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 20 

Abstract 21 

In this study, sources of recharge and contamination in urban groundwater and in 22 

groundwater underneath a forest in the same aquifer were determined and compared. Data on 23 

hydro-chemical parameters and stable isotopes of water were collected in urban and forest 24 

springs in the Kharkiv region, Ukraine, over a period of 12 months. Groundwater transit time 25 

and precipitation contribution were calculated using hydrogeological data and stable isotopes 26 

of water to delineate groundwater recharge conditions. Hydro-chemical data, stable isotopes 27 

and emerging contaminants were used to trace anthropogenic groundwater recharge and 28 
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approximate sewage and tap water contributions to the aquifer. The results indicated that each 29 

spring had unique isotopic signatures that could be explained by recharge conditions, 30 

groundwater residence time, and specific mixing patterns with sewage and water leaks. 31 

Elevated nitrate content, stable isotopes of nitrate, and the presence of emerging pollutants 32 

(mainly illicit drugs) in most of the urban springs confirmed mixing of urban groundwater 33 

with sewage leaks. These leaks amounted to up to 25% of total recharge and exhibited 34 

seasonal variations in some springs. Overall, the results show that urban groundwater receives 35 

variable seasonal contributions of anthropogenic components that increase the risk to the 36 

environment and human health, and reduce its usability for drinking water production. The 37 

multi-tracing approach presented can be useful for other cities worldwide that have similar 38 

problems of poor water management and inadequate sewage and water supply infrastructure.  39 

 40 

Keywords: urban hydrology; stable isotopes; emerging compounds; aquifer; nitrate; 41 

pesticide. 42 

 43 

1. Introduction 44 

Groundwater is an important source of drinking water worldwide and its role is 45 

growing due to deterioration of surface water quality and quantity under the impact of climate 46 

variability, contamination, and run-off re-allocation (FAO 2011, WWAP 2015). Surface water 47 

and groundwater quality has been improved in the European Union (EU) (European 48 

Commission 2012), mainly due to a number of water regulations (i.e., EU WFD 2000, 49 

Groundwater Directive 2006). However, in many countries that share transboundary EU 50 

surface water and aquifers, for example Ukraine, there is great concern regarding the low 51 

quality and quantity of available groundwater resources because of ongoing and increasing 52 
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contamination (Yakovlev et al. 2015), and a lack of appropriate environmental regulations 53 

(Vystavna et al. 2018a,b). 54 

Drinking water supply from groundwater depends strongly on the seasonality of 55 

recharge, climate, and contamination (Griebler et al. 2010; Taylor 2012). Thus groundwater 56 

management is a complex task requiring multiple tools, including hydrogeological and hydro-57 

chemical models (Healy and Scanlon 2010; Manna et al. 2016). This in turn often requires 58 

exhaustive databases and detailed descriptions of environmental conditions, and/or direct 59 

measurements using advanced infrastructures and equipment (Herrmann et al. 2015). In many 60 

cases, such resources are not available in developing countries (WWAP 2015). Another 61 

approach is to study physical (environmental isotopes) (Barrett et al. 1999; Vystavna et al. 62 

2018c) and hydro-chemical (inorganic and organic) tracers (Fenech et al. 2012) that can 63 

provide information on groundwater recharge and contamination at a reasonable cost in a 64 

short time (Yin et al. 2019). The stable isotopes of water, i.e., oxygen-18 (18O) and deuterium 65 

(2H), have been found to be efficient tracers for describing groundwater recharge, water 66 

origin, age, and pathways (Ettayfi et al. 2012; Tipple et al. 2017). The stable isotopes of 67 

nitrate (18O and 15N) have been widely applied to trace nitrate (NO3) contamination sources 68 

(Urresti et al. 2015; Archana et al. 2018; Taufiq et al. 2019). Organic compounds, particularly 69 

pharmaceuticals, have been used to determine the sewage contribution to groundwater 70 

(Schaider et al. 2016; McCance et al. 2018; Castiglioni et al. 2019). However, a multi-tracing 71 

approach that includes physical, organic, and inorganic chemical tracers for assessing the 72 

urban water cycle has not been fully investigated. For example, a combination of these 73 

methods has not been used previously to identify recharge and contamination seasonality in 74 

shallow alluvial aquifers located in a temperate climate. Thus the present study had the 75 

following objectives: (i) to describe recharge conditions in urban and forest groundwater 76 
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catchments; (ii) to evaluate hydro-chemical parameters and stable isotopes in groundwater; 77 

and (iii) to trace and quantify mixing of groundwater with sewage and tap water leaks. 78 

The novelty of the research lies in the sophisticated application of multiple tracers 79 

