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Abstract. After the nuclear weapons testing in the 1950s and
1960s, the atmospheric tritium levels have almost returned
to natural levels (pre-1950 levels), which means that tritium
is becoming more effective in determining transit times in
hydrological systems. It has also been demonstrated that tri-
tium is a non-reactive noble gas and in water is not subject to
chemical reactions, absorption, or dissolution/precipitation
processes, so it is conservative of the geochemical fingerprint
of the source. In addition, it is used as an effective tracer of
water contamination by landfill leachate, allowing to detect
mixing percentages of the leachate up to levels not achiev-
able with normal chemical analyses (less than 1 %). The pur-
pose of the present work is to deepen the knowledge of the
hydrogeochemical characteristics of the aquifers in the pede-
montana area of the Venetian plain, and to formulate a con-
ceptual framework of underground water circulation, aimed
at understanding phenomena of contamination by toxic met-
als, harmful to human health. Tritium concentration analy-
ses were performed on selected samples of groundwater col-
lected in different wells in the south part of Treviso city to
correlate the young age of the water recharge. The abun-
dance of young waters, in fact, indicates a vulnerability of
the aquifer to climate change with respect to possible contri-
butions of surface waters, in particular to prolonged drought
periods which could induce salinization dynamics.

1 Introduction

Tritium (3H) is a beta-emitting radioactive isotope of hy-
drogen which decays into Helium-3 (3H> 3He+β−+ ν).
The half-life of the unstable tritium nucleus is of 4500 d
(12.3 years), which is very short on the radioactive timescale
(MacMahon, 2006).

Tritium concentration in water is expressed as tritium units
(TU), that correspond to a tritium atom per 1018 hydrogen
atoms, that is 0.119 Bq L−1 of water. The content of nat-
ural tritium in water vapour in the stratosphere was esti-
mated by Ehhalt et al. (2002) and by Fourré et al. (2006) in
5/9× 105 TU, a value of several orders of magnitude higher
than the level of natural tritium present in precipitation (a few
TU). Cauquoin et al. (2015) have argued that this difference
is the result of a higher production rate in the stratosphere
and a lower water content in it.

The only source of natural tritium in the hydrosphere is
due to the meteoric supply, which can vary worldwide from
2 to 25 TU and, in the Central Mediterranean area, is around
an average annual values of 5–8 TU.

Cauquoin et al. (2015) have formulated a model of the dis-
tribution of the average annual concentration of tritium in
precipitations, thank to that it emerged that the precipitations
in the sampling area have on average concentrations of tri-
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tium with maximum values of 5–6 TU, which can increase
up to 7 for contributions from mountain areas.

The tritium atoms produced in the atmosphere, reacting
with atmospheric oxygen form tritiated water in the forms
of HTO, DTO and T2O which, having a greater molecular
mass than the H2O molecule, has a shorter residence time
in the atmosphere and tends to be removed with precipita-
tion (Rozanski et al., 1991). The short period of residence in
the atmosphere and the short period of decay leads to low and
nearly constant tritium concentration in rain, as there is a bal-
ance between the rate of formation, the removal by the rains
and the total quantity of natural tritium in the environment
which is ∼ 70× 106 Ci (DOE Handobook, 2008).

Considering that high Tritium level arising from the nu-
clear weapons testing period were detected, the underground
waters with a long residence time in the subsoil and infil-
trated before 1950 are below the threshold of analytical de-
tectability for tritium. The concentrations of tritium in the
atmosphere have been altered by the war events and nuclear
experiments that have introduced, from 1952 to 1963 (UN-
SCEAR, 2000), anthropogenic tritium into the atmosphere
(UNSCEAR, 2016). These events modified the geochemi-
cal footprint of meteoric precipitations, with meaningful in-
creases that have been interrupted since 1963, when an in-
ternational treaty (PTBT) banned all nuclear tests in the at-
mosphere. The end of nuclear experimentation has produced
a gradual decrease in the concentration of tritium in the at-
mosphere and during the last 25 years’ the equilibrium con-
ditions of tritium have returned. Today, the tritium measure-
ments show very low-level concentration which can be used
to date waters with residence times of up to 100–150 years
(Morgenstern et al., 2010, 2015).

Observing the data recorded in the Locarno station of
the GNIP network, it is also possible to observe a sea-
sonal variability of the content of tritium in rainwater, which
records, on average in the period 2000–2009, an increase
from January to May and a decrease from June to Decem-
ber (IAEA/WMO, 2019). The values, that are around 4 TU
in January, can reach a peak of 9.5 TU in concomitance with
precipitation coming from Arctic areas. The growing influ-
ence of cosmogenic production at the poles is due as a con-
sequence of the injection of stratospheric air masses with
higher tritium content and with very low water vapour con-
tent.

Underground and in the absence of recharge of meteoric
waters, a continuous loss of tritium due to its decay occurs.

In case of recharging of underground reserves by mete-
oric water rich in tritium, the concentration reflects the bal-
ance between the loss due to decay and the contribution of
meteoric water enriched with tritium (Bryan et al., 2016;
Cartwright et al., 2017).

