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Abstract

In this study, sources of recharge and contaminaitiourban groundwater and in
groundwater underneath a forest in the same aquées determined and compared. Data on
hydro-chemical parameters and stable isotopes térweere collected in urban and forest
springs in the Kharkiv region, Ukraine, over a pdrof 12 months. Groundwater transit time
and precipitation contribution were calculated gdiydrogeological data and stable isotopes
of water to delineate groundwater recharge conustiddydro-chemical data, stable isotopes
and emerging contaminants were used to trace gubemic groundwater recharge and
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approximate sewage and tap water contributionsa@tuifer. The results indicated that each
spring had unique isotopic signatures that couldeklplained by recharge conditions,
groundwater residence time, and specific mixingtgpas with sewage and water leaks.
Elevated nitrate content, stable isotopes of mifrahd the presence of emerging pollutants
(mainly illicit drugs) in most of the urban springsnfirmed mixing of urban groundwater
with sewage leaks. These leaks amounted to up % @btotal recharge and exhibited
seasonal variations in some springs. Overall, ésalts show that urban groundwater receives
variable seasonal contributions of anthropogenimpmnents that increase the risk to the
environment and human health, and reduce its ugatol drinking water production. The
multi-tracing approach presented can be usefubtber cities worldwide that have similar

problems of poor water management and inadequaiggseand water supply infrastructure.

Keywords. urban hydrology; stable isotopes; emerging comgeu aquifer; nitrate;

pesticide.

1. Introduction

Groundwater is an important source of drinking waterldwide and its role is
growing due to deterioration of surface water gyand quantity under the impact of climate
variability, contamination, and run-off re-alloaati (FAO 2011, WWAP 2015). Surface water
and groundwater quality has been improved in theofgan Union (EU) (European
Commission 2012), mainly due to a number of watgulations (i.e., EU WFD 2000,
Groundwater Directive 2006). However, in many coest that share transboundary EU
surface water and aquifers, for example Ukrainerethis great concern regarding the low

quality and quantity of available groundwater ragses because of ongoing and increasing
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contamination (Yakovlev et al. 2015), and a lackappropriate environmental regulations

(Vystavna et al. 2018a,b).

Drinking water supply from groundwater depends rggtp on the seasonality of
recharge, climate, and contamination (GrieblerleR@10; Taylor 2012). Thus groundwater
management is a complex task requiring multipléstaacluding hydrogeological and hydro-
chemical models (Healy and Scanlon 2010; Mannd.&04.6). This in turn often requires
exhaustive databases and detailed descriptionswdafoemental conditions, and/or direct
measurements using advanced infrastructures angneeut (Herrmann et al. 2015). In many
cases, such resources are not available in dewglomuntries (WWAP 2015). Another
approach is to study physical (environmental ises)Barrett et al. 1999; Vystavna et al.
2018c) and hydro-chemical (inorganic and organiagdrs (Fenech et al. 2012) that can
provide information on groundwater recharge andtaomation at a reasonable cost in a
short time (Yin et al. 2019). The stable isotopkwater, i.e., oxygen-18%0) and deuterium
(°H), have been found to be efficient tracers forcdbig groundwater recharge, water
origin, age, and pathways (Ettayfi et al. 2012;plépet al. 2017). The stable isotopes of
nitrate (%0 and™N) have been widely applied to trace nitrate gNEbntamination sources
(Urresti et al. 2015; Archana et al. 2018; Tautigle 2019). Organic compounds, particularly
pharmaceuticals, have been used to determine tiwvagse contribution to groundwater
(Schaider et al. 2016; McCance et al. 2018; Castiget al. 2019). However, a multi-tracing
approach that includes physical, organic, and iaoig chemical tracers for assessing the
urban water cycle has not been fully investigatédr example, a combination of these
methods has not been used previously to identifipaege and contamination seasonality in
shallow alluvial aquifers located in a temperatenate. Thus the present study had the

following objectives: (i) to describe recharge ciiods in urban and forest groundwater
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catchments; (ii) to evaluate hydro-chemical paransetind stable isotopes in groundwater;

and (iii) to trace and quantify mixing of groundeatvith sewage and tap water leaks.