(stable isotopes of water and nitrates, conventional hydro-chemical parameters, and emerging 80 

pollutants) in parallel with conventional approaches (hydro-geochemical models, multivariate 81 

statistics) to determine the seasonality of groundwater recharge and contamination with water 82 

and land uses. In the study, urban and natural (forested) groundwater catchments (located in 83 

presumably similar climate and hydro-geological settings) were compared. The study area 84 

was the densely populated city of Kharkiv (1.4 million inhabitants) in Eastern Ukraine, where 85 

groundwater is used as an alternative to tap water (Vystavna et al. 2017). The study area has 86 

limited local runoff and is located in a zone under risk of military action. Therefore, 87 

groundwater is considered an important strategic drinking water source that can potentially 88 

replace tap water in an emergency. The shallow aquifer selected for the analysis has been 89 

studied previously in terms of general contamination status and hydrogeological conditions 90 

(Yakovlev et al. 2015; Vystavna et al. 2017), but knowledge of the seasonality of recharge 91 

and water quality variation in the aquifer was lacking.  92 

2. Studied catchments 93 

Five urban (T1, S2, N3, Y4, and P5) and one peri-urban forested (O6) groundwater 94 

sites were selected for this study. All sites are located in the forest-steppe zone of the 95 

temperate continental climate area, with average annual precipitation of 521 mm and average 96 

annual air temperature of +9.1°C (2005-2017; Kharkiv airport World Meteorological 97 

Organization (WMO) station, ID 34300). During the sampling period (October 2016-98 

September 2017), total precipitation was 18% lower (426 mm) than the long-term average, 99 

indicating a dry hydrological period. Cold season precipitation (November-April) accounted 100 
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for ~70% of total precipitation during the sampling period. From April to October (warm 101 

season), evapotranspiration usually exceeds precipitation in the region. 102 

Groundwater was studied where it emerges at the surface as springs (Figure 1a). The 103 

urban springs were fitted with outflow tubes and the forest spring flowed into an open pit 104 

discharging outflowing groundwater. The maximum elevation at the spring outflows ranged 105 

from 113-123 m a.s.l. in the urban catchment to 140 m a.s.l. in the forested catchment. The 106 

most recent sediment layers (up to 120 m thick) are composed predominantly of permeable 107 

materials (sands and loams) of Quaternary, Neogene, and Paleogene origin, but with some 108 

spot inclusions of clay in upper layers (Geological Survey 2007). Springs are fed from 109 

fractured fine-grained sandstones and siltstones of the Eocene age. The depth to the aquifer is 110 

2-36 m below the surface and the average hydraulic conductivity of the saturated zone is 111 

2×10-4 m s-1. The aquifer can be considered a homogeneous system in which the watertable is 112 

adapted to the topography and is recharged by precipitation and anthropogenic sources 113 

(Geological Survey 2007; Vystavna et al. 2017). Hydrogeological cross-sections are shown in 114 

Supplementary Material. 115 

The land uses in Kharkiv city (total area 307 km2), where the five urban springs (T1-116 

P5) are located, include residential (55% of total area), industrial (16.5%), vegetated areas 117 

(20%), and traffic networks. The population density is 3200-27,400 per km2 (for details, see 118 

Supplementary Material). The urban water supply is provided predominantly (97%) by two 119 

sources of surface water: (i) the Seversky Donets River, around 40 km from the city (85% of 120 

the total drinking water supply) and (ii) the man-made Dnipro-Donbass channel, starting 121 

around 130 km from the city and carrying water from the Dnipro River to the Seversky 122 

Donets River basin. Two water treatment plants are located within the urban area. The 123 

centralized drinking water supply from deep groundwater wells (up to 800 m depth) 124 

comprises just 3% of the total supply and is limited to two small neighborhoods (18,200 125 
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inhabitants; 6.64 km2) not located within the study area. Pressurized water supply pipes are 126 

placed at 0-5 m below the terrain. Urban wastewater is collected by shallow and deep mains, 127 

and undergoes mechanical and biological treatment at the city’s wastewater treatment plant 128 

(WWTP) (550,000 m3 d-1). The treated wastewater is discharged into the Lopan and Udy 129 

Rivers (Figure 1a,b). Around 20% of urban households are not connected to the urban 130 

sewerage network and instead use pit latrines and septic tanks, which can leak into the 131 

shallow groundwater. At present, the sanitary infrastructure in Kharkiv city is in a state of 132 

disrepair, resulting in numerous and frequent leaks (around 24% of total water supply), a 133 

problem that cannot be eliminated in the short term (KP Voda 2017).  134 

Catchment O6 drains a forest-dominated landscape without agricultural land use and 135 

only negligible urbanization (residential buildings and roads account for <9% of the total 136 

drained area). The forest vegetation is typical forest-steppe oak woodlands on a rolling plain 137 

terrain with grey and dark-grey forest soils. Besides forestry, catchment O6 is used mainly for 138 

outdoor recreation.  139 

3. Methods 140 

3.1 Meteorological and hydrogeological parameters 141 

Meteorological data (daily air temperature, relative humidity, precipitation) for the 142 

period 2015-2017 were obtained from Kharkiv WMO station. Potential pan 143 

evapotranspiration was calculated based on mean monthly air temperature and humidity, 144 

according to a method adapted by Romanenko (1961) for the climate and soil conditions of 145 

