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EXECUTIVE SUMMARY

This deliverable is the outcome of Task 4.3 "Validation in the Athens case study (CS)” within the UPWATER
project (Understanding groundwater Pollution to protect and enhance WATER quality, Horizon Europe
project No 101081807). The Athens CS is a pilot case study that covers the entire Athens basin (app.
350km?) and includes also the Kifisos catchment.

The CS has been intensively monitored during the last years with an expanded network of monitoring
stations that provide real-time data acquisition to the UPWATER geoportal (river quantity and quality,
groundwater quantity and quality, unsaturated zone measurements) complemented by a network of more
than 50 monitoring wells that are used for campaign-wise measurements (i.e. water level and water
sampling).

The implementation of all targets of the monitoring plan shows that the unconsolidated aquifer layer of the
Athens basin acts as a receptor of different types of contaminants (nutrient, trace metals, and contaminants
of emerging concern (CECs) such as pharmaceuticals and Per- and polyfluoroalkyl substances (PFAS))
that are related to the urban anthropogenic activities of the Athens metropolitan area. Some seasonality in
the contaminant load is observed at local conditions; a fact which implies a non-constant emission source
in some cases. In other cases, elevated concentrations of certain compounds are detected in the vicinity of
point sources and this was evidenced by using both grab sampling strategies as well as measurements
that involve passive sampling methods. Passive sampling proved to be a very useful technique especially
at the locations where seasonality of concentrations was creating misinterpretation of results.

The constructed nature-based solutions (NBS) pilots proved that a high removal rate of the majority of the
UPWATER compounds was achieved by the biochar units, while further research is being undertaken for
the phytoremediation unit as it showed lower removal efficiencies in many cases.

The monitoring data have provided the knowledge basis for: (a) the development of a reliable conceptual
model for the hydrologic processes of the geophysical system, (b) the feeding of an integrated modeling
product that couples the flow of groundwater in the surface-unsaturated-saturated zone continuum by
additionally incorporating reactive transport simulations.
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1. CASE STUDY SET TING

The Athens Metropolitan Area is located at Attica region, in central Greece (Figure 1). The wider area of
interest is extended to approximately 400 km? within the Kifisos basin. The coastal basin is in contact with
the Saronic Gulf and it is defined by several mountain ranges. The surrounding mountains mount Aigaleo
(west), Mount Immitos (east), mount Parnitha (north) and mount Penteli (northeast) along with the hilly
areas (mainly Acropolis and Lycabetous) throughout the plain form a steep topographic background.
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Figure 1. Topography of Athens plain

The Kifisos river is the major surface watercourse of Athens basin, with ephemeral flow, that discharges
into the Mediterranean Sea. The river is channelized at the biggest part of the urban area while the natural
riverbed is formed at the upper part of the plain, in the peri-urban area (Koltsida & Kallioras, 2022). Apart
from the natural ephemeral flow, the Kifisos river is recharged with effluent from a Wastewater Treatment
Plant (WWTP) of the Athens Water Supply and Sewerage Company (EYDAP). The WWTP is a receiving
and co-treatment facility of domestic wastewater (both septic sewage and municipal wastewater) and treats
an average wastewater inflow of 24,000 m3/day by advanced secondary treatment.
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Groundwater flow in Athens is defined by the complex geological regime of the area. The main aquifer units
include the karstic formations of the surrounding mountains and several hilly areas in the plain, the
sedimentary Neogene and alluvial quaternary formations of the plain. The karstic aquifers main inflow
arises from natural recharge while the main inflow of both surface formations (Neogene and Quaternary)
occurs through lateral recharge from the surrounding hilly areas (mainly from the limestone formations of
Imittos at the east, Parnitha at the West and the marble formation of Penteli) while natural recharge from
precipitation is very limited due to highly urbanized areas covered with impermeable surfaces (Figure 2).
The hydraulic conductivity of high permeability karstic aquifers ranges from 102 m/s to 10'm/s.
Sedimentary Neogene and quaternary formations are medium to very low in terms of permeability with
hydraulic conductivities of 107 m/s to 10* m/s. The impermeable bedrock consists of Athens Schist
geological unit while the main outflow occurs naturally towards Saronicos gulf.
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Figure 2. Hydrogeological map of Athens.

2. GROUNDWATER AND SURF ACE WATER MONITORING

The sampling campaign strategy was followed according to the monitoring plan, as described in detail in
Deliverable 2.1. According to the monitoring plan, two grab sampling and six passive sampling campaigns
were scheduled and conducted. The sampling campaigns included both quantitative and qualitative data.
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Additionally, a new monitoring network was installed, connected to the cloud ecosystem developed in WP3,
providing real-time monitoring for several surface water and groundwater parameters.

2.1. GRAB SAMPLING CAMPAIGNS

In order to identify groundwater quantity and quality regime, different grab sampling campaigns were
conducted in the Athens plain. For this task, several wells and drills were determined considering: (i) the
location of the monitoring point, (ii) well/ drill depth and, (iii) the accessibility of the monitoring point.
Although the monitoring was planned to be consistent, several issues regarding accessibility during the
monitoring campaigns, increased or decreased the monitoring points from campaign to campaign.

In Figure 3, the monitoring points that were used throughout the UPWATER grab sampling campaigns are
provided. Table 1 provides information on the parameters measured in each grab sampling campaign.
Wells were generally purged prior to sampling. However, at ATH39, ATH30 and ATH35 pumps could not
be inserted and a sampling bailer was used to collect the samples. This may affect the measurements in
ATH39, ATH30 and ATH35 since stagnant water is withdrawn from the top of the well, the quality of which

might not reflect the quality in the aquifer.
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Table 1. Measurements on grab sampling campaigns T= temperature; EC= electrical conductivity, DO=
dissolved oxygen.

Monitori Number of Number of Number of Number of
onitoring Number of o . . : . : o .

: monitoring points monitoring points monitoring points monitoring points
parameter campaigns (wet period 2023) (dry period 2023) (wet period 2024) (dry period 2024)
CECs 2 - 19 33 -
Major ions 4 28 34 33 28
Water level |4 13 25 25 18
Field
parameters |4 28 34 33 28
(T, EC, DO)

2.1.1. WATER LEVEL AND PIEZ OMETRY

In order to quantify groundwater in Athens, water level measurements were conducted during four grab
sample campaigns (mention months + year). During the measurements, no significant groundwater
fluctuation was observed in the different wells with an average water level difference of 1-2 meters. Figure
4 presents the piezometric level of the quartenary-neogene formation and the general groundwater flow

direction.
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Figure 4. Piezometric conditions in Athens” aquifer system.
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The hydraulic head in the plain ranges from 0 meters at the South, near the coastline, up to 290 m at the
North- east at the vicinity of the Penteli mountain. The main flow direction occurs from the North to the
South with a distinctive recharge axis from the surrounding mountains (mainly from Penteli and Imittos).
The aquifer discharges to the Mediterranean Sea, into Saronico’s Gulf.

2.1.2. MAJOR IONS

Sampling campaigns for major ions analysis, coincided with water level monitoring campaigns, as briefly
described in Table . Tables 2 and 3 present statistical values for field parameters and major ions measured
in At hens6 ,gapectivelyd wat er

For most of the samples, groundwater qualitative parameters are within the limits of the European and
Greek legislation (Directive 2006/118 and 3 . | . 18152911, respectively). High bicarbonate, HCOs',
concentrations reflect the dissolution of carbonate minerals of the aquifer deriving from the marly deposits
of the Neogene formation and the alluvial fan deposits of Quaternary formation descended from the
carbonate rocks of the surrounding mountains (Boronkay et al., 2021). Elevated chloride and nitrate
concentrations are observed for the majority of the groundwater samples. Nitrate is on the current priority
list with a quality standard of 50 mg/L, as defined by the Nitrates Directive (Directive 91/676) and the
upcoming update on the Groundwater Directive (Directive 2006/118).

