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Abstract
Isotopes of hydrogen (3H, 2H) and oxygen (18O) are perfect candidates for groundwater tracers. A survey of isotopic composi-
tion of 34 groundwater samples and one Lake from Vojvodina region (Serbia) is presented here. Tritium activity concentration 
and stable isotope composition (δ2H, δ18O), as well as deuterium excess, were determined. The groundwater samples lie on 
the groundwater regression line. Minor deviations and a few lower deuterium excess values indicate waters recharged in a 
different climate regime and subjected to evaporation, respectively. According to the obtained results, most of the analyzed 
groundwater can be characterized as modern waters, recharged mostly from precipitation.
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Introduction

Information on the time since water recharged into a ground-
water system, can be provided by different solutes and iso-
topes that recharge with water either because they decay at a 
known rate, accumulate in an aquifer from in situ processes, 
or because their concentration in precipitation has changed 
at a known rate over time [1, 2]. Dating water requires a con-
textual understanding of the groundwater system, its geolog-
ical structure, past and presents hydrological conditions, as 
well as geochemistry and geochemical evolution of waters. 
The concept of an ‘idealized groundwater age’ implies the 
time elapsed between entering water into the saturated zone 
(i.e., when it entered the groundwater) and the water sam-
pling at a specific location downstream in the groundwater 
system [3]. The radiometric ‘dating’ of groundwater was 

proposed as an extension of radiocarbon dating of solid 
materials containing carbon (such as charcoal, bones, wood, 
shells, secondary carbonate sediments) [4].

The fundamental conceptual differences between the age 
of solid material and the age of groundwater resulting from 
the mobile and mixable nature of water has not always been 
adequately distinguished and therefore there are many terms 
used to express the “age” of water [5–8]. If we adopt that 
groundwater age is the travel time between recharge and 
discharge, than any experimental approach to determine 
groundwater age and origin uses either isotopes of the water 
molecule or substances that are transported in a similar way 
as the water. In all applications of environmental tracers it 
is useful to distinguish between tracer age and groundwa-
ter age: experimental methods that use tracers to derive the 
groundwater age actually determine tracer ages, and only if 
the water and the tracer behave identically, the two ages are 
identical. In an ideal situation the tracer should be a constitu-
ent element of the water molecule and therefore isotopes of 
hydrogen (3H, 2H) and oxygen (18O) are perfect candidates 
for water tracers, and among them 3H (tritium) is a good 
candidate for a qualitative evaluation of groundwater age 
with its relatively short half-life and can be applied to water 
with a mean residence time lower than 100 years [9].

Tritium is a radioactive isotope of hydrogen of both natu-
ral and anthropogenic origins. It is a relatively short-lived 
isotope with a half-life of 4500(8) days [10]. It is directly 
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incorporated into the water molecule  (H3HO or HTO) and 
thus it is the only radioisotope that actually “dates” ground-
water [5]. Atmospheric testing of thermonuclear weap-
ons from 1951 to 1976 generated significant inventory of 
anthropogenic tritium in the upper atmosphere that has only 
recently been washed out to almost natural background lev-
els. Due to a relatively short half-life, the natural tritium 
from the pre-bomb period cannot normally be detected pres-
ently in groundwater recharged before about 1950. There-
fore, tritium-free groundwaters are considered “submodern” 
or older than about 60 years. The presence of low level activ-
ity concentration of tritium in groundwater is an indication 
of at least some component of modern recharge, which is 
taken to be younger than the onset of thermonuclear bomb 
tests. However, different scenarios for groundwater flow and 
discharge will greatly affect the tritium concentration, and so 
hydrogeological constraints should be taken into considera-
tion. Groundwater mixing, particularly at the discharge zone 
in spring vents or in open boreholes, greatly affects the range 
of groundwater ages. Groundwaters with low tritium levels 
are often mixtures of modern and submodern groundwaters. 
Following a classification suggested by [1], the waters are 
usually divided into three categories: modern waters with 
A(3H) > 5 TU, submodern waters with no significant activity 
concentration of 3H, and mixtures of tritium-free pre-bomb 
groundwater and young tritium-containing water (low but 
measurable activity concentration of 3H) [11]. The activity 
concentration of tritium is usually expressed in the tritium 
units (TU), 1 TU is defined as the ratio of 1 3H atom to  1018 
hydrogen atoms 1H, 1 TU = 0.11919 ± 0.00021 Bq/l [12]. 
More precise ages of modern waters can be determined by 
the 3H/3He dating technique [13].