Ukraine. 146 

Spring catchment areas were delineated according to upstream boundaries of water 147 

lines measured on local hydrogeological maps (Geological Survey 2007). The remaining 148 

uncertainty in groundwater flow direction was handled by including a 20° shift of the 149 
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auxiliary water flow line on both sides, as proposed by Ferrante et al. (2015).  150 

Minimum water transit time was estimated based on the velocity of vertical infiltration 151 

flow at the spring outflows, taking into account the thickness of upper sediment layers and the 152 

hydraulic conductivity of the vadose zone. Maximum water transit time was estimated based 153 

on the velocity of the lateral groundwater flow at the most remote catchment area boundary, 154 

considering the orography, groundwater flow direction, and hydrogeological structures 155 

(Geological Survey 2007). Detailed calculations are presented in Supplementary Material. 156 

3.2 Sampling and analysis 157 

Monthly precipitation (October 2015-September 2017) was sampled at the Kharkiv 158 

Global Network of Isotopes in Precipitation (GNIP) station (49.5615°N/36.1208°E, 101 m 159 

a.s.l., located 3 km from Kharkiv WMO station) coordinated by the International Atomic 160 

Energy Agency (IAEA), using a commercial evaporation-free precipitation collector with a 161 

submerged capillary tube (PALMEX®, Croatia). Groundwater was sampled monthly for 162 

hydrological variables and stable isotopes of water, and on five occasions from October 2016 163 

to September 2017 for hydro-chemical parameters. Discharge in springs was measured at the 164 

time of sampling, using a stopwatch and a calibrated container. Simultaneously, groundwater 165 

temperature was measured using a mercury thermometer, while pH, electrical conductivity 166 

(EC), and redox potential (ORP) were measured using HI-98130 Multiparameter and H-167 

98121 Pocket pH and ORP tester (Hanna Instruments®).  168 

Tap water samples were collected from two drinking water supply schemes. The first 169 

site represented the part of urban tap water network supplied by the Dnipro-Donbass channel 170 

(one sample in October 2016). The second represented the part of the network where water 171 

comes from the Seversky Donets River (six bi-monthly samples October 2016-September 172 

2017) (Figure 1b). The purpose was to check whether tap water of different origins had 173 
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similar isotopic composition. A sample of the sewage influent to the WWTP was taken 174 

simultaneously with the tap water sample in September 2017, in order to compare their 175 

isotopic composition (Figure 1b).  176 

Unfiltered water samples for analysis of major ions and nitrate were collected in 500-177 

mL plastic bottles and analyzed by the potentiometric method (Vystavna et al. 2017). The 178 

difference between two replicates was less than 5%. For analysis of stable isotopes of water 179 

(δ18O-H2O and δ2H-H2O), water samples were collected in 50-mL high-density polyethylene 180 

bottles and analyzed using the laser instrument Picarro L2120-i. Each sample was analyzed at 181 

least twice, with seven injections per vial. The results were compared with those for internal 182 

laboratory standards calibrated against primary reference materials, and were expressed per 183 

mille (‰) relative to the Vienna Standard Mean Ocean Water (V-SMOW). The typical 184 

precision, expressed as the one-year variance in an internal control standard, didn’t exceed 185 

±0.1‰ and ±1.0‰ for δ18O-H2O and δ2H-H2O, respectively.  186 

Water samples for analysis of stable isotopes of nitrate (δ15N-NO3 and δ18O-NO3) were 187 

collected in October 2016 and September 2017. These samples were filtered (0.22 µm) in the 188 

field and transferred to plastic bottles (50 mL). Nitrate isotope analysis was carried out by the 189 

denitrifier method (Sigman et al. 2001; Casciotti et al. 2002), whereby nitrate was converted 190 

to N2O and an isotope ratio mass spectrometer (GasbenchII/delta V plus, Thermo Fisher 191 

Scientific®, USA) is used for simultaneous determination of δ15N-NO3 and δ18O-NO3. The 192 

results were compared with those for internal laboratory standards calibrated against primary 193 

reference materials, and were expressed as ‰ relative to the standards AIR for δ15N-NO3 and 194 

V-SMOW for δ18O-NO3. Typical precision, expressed as the one-year variance in an internal 195 

control standard, was better than ±0.6‰ for δ15N-NO3 and ±0.4‰ for δ18O-NO3.  196 
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Groundwater samples (1-L amber glass bottles) for non-targeted analysis of emerging 197 

compounds were collected in September 2017. The screening of chemicals was based on an 198 

exact mass in an open access library (over 2,000 compounds) by liquid chromatography 199 

quadrupole time-of-flight mass spectrometry (LS-Q-TOF-MS) coupled to an Accela 1250 LC 200 

pump (Thermo Fisher Scientific®) and an HTS XT-CTC autosampler (CTC Analytics AG®, 201 