The spatial distribution of the chloride concentration in the urban and peri-urban area of Athens (Figure 5)
shows low chloride levels (up to 100 mg/L) for the biggest part of the aquifer while an elevated concentration
that exceeds the limit of 250 mg/L is observed near the coastline and can be related to seawater intrusion.
The elevated concentration at the western part might be related to lateral saline groundwater inflow from
the adjacent aquifer system of N. Egaleo where high chloride values have been recorded
(https://apdattikis.maps.arcgis.com/apps/webappviewer/index.html|?id=1b4dcf6b0d9e4148ba024a50a2b6
c03a). High nitrate, NOs-, concentrations were observed throughout the Athens plain (Figure 6). The most
affected areas that exceed the threshold of 50 mg/L are located at the north-east and the south, across
the coastline. Several studies carried out in urban areas indicate sewage as the primary source of nitrate
contamination (Chen et al., 2023; Zendehbad et al., 2019).
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Figure 5. Chloride concentration in groundwater (Dry sea son of 2024)
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Table 2. Statistics on field measurements and major ions for the wet period

(2 campaigns) in groundwater

.12

HCOs S04 N- N-NO2
Parameter mg/L mg/L NHs'mg/L mg/L
Mean 24.36 1375.94 7.35 6.49 377.09 85.67 0.71 0.01 35.29 7.97 43.40 184.33 102.74
Min 20.60 244.00 6.72 1.51 119.56 0.00 0.00 0.00 0.08 0.00 2.92 1.00 43.25
Max 29.70 3380.00 8.16 10.19 690.52 408.00 11.20 0.16 66.01 14.90 104.98 810.00 185.02
Median 23.70 1394.00 7.35 7.21 383.08 69.00 0.01 0.00 40.84 9.22 37.91 118.00 104.12
Standard
Deviation 2.7 698.79 0.31 2.33 143.09 85.64 2.80 0.03 23.04 5.20 27.62 213.48 40.77

Table 3. Statistics on field measurements and major ions for the dry period

(2 campaigns) in groundwater

T EC ‘ ‘
Parameter (°C) eS/cr pH DO mg/L

Mean 21.36 870.26 7.37 9.57 343.41 83.11 0.09 0.01 47.20 10.66 25.76 87.43 94.99

Min 16.40 112.00 5.09 5.15 85.40 2.00 0.01 0.00 0.22 0.05 0.49 2.00 2.40

Max 26.30 1671.00 10.55 16.44 524.60 198.00 1.55 0.05 110.75 25.00 96.23 404.00 171.41
Median 21.57 842.00 7.34 8.59 363.56 84.00 0.02 0.00 51.83 11.70 20.90 66.00 100.12
Standard Deviation 1.99 442.60 1.27 3.57 128.32 58.57 0.31 0.01 33.04 7.18 21.28 96.11 41.83

Funded by

the European Union

This project has received funding from the European Union under grant agreement No 101081807 project UPWATER
(Understanding groundwater Pollution to protect and enhance WATERquality).



4
|"Up D4.3 Report on the validation in the Athens site, v 1, 30 September 2025

water

2.1.3. CONTAMINANTS OF EMER GING CONCERN

The aim of this section is the environmental monitoring of organic contaminants of emerging concern
(CECs) and their transformation products (TPs) in groundwater samples, following the quality standards of
Drinking Water Directive (Directive 2020/2184) and the upcoming updates on Directive 2006/118 on the
protection of groundwater against pollution and deterioration and Directive 2008/105 on environmental
quality standards in the field of water policy.

Sampling protocol for CECs detection

Grab sampling of groundwater intended for emerging contaminants analysis was conducted during two
field campaigns. For each sampling point, a 2 L groundwater sample was collected. In order to trace any
possible contamination during sampling, field Blanks (milli-Q water) were used to trace any possible
contamination from the sampling during the analysis and assure quality control of the results.

Analytical Method for CECs

Chemical Analysis of the samples for detection of CECs was conducted by the Trace Analysis and Mass
Spectrometry group of the Department of Chemistry, Laboratory of Analytical Chemistry, National and
Kapodistrian University of Athens (NKUA).

Sample preparation

The preparation of the water samples was based on a previously published method (Gago-Ferrero et al.,
2020). 1 L of water sample was filtered through a glass microfiber filter (MGF 90). The pH of the samples
was adjusted to 6.5 (£0.2) with a few drops of hydrochlorid acid, HCI, of 0.1 M molarity and a mix of the
Internal Standards, including isotopically labelled compounds were spiked in each sample. The mixture of
the internal standards included the following representative isotopic labelled compounds of the National
and Kapodistrian University of Athens (NKUA) target list: Flunixin-d3, BPA-d16, Ranitidine-d6, Diuron-d6,
Fenbendazole d3, Meloxicam-d3, Atrazine-d5, Mefenamic acid-d3, Diazepam - d5, Sulfamerazine-d4,
Sulfadiazine-d4, Tebuconazole-d9, Caffeine-d9, Carbendazim-d4, Metformin-d6, Cetirizine-d8, Atenolol-
d7, Imidacloprid-d4, Irbesartan-d4, Sucralose-d6, Valsartan-d9, Venlafaxine-d6. Sample clean-up and pre-
concentration was realized by Solid Phase Extraction ( SPE) . Layered Oomixed
200 mg Oasis HLB and a mixture of Strata-X-AW (weak anion exchanger), Strata-X-CW (weak cation
exchanger) and Isolute ENV+ (300 mg of total mixture) were used for the SPE. The conditioning of the
cartridges was performed with 6 ml methanol HPLC grade and 6 ml Milli-Q water. After the loading of the
samples, the cartridges were dried by passing air through the cartridges for 0.5 to 1 h. The elution of the
analytes from the adsorbent material was performed by a basic solution (6 mL of ethyl acetate/methanol
(50/50 v/v) containing 2% ammonia (v/v)), followed by an acidic solution (4 mL of ethyl acetate/methanol
(50/50, v/v) containing 1.7% formic acid (v/v)). The extract was evaporated to dryness under a gentle
nitrogen stream (at 45 AC) and r econst i-Mugraded Mili-@
water, 50/50 v/v). The extract was filtered directly into a 2 mL vial (with an insert in it) using a syringe fitted
with a 0.22 e&m Ra&dwas ednyfer t@HRME/MS amalysis.
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Instrument Analysis
The samples were analyzed by liquid chromatography hyphenated with a high-resolution mass analyzer.
Detailed information on the instrumental analysis of the RPLC-HESI-TIMS-QTOF is provided below.
Apparatus
AChromatographi ¢ Sgrermance: Liquitll Chronsatograiphy (UHPLC) (Elute LC, Bruker
Daltonics)
ACol umn: I ntens2 t(yl0o Inom 1. 82 .Cl1 8mm, 1.8 em, Bruker Daltoc
AMass Spectrometer: Trapped |l on Mobility-TBmeefflightomet er

Mass Spectrometer (TIMS-QTOF-MS) (timsTOF Pro 2, Bruker Daltonics)
Solvents i Buffers

AUl trapur e WAV systemiMilippté) A Me t h a nMS Gradd (@erck)

AFor mi celuentaidiive for LC-MS (Fluka Analytical)

AAmmoni um f eVSrulra angd amm@nium acetate for mass spectrometry - eluent additives for
UHPLC-MS (Fluka Analytical)

Gradient elution program
The gradient elution program of the reversed-phase liquid chromatographic system, for both positive and
negative ESI mode is provided in Table 4.

Table 4. RPLC gradient elution program

Time Flow rate Aqueous Organic
(min) (mL min-t) solvent % solvent %
0 0.2 96.0 4.0
0.1 0.2 96.0 4.0
1 0.2 81.7 18.3
2.5 0.223 50.0 50.0
14 0.400 0.1 99.9
16 0.480 0.1 99.9
16.1 0.480 96.0 4.0
19 0.480 96.0 4.0
19.1 0.200 96.0 4.0
20 0.200 96.0 4.0

Positive lonization:

1 Aqueous solvent: H2O/MeOH (99/1, v/v), 5 mM HCOONH4, 0.01% formic acid
1 Organic Solvent: Methanol, 5 mM HCOONH4, 0.01% formic acid

Negative lonization:

1 Aqueous solvent: H2O/Methanol 99/1 v/iv, 5 mM CH3COONH4
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1 Organic Solvent: Methanol, 5 mM CH3sCOONHa4
Column temperature: 40 °C
I njection volume: 1 eL (positive ionization mode), 3 ¢
lon source: TIMS-QTOF-MS was equipped with a vacuum insulated probe heated electrospray ionization
interface (VIP-HESI), operated in both positive and negative mode.