For interpretation of tritium levels in groundwater, the 
tritium content in modern precipitation is an important 
parameter. Maximum concentration of tritium in the atmos-
phere was registered in 1963, when the tritium activity 
concentration in monthly precipitation was up to 6000 TU. 
Maximal tritium concentration in precipitation in Serbia in 
2005 was about 35 TU, with the average value of 8.35 TU at 
location Zeleno brdo (the reference meteorological station) 
[14]. During last 2 decades no significant decrease in mean 
values of 3H activity concentration in annual precipitation 
at the Zagreb-Grič and Ljubljana-Reaktor stations has been 
observed. The mean annual values ranged between 5 and 10 
TU with the average values of about 9 TU. Seasonal varia-
tions were observed with winter values close to the natural 
pre-bomb 3H activity concentrations (≤ 5 TU), and summer 
values rarely above 20 TU [13, 15–18].

Here we present results of the study of groundwater sam-
ples from Vojvodina region, Serbia, which was undertaken 
with the aim of finding rough estimation of the origin and 
age of groundwaters based on its isotopic composition. For 
this purpose the analysis of radioactive isotope 3H and stable 

isotopes 2H and 18O have been performed on 34 ground-
water samples from different hydrogeological systems as 
well as on one sample from the lake. The sample from the 
lake was used as a reference to atmospheric tritium as it is 
recharged directly from precipitation. An important part of 
the study was to define whether the youngest waters based 
on the tritium activity are formed in the youngest sediments. 
The obtained results from all hydrogeological systems in the 
Pannonian basin—Vojvodina region can provide informa-
tion about the depths of modern groundwater circulation 
and aquifer spreading.

Geology of the area

Vojvodina region (Serbia) is situated in the southeastern 
part of the Pannonian sedimentary basin occupying the area 
of 21,506 km2. It is comprised of three provinces (Fig. 1) 
separated by the Danube and Tisa rivers: Banat (east from 
the Tisa River), Bačka (between the Tisa and Danube) and 
Srem (south from the Danube River). Landscape is mostly 
flat land, except of a few hills (Mt. Fruška Gora 593 m asl, 
Vršac Mountains—Vršački Breg 641 m asl). The climate is 
moderately continental, with hot summer and cold winter. 
Average annual temperature is 10.9 °C, the coldest month 
is January with average temperature − 1.1 °C, and the hot-
test is July with average temperature 21.1 °C. Precipitation 
is measured on 220 rain gauges. Average annual rainfall is 
636 mm, maximum in June is 80 mm, and minimum is in 
February and March about 31 mm [19].

From geological point of view, lowland terrain of the 
investigated area (Vojvodina) mainly consists of Quater-
nary sediments. At the Mt. Fruška Gora and in the Vršac 
Mountains area Quaternary sediments occur but only in 
some parts. Quaternary sediments have thickness ranging 
from a few meters to more than one thousand meters. These 
sediments are mostly comprised of sands and gravels, and 
provide main reservoirs of drinking water in Vojvodina. 
Base of this formation is made of older sediments, clastic 
and carbonate rocks (limestone, dolomites, sandstone, marls, 
breccias) of Mesozoic age and crystalline schists (gneiss, 
micaschist, amfibolites etc.) and granitoids of Paleozoic 
and Proterozoic age. Crystalline schists, rare granite and 
granitoid, serpentinite and gabro could be found in north 
and southeast part of Vojvodina in the base of Neogene 
sediments. Mesozoic sediments could be found in middle 
Banat and southeast Bačka. In northern part of Bačka, Srem 
and in the one part of northern Banat, Triassic dolomitic 
limestone is present, which presents excellent reservoir for 
groundwater.