Switzerland), operated using Xcalibur software (Thermo Fisher Scientific®). A Hypersil gold 202 

aQ column (50 mm × 2.1 mm ID × 5 µm particles; Thermo Fisher Scientific®) was used for 203 

chromatographic separation. Details of sample preparation can be found in Supplementary 204 

Material. 205 

Results on the presence of the most likely compounds were selected according to the 206 

following criteria: i) error between theoretical and experimental exact mass <5 ppm; ii) 207 

difference in isotopic pattern between theoretical and experimental <10%; iii) identification of 208 

the compounds using comparison of the spectrum obtained with the theoretical spectrum, 209 

based on the exact mass library with probability >70% (Library Score), where the score takes 210 

into account the isotopic distribution, mass accuracy, and mass/spectra, with values close to 211 

100 showing the most likely elemental composition; and iv) retention time (error <5%). 212 

Because of the nature of the screening analysis, exact concentrations could not be determined.  213 

3.3 Data analyses 214 

The relative ion composition for each sampling site was plotted in diagrams according 215 

to Stiff (1951) and the isometric log-ratio (ilr)-ion according to Shelton (2018). The 216 

environmental data were tested for normal distribution. When the distribution was skewed, 217 

the data were transformed logarithmically (Legendre and Legendre 2012). Principal 218 

component analysis (PCA) was used to plot isotope and hydro-geochemical characteristics per 219 

site and month. In a second PCA with time-averaged isotope and hydro-geochemical 220 
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characteristics per site, the presence/absence in the springs of a range of emerging organic 221 

compounds, such as drugs, pesticides, and food compounds from one-off measurements, was 222 

fitted using the procedure “envfit” (Oksanen et al. 2018). All calculations were performed in 223 

R 3.3.5 (R Core Team 2018). Detailed information on the statistical analyses is provided in 224 

Supplementary Material. 225 

The local meteoric water line (LMWL) (October 2015-September 2017, n=24) was 226 

constructed by the reduced major axis method (Crawford et al. 2014). The equation obtained 227 

was compared with the global meteoric water line (GMWL), described as δ2H = 8 × δ18O + 10 228 

by Craig (1961). Isotopic composition of springs, sewage, and tap water was plotted against 229 

the LMWL, to examine relative variation and differences in isotopic composition of 230 

hydrological components. Deuterium excess (d-excess = δ2H – 8 × δ18O) was used as an 231 

indicator of non-equilibrium conditions, which occur during evaporation as water with d-232 

excess <10‰ is presumed to undergo evaporation (Dansgaard 1964).  233 

A two-component mixing model (Unnikrishna et al. 2002) was used to estimate the 234 

contribution of precipitation from warm (May-October) and cold (November-April) periods 235 

of the year, based on annual flow-weighted δ18O-H2O value in springs and in cold and warm 236 

precipitation (calculations shown in Supplementary Material). 237 

The groundwater transit time was estimated according to Herrmann et al. (2015): 238 

π
τ

2

1
1

2 −
=

f
r

      (1) 239 

where τr is the groundwater transit time in years and f is the ratio of δ18O-H2O amplitude in 240 

groundwater flow to that in precipitation. The transit time was estimated by two approaches: 241 

(i) using the amplitude of δ18O-H2O for the 12-month study period; and (ii) using the 242 

amplitude of δ18O-H2O taken only for the cold period, assuming selective recharge (Vystavna 243 

et al. 2018c). A first rough approximation of groundwater transit time at the study sites was 244 
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calculated assuming that the isotopic lapse rate was insignificant due to the small differences 245 

in elevation between catchments. 246 

The chloride (Cl-) concentration and δ18O-H2O were used to separate the annual 247 

contributions of tap water and sewage leaks to urban groundwater, using the ternary mixing 248 

model (Grimmeisen et al. 2017; Vystavna et al. 2018d): 249 

(f1+f2+f3) × [Cl-, δ18O]ub = f1 × [Cl-, δ18O]gw + f2 × [Cl-, δ18O]tw + f3 × [Cl-, δ18O]sw (2) 250 

where Cl-ub and δ18Oub [mg L-1, ‰] are flow-weighted chloride concentration and δ18O-H2O 251 

in urban springs; Cl-
gw and δ18Ogw [mg L-1, ‰] are flow-weighted chloride concentration and 252 

