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Abstract. Due to the fast urbanization and climate change,
urban aquifers are considered as a strategic source of potable
water. However, a potential limitation is the presence of con-
taminants, such as pharmaceuticals, which might deteriorate
groundwater quality. This work investigated the occurrence
of pharmaceuticals and evaluated their human health risk
in an alluvial urban aquifer recharged by a polluted river
that receives discharges from wastewater treatment plants
(WWTPs). To this end, river and groundwater samples were
collected from February to May 2021 for the analysis of 92
pharmaceuticals using a solid-phase extraction and a high-
pressure liquid chromatography coupled to a high resolution
mass spectrometric methodology (HPLC-HRMS). Results
showed that 35 pharmaceuticals, including 6 transformation
products (TPs), were detected in all groundwater samples
and the range of concentrations was from the low ngL™!
to 44.5ugL~!. Moreover, the concentrations of some sub-
stances decreased along the flow path during bank filtration,
suggesting the occurrence of natural attenuation processes
(e.g., adsorption or oxidation-reduction). Finally, most of the
measured substances did not pose a risk to human health
since estimated risk quotients were low.

1 Introduction

Sustaining healthy living conditions in urban areas is a
tremendous challenge facing the European Union, and the
pivotal issue is the provision of good quality freshwater re-
sources under the pressure of rapid urban growth and climate

change. Urban aquifers might be considered as an important
source for water supply, however, groundwater in urban set-
tings is vulnerable to contamination caused by anthropogenic
activities such as the leakage from sewers and the discharge
of wastewaters, the increase in urbanized areas and sealed
surfaces, the interaction with underground constructions and
surface water bodies etc. As a result, different organic and
inorganic contaminants are detected in urban aquifers (Burri
etal., 2019).

Among these pollutants, pharmaceuticals have drawn at-
tention of the scientific community due to their increasing
consumption and their widespread presence in the aquatic
environment (Parra-Saldivar et al., 2020). These substances
belong to different therapeutic groups such as antibiotics,
anti-inflammatories and analgesics, psychiatric drugs, lipid
regulators and anti-hypertensives, among others. Pharmaceu-
ticals enter urban groundwater through different pollution
sources. Their main pollution source is the excretion via
urine and faeces in wastewater, which might contain the orig-
inal compound but also its conjugated and transformed forms
(Singh, 2014). Some pharmaceuticals are not fully removed
by WWTPs and might be found at the concentrations ranging
from ngL™! topug L~! in their effluents that are discharged
into adjacent aquatic environment including subsurface wa-
ter bodies (Khasawneh and Palaniandy, 2021).

Once in the aquifer their evolution is highly uncertain,
as their behaviour depends on the coupled thermo-hydro-
chemical processes that occur simultaneously in the subsur-
face. The first step to understand these processes is to pre-
dict the spatial and temporal distribution of the concentra-
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Figure 1. (a) Location of the Besos River Delta (Barcelona, NE Spain), (b) piezometric surface (in ma.s.l.) of the study area and sampling
points and (c) Profile A—A’ showing the major direction of the groundwater flow and the residence time (in days) indicated with red colour
inside the boxes for different sections of the profile. This figure was adapted from Jurado et al. (2021).

tions of pharmaceuticals in groundwater, which implicitly re-
quires the information about their concentrations in the po-
tential contamination sources, the aquifer residence time etc.
(Jurado et al., 2021). Therefore, considering the increasing
consumption of pharmaceuticals and the rising demand for
freshwater resources in urban settings, investigating the oc-
currence of a wide array of pharmaceuticals in groundwater
is of paramount importance to the use of groundwater as a
safe drinking water source.

In this context, the objectives of this research were: (1) to
investigate the occurrence of 92 pharmaceuticals, including
12 transformation products (TPs) in an urban aquifer and
(2) to conduct the human health risk assessment. Ground-
water samples were collected from the shallow aquifer of
the Besos River Delta (Barcelona, NE Spain) and the Besos
River, which is the main aquifer contamination source.

2 Materials and methods
2.1 Study area

The study area is located in the lower part of the Besos
River Delta (Barcelona, NE Spain) (Fig. 1a). It belongs to the
Mediterranean climate zone, in which January is the coldest
month and July the warmest one, with an average tempera-
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ture of 7.5 and 23 °C, respectively. Annual average precipi-
tation is 600 mm, although precipitation varies significantly
through the year.