Furthermore, it has been shown that tritium follows the
water flow without being subjected to chemical reactions, ab-
sorption or dissolution/precipitation processes, so it is con-
servative of the geochemical footprint of the source. For

these reasons, analysing the concentrations of tritium in the
aquifer water can give important information regarding the
knowing on the recharge times of the aquifer: the more the
concentrations of tritium are similar or equal to atmospheric
ones, the more recent the recharge of the aquifer is; vice
versa, if the tritium concentrations in the aquifer are lower
than atmospheric ones, it means that the aquifer is not sub-
ject to superficial meteoric infiltration or that the aquifer is
very slowly recharging. This information is very important
to understand, for example, if the aquifer is overexploited or
not by the local population.

In addition, it is used as an effective tracer of water con-
tamination by landfill leachate, allowing to detect percolate
mixing percentages up to levels not achievable with normal
chemical analyses (lower 1 %).

Although the Treviso plain has been extensively investi-
gated, its hydro-structure is not perfectly defined and, conse-
quently, the relations between the qualitative characteristics
of the multi-aquifer system and the variations in petrophys-
ical properties are not clear. This knowledge is important to
better quantify the impact of the rainfall regime due to cli-
mate change and its ability to ensure not only the balance be-
tween recharging and exploitation of water bodies, but also
maintaining the qualitative characteristics of the resource.

Several studies have contributed to fill the knowledge gap
concerning the dynamics of aquifer feeding (Baruffi et al.,
2012; Gattacceca et al., 2009) and the possible interactions at
regional and local scale between low salinity freshwater and
brackish waters. The latter ones may derive from intrusion
of seawater into the continental environment caused to over-
exploitation dynamics of the aquifer.

In this view, the use of tritium analyses could be useful to
date (Guo et al., 2019; Silva and Cota, 2020) and characterize
different aquifers (Morgenstern et al., 2010, 2015; Jerbi et al.,
2019).

In addition, stable isotopes could be a supplementary tool
used to characterize water sources (Ala-aho et al., 2018;
Glibert et al., 2019). 2H and 18O are widely used in hy-
drological studies (Gibson et al., 2020; Yang et al., 2020)
to trace fluxes of water in different hydrological conditions
(Chen et al., 2020; Zhou et al., 2021) or to characterize the
different contribution of streamflow components (Kim et al.,
2017; Tao et al., 2021), despite the evaporation processes
may change these processes (Schmieder et al., 2018; Boral et
al., 2019). Improvement of technological techniques, as laser
spectroscopy, helped increase the information of these tracers
in different water compartments (Evaristo et al., 2017; Mello
et al., 2020). Within this context, we tested the reliability of
water stable isotopes, in addition to hydrochemical parame-
ters, in order to identify (i) water origin, being the isotopic
signature of groundwater inherited especially from rainfall;
(ii) possible identification of anthropogenic pollutions in re-
lation with tritium value (Abdullah et al., 2018; Bronić and
Barešić, 2021).
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For this purpose, we investigated tritium and the ionic and
isotopic composition (18O and 2H) of the water samples col-
lected in different kind of wells in the south part of Treviso
plain, during May 2018, in order to verify the vulnerability
of the aquifers and estimate the possible correlations between
surface sources and geochemical anomalies.

2 Materials and methods

2.1 Sampling area

The sampling area is located in the Venetian Plain (Fig. 1) in
the north of Italy (Fig. 1a – coloured in red), a border area
between the north-eastern Apennines and the south-eastern
Apennines, in the central-southern part of the Middle Plain
between the Piave River and the Brenta River (Foraboschi,
2017; Libera et al., 2017).

The area is characterized by a high textural variabil-
ity of alluvial deposits with different granulometry: at
higher heights highly permeable non-consolidated gravel
sediments; at sea level terrigenous sequence with prevalent
carbonate lithologies; at lower-level clay-silty deposits of en-
vironment of coastal area lagoon (Carraro et al., 2015).

Figure 2d shows the detailed hydrogeological map of the
sampling site, in which all the wells selected are very closed
to sea level. Hydro-geologically, it consists of two units: high
and low alluvial plains, separated by a transition zone, known
as the resurgence line. The feeding dynamics of the aquifers
and the possible interactions at regional and local scale be-
tween low salinity freshwater and brackish waters are still lit-
tle known (Gattacceca et al., 2009; Baruffi et al., 2012; Mayer
et al., 2014).

Based on the processing of deep well data, available from
the database of the National Mining Office for Hydrocarbons
and Georesources (UNMIG) of the Ministry of Economic
Development, the SAMPAS project (Area Tecnico Scien-
tifica – Servizio Acque Interne, 2008) highlighted the pres-
ence of a morphological depression in the south area of Tre-
viso. This area represents a sector in which the fresh water –
salt water interface is located at a depth of about 1000 m, a
level higher than that of the neighbouring areas.

Generally, the recharge of the groundwater takes place
through river infiltrations (Brenta and Piave rivers), local
rains (800–1000 mm yr−1) and irrigation (several million
m3 yr−1) or from deep water coming from the carbonate
basement of the Venetian Alps and Prealps, where also the
waters due to the melting of snowfall flow.