δ18O-H2O in the forest spring; Cl-
tw and δ18Ogw [mg L-1, ‰] are average chloride 253 

concentration and δ18O-H2O in tap water; and Cl-
sw and δ18Ogw [mg L-1, ‰] are chloride 254 

concentration and δ18O-H2O in sewage. Chloride concentration in sewage was considered 255 

stable and equal to the average of 350 mg L-1 (City Council 2010). The δ18O-H2O in tap water 256 

was used for sewage, assuming similar origin of these waters (Vystavna et al. 2018d). The 257 

values f1, f2, and f3 are the fractions of natural recharge, water supply, and sewage leaks, 258 

respectively, with the sum of f1, f2 and f3 equal to 1.  259 

To separate seasonal contribution of sewage leaks (f1) from other possible recharge 260 

sources (f2), measured δ18O-H2O and Cl- concentration were used as tracers in the binary 261 

model (Vystavna et al. 2018d): 262 

(f1+f2) × [Cl-, δ18O]ub = f1 × [Cl-, δ18O]sw + f2 × [Cl-, δ18O]gw  (3) 263 

The simultaneous use of Cl- and δ18O-H2O enabled differentiation between inputs from 264 

sewage and road de-icing salt. Both these sources have a high chloride content, but de-icing 265 

salt enters the groundwater mainly with snowmelt, which has lower isotopic signature than 266 

sewage. Moreover, street runoff is mostly collected by the urban drainage and storm water 267 

system. Binary and ternary models were processed using the MIX Program v1.0 (Vázquez-268 
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Suñé et al. 2010). The δ15N-NO3 vs. δ18O-NO3 linear regression plot was used to determine 269 

the dominant sources of nitrate in groundwater (Kendall 1998).  270 

4. Results 271 

4.1 Stable isotopes of water in precipitation  272 

Between October 2015 and September 2017, the isotope concentrations in 273 

precipitation were highly variable, with extreme lows in November 2016. The amount-274 

weighted average δ18O-H2O and δ2H-H2O in precipitation was -9.2‰ and -64.5‰, 275 

respectively. Annual amplitude of δ18O-H2O and δ2H-H2O in precipitation was 8.7‰ and 276 

63.3‰, respectively (details in Supplementary Material). On a monthly scale, the oxygen and 277 

hydrogen stable isotopes in precipitation correlated well with average annual air temperature 278 

(Pearson coefficient r>0.77, p<0.01, n=24), but not with precipitation amount (r<0.5). The 279 

equation obtained for the LMWL was: δ2H = 7.61 × δ18O + 4.88. 280 

The urban sites T1 and Y4 and the forest site O6 had relatively similar isotopic range, 281 

but differing d-excess values (7.1‰, 9.9‰, and 8.4‰, respectively). Site N3 showed slightly 282 

higher isotopic values than the group of urban springs. Site S2 had the lowest and site P5 the 283 

highest isotopic values among the springs (Figure 2). According to the simultaneously taken 284 

samples, tap water from the Dnipro-Donbass channel was slightly enriched in isotopes 285 

compared with tap water from the Seversky Donets River. The isotopic composition of tap 286 

water was more seasonally variable than that of groundwater, with lower d-excess values and 287 

higher isotopic values, giving a regression line with a clear evaporation signal reflecting the 288 

surface water origin. The isotopic values of S2, N3, and P5 were well aligned with the tap 289 

water regression line (Figure 2). Simultaneously taken samples of sewage and tap water had 290 

similar isotopic composition, with standard deviation <5%. 291 

4.2 Precipitation contribution and groundwater transit time  292 
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The annual amplitude of δ18O-H2O in groundwater differed slightly between sites, 293 

ranging from 0.1‰ to 0.3‰. The contribution of warm and cold precipitation to groundwater 294 

recharge was comparable between springs, with a marked dominance (>83%) of cold 295 

precipitation. Groundwater transit time was comparable for sites N3, Y4, P5, and O6, but 296 

slightly shorter for S2 and twice as long for site T1 (Table 1). 297 

Table 1. Precipitation contribution, groundwater transit time, and recharge at the five urban 298 

sites (T1, S2, N3, Y4, and P5) and the forest site (O6) 299 

Site 
ID 

Cold 
precipitation 
contribution 

% 

Warm 
precipitation 
contribution 

% 

Groundwater transit time, years 
Estimated recharge 

Hydro-
geological 

method (based 
on filtration and 
recharge area) 

Isotopic method based 
on: According 

to the 
position of 
extreme 
δ18O-H2O 

values 

Annual 
amplitude 
of δ18O-

H2O 

Amplitude 
of δ18O-

H2O in the 
cold period 

Natural 
recharge 

f1, % 

Recharge 
by tap 
water 
leaks    
f2, % 

Recharge 
by 
sewage 
leaks   f3, 
% 

T1 89 11 0.4–26 14 1.7 
Not 

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 

Y4 91 9 0.3–3.3 7 0.8 
Not 

detectable 
82 4 14 

P5 83 17 0.3–3.8 5 0.7 0.7 55 34 11 
O6 90 10 0.3–5.1 7 0.7 0.7* 100* 0* 0* 

*Assumed according to the position of the extreme isotopic value and selected calculation method.  300 