The novelty of the research lies in the sophistidatpplication of multiple tracers
(stable isotopes of water and nitrates, conventibypadro-chemical parameters, and emerging
pollutants) in parallel with conventional approaglieydro-geochemical models, multivariate
statistics) to determine the seasonality of growatdwrecharge and contamination with water
and land uses. In the study, urban and naturatgfed) groundwater catchments (located in
presumably similar climate and hydro-geologicakisgs) were compared. The study area
was the densely populated city of Kharkiv (1.4 morlinhabitants) in Eastern Ukraine, where
groundwater is used as an alternative to tap watgstavna et al. 2017). The study area has
limited local runoff and is located in a zone unde&k of military action. Therefore,
groundwater is considered an important strategmkohg water source that can potentially
replace tap water in an emergency. The shallowfeiqaelected for the analysis has been
studied previously in terms of general contamimattatus and hydrogeological conditions
(Yakovlev et al. 2015; Vystavna et al. 2017), bnbwledge of the seasonality of recharge

and water quality variation in the aquifer was lagk

2. Studied catchments

Five urban (T1, S2, N3, Y4, and P5) and one pdranrforested (O6) groundwater
sites were selected for this study. All sites aveated in the forest-steppe zone of the
temperate continental climate area, with averagei@nprecipitation of 521 mm and average
annual air temperature of +9.1°C (2005-2017; Kharkirport World Meteorological
Organization (WMO) station, ID 34300). During thangpling period (October 2016-
September 2017), total precipitation was 18% lo@&6 mm) than the long-term average,

indicating a dry hydrological period. Cold seasoacpitation (November-April) accounted
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for ~70% of total precipitation during the samplipgriod. From April to October (warm
season), evapotranspiration usually exceeds ptatqui in the region.

Groundwater was studied where it emerges at thfacguas springs (Figure 1a). The
urban springs were fitted with outflow tubes and threst spring flowed into an open pit
discharging outflowing groundwater. The maximumvaten at the spring outflows ranged
from 113-123 m a.s.l. in the urban catchment to d¥@.s.l. in the forested catchment. The
most recent sediment layers (up to 120 m thick)carmaposed predominantly of permeable
materials (sands and loams) of Quaternary, Neogame,Paleogene origin, but with some
spot inclusions of clay in upper layers (Geologi&ilrvey 2007). Springs are fed from
fractured fine-grained sandstones and siltstondéseoEocene age. The depth to the aquifer is
2-36 m below the surface and the average hydraoliductivity of the saturated zone is
2x10* m s. The aquifer can be considered a homogeneoussysterhich the watertable is
adapted to the topography and is recharged by ptaton and anthropogenic sources
(Geological Survey 2007; Vystavna et al. 2017). tégeological cross-sections are shown in

Supplementary Material.

The land uses in Kharkiv city (total area 307°kmvhere the five urban springs (T1-
P5) are located, include residential (55% of tatada), industrial (16.5%), vegetated areas
(20%), and traffic networks. The population denssty200-27,400 per kir(for details, see
Supplementary Material). The urban water supplgrsvided predominantly (97%) by two
sources of surface water: (i) the Seversky DoneétserRaround 40 km from the city (85% of
the total drinking water supply) and (ii) the maade Dnipro-Donbass channel, starting
around 130 km from the city and carrying water frdime Dnipro River to the Seversky
Donets River basin. Two water treatment plants laoated within the urban area. The
centralized drinking water supply from deep grouatew wells (up to 800 m depth)

comprises just 3% of the total supply and is lishite two small neighborhoods (18,200
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inhabitants; 6.64 kf) not located within the study area. Pressurizetemsupply pipes are

placed at 0-5 m below the terrain. Urban wastewateollected by shallow and deep mains,
and undergoes mechanical and biological treatmeetiteacity’s wastewater treatment plant
(WWTP) (550,000 mid?). The treated wastewater is discharged into theahoand Udy

Rivers (Figure la,b). Around 20% of urban househadde not connected to the urban
sewerage network and instead use pit latrines apticstanks, which can leak into the
shallow groundwater. At present, the sanitary sticture in Kharkiv city is in a state of
disrepair, resulting in numerous and frequent le@kesund 24% of total water supply), a

problem that cannot be eliminated in the short t@/ Voda 2017).

Catchment O6 drains a forest-dominated landscageuti agricultural land use and
only negligible urbanization (residential buildingad roads account for <9% of the total
drained area). The forest vegetation is typicatdoisteppe oak woodlands on a rolling plain
terrain with grey and dark-grey forest soils. Besiforestry, catchment O6 is used mainly for

outdoor recreation.
3. Methods
3.1 Meteorological and hydrogeological parameters

Meteorological data (daily air temperature, relativumidity, precipitation) for the
period 2015-2017 were obtained from Kharkiv WMO tista Potential pan
evapotranspiration was calculated based on mearthigoair temperature and humidity,
according to a method adapted by Romanenko (1281thé climate and soil conditions of

Ukraine.