The four hydrogeological systems are distinguished in 
Vojvodina region [20]. The most widespread (developed 
throughout the Vojvodina region, except at Mt. Fruška Gora 
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and Vršac Mountain area) and most important for the water 
supply of the population is the first hydrogeological sys-
tem (HS I) with a number of water-bearing beds and it is 
characterized by good porosity and permeability, and good 
recharge conditions. This system comprises sediments from 
the surface to the basement of upper Pontian age (Pl1); it 
includes Quaternary, Paludinian and Upper Pontian sedi-
ments. Aquifer is made of sands and gravels of different 
size, while clays and marls have a function as imperme-
able layers. In the shallowest parts of terrain, up to 60 m of 

depth, unconfined groundwater reservoir occurs (sediments 
of the Holocene). In the deeper Pliocene and Pleistocene 
sand/sandstone sediments, confined groundwater reservoir 
occurs. Thickness of these systems is 300–500 m.

The second hydrogeological system (HS II) is composed 
of the sediments from Pontian and Pannonian age. Its maxi-
mum thickness is about 1500 m and it is placed below the 
HS I. Aquifers occur in locally developed sandstones, but 
the majority of rocks are impermeable marls. In this sys-
tem waters have usually increased total dissolved solids 

Fig. 1  Geological map of Vojvodina with sampling locations. The size of the dot represents the 3H activity concentration in groundwater sample
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and temperature. This hydrogeological system represents 
hydraulic barrier between the HS I and the third hydrogeo-
logical systems.

In the third and fourth hydrogeological system reservoirs 
are present in Pre-Neogen carbonate rocks, and fractured 
serpentinite, granite, slates to 1500 m. Hydraulic connection 
between two of them is usually present. Third hydrogeologi-
cal system (HS III) contains rocks of Miocene, Paleogene, 
Jurassic and Cretaceous age. Aquifers are sandstones, con-
glomerates, limestone and breccia, and impermeable sedi-
ments are marls and shales. Majority of groundwater origi-
nates from the fractured Triassic limestone and dolomite.

The fourth hydrogeological system (HS IV) occurs in 
igneous, metamorphic and sedimentary rocks of Triassic 
Period and Paleozoic era, and it is less than 500 m deep.

Sampling locations

The sampling sites were chosen to achieve relatively uni-
form spatial distribution and to sample water from different 
hydrogeological systems, although due to technical limita-
tions it was not always possible. The sampling was carried 
out in spring–summer period, in the year 2015, locations are 
marked on the Geological map, shown on Fig. 1. From each 
location in Vojvodina, water was sampled by standard meth-
ods ISO 5667-31 and ISO 5667-11.2 34 samples of ground-
water were taken from dug wells, boreholes and springs. In 
addition, a sample from lake was analysed. Depths of dug 
wells are usually less than 20 mbgl, except in the northern 
part of Bačka, where the depths are usually between 20 and 
30 mbgl.

Majority of groundwaters were abstracted from dug wells 
of HS I. Seven water samples are from HS II, 1 sample from 
HS III, and 1 sample from HS IV. Distribution of the sam-
pling locations was due to availability of groundwaters in 
different hydrogeological systems and frequency of using 
them. Some data for the analyzed groundwater samples are 
given in Table 1.

Some of the samples have been taken from borehole with 
thermal or mineral water. Thermal and mineral waters are 
usually captured from II, III and IV hydrogeological system.

Water from Bezdan Spa (location 26, Table  1) is 
abstracted from sand on depth between 310 and 325 mbgl. 
That Spa is famous as the iodine spa with water temperature 
of 24 °C and TDS of 2870 mg/l [19].

Kanjiža Spa (location 28) has been opened since 1913. 
It is famous balneological center on north part of Serbia. 
Temperature of groundwater is from 45 to 72 °C, while tem-
perature of analyzed sample was 65 °C. Origin of ground-
water is from a sand/sandstone sediments of the upper Pon-
tian—Miocene [21], represented by two layers at depths 
896–920 mbgl and 938–965 mbgl [22].

Within the HS II springs, Slanjača (Saltrock spring) in 
Slankamen (location 30) is worth mentioning. As its name 
says, it is a spring of salty water of Cl–Na type, and rich 
with iodine, with temperature of 18.4 °C, and mineraliza-
tion of 6200 mg/l [23]. The spring appears at the contact of 
serpentinite and Tertiary sediments (clay-marl sand, sandy 
clay, marls, sandstone).