4.3 Major ion composition 301 

The groundwater was near neutral or slightly acidic, with pH values between 6.1 and 302 

7.4. Redox potential ranged from oxidizing to reducing conditions (from +287 to -117 mV), 303 

while EC varied between 950 and 1540 µS cm-1 in the urban springs, but was lower (740 to 304 

900 µS cm-1) in the forest spring. Total dissolved solids (TDS) ranged from 861 to 1170 305 

mg L-1 in the urban springs and from 632 to 732 mg L-1 in the forest spring. HCO3
- 306 

concentration ranged from 230 to 480 mg L-1 in both urban and forest springs. Average Cl- 307 

concentration in urban springs (74±30 mg L-1) was approximately twice that in the forest 308 

spring (25±14 mg L-1). Average SO4
2- and Na+ concentrations were notably higher (280±100 309 

mg L-1 and 124±35 mg L-1, respectively) in urban springs than in the forest spring (65±10 310 
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mg L-1 and 39±3 mg L-1, respectively). The Ca2+, Mg2+, and K+ concentrations were 311 

comparable between urban and forest springs (Figure 3a). However, HCO3
- and SO4

2- were 312 

the dominant ions in the urban springs, while HCO3
- and Ca2+ dominated in the forest spring 313 

(Figure 3a). Tap water had highly variable ion concentrations, particularly for HCO3
-, Cl-, 314 

SO4
2-, and Na+ (Figure 3a). Its dominant ion composition was comparable to that of urban 315 

groundwater. Sewage was characterized by higher SO4
2-, Cl-, and Na+ concentrations 316 

compared with groundwater and tap water (Figure 3a). Samples from the forest spring O6, 317 

and to a lesser degree from urban spring Y4 and tap water, were of the HCO3
- type. Sewage, 318 

and to a lesser extent urban spring S2, tap water, and then springs N3 and T1, were of the Na+ 
319 

+ K+ type. The samples were best distinguished based on the ratio Cl- + SO4
2- to HCO3

- 
320 

(Figure 3b). The measured variables are shown in Supplementary Material. 321 

Multivariate statistical analysis showed that, in terms of isotope and hydro-chemical 322 

water composition, the springs T1, N3, Y4, and P5 were also similar over time, with gradually 323 

increasing EC from Y4 to P5, N3, and T1 (Figure 4). In contrast, the forest spring O6 plotted 324 

separately, towards the lowest concentrations of ions and EC. Urban spring S2 plotted at 325 

another extreme, with the lowest isotope ratios and the highest concentrations of inter-326 

correlated SO4
2- and Na+. Tap water was even farther along the first axis, which was mostly 327 

positively correlated with EC and TDS. Thus, the general order was: tap water, the natural 328 

spring O6, urban springs Y4 and S2, then P5 and T1, and finally N3 (Figure 4). 329 

4.4 Nitrate contamination, contribution of sewage and tap water leaks 330 

Nitrate concentrations showed high variability, ranging from 0.3 to 90 mg L-1 in the 331 

urban springs and from 0.3 to 7 mg L-1 in the forest spring, and with noticeable NO3
- 332 

enrichment (5- to 10-fold) in urban groundwater. Except at site T1, the maximum nitrate 333 

concentrations were observed in March and June (Figure 5). Stable isotopes of nitrate in the 334 
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springs were within the range reported for NO3
- derived from sewage and manure (Figure 6). 335 

Sites T1 and Y4 displayed high variation in δ18O-NO3. However, the variation in δ15N-NO3 336 

values was lower at all sites. At most urban springs (T1, N3, Y4, and P5), stable isotopes of 337 

nitrate, particularly δ18O-NO3, tended towards enrichment with increasing NO3
- concentration 338 

(Figure 6). 339 

The sewage contribution at sites T1 and N3 was estimated to be 19-24% and showed 340 

less seasonal variation than in the other urban springs (Figure 5). At sites Y4 and P5, the 341 

sewage contribution was lowest in October 2016 and highest in December 2016. At P5, the 342 

sewage contribution was positively related to discharge. At site S2, the sewage contribution 343 

was less than 3% (Figure 5). The annual contribution of tap water leaks to urban groundwater 344 

recharge was highly variable between sites, with the maximum estimated for P5 (34%). Site 345 

S2 showed the lowest recharge from sewage and tap water leaks among the urban springs 346 

(Table 1).  347 

4.5 Emerging contaminants in groundwater 348 

The emerging contaminants detected in groundwater were divided into three groups: 349 

drugs (caffeine, nikethamide, riluzole, phenazone, pilocarpine, pergolide, ajmaline, 350 

carbamazepine, moxonidine, dihydrocodeine, sulfathiazole, papaverine, and aripriprazole), 351 

pesticides (DEET (pentedrone), dodine, chlordimeform, atrazine, simazine, and butraline), 352 

and food compounds (alternariol (a mycotoxin), chanoclavine and kojic acid (food additives) 353 