Spring catchment areas were delineated accordingpstream boundaries of water
lines measured on local hydrogeological maps (Gpodd Survey 2007). The remaining

uncertainty in groundwater flow direction was hatllby including a 20° shift of the
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auxiliary water flow line on both sides, as progbbg Ferrante et al. (2015).

Minimum water transit time was estimated basedhenvelocity of vertical infiltration
flow at the spring outflows, taking into accoung tithickness of upper sediment layers and the
hydraulic conductivity of the vadose zone. Maximw@ter transit time was estimated based
on the velocity of the lateral groundwater flowtla¢ most remote catchment area boundary,
considering the orography, groundwater flow di@acti and hydrogeological structures

(Geological Survey 2007). Detailed calculationsesented in Supplementary Material.

3.2 Sampling and analysis

Monthly precipitation (October 2015-September 20ivAs sampled at the Kharkiv
Global Network of Isotopes in Precipitation (GNIgtation (49.5615°N/36.1208°E, 101 m
a.s.l., located 3 km from Kharkiv WMO station) cdmated by the International Atomic
Energy Agency (IAEA), using a commercial evaponaticee precipitation collector with a
submerged capillary tube (PALMEX®, Croatia). Growader was sampled monthly for
hydrological variables and stable isotopes of wated on five occasions from October 2016
to September 2017 for hydro-chemical parameterschairge in springs was measured at the
time of sampling, using a stopwatch and a calilbratantainer. Simultaneously, groundwater
temperature was measured using a mercury thermgnatde pH, electrical conductivity
(EC), and redox potential (ORP) were measured ubii§8130 Multiparameter and H-

98121 Pocket pH and ORP tester (Hanna Instruments®)

Tap water samples were collected from two drinkirder supply schemes. The first
site represented the part of urban tap water n&taapplied by the Dnipro-Donbass channel
(one sample in October 2016). The second represenéepart of the network where water
comes from the Seversky Donets River (six bi-mgn#gdmples October 2016-September

2017) (Figure 1b). The purpose was to check whetderwater of different origins had
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similar isotopic composition. A sample of the sewagfluent to the WWTP was taken
simultaneously with the tap water sample in Sepwn2017, in order to compare their

isotopic composition (Figure 1b).

Unfiltered water samples for analysis of major i@ansl nitrate were collected in 500-
mL plastic bottles and analyzed by the potentiometrethod (Vystavna et al. 2017). The
difference between two replicates was less thanF86.analysis of stable isotopes of water
(8*%0-H,0 and&’H-H,0), water samples were collected in 50-mL high-igrolyethylene
bottles and analyzed using the laser instrumerarfid_2120t. Each sample was analyzed at
least twice, with seven injections per vial. Theules were compared with those for internal
laboratory standards calibrated against primargregice materials, and were expressed per
mille (%) relative to the Vienna Standard Mean Qreéd&ater (V-SMOW). The typical
precision, expressed as the one-year variance intamal control standard, didn't exceed

+0.1%0 and +1.0%o foB*20-H,0O ands’H-H,0, respectively.

Water samples for analysis of stable isotopestedtei §*°N-NO; ands'?0-NO;) were
collected in October 2016 and September 2017. Teasples were filtered (0.2in) in the
field and transferred to plastic bottles (50 mLijtr&te isotope analysis was carried out by the
denitrifier method (Sigman et al. 2001; Casciottak 2002), whereby nitrate was converted
to N,O and an isotope ratio mass spectrometer (Gashatedtd V plus, Thermo Fisher
Scientific®, USA) is used for simultaneous deteration of §>N-NO; and §*%0-NO;. The
results were compared with those for internal latmy standards calibrated against primary
reference materials, and were expressed as %oveelkatithe standards AIR fé°N-NO; and
V-SMOW for §*%0-NQOs. Typical precision, expressed as the one-yearmeéi in an internal

control standard, was better than +0.6%.30N-NO; and +0.4%. fos20-NOs.
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Groundwater samples (1-L amber glass bottles) dortargeted analysis of emerging
compoundswere collected in September 2017. The screeninghemicals was based on an
exact mass in an open access library (over 2,008pcands) by liquid chromatography
guadrupole time-of-flight mass spectrometry (LS-QFFMS) coupled to an Accela 1250 LC
pump (Thermo Fisher Scientific®) and an HTS XT-Ca@osampler (CTC Analytics AG®,
Switzerland), operated using Xcalibur software (i@ Fisher Scientific®). A Hypersil gold
aQ column (50 mm x 2.1 mm ID x#n particles; Thermo Fisher Scientific®) was used fo
chromatographic separation. Details of sample petjom can be found in Supplementary

Material.