MS parameters

- Scan mode: a) 1st run in Data Independent mode: broad band Collision Induced Dissociation (bbCID)
acquisition mode (acquisition of full scan MS spectra and MS/MS spectra in a single run) and b) 2nd run in
Data Dependent mode (acquisition of full scan MS spectra and MS/MS spectra of the most abundant ions
per MS scan in a single run, PASEF)

- m/z (mass to charge ratio) range: 20 - 1300 Da
- 1/KO range: 0.10 7 1.50 V3/cm2
- Ramp time: 150 ms

External calibration was performed just before analysis with a mixture of 10 mM of sodium formate (mass
calibrant) and Agilent ESI-L Low Tuning Mix (mobility calibrant) (the ratio mass: mobility calibrant is 1:3) in
positive ionization mode and with a mixture of 10 mM of sodium formate (mass calibrant) and a mixture of
Agilent ESI-L Low Tuning Mix and APCI/APPI Tuning Mix (1:1) (mobility calibrant) (the ratio mass: mobility
calibrant is 1:3) in negative ionization mode. Also, internal calibration was performed by each calibrant
injection at the beginning of each chromatogram (1st s

Data Treatment

The workflow of wide-scope target screening was followed for the data treatment of HRMS chromatograms.
The screening was performed using the in-house developed database of more than 2,500
contaminants. The data treatment was performed using TASQ Client 2023b and DataAnalysis 5.1 (Bruker
Daltonics, Bremen, Germany) software. The detection was based on specific screening parameters: mass
accuracy <2 mDa, retention time shift £0.2 min, isotopic fitting <100 mSigma (only for confirmation of
positive findings), and CCS values, whereas the presence of adduct and fragment ions confirmed the
analytes.

Quality Assurance & Quality Control (QA/QC)

A thorough quality assurance and quality control (QA/QC) was applied during the sample preparation and
instrumental analysis. A mix of internal standards was added into each sample prior to extraction to assure
satisfactory recovery of the target compounds and samples spiked with a mix of known CECs were also
analyzed in each batch of samples. Moreover, a procedural blank (reagent blank) was prepared to assess
any external contamination which might have been brought in during the sample preparation of the extracts
and analysis. Field Blanks (milli-Q water) were used during the sampling and were analyzed in order to
trace any possible contamination from the sampling till the instrumental analysis. A mix of known analytes
(RTI calibrant substances) was used to assess the stability of retention time during instrumental analysis
(Aalizadeh et al., 2021). A QC sample was running every 10 injections to ensure the good operation and
high sensitivity of the instrument.

i Funded by
the European Union
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Results on CECs

For both CEC grab sampling campaigns conducted in the Athens plain (Dry season of 2023 and wet of
2024), a screening of more than 2500 contaminants was performed, including CECs and their TP's. The
first batch of samples included 19 groundwater samples (along with field blank samples) and the second
batch included 34 samples (along with field blank samples) collected from surface and deeper aquifer
formations. Several organic micropollutants (OPs), their metabolites and transformation products (M&TPs)
were identified. Overall, in groundwater samples of the first campaign (Dry season 2023) 125 OPs, M&TPs
were detected, while in the second sampling campaign 93 OPs and their TPs were detected, a fact that
might indicate seasonal variation of CECs in groundwater.

First monitoring campaign

The two most dominant classes were plant protection products and pharmaceuticals (including
antidepressant and antipsychotic drugs) and their TPs, both at 37%. Another 19% of the detected OPs
were classified as industrial chemicals (the majority of which were PFAS), while 6% of the detected
compounds belong to tobacco and coffee related compounds. Lastly, one drug of abuse (1%) and one
preservative (1%) were detected.

The PFAS perfluorohexanesulfonic acid (PFHxS), perfluorooctanesulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA), the pharmaceutical carbamazepine,c af f ei nebds TP t heobr omi ne
as well as its TP cotinine were omnipresent in all the tested samples (100% frequency of appearance).

Among the 126 detected compounds, 107 were quantified with concentrations ranging between 0.181
(benzoylecgonine)i 46 . 4 e¢g/ L (PFHxS), while 19 compounds were pr
of quantification levels (BQL) in the analysed samples.

Almost all PFAS present over 70% frequency of appearance in the samples, with concentrations ranging
from0539 ng/ L (perfluoroheptanesul f onFkigure amesettstheRdngep S) t o
of each PFAS compound in the samples tested within the first monitoring campaign of CECs. The maximum

value of 46446 ng/L of PFHxS that emerged, has been excluded from the plot for the purpose of
visualization. The specific sample is located at the northwest of the study area (Figure 12, Figure 14).

A wide range of pharmaceuticals were detected in the groundwater samples. Carbamazepine was the most
frequently detected pharmaceutical, ; detection wasin all samples in significant concentrations. The
antibiotic sulfamethoxazole was present at the highest average concentration (64.9 ng/L). Figure 8 presents
the range of pharmaceutical analytes in groundwater samples of the 15t sampling campaign.

Considering coffee & tobacco related contaminants, the highest concentration belonged to caffeine, 298
ng/L (Figure 9). Caffeine, as well as its TPs (theophylline and theobromine), were detected with a frequency
of appearance (FoA) of over 60%. In addition, nicotine and its TP, cotinine, were detected in all samples,
with concentrations ranging from 0.834 ng/L to 111 ng/L.

i Funded by
the European Union
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Figure 9. Concentration ranges of human consumption products and their TPs in the 15t UPWATER
sampling campaign (Dry season 2023)

Second monitoring campaign

A total of 93 organic contaminants and TPs were detected in the tested samples from the Kifisos basin.
The two most dominant classes were pharmaceuticals (including antidepressant and antipsychotic drugs)
and their TPs, at 41%, followed by plant protection products and their TPs, at 28%. Another 24% of the
detected compounds were classified as industrial chemicals (the majority of which were PFAS), while 5%
of the detected compounds belonged to tobacco and coffee related compounds. Lastly, one drug of abuse
and its TP (2%) were detected.

The PFAS perfluoroheptanoic acid (PFHpA), perfluorononanoic acid (PFNA) and perfluorooctanoic acid (L-
PFOA) were omnipresent in all the tested samples (100% FoA). 19 more compounds showed over 50%
FoA, most of them were PFAS and pharmaceuticals.

Regarding PFAS analytes, 14 were quantified with concentrations ranging between 0.320635 ng/L
(perfluoroheptanoic acid (PFHpA)) and 2297.48 ng/L (perfluorooctanesulfonic acid (L-PFOS)) while
perfluoropentanoic acid (PFPeA) was only detected in one sample at a concentration of 6.23 ng/L. The
range of PFAS analytes within the 2" monitoring campaign is provided in the box plot of Figure 10.

The range of pharmaceuticals is presented in Figure 11. The highest concentrations were observed for
the ropivacaine and flecainideat2 . 81 e g/ L a,medpeciveld.0 e€g/ L
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Figure 11. Concentration range of pharmaceuticals detected in the 2nd sampling campaign (Wet season
2024).

In comparison with the samples of the first campaign, the same sampling points in this second batch
displayed a much lower number of analytes and in relatively lower concentrations. More specifically, fewer
pharmaceutical compounds were detected. For example, levetiracetam, paracetamol, tramadol and its TP,
norfloxacin and icaridin were identified only in the first sampling campaign. On the other hand, the industrial
chemical 2-sulfonic acid-benzothiazole and the PFAS 4,8-Dioxa-3H-perfluorononanoic acid (ADONA) were
only detected in this second batch of samples.

Groundwater quality status based on the Water Framework Directive (WFD,
2000/60/EUV)

Contaminants of emerging concern have been identified as hazardous substances for human health and
the environment (Yadav et al.,, 2021). They are included in the revised Drinking Water EU directive
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(Directive 2020/2184) while the minimum quality requirements have already been adopted by the national

legislation of EU countries. Next steps of the EU commission regarding the WFD is the establishment of

CECs limits in the Directives 2006/118 and 2008/105 regarding groundwater and environmental quality

standards, respectively. While the EU Council and Parliament reached a provisional deal to update priority

substances on September 2025 (https://www.consilium.europa.eu/en/press/press-
releases/2025/09/23/water-pollution-council-and-parliament-reach-provisional-deal-to-update-priority-
substances-in-surface-and-ground-waters/), the final available documentation on the proposal for the

updates on the two directives published in 2024, sets strict limits on groundwater quality standards for

CECs. Considering this report, groundwater quality standards on PFAS seta limitof 0.1 eg/Lf or t he A Sum
of PFASO parameter, the parametric value as defined |
Additionally a parametric value, namelythed Sum of 4 PFASO i s def 0D0deed/L,wi t h a
and concerns the four most harmful PFAS Perfluorohexane sulfonic acid (PFHXS), Perfluorooctanesulfonic

acid (PFOS), Perfluorooctanoic acid (PFOA) and Perfluorononanoic acid (PFNA) compounds.