Thanks to the high permeability of gravel sediments, sur-
face waters infiltrate into the sediments recharging the multi-
aquifer system of the Venetian Plain. However, this high per-
meability makes aquifers vulnerable to the diffusion of an-
thropogenic pollutants that, after a short journey, can spread
to various levels in the multi-aquifer system and that can
come from:

1. recharge areas of the Superior Plain due to the interac-
tion of surface waters with water contaminated by hu-
man activities;

2. water supply of the karst system due to leaching of
contaminants from mineralized levels with potentially
toxic-harmful metals and from the mining areas that
characterize the mountain area of the Venetian Prealps.

2.2 Sampling and analysis techniques

The investigation on tritium concerned the groundwater of
31 selected wells in an area of about 50 km2 (Fig. 1b) that
are located in a populated area, as shown in the topography
map in Fig. 1c.

The wells were only private water wells in four countries:
Quinto di Treviso, Treviso, Preganziol and Casier (high-
lighted in light yellow in Fig. 2c and d). They were drilled
wells with one well screen just at the bottom of the perfora-
tion. No pumps were needed because these were only arte-
sian aquifers so water flows under natural pressure without
pumping, as it can be seen through the hydrogeological map
of the sampling wells in Fig. 2d (Mazzola, 2003).

The waters for the determination of stable isotopes were
collected in polyethylene containers, with safety cap and
screw cap, with a maximum capacity of 200 mL, while those
for tritium in 1 L amber glass containers, with screw cap. The
depth of each well (expressed in meters) and the surface ele-
vation (m a.s.l.) are shown in Table 1.

Tritium level in groundwater samples was determined at
the Environmental Radiometry Laboratory of the ENEA Re-
search Centre of Brasimone by means of liquid scintillation
counting (LSC), as described in the ISO 9698 (2019) and
proceeded from an electrolytic enrichment phase in order
to reach measurable quantities in the samples. The ENEA
laboratory of Brasimone has a very low threshold scintilla-
tor LKB QUANTULUS for the determination of 3H in trace
(0.2–0.3 TU) and a distillation laboratory and enrichment of
aqueous samples for tritium analysis. Electrolytic enrichment
was carried out because for the aquifer bodies investigated,
the recharge times are rather long and therefore tritium val-
ues could be below the detectability threshold for most of the
sampled areas (Kaufman and Libby, 1954). For this reason,
each sample was subjected to an electrolytic enrichment pro-
cess prior to measurement. The water sample, after this en-
richment, was mixed with a homogeneous and stable scintil-
lating liquid, inserted in a vial into the measuring spectropho-
tometer. The spectrum obtained is then interpreted thanks to
the comparison with reference standards, expressing the in-
tensity of the signal detected in TU concentration. All sam-
ples were distilled and concentrated by electrolytic enrich-
ment of water from a maximum volume of 260 mL to about
10 mL. For all the samples, the counting mixture was pre-
pared with 8 mL of sample and 12 mL of scintillating liquid
(Ultima Gold LLT, Perkin Elmer, Waltham, Massachusetts,
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Figure 1. Map of the sampling site: (a) Treviso area in the north of Italy coloured in red; (b) location of the sampling wells in the south part
of Treviso area; (c) detailed topography map of the sampling wells; (d) detailed hydrogeological map of the sampling wells. All the maps are
created using QGIS 3.16 based on the map explained in Mazzola (2003). The four main withdrawal countries are highlighted in light yellow:
Quinto di Treviso, Treviso, Preganziol and Casier.

USA) and the sample was measured by liquid scintillation.
The average analytical accuracy for tritium is estimated at
0.5 TU (criterion 1σ /analytical errors), which varies for the
samples analysed from ±0.31 to ±1.01 TU based on the ef-
fective tritium contents.

Isotopic analyses were carried out at the Department of
Physics and Earth Sciences of the University of Ferrara. Hy-
drogen and oxygen isotopic ratios were determined using the
CRDS Los Gatos LWIA 24-d isotopic analyser (Marchina et
al., 2020). The isotopic ratios of 2H/1H and 18O/16O were
expressed as δ notation with respect to the Vienna Standard
Mean Ocean Water (V-SMOW) international standard. Three
bracketing standards, obtained from the Los Gatos Research
Company, were calibrated according to international IAEA
(International, Atomic Energy Agency) standards. Analytical
precision and accuracy, based on replicate analyses of stan-

dards, were better than 0.3 % and 1.0 % for δ18O and δ2H,
respectively (Marchina et al., 2019).

In this research paper we calculate the local meteoric wa-
ter lines (LMWL) that differs from the GMWL (Craig and
Gordon, 1965; Crawford et al., 2014) in both slope and
deuterium intercept, as a result of varying climatic and ge-
ographic parameters (Longinelli and Selmo, 2003; Saccon
et al., 2013; Giustini et al., 2016; Paulsson and Widerlund,
2020). The degree by which the LMWL departs from the
GMWL can reveal important information about the mete-
oric sources of water (e.g., oceanic, or terrestrial) and at-
mospheric conditions during transport (Wang et al., 2018;
Boschetti et al., 2019). The regression line between δ2H
and δ18O can also be calculated for water samples of dif-
ferent types, such as river waters, soil waters or groundwater
(Kaseke et al., 2017; Xia et al., 2020).
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Figure 2. Graph showing the different concentrations of tritium (expressed in TU= tritium unit) in the samples collected from the selected
wells, separated on the basis of the sampling area: Quinto di Treviso, Treviso, Preganziol and Casier.