Pharmaceutical substances were investigated in the uncon-
fined shallow aquifer, which consists of sands. This aquifer
is hydraulically connected to the polluted Besos River that
is the major recharge source (Fig. 1c). Consequently, this
river controls the chemical characteristics of the groundwa-
ter within the shallow aquifer. However, additional sources
pharmaceuticals contamination are leakage from the sewage
system and urban runoff (Jurado et al., 2013). The river
aquifer system is very dynamic due to a constant pumping
of about 150-200Ls~! conducted to avoid seepage prob-
lems in an underground parking lot located 200 m below
the river (pumping wells ADPW, ADPM, ADPQ and ADPR
from Fig. 1b). Groundwater flows from the Besos River to
the underground parking area with an average residence time
of 35d (Fig. 1c).

2.2 Sampling and analytical method

The 6 sampling points considered in this study are the pump-
ing well W (ADPW), the piezometers of the series SAP-n
(located close to the river) and ADS-n (Fig. 1b). Water sam-
ples for the analysis of pharmaceuticals were collected from
February to May 2021. In total four surface water samples
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Figure 2. Box-plot of the concentration of pharmaceuticals grouped according to different therapeutic groups in the urban groundwater of
the shallow aquifer of the Besos Delta River. The dots represent the outliers. * Others include the antifungals fluconazole and climbazole,

the antiparasitic crotamiton and the local anaesthetic lidocaine.

from the Besos River and 24 groundwater samples were col-
lected. The latter were obtained after stabilization of field
parameters (i.e., pH and electrical conductivity) or by pump-
ing at least three times the volume of water present in the
piezometer. Samples were put in a field refrigerator and taken
to the laboratory, where they were vacuum filtered through
0.7 um glass fibre filters and stored at —20 °C until analysis.
Finally, groundwater and river samples were analysed using
a high-pressure liquid chromatography (HPLC) coupled to a
high-resolution mass spectrometer (HRMS), the Q-Exactive
Orbitrap. Initially this method was developed by Fagnani et
al. (2022) for the analysis of surface water samples but was
adapted for to the study of groundwater samples. This tech-
nique is characterized by a high sensitivity with detection
limits between 0.03 and 0.32ng L.

2.3 Evaluation of human health risk

Maximum concentrations of the ubiquitous pharmaceuticals
(detection frequencies of 100 %) in groundwater were used to
estimate the risk quotients (RQs) for human health to foresee
the “worst-case” scenario. The RQs were evaluated as fol-
lows:

RQ = Cpax/DWEL (1)

where Cpax 1s the maximum concentration of a given sub-
stance in groundwater and DWEL is the drinking water
equivalent level, which was computed using Eq. (2) (de Jesus
Gaftney et al., 2015):

DWEL(ngL™!) = (ADI x BW x HQ)/(DWI x AB x FOE) (2)

where ADI is the Acceptable Daily Intake (ugkg™' d), BW
is the body weight (kg) and DWI is the water daily in-
gestion rate (L d~!), which were assumed to be 65kg and
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2.25Ld~! (EFSA, 2010), respectively. HQ represents the
hazard quotient assumed to be 1, AB is the gastrointestinal
absorption and the value considered was 1 (i.e., adsorption
rate is 100 %), and FOE is the frequency of exposure as-
sumed to be 1 (i.e., 365d of the year). ADI values were se-
lected according to previous investigations (Table 1), rang-
ing from 0.057 ugkg ™' d for the antihypertensive valsartan
to 125000 ugkg~!d for the contrast agent iohexol (Liu et
al., 2019; Parida et al., 2021) (Table 1).

The risk criteria applied for the evaluated RQs were the
following: RQs lower than 0.1 mean no risk, RQs between
0.1 and 1 indicate median risk, and RQs higher than 1 poten-
tially affect human health (Martin et al., 2011).

3 Occurrence of pharmaceuticals in urban
groundwater and river water

3.1 General results

Results showed that 35 pharmaceuticals were ubiquitous in
groundwater belonging to the following therapeutic groups:
14 psychiatric drugs, 6 anti-hypertensives, 5 analgesics/anti-
inflammatories, 5 antibiotics, 1 contrast media agent, 1
lipid regulator, 1 antifungal, 1 local anaesthetic and 1 an-
tiparasitic. The ranges of concentrations varied from con-
centrations below the limit of quantification, which usu-
ally are 0.30ngL~", to 44.5ugL~" for the contrast media
agent iopamidol (Table S1 in the Supplement). The thera-
peutic groups that most contribute to the groundwater con-
tamination were contrast media agents followed by anti-
hypetensives (Fig. 2). In contrast, the group of lipid regula-
tors demonstrated the lowest median concentration (Fig. 2).
There were 7 substances with average concentrations exceed-

Adyv. Geosci., 59, 1-7, 2022



4 A. Jurado et al.: Pharmaceuticals and risk assessment in urban groundwater

Table 1. ADI values, maximum (Max.) concentration DWEL values and RQmax for the target pharmaceuticals. Metabolites are highlighted

in bold.