In this direction, the following maps provide information on the quality status on PFAS in the groundwater

of Athens, regarding the upcoming updates on Groundwater Directive (Figures 12-15). In the presented

maps, it is obvious thatthe i Sum of PF AS & abpva thapropdsed dimits for the majority of the

samples, reaching extreme values (up to 48.11 eg/L) on specific samples during the Dry period of 2023.

For the wet period of 2024, the improvement of the specific parameter is visible since the maximum

concentration reached 3 £g/L while the concentration of 11 samples is below the expected limito f 0 L.1 ¢ g/
Groundwater quality status on fASum of 4 PFASO paramet ¢
since the concentration for most of the samples is above the proposed limits, especially for the most

contaminated ones. Consequently, it seems that certain samples are severely contaminated with the 4

most harmful PFAS.
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Figure 12. Sum of PFAS ingroundwater of the city of At hens, Dry season 2023
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Figure 13. Sum of PFAS in groundwaterof the city of Athens , Wet season 2024
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Figure 14. Sum of 4 PFASn groundwater of the city of Athens , Dry season 2023
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Figure 15. Sum of 4 PFASNn groundwater of the city of Athens , Wet season 2024

2.2. THE UPWATER IOT MONI TORING ECOSYSTEM

The UPWATER IoT monitoring ecosystem installed in the Athens case study is composed of integrated

water quantity stations and water quality stations as depicted in Figure 16 (Deliverable D4.1).

Along the side of the Kifisos river 4 monitoring stations were installed equipped with Pulsar Reflect -W radar
(Pulsar Measurement, 2023) (YD1, YD2, YD3) and OTT RLS (OTT RLS T Radar Level Sensor, 2025) radar
(YD4) to continuously monitor the river water level. The radar sensors of each type are connected with a
YDOC ML-417ADS (YDOC, 2025) remote data logger to transmit the recorded data through NB-loT
(Narrowband i Internet of Things) to UPWATER server. According to the architecture of the system
(Deliverable D3.4) an MQTT (Message Queue Telemetry Transport) broker is installed in UPWATER server
to receive the messages (monitoring logs) from clients (monitoring stations) and the former are stored in a
Time-Series Database (Timescale) (Deliverable D3.4). YD1, YD2 have been installed on 11/07/2023, YD3
on 12/07/2023 and YD4 on 26/07/2023, continuously monitoring river stage (10 minutes interval) in
locations reflecting the natural (YD1) and the artificial (YD2, YD3) riverbed of the Kifisos river, while

monitoring station YD4 is located in the estuary capturing the river and sea water interactions.
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Noise from field gathered river water level data has been administered efficiently to reduce the error from
neari real time measurements. Savitzky-Golay (SG) filters have been extensively used in several scientific
fields in which data processing is required, and are frequently employed on data points that are equally
spaced apart and are based on fitting a polynomial of degree n to the data in a neighborhood ki m é k
m of each data point k (which includes 2 m + 1 data points) (Schmid et al., 2022). Smoothing is performed
by the replacement of the value with the fit polynomial at point k, or by using the derivative of the polynomial
(Schmid et al., 2022). It has been proven that SG filters are insufficient to address high frequency noise
and for that reason several alternatives have been proposed in the literature (Schmid et al., 2022).

Giving insights into the data retrieved from UPWATER river water level monitoring stations there are several
values below zero (Figure 171 Monitoring station YD2), which can be identified as noise from water level
radar measurements, while high peaks can be attributed to flood peaks and not to noise distortion (Figure
171 Monitoring stations YD1, YD3). Within the UPWATER cloud ecosystem there is the capability to offline
process the monitoring data by implementing several filters. Whittaker-Henderson (WH) Smoothing and
SG filters can be implemented in the data to remove noisy values.
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Figure 17. Kifisos river water level one -year timeseries for monitoring stations YD1, YD2, YD3, filtering
noise with Savitzky-Golay (SG)and Whittaker -Henderson (WH) filters.

It is obvious that both filters perform equally well in removing the noise from the baseline values and
negative or zero values recorded by the monitoring station, while failing to capture the high peaks,
identifying them as noise (Figure 17). WH smoothing captures in a better way than the SG filter the high
peaks of water level measurements, however, the application of either SG or WH filters can be limited to
the baseline and zero, negative values recorded by the radar water level sensors.

Considering the specific characteristics of Kifisos river with a combination of natural and artificial riverbed,
as well as the artificial discharges from WWTP and stormwater pipes the increased discharge values in
the downstream part of the river can be explained. The various sources of water, both natural and those
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that emerge from urban infrastructure, reflect on the higher peaks on the downstream canalized part of the
river (Figure 177 Monitoring station YD3), while upstream (Figure 171 Monitoring station YD1) can be
attributed to the narrower streambed in comparison with the downstream sections of Kifisos river (Figure
177 Monitoring station YD2).

The various sources contributing to river discharge can be distinguished in terms of near real time
monitoring from the retrieved data of the river quality monitoring stations (Figure 16). Within Kifisos™ natural
riverbed, 3 autonomous stations have been installed to monitor in an hourly time step Total Suspended
Solids (TSS) (s::can GmbH, 2020), Chemical Oxygen Demand (COD) (s::can GmbH, 2020), ammonium
(N-NH4*) (Inteccon, 2024) and Temperature (°C). The RQ1 monitoring station, which is installed exactly
after the outlet of the WWTP, was functioning from July 17, 2023 and onwards; the RQ2 monitoring station
from August 08, 2023 and onwards and the RQ3 monitoring station, in which an automatic water sampler
(Teledyne Instruments, Inc., 2001) was placed, from July 18, 2023 and onwards. The COD and TSS sensor
is using the miniature spectrophotometry technique (s::can GmbH, 2020) and as a result periodical
calibration is not necessary. N-NHa4*sensor is utilizing the ion-selective electrode measuring principle and
calibration should be conducted every two months, while electrodes should be replaced within a period of
6 to 8 months. The collected data were transferred to the UPWATER Cloud through a telemetry station
(ADCON Telemetry, 2018) via a GPRS (General Packet Radio Service) protocol.

Regarding the data recorded from three river water quality monitoring stations (Figure 168), several peaks
of COD and TSS concentrations were recorded at RQ1 monitoring station, which is installed directly
downstream of the WWTP. However, the peak concentrations either attenuate at the downstream
monitoring stations (RQ2, RQ3) or downstream peaks of COD, TSS and NH4* concentrations do not
emerge from the WWTP discharges, indicating various sources contributing to river discharge, potential
sources of pollution in several branches of Kifisos river and potential pollutant degradation along the river
flow.
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Figure 18. Comparison of COD (mg/l), TSS (mg/l) and N-NH;* (mg/L) in RQ1, RQ2 and RQ3 monitoring

stations.

To continuously monitor the dynamics of the groundwater formations within the Kifisos river basin and
potential interactions with surface water bodies, two groundwater monitoring stations (GW1, GW2) have
been installed. GW1 corresponds to ATH30 (ID) and GW2 to ATH7 (ID) of the Athens case study monitoring
network. At the GW1 monitoring station OTT Ecolog 1000 logger (OTT EcoLog 1000 Water Level Logger,
2025) have been installed on 13/01/2024 measuring water level and temperature in a halfi hour timestep,
while OTT Ecolog 800 (OTT EcoLog 800 Groundwater Logger, 2025) was installed at GW2 on 03/04/2025
measuring water level, temperature and conductivitywith hourly timesteps, both transmitting data on a daily
basis through GSM/GPRS (OTT Ecolog 800) and 2G/4G/LTE-M (OTT Ecolog 1000). According to the
sampling and transmission interval and the battery capacity (26 Ah) the stations lifetime is calculated to
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>10 years (OTT EcoLog 1000 Water Level Logger, 2025, OTT EcoLog 800 Groundwater Logger, 2025).
The conductivity sensor of the GW2 monitoring station was calibrated with a conductivity standard solution
(1413 £S/cm) (Conductivity Standard Solution, 2025), before installation. Conductivity calibration should
be conducted every 12 months according to the manufacturer (OTT EcoLog 800 Groundwater Logger,
2025).
Both monitoring stations capture the fluctuations of the groundwater table (Figure 19-21) under the effects
of pumping during the summer for irrigation purposes of green urban areas. After the pumping periods, the
restoration of the groundwater levels to the equilibrium condition is depicted in the Figure 19 for
groundwater monitoring station GW1, indicating the aqu
Depth to water measurements by both sensors have been evaluated from manual monitoring campaigns,
which coincided with passive sampling campaigns, revealing more than adequate correlation between the
manual and sensor measurements at the GW1 monitoring station (Figure 20).
GW1
30
——— OTT Ecolog 1000
7.5 ® Depth-to-water (manual)
Temperature
7.0 25
~ 6:5
% | I 20 :G
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Figure 19. Timeseries (Depth to water and Temperature) from GW1 monitoring station validated by
manual measurements.
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The pumping effects on the groundwater level are more prominent at the GW2 monitoring station (Figure
21), because the groundwater is pumped on a daily basis in the summer months and transferred in a water
supply network. Afterwards the irrigation and when the water need have been covered, the excessive water
directly returns back to the monitoring well causing a sharp increase and decrease in the groundwater level
within a day. The sharp fluctuations within the day can also be identified from conductivity fluctuations,
which are caused by groundwater mixing at the water supply network. The general trend of groundwater
level lowering is obvious in the summer months, despite the indirect artificial recharge of the aquifer with
the excessive water returning within the groundwater well.
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The discrepancy of the manual and sensor depth to water measurements is increased at GW2 monitoring
station (Figure 22) relative to the GW1 monitoring station (Figure 20), however the correlation metrics
declare that the differences are minimum.
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2.3. PASSIVE SAMPLING

Overall, six passive sampling campaigns have been conducted in the Athens case study using VPS, DGTs
and CPS devices. The duration of the campaigns can be retrieved from Tables 5 and 6.