In all the wells, the five mandatory parameters required
by the Directive 2000/60/EC (2020) must be analysed (dis-
solved oxygen, pH, electrical conductivity, nitrates, and am-
monium ion) and in addition chemical analyses (calcium,
magnesium, sodium, potassium, chloride, nitrate, and sul-
phate) were carried out in the same Laboratory according
to standard methods (APHA, 1992), on the waters collected
for the determination of stable isotopes. Detection limits are
1 mg L−1 for Na+, Mg2+, Ca2+ and HCO−3 ; 0.1 mg L−1 for
K+, Cl− and SO2−

4 ; and 0.01 mg L−1 for NO−3 . The results
are reported in Table 2. NH+4 and F−, Br−, NO−2 and P− un-
der detection limit.

3 Results

The term “groundwater age” is still loosely used in literature
to denote the time since recharge occurred (Suckow, 2014;
Jasechko, 2016; McCallum et al., 2014, 2015; Cartwright et
al., 2017). But this implicitly assumes simple non-dispersive,
one-dimensional flow (piston flow) where the tracer migrates
at a defined velocity, which is almost never the case in reality.
Nevertheless, Table 1 and Fig. 2 display the concentrations of
tritium for each sample, expressed in TU. All samples show
a high concentration of tritium. The samples are classified in
five categories:

1. rectangle coloured in white= tritium-free water sam-
ples that represent underground water with a long res-
idence time in the subsoil. Tritium in infiltrated waters
before 1950 is below the detection threshold since T1/2
is 12.32 years. These samples characterize aquifers with
recharge times over 70 years;

2. rectangle coloured in light grey=water samples with
tritium detected with values lower than < 0.8 TU but

Figure 3. Correlation between (a) tritium and δ18O (expressed by
the ratio 18O/16O); (b) tritium and δD (expressed by the ratio D/H)
of each samples analysed. Coloured in green the samples form
Quinto di Treviso, in black samples from Treviso, in light blue sam-
ples from Preganziol and in yellow samples from Casier.

above the detection threshold. These TU values usually
concern water with an estimated age of around 50 years
(Clark and Fritz, 1997), but considering that from 1952
to 1963 rainfall recorded an increase in tritium, due
to nuclear events in the atmosphere, it is now possible
to detect tritium even in underground waters with res-
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Table 1. Tritium concentration (expressed in tritium unit TU) for each sample of water collected, listed for similar sampling site: Quinto
di Treviso, Treviso, Preganziol and Casier. In addition, the depth of the wells and the surface elevation (m a.s.l.) are shown (ARPAV report,
2018).

Sample Site Depth Depth Surface TU Err±TU
(m) elevation elevation

(m a.s.l.) (m a.s.l.)

UFE18A01 194/18/DPF/PA – Via Brondi 6 – Quinto di Treviso 160 135 25 7.83 0.78
UFE18A03 196/18/DPF/PA – Via Giorgione 57, Quinto di Treviso 215 198 17 1.57 0.65
UFE18A04 197/18/DPF/PA – Via S. Cassiano 84, Quinto di Treviso 207 183 24 0.72 0.64
UFE18A05 198/18/DPF/PA – Via Giusti 8, Quinto di Treviso 190 172 18 – –
UFE18A06 199/18/DPF/PA – Via Boiago 21a, Quinto di Treviso 230 212 18 0.47 0.63
UFE18A07 200/18/DPF/PA – Via S. Giuseppe 3, Quinto di Treviso 188 168 20 8.23 0.78
UFE18A10 203/18/DPF/PA – Via Noalese 33, Quinto di Treviso 200 182 18 0.61 0.64
UFE18A02 195/18/DPF/PA – Via Canizzano 108, Treviso 250 236 14 0.67 0.64
UFE18A08 201/18/DPF/PA – Via Boiago 13, Treviso 207 191 16 3.98 0.71
UFE18A09 202/18/DPF/PA – Via Noalese 88a, Treviso 187 171 16 2.26 0.67
UFE18A11 204/18/DPF/PA – Via Dell’Isola 3, Treviso 190 177 13 – –
UFE18A12 205/18/DPF/PA – Via Sant’Angelo 139a, Treviso 196 182 14 3.31 0.78
UFE18A13 206/18/DPF/PA – Via Selvatico 22a, Treviso 220 207 13 3.23 0.77
UFE18A14 207/18/DPF/PA – Via Salomoni 11c, Treviso 240 225 15 0.59 0.70
UFE18A15 208/18/DPF/PA – Via Comunale San Vitale 30a, Treviso 210 195 15 0.64 0.70
UFE18A16 209/18/DPF/PA – Via San Trovaso 18, Treviso 228 215 13 – –
UFE18A17 210/18/DPF/PA – Via Della Croce 71b, Mogliano Veneto 300 291 9 2.17 0.49
UFE18A18 211/18/DPF/IC – Via Maleviste 2a, Treviso 225 210 15 0.49 0.45
UFE18A19 212/18/DPF/IC – Via Franchetti 49, Preganziol 250 238 12 8.33 0.62
UFE18A20 213/18/DPF/IC – Via Baratta Vecchia 254, Preganziol 260 247 13 1.65 0.48
UFE18A21 214/18/DPF/IC – Via Baratta Vecchia 179, Preganziol 250 238 12 2.02 0.49
UFE18A22 215/18/DPF/IC – Via Baratta Marconi 17e, Preganziol 255 245 10 1.48 0.47
UFE18A23 216/18/DPF/IC – Via Caduti nei Lager 1945 31, Preganziol 280 270 10 1.01 0.46
UFE18A24 217/18/DPF/IC – Via Schiavonia Nuova 59, Preganziol 264 257 7 0.75 0.46
UFE18A25 218/18/DPF/IC – Via Schiavonia Nuova 6, Preganziol 256 246 10 0.19 0.44
UFE18A26 219/18/DPF/IC – Via Dei Munari 2, Preganziol 220 207 13 0.78 0.46
UFE18A27 220/18/DPF/IC – Via Feruglio 13, Preganziol 260 248 12 1.86 0.31
UFE18A28 221/18/DPF/IC – Via Collegio dei Palazzi, Casier 248 238 10 1.13 0.47
UFE18A29 222/18/DPF/IC – Via Santi 96, Casier 259 250 9 1.34 0.47
UFE18A30 223/18/DPF/IC – Via Santi 38, Casier 230 220 10 0.68 0.46
UFE18A31 224/18/DPF/IC – Via Marie 3, Casier 260 250 10 6.14 0.58