Pharmaceutical [Max.] ADI DWEL RQ max

ng L1 ng kg_1 bwd~! ng L1 -
Acetaminophen 16.4 340000  9.82x10° 1.67x107°
Atenolol 2.4 20002 578 x 10*  4.14x 1073
Carbamazepine 105.9 3402 9.82x 103  1.08 x 102
10,11-epoxi carbamazepine 26.8 29003 838 x10* 3.20x 1074
Diazepam 16.2 10002 2.89x 10* 5.61x 1074
Diclofenac 452.1 670002 5.18x10° 8.72x 1073
Fluconazole 87.3 7142 206 x 10* 423 x 1073
Hydrochlorothizide 14375 60002  4.64x 107 3.10 x 1073
Iohexol 5229.2 125000000* 3.61 x 109 1.45x107°
Topamidol 444717 118600000*  3.43 x 10°  1.30 x 1073
Ketoprofen 262.4 50002  1.44x 107 1.82x 1073
Lamotrigine 803 3003 8.67x 103 9.26 x 1072
5-Desamino-5-oxo-lamotrigine 132.2 300 8.67x10° 1.53x 1072
Lincomycin 81.4 22000 6.36x 10*  1.28x 1073
Metoprolol 116.9 140002 4.04x10° 2.89x 10~
Phenytoin 725 290° 838 x 103 8.65x 1073
Primidone 141.7 7002 2.02x 10*  7.01 x 1073
Propyphenazone 494 21000 6.07x10° 8.15x 107
Sulfadiazine 46.6 200007 5.78 x10° 8.07 x 107
Sulfamethazine 96.9 100003 2.89 x 105 3.36 x 10~%
Sulfapyridine 43.8 100002 2.89x10° 1.51x107*
Sulfathiazole 46.2 50000 1.44x10° 3.20x 107
Tramadol 19.2 71000 2.05x 105 9.37x 107
Valsartan 2762.7 57°  1.65x 10° 1.68
Valsartan acid 888.7 57 1.65x10° 540x 107!
Venlafaxine 49 5400° 1.56x 105 3.17x 1073
O-desmethylvenlafaxine 659.8 5400 1.56x 10> 4.23x 1073
Mixture - — — 2.37

References: | Schwab et al. (2005), 2 Sengar and Vijayanandan (2022), 3 Prosser and Sibley (2015), 4 Parida et al. (2021),
5 Liu et al. (2019), © de Jongh et al. (2012), 7 OCS (2022), 8 Zhu et al. (2018) and © NRA (2000).

ing the threshold of 300ngL~!, namely in descending or-
der: 12.7ugL~"! for iopamidol, 762.5ngL~! for valsartan,
647.7ngL~" for iohexol, 456.5ngL~" for hydrochloroth-
iazide, 397.2 ng L~ for lamotrigine, 366.8 ng L ™! for the TP
valsartan acid and 301.4 ng L~! for furosemide (Table S1). In
general, most pharmaceuticals showed lower concentrations
in groundwater than in the Besos River, suggesting that some
natural attenuation mechanisms such as redox or adsorption
processes might have occurred when river water infiltrated
the aquifer.

3.2 Temporal evolution

Figure 3 shows the total concentration of pharmaceuti-
cals in the river and the groundwater sampling points for
the different campaigns. The maximum river concentra-
tion (67.4pugL~") occurred in February and the minimum
(25.6ugL~") was in April. In February and March surface
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water samples demonstrated higher concentrations of phar-
maceuticals in comparison to their concentrations in ground-
water. However, the total concentrations of pharmaceuticals
at the shallowest points SAP-2b and ADS-6 were higher
than those of the river in April and May 2021 (Fig. 3). It
suggests that a composite river water sample should be col-
lected, as the concentration of target pharmaceuticals might
vary during the day depending on the time that effluents from
WWTPs are discharged into the river.