Table 5. Sampling details for CPS and DGTs campaigns.

Campaign Duration Monitoring

number Initial date End date (CEVS) locations

1 27-10-2023 10-11-2023 15 4

2 22-10-2024 15-11-2024 25 12

3 28-11-2024 16-12-2024 19 14

4 06-02-2025 12-03-2025 35 15

5 08-05-2025 26-05-2025 19 15

6 05-06-2025 08-07-2025 34 14
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Table 6. Sampling details for VPS campaigns

Campaign Duration Monitoring
number Initial date End date (CEVD) locations
1 05-03-2024 15-03-2024 11 4

2 15-03-2024 28-03-2024 14 4

3 27-03-2024 10-04-2024 15 4

4 23-10-2024 07-11-2024 16 4

5 28-11-2024 13-12-2025 16 3

6 06-02-2025 21-02-2025 16 3

The duration calculated in the tables above does not refer to the deployment and retrieval time of each
passive samplers but to the overall duration of each campaign. During the campaigns, CPS and DGTs
were installed for an average period of 15 days and VPS for an average period of 12 days. A passive
sampling monitoring network, including both groundwater and river water monitoring locations, has been
established with the majority of monitoring points to be part of the groundwater monitoring network
established in Deliverable 2.1 (Figure 23).
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River water monitoring locations coincide with the locations of either water quality monitoring stations or
water quantity monitoring stations. The passive sampling monitoring network was designed following the
framework presented in Deliverable D2.1, however it was expanded to include monitoring points with
technical dimensions which allow the installation of passive samplers inside the well. Moreover, the
monitoring points have been selected according to the hydraulic characteristics developed at the water
bodies of the Athens case study and to monitor the effects of several potential pollution sources. While
effort was made for the monitoring to be consistent during the passive sampling campaigns technical
limitations and vandalisms impeded retrieval of the passive samplers in some campaigns (CPS and DGT,

D4.3 Report on the validation in the Athens site, v 1, 30 September 2025

only). In Table 7 the passive sampling monitoring network is presented:

Table 7: Passive sampling monitoring network

Well n° X (EPSG 2100) ‘ Y (EPSG 2100) ‘ Water body Monitoring station
ATH39 471869 4202627 Groundwater i

ATH40 477638 4202805 Groundwater T

ATH38 470560 4203829 Groundwater )

ATH7 473969.8 4204805.6 Groundwater GW2
ATH14 473745.7 4200693.5 Groundwater T

ATH22 473838.8 42110139 Groundwater i

ATH35 479447 4217183 Groundwater )

ATH36 482607.536 4206907.598 Groundwater T

ATH30 480194 4212404 Groundwater GW1
ATH41 476684.96 4207840.009 Groundwater T
Dekeleias 479749 4215807 River YD1
Pyrna 479744 4214196 River RQ1
Agfan 478592 4213847 River RQ2

KM 476805 4211082 River YD2, RQ3
Marina 471008 4199174 River YD4

Overall, the monitoring network consists of 10 groundwater monitoring locations and 5 river water
monitoring locations (Table 7, Figure 23, Figure 24). CPS and DGTs were installed in the whole range of
the monitoring network, during six campaigns, while VPS have been installed in 5 locations (4 groundwater

and 1 river water) (Figure 24).
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Figure 24. Passive sampler types installed in each location

Table 7Figure 23Figure 24Figure 24

2.3.1. ORGANIC CONTAMINANTS

The first CPS sampling campaign was conducted with 200 mg Porapak sorbent, whilst during the remaining
campaigns CPS were filled with a combination of Oasis HLB (300 mg) and Porapak (100 mg) sorbents
(Deliverable D2.4). The type of sorbent used in the first campaign affects the capture of contaminants and
in order to compare contamination levels only the results from campaigns in which the same sorbent (Oasis
HLB (300 mg) and Porapak (100 mg)) used are presented. CPS extraction was carried out till the step of
centrifugation at the laboratory of Engineering Geology and Hydrogeology of the National Technical
University of Athens (NTUA) at the day of collection or one day after CPS retrieval from the field. Then, the
samples were stored in the fridge and transferred within 50 ml falcon tubes to thelnstitute of Environmental
Assessment and Water Research (IDAEA) at the National Spanish Research Council (CSIC) in Barcelona
to complete the extraction, addressing the remaining steps of evaporation and reconstitution, and analyzing
the extracts through targeted HPLC-MS/MS.

The results regarding the 7 PFAS compounds that can be quantified from CPS passive sampling, through
the sampling rates pinpointed at calibration experiments (Deliverable D2.4) highlight an increasing trend of
shorti chain PFAS (Perfluorobutanesulfonic acid i PFBS, Perfluorohexanoic acidi PFHxA) in the course of
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second, third, and fourth campaign for PFBS and within second and third campaign for PFHxA (Figure 14).
Short chain PFAS are characterized by a high mobility in soil and water and are widely used as alternatives
to longi chain PFAS (Brendel et al., 2018). The less mobile longi chain PFAS, either decrease over the
course of the time (Perfluorononanoic acidi PFNA, Perfluorohexanesulfonic acidi PFHxS) or reveal a slight
increase (Perfluorooctanoic acid 1 PFOA, Perfluorooctanesulfonic acidi PFOS) (Figure 25).

14 1 mEmm Campaign 2
B Campaign 3
B Campaign 4

Average concentration (ng/L)

PFBS PFNA PFHxA PFHxS PFOA PFOS

Figure 25. Average concentrations of 7 quantified PFAS (PFBS, PFNA, PFHXA, PFHxS, PFOAPIEOS) from
the passive sampling monitoring network of Athens case study at second, third and fourth campaign.

The spatial and temporal distributions of PFAS compounds concentrations (Figure 26) reveal seasonality
which can be attributed to the periodicity of compound emission from potential pollution sources, the
recharge and hydraulic characteristics of the aquifer and the hydraulic connection between groundwater
and surface water bodies, which has been proven to affect PFAS concentrations between wet and dry
seasons (Tokranov et al., 2021). The periodicity of compound emission in the environment can be identified
from the periodicity of the PFAS concentration at the outlet of WWTP (Pyrnai monitoring point). According
to the characteristic piezometric map of the Athens CS (Figure 4), in that part of the catchment the river
recharges groundwater formations and as a result, compounds can be leached from the unsaturated zone
to the groundwater (Deliverable D3.7). The variability of this pollution source is also reflected in the PFAS
concentrations of the downstream river water monitoring locations (Agfan, KM, Marina); It affects the PFAS
concentrations in both river water and groundwater, as the emission is not constant. On the other hand, at

Funded by
the European Union

This project has received funding from the European Union under grant agreement No 101081807 project UPWATER
(Understanding groundwater Pollution to protect and enhance WATERquality).