In Torda village (location 31) cold groundwater is from 
fine-grained sand from dug well with diameter of 1.5 m, 
depth of 15 mbgl. In the past, this water was bottled as the 
selenium rich mineral water („St Đorđe“ water).

Groundwater of Zmajevo (location 32) is thermal water 
(27 °C), with increased TDS (about 2000 mg/l). Depth of the 
borehole is 650 mbgl, and the thermal water was abstracted 
from fine sand of Pliocene on depth between 470 and 630 
mbgl [19].

Within the HS III, groundwater of Junaković Spa (loca-
tion 33) is from Miocene limestone. The temperature of 
groundwater is 54 °C and mineralization about 6000 mg/l 
[18]. Water is used for balneotherapy and for heating balneo 
objects.

In the HS IV, thermal groundwater occured in 1931 
and flooded mine Vrdnik (Mt. Fruška Gora) (location 34). 
Groundwater origin is from Miocene karstified limestones, 
located at depths between 100 and 330 mbgl [23]. The ther-
mal water with the temperature of 32.5 °C is abstracted from 
borehole on the depth 304–330 mbgl [19]. Nowadays, there 
is a modern balneological and recreation center Vrdnik Spa.

Spa Rusanda is the oldest spa in Vojvodina, opened 1867. 
Water from Lake Rusanda has very characteristic chemical 
composition with high concentrations of sodium, chloride, 
sulphate, carbonate, iodine, bromine, fluoride. Bottom of 
the lake is covered by famous peloid – healing mud which 
is used in balneotherapy [19, 23].

Methods of measurement

Liquid scintillation counting of enriched water samples 
was applied for measurement of tritium activity concentra-
tion [24]. The electrolytic enrichment system at the Ruđer 
Bošković Institute, Zagreb, Croatia, was produced by the 
Faculty of Physics and Applied Computer Sciences, AGH 
University of Science and Technology, Krakow, Poland 
[13, 25–28]. It consists of 20 cells of 500 ml volume placed 
in a refrigerator at temperature of 2–5 °C to prevent the 

1 ISO 5667-3:2012. Water quality—Sampling - Part 3: Preservation 
and handling of water samples.
2 ISO 5667-11:2009. Water quality—Sampling - Part 11: Guidance 
on sampling of groundwaters.
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losses by evaporation. Anodes are made of stainless steel, 
and cathodes of mild steel. Each sample is distilled before 
electrolysis as the required conductivity is < 50 µS/cm and 
then 1.50–1.55 g of  Na2O2 as electrolyte is added. Gas pro-
duced in each cell passes through a glass bubbler filled with 
silicone oil and is led by a ventilation system into the open 
atmosphere. Each enrichment run contains 15 unknown 
samples, 3 spike waters (water of known tritium activity 
concentration) used for monitoring the electrolysis perfor-
mances and 2 tritium-free samples used for system control. 
Enrichment procedure lasts for 8 days, i.e., after predefined 

1420 Ah it stops automatically. The average enrichment fac-
tor of the system was 25 ± 3 and the electrolysis parameter 
0.953 ± 0.013 in the period 2011–2017. Enriched samples 
were distilled again after electrolysis with 6–8 g of  PbCl2 
added into each sample in order to neutralize solution. The 
scintillation cocktails were prepared by 8 ml of enriched 
water sample and 12 ml of scintillator Ultima Gold LLT 
in high-density low-diffusion PE vials. Measurements were 
performed by Ultra-low-level liquid scintillation counter 
Quantulus 1220 in 10 cycles of 50 min. Minimal detect-
able activity (MDA) was around 0.5 TU. Limit of detection 

Table 1  The analyzed groundwater samples and lithology

No. Location Hydro-
geological 
system

Lithological composition Object Depth (mbgl) Temperature (°C) TDS (mg/l)