Results on the presence of the most likely compsumere selected according to the
following criteria: i) error between theoretical daexperimental exact mass <5 ppm; ii)
difference in isotopic pattern between theoreticad experimental <10%; iii) identification of
the compounds using comparison of the spectrumiraatawith the theoretical spectrum,
based on the exact mass library with probabilit@%7(Library Score), where the score takes
into account the isotopic distribution, mass accyrand mass/spectra, with values close to
100 showing the most likely elemental compositiangd iv) retention time (error <5%).

Because of the nature of the screening analysast@oncentrations could not be determined.

3.3 Data analyses

The relative ion composition for each sampling sites plotted in diagrams according
to Stiff (1951) and the isometric log-ratio (ilga according to Shelton (2018). The
environmental data were tested for normal distrdsut\When the distribution was skewed,
the data were transformed logarithmically (Legendmed Legendre 2012). Principal
component analysis (PCA) was used to plot isotopehgdro-geochemical characteristics per

site and month. In a second PCA with time-averagedope and hydro-geochemical
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characteristics per site, the presence/absendeeirsgrings of a range of emerging organic
compounds, such as drugs, pesticides, and food @amdis from one-off measurements, was
fitted using the procedure “envfit” (Oksanen et2018). All calculations were performed in

R 3.3.5 (R Core Team 2018). Detailed informationtlom statistical analyses is provided in
Supplementary Material.

The local meteoric water line (LMWL) (October 20%8ptember 2017, n=24) was
constructed by the reduced major axis method (CGrainvét al. 2014). The equation obtained
was compared with the global meteoric water lin®{@L), described ag*H = 8 x5*%0 + 10
by Craig (1961). Isotopic composition of springswage, and tap water was plotted against
the LMWL, to examine relative variation and diffeoes in isotopic composition of
hydrological components. Deuterium excess (d-exce88H — 8 x §'®%0) was used as an
indicator of non-equilibrium conditions, which occduring evaporation as water with d-
excess <10%o is presumed to undergo evaporations@2eand 1964).

A two-component mixing model (Unnikrishna et al.02) was used to estimate the
contribution of precipitation from warm (May-Octabend cold (November-April) periods
of the year, based on annual flow-weigh8&D-H,0 value in springs and in cold and warm
precipitation (calculations shown in Supplementdagterial).

The groundwater transit time was estimated accgrirHerrmann et al. (2015):

1

f2
2rir

1

(1)

wherez; is the groundwater transit time in years &nsl the ratio 0%'%0-H,0 amplitude in
groundwater flow to that in precipitation. The tsértime was estimated by two approaches:
() using the amplitude 06'%0-H,O for the 12-month study period; and (ii) using the
amplitude of5*?0-H,0 taken only for the cold period, assuming selectacharge (Vystavna

et al. 2018c). A first rough approximation of growater transit time at the study sites was

10



245  calculated assuming that the isotopic lapse rateimsgnificant due to the small differences

246 in elevation between catchments.

247 The chloride (C) concentration and'°0-H,O were used to separate the annual
248  contributions of tap water and sewage leaks torugraundwater, using the ternary mixing
249  model (Grimmeisen et al. 2017; Vystavna et al. 20)18

250 (f1+fo+f3) x [CI, 8'°0]yp = f1 X [CI, 80w + f2 % [CI', §"%0]w + fax [CI', 5'%0]sw (2)

251  where Cly, and§*0y, [mg L™, %] are flow-weighted chloride concentration at80-H,O

252 in urban springs; Glv and§'®0g, [mg L™, %] are flow-weighted chloride concentration and
253 §'%0-H,0 in the forest spring; Gl and 50, [mg L™, %] are average chloride
254 concentration an@'°0-H,O in tap water; and Gl, and §*°0g,, [mg L™, %] are chloride
255  concentration an@*®0-H,O in sewage. Chloride concentration in sewage veasidered
256  stable and equal to the average of 350 mdCity Council 2010). Thé'°0-H,O in tap water
257 was used for sewage, assuming similar origin ofe¢heaters (Vystavna et al. 2018d). The
258 values f, f,, and § are the fractions of natural recharge, water sypghd sewage leaks,
259  respectively, with the sum of,ff; and § equal to 1.