6 water

D4.3 Report on the validation in the Athens site, v 1, 30 September 2025

the upstream location between ATH35 (groundwater monitoring location) and Dekeleias (river water
monitoring location), piezometry reflects the discharge of groundwater to the river reflecting an immediate
connection of those monitoring points, which are located downstream of a PFAS potential pollution source

(airporti military base).
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Figure 26. Sum of PFAS spatial distribution within the Athens case study during Campaigns 2, 3 and 4.
The heatmap for the different campaigns was generated from the UPWATER cloud ecsystem.
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A comparison between passive sampling (CPS) and grab sampling was conducted for two selected wells
(ATH35, ATH38) within the framework of the second campaign. Grab samples were transferred to the
Laboratory of Analytical Chemistry of the Department of Chemistry (National and Kapodistrian University
of Athens), where the wide-scope target screening workflow was followed. The sample preparation has
already thoroughly been described at the grab sampling campaigns of contaminants of emerging concern,
which preceded passive sampling campaigns. The final extracted samples were analyzed by liquid
chromatography hyphenated with a high-resolution mass analyzer (RPLC-HESI-TIMS-QTOF). The distinct
analytical methods followed in grab samples and CPS samples analysis intensifies the potential error
regarding their comparison.

While the comparison is based on one sample at the end of the second monitoring campaign, and not
based on a cluster of samples collected within the installation period of CPS (as was the case in the Besés
case study), the majority of compounds (PFBS, PFNA, PFHxS and PFOA) revealed quite similar
concentrations between CPS and grab sampling (Figure 27). Distinct exceptions constitute the PFOS
concentration both in ATH38 and ATH35, the concentration of PFHXA in ATH35 and the concentration of
PFOA in ATH38 (Figure 27).
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Figure 27. Comparison between the PFAS monitoring with CPS and grab samphg in ATH38 and ATH35
monitoring wells within campaign 2.
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Apart from different samples analytical methods that may have led to discrepancies in the concentrations
of specific PFAS compounds, water sampling at the ATH35 groundwater well can solely be conducted by
a sampling bailer which collects the stagnant water at the top of the well which typically do not reflect the
concentrations in the groundwater itself. Low flow sampling strategies, or discrete interval monitoring
pumps would reflect more representatively the water chemistry at the depth of CPS installation (7 meters

below the groundwater level).

2.3.2. METALS

Regarding the concentrations of bioavailable metals, a consistent accumulation of Zinc (Zn), Lead (Pb),

Vanadium (V), Nickel (Ni), Manganese (Mn) and Copper (Cu) is observed (Figure 28).
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Figure 28. Average concentration ( Qy/L) of bioavailable metals during monitoring campaigns 1, 2, 3, 4

and 5.

From the average values measured at the passive sampling monitoring network, Arsenic (As), Cobalt (Co),
Antimony (Sb), Selenium (Se) and Tungsten (W) either measured at low concentrations within the sampling
campaigns or were not identified at the majority of sampling campaigns (Figure 28). Arsenic values at the
river monitoring locations were significantly lower than in past studies of that part of the river (Avrenoglou,
2013). On the other hand, Mn and Zn have also been identified at high concentrations in Kifisos river
sediments in previous studies (Marmara, 2014), indicating a constant source of pollution in the river. The
spatial distribution of Zn within the Athens case study reveals its existence in high concentrations both in

groundwater and river water (Figure 29).
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Figure 29. Spatial distribution of the concentration of zinc ( O g inlthp Athens case study during

campaigns 2, 3, 4 and 5.

The distribution of Zn within the Kifisos river basin reveals a pattern emerged from main groundwater flow
lines as determined from the piezometric map (Figure 4). The highest Zn concentrations were documented
during second campaign at groundwater wells ATH36, ATH40 and ATH14, while in groundwater wells
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ATH35, ATH41 and ATH7 higher Zn concentrations were detected in the fifth campaign (Figure 29). River
water concentrations predominantly follow the pattern of the Pyrna monitoring point (WWTP outlet),
however upstream monitoring river water locations (Dekeleias) showed an increase in Zn concentrations
in several campaigns, indicating various potential sources of pollution within the drainage basin.

2.3.3. VIRUSES

VPS were installed in four groundwater and river water monitoring locations (ATH39, ATH30, ATH40 and
Agfan) during the first three monitoring campaigns (05-03-2024 - 10-04-2024) -while during the last
monitoring campaigns (23-10-2024 i 21-02-2025).VPS were installed in only groundwater monitoring
locations (ATH39, ATH7, ATH14, ATH40) Giving insights into the qualitative results of Pepper Mild Mottle
Virus (PMMov) and Human Adenovirus (HAdV) in groundwater and river water monitoring locations, HAdV
was detected in two sampling campaigns in ATH39 (Figure 19). From VPS filters retrieved on 20-11-2024
from three groundwater monitoring locations (ATH39, ATH40, ATH7) HAdV was detected indicating sewer
pipes leakages. ATHA40 is located in the part of Athens metropolitan area in which there is high density of
old sewers, while ATH39 and ATH7 are located in a section of the urban drainage basin in which there is
no installation of sewerage network.

PMMoV

Non-tested
Non-detected

Detected

121117208
15/03/2024
271032024
15/042024
2071172024
1871272024
28/02/2025

HAdV

1211112023

Figure 30. Qualitative results of Pepper Mild Mottle Virus (PMMov) and Human Adenovirus (HAdV) present
during VPS monitoring campaigns

Figure 31 combines the VPS river water monitoring with the COD timeseries from the river water quality
monitoring stations RQ1, RQ2 to identify if COD monitoring stations could function as early virus warning
systems. VPS filters at the first campaign were retrieved upon measurement of one large concentration of
COD in the river whereas in the second monitoring campaign VPS were retrieved after a large period of
high COD concentrations within Kifisos river (Figure 31).
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Figure 31. Combined visualization of COD timeseries (RQ1) with VPS installation and collection dates with
the measured genome copies per membrane (GC/mbr) for each of the viruses (Pepper Mild Mottle Virus
dPMMov and Human Adenoviru® HAdV) quantified.

The results indicate that in both monitoring schemes, a similar genome copies per membrane of PMMov
was measured, however during the long-lasting high period of COD concentration in April 2024, nylon (NY)
filters captured more genome copies, while one the peak event nitrocellulose (NC) filters captured more
genome copies.

2.3.4. KOBO TOOLBOX AND INT ERACTIVE WEB MAP

Field installation of passive samplers requires critical information to be documented both at the beginning

of the sampling campaigns and during the campaigns themselves. To facilitate the deployment and retrieval

of passive samples from the field monitoring locations, a form developed by the USGS r eport iPass
sampling of groundwater wells for determination of water chemistry, A p p e n d(imbrigiBtta & Harte, 2020)

has been modified and incorporated into the KoboToolbox (KoboToolbox 2023), which is installed in the

UPWATER Cloud Ecosystem (Deliverable D3.4, D3.5).
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The diameter of the casing and screened or open interval, the groundwaterwell 6 s t ot al depth and

i depth of the open or screened interval should be determined and documented prior to deployment of
passive samplers in the field. The data of the diameter of the well casing and screened or open intervals
can be differentiated by depth because of some groundwater wells narrowing in greater depths, and as a
result it is essential to be pinpointed before the deployment, along with the depth of the screened or open
intervals. Generally this information can be retrieved from the well construction log (Imbrigiotta & Harte,
2020). Regarding the Athens case study these data can be retrieved from the digital water maps of the
Attica region (ArcGIS Web Application, 2025) implemented by the Water Directory of the Attica region. The
depth to water is to be measured prior to every installation to ensure the deployment below the groundwater
level within the screened or open interval of the groundwater well (Imbrigiotta & Harte, 2020).

Concerning the installation depth of the sampler, which is associated to the depth of the suspension line, it
should be documented at the beginning of the sampling campaigns and before each installation that the
length of the suspension line is modified. The passive sampler is attached to the suspension line, using
cable ties or stainless-steel clips, taking into consideration the morphology of the case, to reach the
appropriate depth of the screened or open intervals of the groundwater well. The actual depth of deployment
may vary below 30 meter due to the construction material of the suspension line (Imbrigiotta & Harte, 2020).
The deployment line should be securely installed at the top of the groundwater well casing to avoid the
position change of the passive samplers within the deployment period. Furthermore, the installation at the
desired depth (screened or open intervals of the groundwater wells) should be conducted step by step to
reduce the mixing of the water column inside the groundwater well.

I n general, the duration of passive samplersé
essential factors (Imbrigiotta & Harte, 2020):

1 the time it takes for the flow regime through the groundwater to normalize again after the
sampler is introduced, and

1 the time it takes for a passive sampler to chemically equilibrate with the water inside the
groundwater well.

The first-time threshold is dependent on the permeability of the groundwater formations in which the
groundwater well has been drilled, resulting in quick stabilization of the flow in high-permeability formations
(on the order of hours) and quite slow stabilization (on the order of weeks) in low permeability formations
(Imbrigiotta & Harte, 2020). For the Athens case study, passive samplers were installed in the surface
quaternary-neogene formation that vary from medium to low permeability. Considering the rule of the
thumb, 7-14 days is sufficient timeline to re-equilibrate the concentration of the aquifer to the well
(Imbrigiotta & Harte, 2020). Laboratory testing should be conducted before passive samplers being
deployed to ascertain how long it takes for various contaminants to achieve chemical equilibrium in test
solutions with known concentrations (Imbrigiotta & Harte, 2020).

