlewagen, J., Licha, T., Schiperski, F., Nodler, K., Scheytt, T., 2016. Use of two artificial
sweeteners, cyclamate and acesulfame, to identify and quantify wastewater
contributions in a karst spring. Sci. Total Environ. 547, 356-365. https://doi.org/
10.1016/j.scitotenv.2015.12.112.

Zou, S., Huang, F., Chen, L., Liu, F., 2018. The occurrence and distribution of antibiotics
in the Karst River System in Kaiyang, Southwest China. Water Sci. Technol. Water
Supply ws2018026.. https://doi.org/10.2166/ws.2018.026.

https://www.epa.gov/dwucmr Monitoring the Occurrence of Unregulated Drinking
Water Contaminants. United States Environmental Protection Agency. Last visited on
19" of March, 2021.


https://doi.org/10.1046/j.1526-0984.1998.08024.x
https://doi.org/10.1038/nclimate1744
https://doi.org/10.1038/nclimate1744
https://doi.org/10.1007/978-3-319-51070-5_27
https://doi.org/10.1016/j.jhazmat.2014.10.023
https://doi.org/10.1016/j.envpol.2019.03.015
https://doi.org/10.1016/j.envpol.2019.03.015
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0705
http://refhub.elsevier.com/S0022-1694(21)01292-0/h0705
https://doi.org/10.1111/j.1745-6584.2009.00551.x
https://doi.org/10.1016/j.scitotenv.2019.135730
https://doi.org/10.1016/j.scitotenv.2019.135730
https://doi.org/10.1016/j.envpol.2014.11.033
https://doi.org/10.1016/j.envpol.2014.11.033
https://doi.org/10.2991/iea-15.2015.119
https://doi.org/10.2175/106143018x15289915807236
https://doi.org/10.2175/106143018x15289915807236
https://doi.org/10.1016/j.scitotenv.2015.12.112
https://doi.org/10.1016/j.scitotenv.2015.12.112
https://doi.org/10.2166/ws.2018.026

	Emerging organic contaminants in karst groundwater: A global level assessment
	1 Introduction
	2 Methods
	3 Results and discussion
	3.1 Occurrence of EOCs in karst aquifers
	3.2 Applications of EOCs in karst hydrogeology
	3.2.1 Degradation properties of EOCs.
	3.2.2 Investigating vulnerability using EOCs
	3.2.3 Identification of longer term storage in karst
	3.2.4 Attenuation mechanisms in karst aquifers
	3.2.5 Identifying pollutant sources
	3.2.5.1 Identifying connectivity with wastewater effluents
	3.2.5.2 Identifying other sources of pollution

	3.2.6 Catchment delineation


	4 Conclusions
	5 Future outlook
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