260 To separate seasonal contribution of sewage ldakérdm other possible recharge
261 sources @), measured'®0-H,0 and Cl concentration were used as tracers in the binary
262  model (Vystavna et al. 2018d):

263 (f1+f2) x [CI, 8"%0]up= f1 % [CI', 6" ®0]sw+ f2x [CI', 8*°O]gw (3)

264 The simultaneous use of ‘Gind §*%0-H,O enabled differentiation between inputs from
265 sewage and road de-icing salt. Both these soumes & high chloride content, but de-icing
266  salt enters the groundwater mainly with snowmehjclv has lower isotopic signature than
267 sewage. Moreover, street runoff is mostly colledsgdthe urban drainage and storm water

268  system. Binary and ternary models were processid) tise MIX Program v1.0 (Vazquez-

11
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Sufié et al. 2010). Th#°N-NO; vs. §'°0-NO; linear regression plot was used to determine

the dominant sources of nitrate in groundwater (6dinl998).

4, Reaults

4.1 Stable isotopes of water in precipitation

Between October 2015 and September 2017, the msotogncentrations in
precipitation were highly variable, with extremewk in November 2016. The amount-
weighted averages'®0-H,0 and §°H-H,O in precipitation was -9.2% and -64.5%o,
respectively. Annual amplitude &f°0-H,0O and&°H-H.O in precipitation was 8.7%. and
63.3%o, respectively (details in Supplementary MaterOn a monthly scale, the oxygen and
hydrogen stable isotopes in precipitation correlatell with average annual air temperature
(Pearson coefficient r>0.77, p<0.01, n=24), but widh precipitation amount (r<0.5). The

equation obtained for the LMWL wa&’H = 7.61 x50 + 4.88.

The urban sites T1 and Y4 and the forest site Q@brektively similar isotopic range,
but differing d-excess values (7.1%o, 9.9%0, and 8.4&spectively). Site N3 showed slightly
higher isotopic values than the group of urbanngi Site S2 had the lowest and site P5 the
highest isotopic values among the springs (Figyréd2cording to the simultaneously taken
samples, tap water from the Dnipro-Donbass chamed slightly enriched in isotopes
compared with tap water from the Seversky DoneteRiThe isotopic composition of tap
water was more seasonally variable than that afirgtevater, with lower d-excess values and
higher isotopic values, giving a regression linéhva clear evaporation signal reflecting the
surface water origin. The isotopic values of S2, B3d P5 were well aligned with the tap
water regression line (Figure 2). Simultaneousketasamples of sewage and tap water had

similar isotopic composition, with standard dewoat5%.

4.2 Precipitation contribution and groundwater transit time

12
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The annual amplitude o§*®0-H,O in groundwater differed slightly between sites,
ranging from 0.1%. to 0.3%.. The contribution of waamd cold precipitation to groundwater
recharge was comparable between springs, with &edadominance (>83%) of cold
precipitation. Groundwater transit time was comphlrdor sites N3, Y4, P5, and O6, but

slightly shorter for S2 and twice as long for dite(Table 1).

Table 1. Precipitation contribution, groundwat@nsit time, and recharge at the five urban

sites (T1, S2, N3, Y4, and P5) and the forest(€&)

Groundwater transit time, years
Isotopic method based According Estimated recharge
Cold Warm Hydro- on:
Site | precipitation | precipitation geological . Q .the Recharge| Recharge
ID contribution | contribution | method (based Ann'ual Amplllgude position of Natural bytap | by
% % on filtration and anf]glllstgde Hogé_ Oth S?Q‘S?ng recharge water sewage
recharge area) OH 0 ; 2Id int % | 9 f1, % leaks leaks %,
2 cold perio values f2, % %
Not
T1 89 11 0.4-26 14 1.7 detectable 76 0 24
S2 93 7 0.9-18 5 0.6 0.7 89 8 3
N3 87 13 0.3-4.7 7 0.8 0.8 70 13 17
Not
Y4 91 9 0.3-3.3 7 0.8 detectable 82 4 14
P5 83 17 0.3-3.8 5 0.7 0.7 55 34 11
06 90 10 0.3-5.1 7 0.7 0.7* 100* 0* 0*

*Assumed according to the position of the extresmdpic value and selected calculation method.