(details of use and properties are shown in Supplementary Material). All of the drugs detected 354 

can be abused and some are illicit drugs. The most frequently detected drug (in five of the six 355 

springs studied) was the alkaloid pilocarpine, which was found even in the forest spring. 356 

Chanoclavine and chlordimeform were detected in four springs. Caffeine, phenazone, and 357 

alternariol were found in three springs. Other compounds were found at one or two sites. Each 358 
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spring was characterized by a distinct group of detected compounds according to the PCA 359 

ordination (Figure 7). The stimulant caffeine and food compounds tended towards the positive 360 

y axis and correlated well with Na+ and SO4
2-. Four pesticides and most of the drugs detected 361 

tended towards the negative x axis and correlated well with δ15N-NO3, Cl-, and NO3
-. Atrazine 362 

and pilocarpine were more along the positive x axis (Figure 7). 363 

5. Discussion 364 

5.1 Urban groundwater recharge 365 

By complementing hydrogeological modeling with tracing of stable isotopes in water, 366 

we were able to delineate natural and anthropogenic recharge of the shallow aquifer studied. 367 

The results indicate that both urban and forest springs in the study area are selectively 368 

recharged by cold precipitation (Table 1). This is typical for the temperate continental climate, 369 

where evapotranspiration can be 2- to 3-fold higher than precipitation amount, which reduces 370 

natural recharge during the warm period (Vystavna et al. 2018c). Consequently, the δ18O-H2O 371 

amplitude in cold precipitation was found to be a more realistic parameter for estimating 372 

groundwater transit time than the amplitude in annual precipitation (Table 1), and this might 373 

apply to other sites with a continental climate. In some springs (S2, N3, and P5), the estimated 374 

transit time was similar to that determined from naturally occurring isotopic extremes (Table 375 

1). Exceptionally low isotopic composition of precipitation in November 2016 was associated 376 

with isotopically depleted Arctic air masses and locally recycled moisture exceeding 377 

evaporation according to the Hybrid Single Particle Langarian Integrated Trajectory model 378 

(details in Supplementary Material). With its high amount, combined with above-zero air 379 

temperature and low evapotranspiration, November precipitation was efficient in recharging 380 

groundwater, which explains the unusually low isotopic composition in some urban springs 381 
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(S2, N3, and P5) (Figure 5). Therefore, natural δ18O-H2O extremes in precipitation were used 382 

as natural tracers to confirm the estimated groundwater transit time (Table 1).  383 

The hydrogeological method for estimating groundwater transit time cannot be highly 384 

accurate due to limited availability of hydrogeological data (Healy and Scalton 2010). 385 

However, it gives a preliminary range of the possible water age in the aquifer. Our findings 386 

confirm the validity of the model used (Eq.1) in estimating regional groundwater transit time, 387 

and also highlight potential applications of isotopic extremes in hydrogeological studies.  388 

Since isotopic and chemical signatures differed between hydrological components, it 389 

was possible to estimate anthropogenic recharge by applying binary and ternary mixing 390 

models. In the present case, tap water and sewage had lower d-excess than warm 391 

precipitation, indicating that likely mixing with tap water and sewage decreased the d-excess 392 

of urban springs compared with the natural recharge conditions (Figure 2). We found a 393 

discrepancy between the contributions of precipitation, tap water, and sewage leaks, 394 

signifying that natural recharge of springs in Kharkiv city can be limited to large hydrological 395 

events occurring in the cold period (Table 1). Similar mechanisms can be expected to operate 396 

in other temperate, dry-summer areas with inadequate water management. Tap water and 397 

sewage leaks have been found to contribute to urban groundwater recharge, changing the 398 

hydrological function of groundwater and influencing its contamination status, as found in 399 

many previous studies (Chen et al. 2008; Houhou et al. 2010; Tubau et al. 2017). The method 400 

for quantification of tap water leaks into groundwater applied in the present study was based 401 

in principle on distinct isotopic signatures of urban hydrological components that are 402 

generally valid for regions where drinking water supply derives from surface water. Thus, this 403 

method should generally be applicable to many regions in Eastern and Central Europe, 404 

particularly in post-Soviet countries (Moldova, Ukraine, Belarus, and Russian Federation) 405 

with similar problems in urban water resource management.  406 
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5.2 Urban groundwater contamination 407 