Concerning groundwater samples, the aforementioned
shallow points SAP-2b and ADS-6 showed the highest con-
centrations of pharmaceuticals, especially in May 2021. On
the contrary, the deepest points SAP-1 and SAP-2 showed
the lowest concentrations of pharmaceuticals throughout the
four months. Considering a flow line from SAP-2b to the
parking area, it seems that the total contamination of phar-
maceuticals decreased from SAP-2b to SAP-2 in all the sam-
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Figure 3. Total contaminant concentration in Besos River and
groundwater from February to May 2021 (C1-February, C2-March,
C3-April and C4-May).

pling campaigns. At the same time, the concentration in-
creased at the observation points located outside the ripar-
ian zone of the river within the paved area (ADS-6, ADS-7
and ADPW, Fig. 1b) (Fig. 3), suggesting the presence of ad-
ditional sources of contamination, such as the infiltration of
the urban runoff or the leakage from the sewerage network
(Jurado et al., 2013).

Some pharmaceuticals might be used as potential ground-
water tracers as their average concentrations during the four
sampling campaigns exceeded the threshold of 100ngL~!,
suggesting their persistent nature. That was the case of lam-
otrigine, furosemide, hydrochlorothiazide, valsartan and its
TP valsartan acid, iopamidol, gemfibrozil, gabapentin, the
TP of venlafaxine O-desmethylvenlafaxine and lidocaine.
TPs were usually detected at lower concentrations than
their parent substances (e.g., 5-desamino-5-oxo-lamotrigine,
10,11-epoxi carbamazepine or 4-hydroxy diclofenac, Ta-
ble S1). However, there was one exception for the TP O-
desmethylvenlafaxine, which average concentrations were
two orders of magnitude larger than its parent compound
(2.1 vs. 200.2ngL~! in February, 0.92 vs. 158.5ngL~! in
March, 0.3 vs. 203.7ngL~! in April and 0.9 vs. 303.9 in
May 2021).

4 Human health risk assessment

Human health risk was evaluated for pharmaceuticals that
were detected in all groundwater samples and for non-
ubiquitous substances whose average concentration were
higher than 100 ng L~!. Additionally, the TPs valsartan acid,
O-desmethylvenlafaxine and 5-Desamino-5-oxo-lamotrigine
were included into this evaluation using the ADIs of their
parent compounds, as their maximum concentrations in
groundwater were high (888.7, 659.8 and 132.3ngL™!, re-
spectively).

The threat that pharmaceuticals pose to human beings was
assessed through RQ comparing the maximum concentration
of individual pharmaceutical in groundwater to the DWEL
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values. Results of DWEL values and RQpax are summa-
rized in Table 1. Generally, DWEL values were frequently
several orders of magnitude higher than the maximum con-
centration of pharmaceuticals in groundwater (Table 1). As a
result, most RQs were far below 0.01, indicating that these
substances did not pose a risk for human health in case
that groundwater was used as drinking water. There were
only two exceptions, valsartan and its TP valsartan acid that
showed RQ values of 1.68 and 0.54, respectively. Thus, these
pharmaceuticals might potentially affect human health or
represent a moderate risk. Moreover, the risk assessment of
individual pharmaceuticals, are likely to be underestimated
as these substances were detected simultaneously in ground-
water samples. For this reason, the RQ of the mixture of these
substances was evaluated by summing individual RQs. The
mixture might represent a potential risk for human health as
its RQ value is 2.37 (Table 1).

5 Conclusions

Water shortage triggers the exploration of alternative water
resources such as urban groundwater. However, the contin-
uous inflow of pharmaceutical substances into the environ-
ment can limit the potential use of urban aquifers for potable
water supply, as it might pose a threat to human health. In
this context, the described above study monitored the occur-
rence of a several pharmaceuticals and their TPs in an urban
aquifer, which were detected at a wide range of concentra-
tions, reaching up to 44.5 ug L~!. Results showed that the av-
erage concentrations of pharmaceuticals in river water were
higher than those found in the aquifer, suggesting that nat-
ural attenuation processes take place during the infiltration
of surface water into the subsurface. However, some phar-
maceuticals were detected at average concentrations higher
than 100 ng L~!, which might indicate that they are suitable
tracers to track anthropogenic sources of groundwater con-
tamination. Finally, most of the studied substances did not
represent a threat for human health as estimated risk quo-
tients were below 0.1.
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