4.3 Major ion composition

The groundwater was near neutral or slightly acidi¢h pH values between 6.1 and
7.4. Redox potential ranged from oxidizing to radgcconditions (from +287 to -117 mV),
while EC varied between 950 and 1549 cm’ in the urban springs, but was lower (740 to
900 pS cni') in the forest spring. Total dissolved solids (JD@nged from 861 to 1170
mg L' in the urban springs and from 632 to 732 rigib the forest spring. HCO
concentration ranged from 230 to 480 myih both urban and forest springs. Averagée Cl
concentration in urban springs (74+30 miY lwas approximately twice that in the forest
spring (25+14 mg ). Average S@ and N4 concentrations were notably higher (280+100

mg L' and 124+35 mgt, respectively) in urban springs than in the forgsting (65+10
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mg L' and 39+3 mg L, respectively). The G4 Mg?", and K concentrations were
comparable between urban and forest springs (FigayeHowever, HC® and SG* were
the dominant ions in the urban springs, while HCad C4" dominated in the forest spring
(Figure 3a). Tap water had highly variable ion @mtcations, particularly for HCQ CI,
SO%, and N4 (Figure 3a). Its dominant ion composition was cample to that of urban
groundwater. Sewage was characterized by highe”,SOI, and N& concentrations
compared with groundwater and tap water (Figure Sajnples from the forest spring O6,
and to a lesser degree from urban spring Y4 anaveder, were of the HCOtype. Sewage,
and to a lesser extent urban spring S2, tap waterthen springs N3 and T1, were of thé Na
+ K* type. The samples were best distinguished basethematio Cl + SQ* to HCQy

(Figure 3b). The measured variables are shown ppSmentary Material.

Multivariate statistical analysis showed that, énnts of isotope and hydro-chemical
water composition, the springs T1, N3, Y4, and RBenalso similar over time, with gradually
increasing EC from Y4 to P5, N3, and T1 (Figureld)contrast, the forest spring O6 plotted
separately, towards the lowest concentrations o$ iand EC. Urban spring S2 plotted at
another extreme, with the lowest isotope ratios #mel highest concentrations of inter-
correlated S¢F” and N&. Tap water was even farther along the first awisich was mostly
positively correlated with EC and TDS. Thus, theeyal order was: tap water, the natural

spring O6, urban springs Y4 and S2, then P5 an@d finally N3 (Figure 4).
4.4 Nitrate contamination, contribution of sewage and tap water leaks

Nitrate concentrations showed high variability, gag from 0.3 to 90 mg L in the
urban springs and from 0.3 to 7 mg lin the forest spring, and with noticeable NO
enrichment (5- to 10-fold) in urban groundwatercépt at site T1, the maximum nitrate

concentrations were observed in March and Junai(&if). Stable isotopes of nitrate in the
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springs were within the range reported for N@erived from sewage and manure (Figure 6).
Sites T1 and Y4 displayed high variationdtfO-NO;. However, the variation iG*>N-NO;
values was lower at all sites. At most urban s@wifiL, N3, Y4, and P5), stable isotopes of
nitrate, particularlys'®0-NO;, tended towards enrichment with increasingsN®ncentration

(Figure 6).

The sewage contribution at sites T1 and N3 wasnestid to be 19-24% and showed
less seasonal variation than in the other urbamgpr(Figure 5). At sites Y4 and P5, the
sewage contribution was lowest in October 2016 lagtest in December 2016. At P5, the
sewage contribution was positively related to dasgk. At site S2, the sewage contribution
was less than 3% (Figure 5). The annual contribubiotap water leaks to urban groundwater
recharge was highly variable between sites, withrtfaximum estimated for P5 (34%). Site
S2 showed the lowest recharge from sewage and &gr Weaks among the urban springs