Within UPWATER project three passive sampling methodologies have been implemented including CPS,
DGTs and VPS. The detailed laboratory validation and standard operating procedure of passive monitoring
devices has been described within the deliverables D2.4 and D4.1. The optimal deployment time has been
pinpointed to a period of 3 weeks to 1 month for CPS, however, due to the degradability of several
contaminants the deployment time was reconfigured to 14 days after the second sampling campaign. DGTs
can be deployed in several matrices (aquatic environments, sediments and soils) and have been proven to
be successful in capturing bioavailable trace metals when placed in water for prolonged sampling times
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(>24 hours to 7 -14 days) (Deliverable D2.4). VPS monitoring devices have been validated in increased
adsorption after 72 hours of deployment and the optimal installation time was determined to 12 days.

During the collection of the sampler from the groundwater well the groundwater level should be pinpointed
as in the deployment, and for specific categories of passive samplers (DGTs) several physicochemical
parameters (pH, temperature, specific conductivity, dissolved oxygen, and total dissolved solids) should be
measured at the initial and retrieval time (Deliverable D4.1). Once the passive samplers have been retrieved
to the soil surface any potential modifications should be noted such as the existence of biological growth,
color changes and volume or sampler loss (Imbrigiotta & Harte, 2020).

Given the essential information should be recorded in the field beforehand and during the passive sampling
campaigns, a webi based form has been shaped in KoboToolbox following USGS template form for passive
sampling (Imbrigiotta & Harte, 2020). The form is attached in the Appendix (Figures 63-65). Every user
could access the form through the Android application of KoboToolbox or the web-based environment,
setting the UPWATER server connection as described in Deliverable D3.5 and then to get the available
forms, which include the Passive samplers form (Figure 3, 4, 5).

The user is asked to fill several fields either mandatory or optional for the final form submission in the Cloud.
In the following a brief description of each field included in Figures 63-65 is presented:

91 ID: The ID of the monitoring point.

1 Partner Abbreviation: The user identify the institution from which gathers data.

1 Water resource: The aquatic environment in which the passive sampler is installed.

1 Passive Sampler Type: Which of the three passive samplers used in the project or a combination
of them installed.

1 VPS Number of nitrocelluloce filters: In case of VPS installation how many nitrocelluloce filters have

been used.

VPS Number of nylon filters: In case of VPS installation how many nylon filters have been used.

1 CPS Number of installed CPS: In case of CPS installation how many CPS replicates have been
include in the casing.

1 CPS sorbent: In case of CPS installation, which sorbent or a combination of sorbents used inside
the CPS in this speicific installation.

1 DGTs Number of Installed DGTs: In case of DGTs installation how many of them installed.

I Passive sampler Case Type: Regarding the casing in which the passive samplers are installed
the user should select either 3D-printed if the case have been developed through 3D-printing
technology or custom if a plastic net mesh has been used.

9 3D printed case material: If the case use is 3d-printed the user can assign the material used in
the printing process.

1 Passive samplers installation depth (m.): The passive samplers installation depth inside the
groundwater well.

1 Installation/Collection: The user defines the scope of the passive sampling campaign either
installation/collection of both.

1 Date_Time: The exact date time of the installation/collection retrieved automatically from the
mobile phone or tablet used for the field campaign.

1 Location: Latitude and longitude of the monitoring location retrieved automatically from the
integrated mobile phone gps receiver after the authorization of KoboToolbox andoid application to
use device location.

=
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Elevation (m.): The elevation of the monitoring location.

Air Temperature (°C): Air temperature in the monitoring location in case of available data.

Air Humidity (%): Air humidity in the monitoring location in case of available data.

Well diameter (cm.):The diameter of the well.

Well casing material: The material from which the well is constructed (Steel, stainless steel,
carbon, plastic).

Well depth (m.): The overall drilling depth of the groundwater well.

Well Open Intervals Top (m.): The top depth inside the groundwater well in which the borehole is
intentionally left un-screened.

Well Open Intervals Bottom (m.): The bottom depth inside the groundwater well in which the
borehole is intentionally left un-screened.

Grounwater level (m.): Depth to water level measurement.

Distance of piezometer from ground (m.): The distance above the ground surface that
piezometer of the groundwater well is constructed.

EC (¢ S/cm): The electrical conductivity of groundwater.

pH: pH value of groundwater.

DO (mg/L): Dissolved oxygen of groundwater.

Water Temperature (°C): Groundwater Temperature.

Picture: In case of any picture should be taken to validate any comments.

Comments: Additional comments.

The finalized data collected in the field are uploaded to the UPWATER server and can be accessed through
various ways (Deliverable D3.5). For the passive samplers form a python script has been developed which
directly communicates with the KoboToolbox API and retrieves all the available data from the passive
samplers form. The retrieved data are stored in pandas 2.1.4 dataframe (The pandas development team,
2023), the most recent are filtered and the remaining days of deployment are calculated according to the
passive sampler type or types installed. The results are depicted in an interactive web map (Python-
visualization, 2020) in which a timer is included in each point to facilitate the administration of the ongoing
campaigns (Figure 32). The source code is stored in github repository (Chrysanthopoulos et al., 2025)
under a GNU General Public Licence.
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.Figure 32. Interactive web map integrating recent data from the KoboToolbox passive sampler form v
functioning as a timer for the administration of passive sampling campaigns.

2.3.5. CPS CASES DESIGN AND CONSTRUCTION

Concerning field installations of passive samplers, custom cases may provide a degree of flexibility and
adaptability. However, having knowledge of the technical characteristics of the groundwater monitoring
wells and the diameter of the groundwater well casing, 3D-printed cases can be designed to fit the
dimensions of each well, to facilitate the installation and collection process. 3D-printed cases have been
already developed for VPS (Deliverable D4.1). A perforated CPS 3D-printed case was designed from the
NTUA partners in collaboration with IDAEA-CSIC lead scientists that developed the CPS (Department of
Environmental Chemistry) (Figure 33).

CPS 3D-printed cases were designed with Fusion 360 and its overall height is 15.3 cm with an external
diameter of 2.7 cm and an internal diameter of 1.9 cm. Given the dimensions of the designed case 2 CPS
replicates can be effortlessly installed within the groundwater well. The hole integrated in the screw cap
facilitates the installation of the suspension line, while in the bottom part of the case, two holes have been
integrated to install custom weight considering the depth of installation and the material of the suspension
line (Figure 34).

The cases used by NTUA in the Athens monitoring campaigns were printed with a Creality Ender-3 V2 Neo
3D printer using PLA filament. The overall weight of the 3D -printed case and cap is approximately 70 g
and its cost concerning the retail price of PLA filament and the energy consumption of the printer,
considering average Europe electricity prices, is 2.1 euros per case.
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Figure 33. 3Drender of the CPS passivé sample.r case, ihcluding the main'body and the screw cap.
("Designed with Fusion 360. Available at www.autodesk.com/products/fusion -360")

Figure 34. Printed CPS case with plastic zip ties for custom weight installation at the bottom.
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3. NBS PILOT FACILITIES

3.1. PILOT SYSTEM OVERVIE W

The NBS systems that were constructed and developed in Athens CS (Figure 35) involve the following
treatment units: (a) phytoremediation unit for sufficient removal of nutrients through a floating root mat, (b)
a biochar unit that enhances specific pollutants (CECs, PFAS, pharmaceuticals) removal, (c) in-situ
treatment unit with a biochar reactive-layer filter that removes specific pollutants (CECs, PFAS,
pharmaceuticals) at slow flow rates and (d) a Managed Aquifer Recharge unit that receives treated water
(therefore Soil-Aquifer-System-SAT in principle).