Isotope composition and changes in this over time clearly distinguished the forest 408 

spring from urban groundwater, but stable isotopes of water were not able to trace 409 

groundwater contamination and its origin. However, the additional chemical variables 410 

measured (EC, TDS, Cl-, Na+, and NO3
- concentrations) revealed the influence of 411 

anthropogenic activities in urban springs (Figures 3a and 6). This confirms findings in other 412 

studies in different regions (Schmidt et al. 2007; Ettayfi et al. 2012; Grimmeisen et al. 2017). 413 

The general hydro-chemical trend in our study was from the forest spring O6 to urban sites 414 

Y4 and S2, further to sites P5 and T1, and then N3 (Figure 4). Spatially and seasonally highly 415 

variable nitrate contamination (Figure 5) was likely controlled by different nitrate source and 416 

hydrological processes. Nitrate in soil can originate from leaky pit latrines and septic tanks, 417 

but also from soil nitrification (Nikolenko et al. 2018). At sites T1 and S2, the nitrate 418 

concentration decreased with increasing flow, indicating dilution. In the other springs, 419 

including that at the forest site, the nitrate concentration increased with increasing flow 420 

(Figure 5). A reason may be that oversaturated soil can release accumulated nitrate when the 421 

water level changes. Ensuing nitrate contamination in groundwater has been observed e.g., in 422 

Western France (Aquilina et al. 2012). In the present study, analysis of stable isotopes of 423 

nitrate confirmed that sewage leaks can be the principal source of nitrate accumulation in the 424 

soil (Figure 6), as we also found in an earlier study (Vystavna et al. 2017). Mineralization and 425 

subsequent nitrification of the organic soil N-pool could be a source of nitrate, particularly at 426 

the forest site, but it was not clearly distinguished in the δ15N-NO3 vs. δ18O-NO3 bi-plot 427 

(Figure 6). Without additional tracers (e.g., boron; Kendall 1998), stable isotopes of nitrate 428 

are not able to discriminate manure, which can be a nitrate source in the forest catchment 429 

(dumping of animal excrement) and at site P5 (potential leaks from a zoological park). 430 

However, sewage leaks were traceable by human drugs and food compounds in urban springs 431 
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(Figure 7). The highest diversity of drugs and food compounds was found in those springs 432 

that also showed the highest sewage contribution (T1, N3, Y4, and P5). The relationship 433 

observed between the non-persistent chemicals caffeine and food compounds, and some ions 434 

(SO4
2- and Na+) indicates that these emerging compounds continually enter T1 with raw 435 

sewage, likely from mains. However, the positive relationship between persistent drugs, 436 

pesticides, and NO3
- at N3, Y4, and P5 may point to sewage leaks from pit latrines rather than 437 

sewage mains (Figure 7). Some persistent pesticides and food compounds were detected at 438 

sites with negligible sewage contribution (urban site S2 and forest site O6). This suggests 439 

accumulation over time (Jurado et al. 2012).  440 

Overall, our results indicate that organic tracers can be useful in confirming sewage 441 

contribution to urban groundwater, but also in differentiating raw sewage inputs from those 442 

derived from pit latrines and septic tanks. The resulting influence on groundwater quality 443 

threatens its usability as a drinking water source (Schmidt et al. 2017) and likely influences 444 

the biotic community (Di Lorenzo et al. 2019). These will be considered as additional 445 

indicators of urban impact in our future research.  446 

6. Conclusions 447 

By combining stable isotopes of water with hydrogeological calculations, we were 448 

able to describe recharge conditions in urban and forest groundwater catchments that clearly 449 

indicate strong seasonal patterns of groundwater, to evaluate groundwater contamination in 450 

urban areas, and to quantify mixing of groundwater with sewage and tap water leaks. Data on 451 

emerging compounds supported our conclusions on spatially distinct types of anthropogenic 452 

recharge and helped to distinguish between contamination of urban groundwater with raw 453 

sewage from defective mains and with leaks from pit latrines and septic tanks. Since 454 

groundwater, particularly at shallow depth, can be heavily influenced by seasonal patterns of 455 
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recharge and land use, seasonal monitoring is important (or even essential) in order to reach 456 

useful conclusions on the patterns shaping water quality and thus the usability as a drinking 457 

water resource. High nitrate contamination of urban springs and the presence of potentially 458 

toxic emerging compounds indicate health risks associated with the use of the urban springs 459 

studied as drinking water sources. This poses crucial challenges for future planning of 460 

resource allocation.  461 

Combining physical (isotopes) and chemical (major ions and emerging compounds) 462 

analyses proved useful in determining and quantifying hydrological and hydro-chemical 463 

processes in the urban subsurface. This multi-tracing method provides an integrative and 464 

comprehensive view of the regional hydrological cycle, which can be helpful for improving 465 

urban water management. Having been tested in a major Eastern European city, the proposed 466 

tool can be particularly useful for cities suffering from similar problems of poor water 467 

management and inadequate sewage and water supply infrastructure.  468 
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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 δ
18

O extremes in precipitation reflected estimated groundwater transit time  
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