idence time in the subsoil of 70 years. These samples
therefore characterize long-recharge aquifers with esti-
mated ages between 50 and 70 years (between 1969 and
1952);

3. rectangle coloured in grey=water samples with
0.8 TU< tritium< 5 TU, whose estimated age is be-
tween 10 and 50 years;

4. rectangle coloured in dark grey=water samples with
5 TU< tritium< 7 TU, whose age is estimated between
1 and 10 years (recent recharge);

5. rectangle coloured in black=water samples with
7 TU< tritium< 15 TU, affected by the possible pres-
ence of water contamination phenomena (external
sources of tritium); it should be kept in mind, however,
perturbations from the arctic area (bora wind) can be

characterized by an isotopic footprint that reflects the
injection of stratospheric air masses with higher tritium
content (due to the greater cosmogenic production at the
poles) and with very low water vapour content in this
very cold air. Consequently, the snow can show an en-
richment in tritium and in turn it can be found on the
aquifers it feeds. The concentration of tritium, however,
can rarely exceed, for the single event of precipitation,
the value of 9 TU. Considering that recharging mixes
precipitation waters of various origins, this produces a
less enriched isotopic footprint.

To better understand the relationships between tritium con-
centrations in the different wells, tritium values are corre-
lated with the results obtained for stable isotopes (deuterium,
oxygen-16 and oxygen-18) in the same samples. The value
obtained for the ratio between H/D and the ratio between
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18O/16O are shown in Table 2. The sample with the high-
est concentration of tritium is characterized by an impov-
erished value of δ18O and δD (Fig. 3). The samples col-
lected in Casier area are generally characterized by low value
of 18O/16O and D/H respect most of the other samples
(D/H between −68.2651 and −70.5881; 18O/16O between
−11.1918 and −11.5628). Instead of, for the other area, no
significant results are observed especially for the diagram
in Fig. 3a. Figure 3b shows samples collected in Preganziol
area, whose data are more closed to each other respect to the
other samples, except for the sample UFE18A19 with high
tritium value (8.33 TU).

Chemical data analyses and physic-chemical parameter as
temperature (◦C), pH, dissolved oxygen (DO – mg L−1), re-
dox potential (Eh – mV) and electrical conductivity (CE –
µScm−1) are shown in Table 2. Temperature and pH value
are generally the same in all the samples analysed: T range
between 14.2 and 18.1 ◦C; pH range between 7.5 and 8. CE
value change in a range between 362 (in UFE18A24 sam-
ple) and 663 µScm−1 (in UFE18A02 sample), but no specific
variation is observed in each sampling site, only in Casier CE
value is lower respect to the other areas. The same is for the
DO value, that varies in a range between 1.6 and 6.2 mg L−1.
On the other hand, different values are shown for Eh value,
in which a lot of samples show negative value, instead of the
other samples show high positive value, but no specific vari-
ation is observed in each sampling site.

The CE and Eh data of each water samples analyzed are
compared to the depth of each sampling wells. The results
are shown in the graphs of Fig. 4, in which no difference in
CE (Fig. 4a) or Eh (Fig. 4b) are observed, but only in the
depth of the wells: the data collected in Quinto di Treviso
show lower depth value of the wells; on the opposite, Pre-
ganziol and Casier show higher value of depth of the wells.
No correlation was also observed between the depth of the
wells and the tritium value, as shown in Fig. 4c.