1 Ada I Sand and alevrites Dug well < 20 10–15 –
2 Bačka Palanka I Alevrolites and sand Dug well < 20 10–15 –
3 Bajša I Loess and sandy alevrolites Dug well < 30 10–15 –
4 Bavanište I Sand, gravel, clay Dug well 6 10–15 –
5 Beočin I Marls, clay, sandstone Dug well < 20 10–15 –
6 Debeljača I Clay, alevrites and sand Borehole 74 10–15 795
7 Jamena I Sediments of backwater (alevrites, clay, sand) Dug well 6.5 10–15 –
8 Kikinda I Sand and alevrites Dug well < 20 10–15 –
9 Kula I Fine-grain sand Dug well < 30 10–15 –
10 Lazarevo 1 I Fine-grain sand, clay, alevrolite Borehole 40 10–15 –
11 Lazarevo 2 I Alevrolites, Fine-grain sand and clay Borehole 80 10–15 –
12 Margita I Pondy and proluvial clay Dug well < 20 10–15 –
13 Mramorak I Sand, sandy loess Spring – 10–15 –
14 Noćaj, salaš I Gravel, sand Dug well < 20 10–15 –
15 Nova Pazova I Sand and gravel Dug well 20 10–15 –
16 Palić I Sand and sandstone Dug well < 30 10–15 –
17 Putinci I Land loess Dug well < 20 10–15 –
18 Sirig I Sandy alevrites and alevrite clay Dug well 10–15 10–15 –
19 Srbobran I Fine-grain sand Dug well < 20 10–15 –
20 Srpski Miletić I Alevrites, sand Dug well 8 10–15 –
21 Stanišić I Sand and sandy-clay alevrites Dug well 8 10–15 –
22 Šid I Sandy-clay alevrolites Dug well < 20 10–15 –
23 Titel I Sandy-clay alevrites Dug well < 20 10–15 –
24 Vračev Gaj I Alevrites and sand Dug well < 20 10–15 –
25 Vršac I Sand Dug well < 20 10–15 –
26 Bezdan Spa II Fine-grain sand Borehole 1305 24 2870
27 Kaluđerovo II Clay, marl and sand Dug well < 20 10–15 –
28 Kanjiža Spa II Sand and sandstone Borehole 1147 45 1640
29 Krušedol II Loess Dug well < 20 10–15 –
30 Slankamen Spa II Contact serpentinite and marls, sandstone, 

sand…
Spring – 18 6854

31 Torda II Fine-grain sand Dug well 15 11 3630
32 Zmajevo II Fine-grain sand Borehole 650 27 2048
33 Junaković Spa III Limestone, marl, sandstone, conglomerate Borehole 701 51.5 6100
34 Vrdnik Spa IV Limestone Borehole 600 32 785
35 Lake Rusanda – – Lake – 28 20,300
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was determined after Currie (1968) [29], for long and equal 
counting times of background and samples. Background 
count rate was (0.99 ± 0.04) cps and counting efficiency 
23%. The tritium measurement uncertainty was determined 
following the procedure from Ref. [12] with k = 1, and 
obtained values are presented in Tables 2, 3 and 4.   

δ2H and δ18O in all samples were measured in Geological 
Survey of Croatia, Zagreb, Croatia, by spectrometer Pic-
arro L2130i. Picarro L2130i is using CRDS (Cavity Ring-
Down Spectroscopy) technology to measure stable isotope 
ratio based on a unique near-infrared absorption spectrum 
of small gas-phase molecules containing different isotopes 

Table 2  Isotope composition of 
older/submodern waters

No. Location Depth (mbgl) A (TU) δ2H (‰) δ18O (‰) d (‰)

1 Ada < 20 0.64 ± 0.09 − 90.65 − 12.42 8.71
3 Bajša < 30 < 0.5 − 64.12 − 9.18 9.34
6 Debeljača 74 0.9 ± 0.4 − 87.72 − 12.00 8.28
11 Lazarevo 2 80 < 0.5 − 87.55 − 12.06 8.92
16 Palić < 30 0.72 ± 0.09 − 67.54 − 9.74 10.38
26 Bezdan 3267 < 0.5 − 71.1 − 9.06 1.38
28 Kanjiža Spa 1147 0.89 ± 0.12 − 71.65 − 10.11 9.23
30 Slankamen Spa Spring 0.84 ± 0.10 − 79.19 − 10.52 5.04
33 Junaković Spa 701 < 0.5 − 61.83 − 8.25 4.17