(Table 1).
4.5 Emer ging contaminantsin groundwater

The emerging contaminants detected in groundwagge wivided into three groups:
drugs (caffeine, nikethamide, riluzole, phenazomelocarpine, pergolide, ajmaline,
carbamazepine, moxonidine, dihydrocodeine, subatiie, papaverine, and aripriprazole),
pesticides (DEET (pentedrone), dodine, chlordintefoatrazine, simazine, and butraline),
and food compounds (alternariol (a mycotoxin), d@avine and kojic acid (food additives)
(details of use and properties are shown in Supghéany Material). All of the drugs detected
can be abused and some are illicit drugs. The megtiently detected drug (in five of the six
springs studied) was the alkaloid pilocarpine, Wwhwas found even in the forest spring.
Chanoclavine and chlordimeform were detected irr fqurings. Caffeine, phenazone, and

alternariol were found in three springs. Other coomas were found at one or two sites. Each
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spring was characterized by a distinct group oedetd compounds according to the PCA

ordination (Figure 7). The stimulant caffeine andd compounds tended towards the positive
y axis and correlated well with Nand SGQ*. Four pesticides and most of the drugs detected
tended towards the negative x axis and correlagtiwith §'°N-NOs, CI, and NQ". Atrazine

and pilocarpine were more along the positive x gxigure 7).

5. Discussion
5.1 Urban groundwater recharge

By complementing hydrogeological modeling with tracof stable isotopes in water,
we were able to delineate natural and anthropogescitarge of the shallow aquifer studied.
The results indicate that both urban and foresingprin the study area are selectively
recharged by cold precipitation (Table 1). Thisy@cal for the temperate continental climate,
where evapotranspiration can be 2- to 3-fold highan precipitation amount, which reduces
natural recharge during the warm period (Vystawred.e2018c). Consequently, ti€0-H,0
amplitude in cold precipitation was found to be arenrealistic parameter for estimating
groundwater transit time than the amplitude in ahquecipitation (Table 1), and this might
apply to other sites with a continental climateséme springs (S2, N3, and P5), the estimated
transit time was similar to that determined frontunally occurring isotopic extremes (Table
1). Exceptionally low isotopic composition of pretation in November 2016 was associated
with isotopically depleted Arctic air masses andalty recycled moisture exceeding
evaporation according to the Hybrid Single Particéngarian Integrated Trajectory model
(details in Supplementary Material). With its higmount, combined with above-zero air
temperature and low evapotranspiration, Novembecipitation was efficient in recharging

groundwater, which explains the unusually low ipatocomposition in some urban springs
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(S2, N3, and P5) (Figure 5). Therefore, natét&D-H,O extremes in precipitation were used

as natural tracers to confirm the estimated groatemtransit time (Table 1).

The hydrogeological method for estimating groundwatansit time cannot be highly
accurate due to limited availability of hydrogeatay data (Healy and Scalton 2010).
However, it gives a preliminary range of the pokesiater age in the aquifer. Our findings
confirm the validity of the model used (Eq.1) iniemting regional groundwater transit time,

and also highlight potential applications of isatogxtremes in hydrogeological studies.

Since isotopic and chemical signatures differedvben hydrological components, it
was possible to estimate anthropogenic rechargedmyying binary and ternary mixing
models. In the present case, tap water and sewage Idwer d-excess than warm
precipitation, indicating that likely mixing wittap water and sewage decreased the d-excess
of urban springs compared with the natural rechargeditions (Figure 2). We found a
discrepancy between the contributions of precijpitat tap water, and sewage leaks,
signifying that natural recharge of springs in Kéarcity can be limited to large hydrological
events occurring in the cold period (Table 1). $ammechanisms can be expected to operate
in other temperate, dry-summer areas with inadequatter management. Tap water and
sewage leaks have been found to contribute to ugnanndwater recharge, changing the
hydrological function of groundwater and influengiits contamination status, as found in
many previous studies (Chen et al. 2008; Houhal. &010; Tubau et al. 2017). The method
for quantification of tap water leaks into grounderaapplied in the present study was based
in principle on distinct isotopic signatures of amb hydrological components that are
generally valid for regions where drinking watepply derives from surface water. Thus, this
method should generally be applicable to many regim Eastern and Central Europe,
particularly in post-Soviet countries (Moldova, Ekre, Belarus, and Russian Federation)

with similar problems in urban water resource manaent.
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5.2 Urban groundwater contamination