For both sulphates and chlorides, no correlations are noted
with the results obtained for tritium analyses in the water
samples (Fig. 5a and b respectively). It can be seen that
the samples form Casier and Preganziol are very closed to
each other with low value of SO4 (Preganziol range between
1.4–4.4 mg L−1 and Casier range between 1.3–3 mg L−1 ex-
cluding the sample UFE18A31). The sample UFE18A31 col-
lected in Casier area is characterized by high value of tritium
(6.14 TU) and high value of SO4 (20.7 mg L−1). No corre-
lation between tritium and SO4 in the samples collected in
Treviso and Quinto di Treviso areas.

Instead of, no correlation between tritium and chlorine in
the different area analysed are observed (Fig. 5b).

Figure 5c shows the correlation between tritium and the
ratio Mg/Ca, in which all the samples are very closed to each
other, in a Mg/Ca range between 0.47 and 0.68.

The diagram 3H-Na in Fig. 5d shows that the samples col-
lected in Preganziol and Quinto di Treviso are generally sim-
ilar in concentration, except for the samples in which tritium

Figure 4. Correlation between (a) wells depth (m) and electrical
conductivity (µScm−1); (b) wells depth (m) and redox potential
(mV); (c) wells depth (m) and 3H value (TU) of each samples anal-
ysed. Coloured in green the samples form Quinto di Treviso, in
black samples from Treviso, in light blue samples from Preganziol
and in yellow samples from Casier.

is higher. On the other hands, the samples collected in Tre-
viso and Casier show any correlation.

The geochemical evolution of groundwater can be under-
stood by plotting the concentrations of major cations and an-
ions in the Piper trilinear diagram, using HydroOffice soft-
ware (Fig. 6).

The Preganziol samples (colored in blue in the diagram)
are the most homogeneous with respect to the samples col-
lected in the other three locations. In fact, in the two triangles
and in the rhombus of the Piper diagram, all the samples are
grouped together, representing waters not enriched in Ca and
Mg, but located in the sulphate-chlorate sodium-potassium
facies (Karmegam et al., 2011).
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Figure 5. Correlation expressed in mg L−1 between tritium and (a) sulphate; (b) chlorides; (c) ratio Mg/Ca; (d) sodium. Coloured in green
the samples form Quinto di Treviso, in black samples from Treviso, in light blue samples from Preganziol and in yellow samples from Casier.

Figure 6. Piper diagram for the data collected in the sampling site,
using HydroOffice software. Coloured in green the samples form
Quinto di Treviso, in black samples from Treviso, in light blue sam-
ples from Preganziol and in yellow samples from Casier.

In Casier’s samples (colored in yellow in the diagram of
Fig. 6), two groups can be distinguished, each consisting of
two samples:

– 2 samples are rich in Ca and Mg: superimposed in the
triangle Ca-Mg-Na, located in the upper part of the
rhombus diagram; one of these is rich in sulphates, the
other in chlorides;

– 2 samples are rich in Na and K and located in the lower
part of the rhombus diagram.

As for the samples collected in the wells of Quinto di Treviso
(colored in green ion the diagram), the plot shows that most
of the samples are mixed in alkaline earths (calcium, sodium,
and magnesium) and other samples show similar trend as the
samples collected in Preganziol.

The Piper diagram shows that there is no homogeneity be-
tween the wells of the different sampling sites and there is
not even homogeneity between the wells of Treviso, the data
are scattered.

In addition, the results obtained from the collected sam-
ples do not show a substantial deviation from the Global Me-
teoric Water Line (GMWL) and from the Local Meteorolog-
ical Water Line (LMWL), as shown in Fig. 7.

In autumn (October 2018) a second campaign was car-
ried out to evaluate any differences in tritium values in the
water collected in the same wells compared to the previous
campaign. The results of the two campaigns are compared in
Fig. 8.
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Figure 7. Isotopic composition of waters in the sampling col-
lected. Meteoric water lines, global (GMWL – black line) and local
(LMWL – red line), were also reported.

The maximum values of the concentrations of tritium sam-
pled in the autumn period shows values lower than 5 TU and
only two samples (UFE18A17 in Treviso and UFE18A21 in
Preganziol) are below the detection limit.

The deep-water samples collected in the wells of Pre-
ganziol and Casier show higher tritium level in spring than
in autumn.

The case of the samples collected in Treviso and Quinto
di Treviso wells is different: out of 11 wells monitored in
Treviso, in 9 of these the tritium concentration is higher in
autumn than in spring. Similar is the case study of Quinto di
Treviso, in where out of 6 wells monitored, in 4 of these the
tritium concentration is higher in autumn than in spring.

In addition, in all the four sampling sites, the wells in
where high level of tritium is observed in spring, also in
autumn has the same trend: UFE18A01 and UFE18A07
for Quinto di Treviso; UFE18A08, UFE18A09, UFE18A12
and UFE18A13 for Treviso city; UFE18A19 for Preganziol;
UFE18A31 for Casier.