Table 3  Isotope composition of 
samples considered as mixtures 
of older and modern waters

No. Location Depth (mbgl) A (TU) δ2H (‰) δ18O(‰) d (‰)

2 Bačka Palanka < 20 1.4 ± 0.2 − 63.79 − 8.92 7.57
5 Beočin < 20 4.0 ± 0.8 − 67.12 − 9.62 9.82
12 Margita < 20 3.6 ± 0.5 − 76.81 − 10.74 9.11
18 Sirig 10–15 3.4 ± 0.4 − 71.12 − 9.63 5.95
19 Srbobran < 20 2.1 ± 0.5 − 61.28 − 8.76 8.80
23 Titel < 20 2.6 ± 0.6 − 66.96 − 9.50 9.07
25 Vršac < 20 3.7 ± 0.5 − 60.79 − 8.80 9.61
29 Krušedol < 20 1.3 ± 0.4 − 66.05 − 8.97 5.71

Table 4  Isotope composition of 
modern waters

No. Location Depth (mbgl) A (TU) δ2H (‰) δ18O (‰) d (‰)

4 Bavanište 6 7.9 ± 1.2 − 52.87 − 7.27 5.29
7 Jamena 6.5 8.2 ± 1.6 − 69.54 − 10.02 10.62
8 Kikinda < 20 6.0 ± 0.8 − 60.57 − 8.48 7.27
9 Kula < 30 9.7 ± 1.8 − 59.41 − 8.28 6.80
10 Lazarevo 1 40 5.5 ± 1.0 − 70.50 − 10.04 9.82
13 Mramorak Spring 4.6 ± 0.7 − 67.37 − 9.8 11.03
14 Noćaj, salaš < 20 7.3 ± 1.4 − 62.21 − 9.12 10.72
15 Nova Pazova 20 5.8 ± 1.0 − 62.85 − 8.16 2.44
17 Putinci < 20 4.6 ± 0.9 − 61.22 − 8.89 9.92
20 Srpski Miletić 8 4.3 ± 0.6 − 65.12 − 9.41 10.16
21 Stanišić 8 6.1 ± 0.8 − 62.75 − 9.16 10.53
22 Šid < 20 4.8 ± 1.0 − 73.21 − 10.27 8.95
24 Vračev Gaj < 20 6.4 ± 0.9 − 56.63 − 7.87 6.33
27 Kaluđerovo < 20 7.0 ± 1.0 − 62.3 − 8.63 6.74
31 Torda 15 5.8 ± 1.0 − 66.68 − 9.24 7.27
32 Zmajevo 650 5.4 ± 0.9 − 79.60 − 10.81 6.88
34 Vrdnik Spa 600 6.7 ± 1.2 − 70.08 − 9.95 9.53
35 Lake Rusanda – 9.8 ± 1.5 − 8.7 1.33 − 19.34
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[30, 31]. Results are presented as δ-values defined as rela-
tive deviation of the isotope ratios R (2H/1H or 18O/16O) 
in the sample from the isotope ratio in a standard repre-
senting mean isotopic composition of global ocean water 
(V-SMOW) and expressed in permil (‰).

Measuring uncertainty for all measured samples for δ18O 
was ± 0.03‰ and for δ2H it was ± 0.2‰.

Deuterium excess d was then calculated from the meas-
ured δ2H and δ18O values as:

Results and discussion

The isotope composition (tritium activity concentration A, 
δ2H, δ18O and d) of 35 water samples is shown in Tables 2, 
3 and 4. The following classification [32] was used:

(a) < 0.8 TU—water is old/submodern (originating from 
before 1950),

(b) 0.8–4 TU indicating mixing of modern and old/sub-
modern waters,

(c) 5–15 TU modern waters (< 5 to 10 years),
(d) 15–30 TU indicating waters affected by the higher 

activity concentrations of tritium in the atmosphere 
during bomb testing and/or nuclear accidents,

(e) > 30 TU indicating groundwater recharge between 1960 
and 1970.