‘ V ’ N P _‘: :‘."I L “ A
Figure 35. Constructed NBS compartmentsin Athens CS

3.1.1. PHYTOREMEDIATION THR OUGH HYDROPONIC SYST EM

The phytoremediation unit introduces a wastewater hydroponic process that integrates both open and
closed system approaches to enhance water use efficiency and nutrient recovery (Figure 36). In an open
system, the nutrient solution is applied only once before being discharged or treated. In contrast, a closed
system recirculates the nutrient solution, allowing for continual reuse and reduced environmental discharge.
Combining these two approaches provides flexibility in managing wastewater streams, optimizing nutrient
delivery, and reducing operational costs.
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Figure 36. Schematic diagram (left) and photograph (right) of the phytoremedlatlon unlt in the Athens
Cs

The two major hydroponic methods that are deployed in the phytoremediation unit are: deep water culture
and floating raft culture, where the former was integrated into the latter. In deep water culture, the plants
are supported in pots filled with an inert growth medium, with the lower portion of the roots submerged in
the nutrient solution while the upper portion is exposed to air. This arrangement ensures constant access
to water and nutrients while promoting oxygenation of the root zone. The deep water culture system was
integrated into a floating raft culture that employs rigid Styrofoam panels or rafts that float on a pool of
nutrient solution. Plant roots extend directly into the water below, which provides a stable and uniform
nutrient environment. Integrating deep water culture into the floating raft system allows for both partial root
aeration and enhanced nutrient uptake, increasing plant growth rates and resilience.

The selected plant for this unit, Cyperus papyrus, is a species of aquatic flowering plant belonging to the
sedge family (Cyperaceae). Known for its tolerance to waterlogged conditions and rapid biomass
production, C. papyrus is well suited for wastewater treatment and nutrient removal. Its extensive root
system also provides a large surface area for microbial activity, further improving water quality.

To ensure optimal operation, the system incorporates monitoring and automation components:
1 Injection pump i adds nutrients or adjusts pH automatically based on system readings.
1 Flow meter i tracks the rate of influent flow to maintain consistent delivery.

1 Water level sensors i monitor and control the water level of the nutrient pool.

1

Air pump T supplies oxygen to the root zone, supporting healthy plant growth and preventing
anaerobic conditions (latest addition to the system).

Together, these components create a remotely-controlled and sustainable wastewater hydroponic system
capable of maximizing resource recovery while supporting robust plant growth.
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3.1.2. BIOCHAR TREATMENT UN IT

The biochar treatment unit was designed to evaluate the removal of organic pollutants (CECs such as
PFAS and pharmaceuticals) in treated wastewater (Figure 37). Biochar is a highly porous carbonaceous
material obtained through the thermochemical decomposition of biomass feedstock under low-oxygen
conditions. Its high surface area and adsorption capacity make it particularly suitable for nutrient retention
and pollutant removal, including organic micropollutants. The biochar deployed in the Athens NBS (Biochar
Hellas Ltd, GR) is produced from cocoa shells, a by-product of food production, ensuring a sustainable use
of waste biomass. The pyrolysis process is conducted at temperatures between 5001 650°C, resulting in a
stable and highly porous structure capable of enhancing microbial colonization and electrochemical activity.

The biochar treatment system relies on continuous monitoring and automation to ensure optimal
performance. Key components include:

1 Injection pumps i to add supplemental nutrients in real-time based on system feedback.

1 Flow meters i to accurately measure and regulate the hydraulic loading rate, ensuring consistent
nutrient and pollutant contact with the biochar matrix.

1 Water level and CTD (Conductivity, Temperature, Depth) sensors i to monitor water conditions
and detect potential deviations in the system performance.

1 Disposal pumps - to pump out the treated wastewater towards the disposal point.

Figure 37. Schematic diagram (left) and photograph (right) of the biochar treatment unitin the Athens
Cs.
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3.1.3. IN-SITU RIVER TREAT MENT UNIT AND SOIL-AQUIFER-TREATMENT
(SAT) UNIT

In-Situ River Treatment Unit

The in-situ river treatment unit is designed as a fully automated system that combines water pumping,
sedimentation tank, and biochar-based filtration, enabling continuous operation and real-time monitoring
(Figure 38Figure 38). The system aims to remove nutrients, emerging contaminants and suspended solids,
enhancing overall water quality, and was implemented on the Kifisos river.

Primary sedimentation tank

Main Treatmet Unit l

River water
Expansion vessel | inlet
Water pressure
booster pump

Treated
water outlet

Reactive

Figure 38. Schematic description (left) and photo (right) of the river treatment unit in the Kifisos river,
Athens CS

The treatment process begins with a pumping mechanism that extracts river water and directs it to a primary
sedimentation stage. This stage relies on gravity separation, where water flow is slowed to allow suspended
particles to settle at the bottom, forming a sludge layer. The accumulation of sludge is periodically removed
to maintain system efficiency. Primary sedimentation is crucial because it reduces the load of suspended
solids entering subsequent treatment stages, ensuring more effective downstream filtration.

Following sedimentation, the water passes through a biochar reactive-layer filter column. This column is
engineered to operate at slow flow rates (designed to mimic downward movement of infiltrating water to
the saturated zone), extending the contact time between the water and the biochar surface. This slow
filtration enhances purification by allowing adsorption of pollutants and interaction with microbial
communities that may develop on the biochar surfaces and degrade the pollutants. The design ensures
that the system can achieve high levels of purification while maintaining operational stability.

The biochar material in the filter column of the river treatment unit used the same material that was deployed
in the biochar unit (see section 3.1.2), except that for deployment in the river treatment unit the biochar was
sieved to specific grain sizes to optimize filtration performance: 0.51 2.0 mm grains account for 73% of the
column, providing high surface area for adsorption and microbial colonization, while 2i 5 mm grains account
for 24%, ensuring structural stability and flow uniformity. This distribution of particle sizes balances the need
for high adsorption efficiency with hydraulic performance, preventing clogging and ensuring uniform
filtration throughout the column.
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water levels, and filtration performance. This ensures consistent water treatment and allows for rapid
detection of potential deviations or inefficiencies. By integrating sedimentation with biochar filtration, the
unit provides a sustainable, low-maintenance solution for river water purification, leveraging the adsorption
properties of biochar and engineered slow filtration techniques.

Soil-Aquifer Treatment Unit

A Soil-Aquifer Treatment (SAT) unit was installed in the WWTP pilot facility (Figure 39) to study the
infiltration processes of treated water from the wetlands to the unsaturated zone (see UPWATER
Deliverable 4.1, section 1.3 for further description of the monitoring system). The system mainly focused
on the kinetics part of the hydrologic processes, and therefore emphasis was given on the quantitative
monitoring of the downward movement of groundwater through the unsaturated zone. Therefore, the
measuring variables that were monitored from the majority of the sensing equipment that was installed in
this plot were soil moisture and temperature.

Figure 39. Schematic description (left) and photo (right) of the infiltrating plot for treated wastewater
disposal (Soil Aquifer Treatment) .

For the monitoring of the moisture content profile, three custom manufactured waveguides were installed
at 25, 50 and 100 cm depth, respectively (SP25, SP50 and SP100) (Figure 39). Soil water content was
retrieved at infinitely small segments of the profile waveguides, following signal processing of the
waveforms retrieved from both TDR (Time Domain Reflectometry) (Huisman et al., 2006; Kallioras et al.,
2016; Todoroff & Luk, 2001; Papadopoulos et al., 2025) and FDR (Frequency Domain Reflectometry)
devices (Moret-Fernandez et al., 2022). At the bottom of each custom waveguide, a commercial FDR soil
water content, soil temperature and conductivity sensor (Qiu, 2025) was installed to act as calibration point
for Toppbdbs equation which empirically c oymeasurartemss
(Topp et al., 1980). The data of the commercial FDR sensor are transmitted by LoraW AN protocol to the
UPWATER platform, as a LoraWAN gateway is installed at the pilot facility (Cao, 2025) to receive the
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sensorsd® measurements and transmit them to the platfor
data in a Timescale Postgres database they are visualized through GrafanalLabs (Deliverable D3.4) (Figure
40).

3.33V

Battery voltage

Sensor informa

Figure 40. Grafana Labs dashboard visualizing data retrieved from soil water content, temperature and
conductivity sensor installed at 25 cm at the SAT unit of WWTP pilot facility.

Apart from the technologies installed for soil water physical parameters monitoring, four suction lysimeters
(2 31 mm; SDEC France, 2023) were installed at 25, 50 and 100 cm depths below the soil surface. Suction
lysimeters provide the opportunity with manual or electrical suction pumps to retrieve soil water over the
matrix potential of field capacity. Afterwards, chemical analysis can be conducted to monitor contaminant
movement within the unsaturated zone, in parallel with soil water movement.

An initial experiment was conducted to evaluate the technologies installed at the SAT unit of the pilot facility
where treated water was recharged to the SAT unit, and the infiltration process (through the water content)
is depicted in Figure 41. The response of soil water content sensors at the beginning of the experiment is
immediate reflecting the coarsei grained texture of the soil.
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