Isotope composition and changes in this over titearly distinguished the forest
spring from urban groundwater, but stable isotopéswater were not able to trace
groundwater contamination and its origin. Howevdre additional chemical variables
measured (EC, TDS, TINa, and NQ concentrations) revealed the influence of
anthropogenic activities in urban springs (Figudasand 6). This confirms findings in other
studies in different regions (Schmidt et al. 20B#tayfi et al. 2012; Grimmeisen et al. 2017).
The general hydro-chemical trend in our study wamfthe forest spring O6 to urban sites
Y4 and S2, further to sites P5 and T1, and therffure 4). Spatially and seasonally highly
variable nitrate contamination (Figure 5) was hkebntrolled by different nitrate source and
hydrological processes. Nitrate in soil can origgntom leaky pit latrines and septic tanks,
but also from soil nitrification (Nikolenko et aR018). At sites T1 and S2, the nitrate
concentration decreased with increasing flow, iating dilution. In the other springs,
including that at the forest site, the nitrate @ntcation increased with increasing flow
(Figure 5). A reason may be that oversaturatedcswilrelease accumulated nitrate when the
water level changes. Ensuing nitrate contaminatiogroundwater has been observed e.g., in
Western France (Aquilina et al. 2012). In the pnéstudy, analysis of stable isotopes of
nitrate confirmed that sewage leaks can be theipahsource of nitrate accumulation in the
soil (Figure 6), as we also found in an earliedgt(Wystavna et al. 2017). Mineralization and
subsequent nitrification of the organic soil N-poolld be a source of nitrate, particularly at
the forest site, but it was not clearly distingeighin thed'>N-NO; vs. §*%0-NO; bi-plot
(Figure 6). Without additional tracers (e.g., bgr&®endall 1998), stable isotopes of nitrate
are not able to discriminate manure, which can betrate source in the forest catchment
(dumping of animal excrement) and at site P5 (pg@kmeaks from a zoological park).

However, sewage leaks were traceable by human @nayfood compounds in urban springs
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(Figure 7). The highest diversity of drugs and faminpounds was found in those springs
that also showed the highest sewage contributidn N3, Y4, and P5). The relationship
observed between the non-persistent chemicalsimaféend food compounds, and some ions
(SO% and N4) indicates that these emerging compounds contineaiter T1 with raw
sewage, likely from mains. However, the positivéatienship between persistent drugs,
pesticides, and NQat N3, Y4, and P5 may point to sewage leaks frarapines rather than
sewage mains (Figure 7). Some persistent pestieiddsfood compounds were detected at
sites with negligible sewage contribution (urbate $$2 and forest site O6). This suggests

accumulation over time (Jurado et al. 2012).

Overall, our results indicate that organic tracsaa be useful in confirming sewage
contribution to urban groundwater, but also in atifintiating raw sewage inputs from those
derived from pit latrines and septic tanks. Theultesy influence on groundwater quality
threatens its usability as a drinking water soyf®ehmidt et al. 2017) and likely influences
the biotic community (Di Lorenzo et al. 2019). Teewill be considered as additional

indicators of urban impact in our future research.
6. Conclusions

By combining stable isotopes of water with hydrdggwal calculations, we were
able to describe recharge conditions in urban anest groundwater catchments that clearly
indicate strong seasonal patterns of groundwateevaluate groundwater contamination in
urban areas, and to quantify mixing of groundwatén sewage and tap water leaks. Data on
emerging compounds supported our conclusions otaipalistinct types of anthropogenic
recharge and helped to distinguish between conttiom of urban groundwater with raw
sewage from defective mains and with leaks from lgitines and septic tanks. Since

groundwater, particularly at shallow depth, carhbavily influenced by seasonal patterns of
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recharge and land use, seasonal monitoring is t@mofor even essential) in order to reach
useful conclusions on the patterns shaping watalitguand thus the usability as a drinking
water resource. High nitrate contamination of urbprings and the presence of potentially
toxic emerging compounds indicate health risks @ased with the use of the urban springs
studied as drinking water sources. This poses aruthallenges for future planning of

resource allocation.

Combining physical (isotopes) and chemical (magrsiand emerging compounds)
analyses proved useful in determining and quangfyhydrological and hydro-chemical
processes in the urban subsurface. This multifgaenethod provides an integrative and
comprehensive view of the regional hydrologicalleyevhich can be helpful for improving
urban water management. Having been tested in arBastern European city, the proposed
tool can be particularly useful for cities suffeyifrom similar problems of poor water

management and inadequate sewage and water sofsgstiucture.
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Highlights:

Urban groundwater quality is highly impacted by sewage inputs

Stable isotopes and emerging contaminants traced sewage leakages to groundwater
Sewage contribution and nitrate content varied seasonally in urban groundwater

Natural 6'®0 extremes in precipitation reflected estimated groundwater transit time



Declaration of interests

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

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:

Declarations of interest: none