The samples are classified into 3 groups according to 
their 3H activity concentration. Among water samples in 
this study the maximal activity concentration of 3H was 9.8 
TU, and only in four groundwater samples activity concen-
trations of 3H were below MDA. Therefore, we have not 
observed samples from groups d or e.

Isotope composition of older waters (more than 60 years 
old), group a, is presented in Table 2. In 3 groundwater sam-
ples (locations 28, 30 and 6) out of 9 presented in Table 2 the 
3H activity concentrations were around 0.89 TU, 0.84 TU 
and 0.9 TU, which is slightly above the upper limit for group 
a (0.8 TU). All three samples have very high mineralization, 
and one of them also a high temperature, which justifies that 
those waters are older (they spent more time in between the 
surrounding rocks). Water sample from location 6 is taken 
from the same geological area as sample from location 11, 
from deeper well (80 mbgl) and their stable isotope compo-
sition is practically the same. According to the activity con-
centration of tritium, these two samples taken from similar 
depths of HS I, gave unexpected, interesting results—they 

(1)�
S∕R =

RSample

RReference

− 1

(2)d = δ2H − 8δ18O

belong to older waters. Future investigations (like water geo-
chemistry and radiocarbon dating) are neccesary in order 
to get more precise conclusions from the obtained results.

In 8 samples that are presented in the Table 3, activity 
concentrations of 3H were between 0.9 and 4.0 TU (slightly 
above 4 TU, but less than 5 TU when the measuring uncer-
tainty is taken into account). All of these samples were taken 
from dug wells, depth less than 20 mbgl, the temperatures 
were 10–15 °C and thus obtained values indicate that these 
waters may have influence from the interaction with sur-
rounding rocks or they are subject to the mixing of older 
waters from deeper horizons and younger, modern waters 
(precipitation). Some additional analyses are required in 
order to have a more precise conclusion.

Table 4 summarizes the results for all samples that belong 
to modern waters, including the lake surface water. Mod-
ern waters are usually captured from shalow, dug wells, but 
there are also two samples of mineral and thermal water 
from 600, 650 mbgl. Half of the groundwater samples from 
the Vojvodina region are modern waters, with tritium activ-
ity concentration between 4.3 ± 0.6 TU (location 20) and 
9.7 ± 1.8 TU (location 9), which means that these waters are 
less than 10 years old, according to the adopted classifica-
tion. Lake Rusanda (location 35) also belongs to the group 
of modern waters as it is regularly recharged with water from 
precipitations.

A summary of the tritium activity concentrations is pre-
sented in Fig. 2. The results show a large range of tritium 
activity concentration, from below the detection limit to 
about 10 TU, irrespective of the hydrogeological system they 
belong to. The highest A values are close to the average 
values in precipitation over last two decades, as explained 
in Introduction. In the HS I the A values range from < 0.5 
TU to 9.7 TU, with the average value of 4.2 TU, and in the 
HS II from < 0.5 TU to 7.0 TU, with the average value of 
3.1 TU. The Hydrogeological systems III and IV are here 
represented by a single water sample, and therefore no sta-
tistical analysis and comparison with the HS I and II can 
be performed. However, the tritium activity concentration 
of these two samples provides useful information. The A 
value of the Vrdnik Spa (location 34, HS IV) shows that 
limestone horizons of the deepest system are intensively 
recharged with precipitation. This is not the case for the 
thermal water from Junakovića Spa (location 33, HS III) and 
other thermal waters from the HS II (Bezdan 26, Slankamen 
30, Kanjiža 28).

The stable isotope composition of the studied waters is 
also presented in Tables 2, 3 and 4. The δ18O values range 
from − 7.27 to − 12.42‰ and the δ2H values from − 52.87 
to − 90.65‰, irrespective of the hydrogeological system, 
with the average values of − 9.5 ± 1.2‰ and − 68 ± 9‰, 
respectively. The δ18O and δ2H values of Lake Rusanda 
are 1.33‰ and − 8.7‰, respectively. The lake water is 
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enriched with the heavy isotopes due to intensive evapora-
tion losses in lake [6, 33]. The regression line connecting 
the lake data point with the average δ2H–δ18O values has 
a slope of 5.3, which is a typical slope of the evaporation 
lines for lakes [34].