4 Discussion

The analyses carried out on the samples of Treviso area show
that all the water samples analysed, even those with high TU
values, have a low radioactivity and do not exceed the lim-
its established by the Italian legislation (Legislative Decree
212, 2017), which defines in 100 Bq L−1 the limiting activity
concentration of tritium (1 TU= 0.119 Bq L−1).

The estimates of age take into account the fact that the con-
tent of tritium in groundwater is comparable to that in rain-
water. The use of tritium as tracers of young groundwater
was also confirmed by different research paper in literature

(Nir, 1964; Jurgens et al., 2012; Lindsey et al., 2019), which
classified the groundwater age used the assessment and un-
derstanding of groundwater resources based on tritium anal-
yses.

Nevertheless, the presence of tritium in groundwater with
values higher than those found in rainwater could be due to
external contributions, such as leachate from landfills, which
host auto-luminescent objects like luminescent paints, dis-
plays, light sources and GTLSs/GTLDs (Gaseous Tritium
Lights Sources/Devices), night road signs, etc. or from hos-
pital wastewaters or from biological laboratories as tritium
thymidine, which is a tracer used in microbiology labora-
tories (Tazioli et al., 2002; Tazioli, 2011). Ramaroson et
al. (2018) shown the extension of groundwater pollution
downstream in Madagascar using tritium and stable isotopes
(δ2H, δ18O) analyses. Results showed high tritium activities
probably of artificial origin.

Since the average data obtained from the Locarno station
(GNIP network) show, for the month of March, (average
2000–2009) precipitation with tritium values ranging from
a minimum of about 5 TU to a maximum of about 7 TU. It
can be said that values lower than 7 TU can reflect a very fast
refill, while values higher than 7 denote probable contamina-
tions from surface waters that have interacted with anthropic
sources.

Possible contamination phenomena can therefore concern
the samples with > 7 TU: the presence of tritium contents
significantly higher than those characterizing natural waters,
suggest that this well have been subject to the interaction
with surface waters that have mixed, in their path, with water
coming into contact with landfill leachates. However, since
there were only 3 wells with this concentration of tritium, this
could indicate that the recharge of aquifer systems through
contaminated surface waters was low.

As in our case, Jasechko et al. (2017) analyse a lot of
wells that are dominated by fossil groundwater also con-
tain detectable levels of tritium, indicating the presence of
much younger, decadal-age waters and suggesting that con-
temporary contaminants may be able to reach deep wells
that tap fossil aquifers. The same for Cook et al. (2018),
that demonstrated that in most natural systems porewater ex-
change and groundwater inflow occur concurrently. The use
of tracers, and spatial and temporal replication should pro-
vide a more complete picture of exchange processes and
the extent of subsurface mixing. Also, Zhao et al. (2018)
used stable hydrogen and oxygen isotopes to investigate the
interaction between groundwater and surface water along
two rivers in the northwest China observing corresponding
changes along these two rivers, which also provided evidence
for the groundwater-surface water interactions.

Regarding our research work, additional information on
the anthropogenic interaction were observed. The tritium
values for some wells were higher than those characteriz-
ing rainwater in the order of a few percentage points, this
probably means possible interactions with landfill leachate
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Figure 8. Tritium data comparison between the two different campaigns in the same sampling wells.

(IAEA/UNESCO, 2020). Knowing that the rate of diffusion
of tritium is major than all the other types of pollutants, this
methodology is a useful approach to highlight in advance
a plume of inorganic and organic chemical pollutants that
can compromise the aquifer in the future. It would therefore
be interesting to extend the tritium analysis to neighbouring
wells in order to better define the plume and map its origin.

In addition, isotope analyses allow us to fully respond to
the purposes of the legislation relating to environmental pro-
tection (Legislative Decree 152, 2006) in particular to wa-
ter resources following the Directive 2013/51/EURATOM
(2013).

Considering the data published by ARPAV of the last ten
years on water quality (ARPAV, 2020), and taking into con-
sideration only the data of the sampling sites close to the
wells analysed, it can be seen that in some years the waters
related to the towns of Paese and Morgano (marked in red
on the map in Fig. 9) have not always been in good condi-
tion. High concentrations of nitrates have often been found
(ARPAV report, 2011, 2012, 2013, 2014). In the ARPAV re-
port related to the 2018-year, period of sampling analysed
in this paper, the ARPAV data are all good quality without
highlighting particular anomalies. This, of course, is not in
line with the data obtained with tritium analyses, which in-
stead show considerable differences probably related to the
underground geomorphology of the sampling site.

The whole sampling area is vulnerable to contamination of
pollutants that may come from: recharge areas of the Upper
Plain for the interaction of surface waters with water contam-
inated by anthropogenic activities; water contributions from
the karst system due to the leaching of contaminants from
mineralized levels with potentially toxic metals and from the
mining areas that characterize the mountainous area of the
Venetian Pre-Alps.