The δ18O and δ2H values of the studied groundwaters 
lie along the line close to the global meteoric water line 
GMWL, δ2H = 8 δ18O + 10 (Fig. 3) which confirms that 
the analyzed groundwater recharge from precipitation. 
Groundwater regression line (GW), i.e., relation between 
δ2H and δ18O for waters from all 4 hydrogeological sys-
tems, is comparable with the local meteoric water line 
(LMWL) for station Belgrade (Serbia) [35], the closest 
meteorological station with available stable isotope data 
(Table 5). Table 5 also gives LMWLs for Ljubljana (Slove-
nia) and Zagreb (Croatia), the two stations that have long-
term records of isotope composition in precipitation [15]. 

From Fig. 3 it can also be observed that some ground-
water isotopic data lie below the relevant meteoric line, 
what can be explained by ancient waters recharged in a 
different climate regime [33]. Two samples, Bezdan (loca-
tion 26, Table 2) and Nova Pazova (location 15, Table 4) 
lie below the LGWL and have lower deuterium excess val-
ues than the other samples although they have different 
3H activity concentrations (Fig. 4). These deviations may 
indicate that the waters were subjected to evaporation. All 
other samples have d values in the range 4.17–11.03‰ 
with the average value of 8.3 ± 1.9‰, close to the d value 
of 10‰, typical for precipitation of the Atlantic origin 
[15, 36–38], as well as close to the mean d-excess value 
of Belgrade precipitation 9.3 ± 4.3‰ [35].

Conclusion

This study presents the isotope composition (tritium activity 
concentration A, δ2H, δ18O and deuterium excess d) of 34 
groundwater samples from four different hydrogeological 
systems and from Lake Rusanda in the Vojvodina region 
(Republic of Serbia). The intention of the study was to find 
approximate estimation of groundwater age and vulnerability 

Fig. 2  Tritium activity concen-
tration A in four hydrogeologi-
cal systems and Lake Rusanda. 
Location numbers are defined 
in Table 1

Fig. 3  Relation between δ2H and δ18O in groundwater samples and 
Lake Rusanda, and in precipitation at Belgrade. GMWL global mete-
oric water line [39], LMWL local meteoric water line of Belgrade, 
Serbia [35], GW groundwater regression line (all samples except 
Lake Rusanda), dash-dotted line (- - - -) evaporation line for Lake 
Rusanda. Two samples (locations 15 and 26) with the lowest deute-
rium excess are marked
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of hydrogeological systems. Majority of groundwaters were 
captured from the first hydrogeological system that is com-
prised of the youngest sediments. The tritium activity con-
centrations of groundwater samples from the HS I range 
from < 0.5 to 9.7 TU, with the average value of 4.2 TU, with 
a median value 4.3 TU. Similar values were obtained also 
for groundwater samples from HS II (from < 0.5 to 7.0 TU, 
average value 3.1 TU). Although from each of the HS III 
and HS IV only one sample is taken, their tritium activity 
values provide useful information: the limestone horizons 
of HS IV are intensively recharged by precipitation, while 
this is not the case for the thermal water from HS III as well 
as the thermal waters from HS II. Therefore, according to 
the results of this study we can conclude that in Vojvodina 
region there is no regularity of groundwater age and the 
hydrogeological system that it belongs to. Waters from one 

hydrogeological system could be of different age and origin. 
The HS I consists of the younger sediments and there are 
some older groundwater in this system. In the HS II, III and 
IV we have samples from deeper layers containing some 
younger waters. This could be possibly explained by water 
circulation through various geological formations to deeper 
horizons, depending on the permeability of rocks.

Obtained results show that almost all analyzed waters are 
modern or sub-modern, independent of depth of water bear-
ing horizon. By analyzing stable isotopes we conclude that 
groundwater samples that were analyzed recharge mostly 
from precipitation.

Presence of young water component even in deeper hori-
zons points to high vulnerability of the hydrogeological 
systems and therefore to the need for further detailed evalu-
ation of properties of the water-bearing horizons in Vojvo-
dina region. For any future research it would be important 
to include as many possible sampling locations and to take 
into consideration some additional hydrological, geological 
and hydrogeochemical parameters.
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