Based on the processing of data from deep wells, the
SAMPAS project (Area Tecnico Scientifica – Servizio Acque
Interne, 2008) highlighted the presence of a morphological
depression in the south area of Treviso, in which the fresh-
water – saltwater interface is located at the depth of about
1000 m, a level higher than that of the neighboring areas.
This depression has favored, in the periods of marine ingres-
sion, the formation of pelitic sedimentation lagoons inter-
spersed with sands referable to lagoon systems that evolve
with dune strands towards marine conditions (Bondesan and
Meneghel, 2004) that can host fossil salt waters.

The high permeability of the high plain allows surface wa-
ters to infiltrate, thus representing the recharge area of the
water bodies of the multi-aquifer system of the Venetian
Plain. The high permeability of gravelly sediments makes
groundwater aquifers vulnerable to the spread of anthro-
pogenic pollutants which, after a short journey, can spread to
various levels in the multi-aquifer system, the vulnerability
transfers, in fact, to the semi-confined and confined system
fed mainly from the contributions of surface waters from the
high plain. As well as from surface waters, recharging can
also take place from contributions of deep water from the
carbonate basement fed, in turn, by the carbonate system of
the Venetian Alps and Prealps, into which the melting waters
of snowfall also flow. The recharge of this water table takes
place through river infiltrations (Brenta and Piave rivers), lo-
cal rainfall (800–1000 mm a−1) and irrigation (several mil-
lion m3 a−1).

For all these reasons, it is more important to better char-
acterize the geochemical fingerprint of each well to identify
the water recharge contributions and possible markers from
the interaction between water and sediments (e.g., chlorine,
sodium. . . ).
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Figure 9. Map obtained by © Google Earth of the wells sampling site coloured in yellow and coloured in red the sampling area of the
underground water analysed by ARPAV. Squared in red the towns of Paese and Morgano very closed to sampling analysed in this paper.

Future work will be implemented with all these data es-
pecially regarding the precipitation water tritium concentra-
tions that will give us additional important information re-
garding the interaction of rainwater into the aquifer.

In this research work, the analyzes showed an increase in
chlorides and electrical conductivity in the water which could
indicate salinization processes (Paine, 2003), however refer-
able to contexts of fossil waters in aquifers and not to the
intrusion of the saline wedge, as the Na/Cl is not character-
istic of the sea water and also the evolutionary trends of trace
metal compositions are not correlated with a mixing trend.
Rahal et al. (2021) indicated that the groundwater resource
is suffering from salinization, mainly due to evaporation and
leaching of soil salts, a process that is coupled with simulta-
neous cation-exchange effects. In our work this could be due
to the chloride ions presence that could interact with the soil
of the aquifer. In addition, the isotopic footprint of this mon-
itoring campaign is positioned on the GMWL meteoric line,
in accordance with the age of the recharge waters detected
through the analysis of the tritium concentration for most of
the wells. The aquifer in the Treviso plain area is, therefore,
extremely vulnerable to climate change and in particular to
prolonged drought periods, which could induce salinization
dynamics. Salinization is due to long periods of permanence
of the water in the aquifer which favors the water-rock in-
teraction (Walter et al., 2017; M’Nassri et al., 2019). The
interactions produce, in fact, a worsening of water quality,

consequently limiting water availability (Álvarez-Cobelas et
al., 2010).

Finally, tritium analyses allow to verify the presence of
strong differences in recharge by recent rainwater (Mahlangu
et al., 2020), which reflect the change in permeability of the
gravelly sediments of the High and Middle Plains compared
to the less permeable sediments of the transition area of the
springs. The results obtained show a strong variability in the
tritium units and that in only a few wells there are indicative
values of recent recharge. These vulnerable contexts require
more attention on the possible contributions of surface wa-
ter that may have interacted with anthropogenic components
(pollution).

Remembering that tritium decays exponentially, common
analysis techniques do not allow the determination of tritium
in bodies older than twenty to thirty years. Consequently, if
there are contributions of surface water in fossil aquifers,
even low percentages of recharge modify the concentration
of tritium and if there are anthropogenic contributions, tri-
tium values higher than the natural thresholds can be ob-
served.

In order to date the aquifers, it is therefore necessary to
use enrichment strategies that allow the determination of tri-
tium even in very low concentration. For this study, since the
aquifers were investigated deep bodies with low recharge, we
used the method of distillation and electrolytic enrichment
and subsequent analysis in liquid scintillation with success.
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The results highlighted differences in abundances that re-
flect possible interactions between fossil waters and surface
recharge inputs. Only on four samples the current contribu-
tion is strongly evident, while in many other samples there
are low values which may indicate either more or less long
recharge times and/or low recharge in fossil aquifers induced
by over-exploitation. The data limited to a single monitor-
ing campaign provide a temporal examination and only an-
alyzes repeated over time and in various drought conditions
can allow us to discriminate which of the two hypotheses is
realistic. Analyzing the concentration of tritium in two differ-
ent and opposite seasons (spring and autumn), it is possible
to identify important differences that highlight the different
contributions of surface water. Future analyzes in the same
seasons and at other times of the year will be able to provide
a broad spectrum of the real situation of the aquifer exam-
ined.

Considering that even insignificant volumes of recent tri-
tium water can modify the tritium footprint from fossil
aquifers, this research work through the monitoring of the
tritium content can allow to determine the vulnerability of
the aquifer with a high confidence in the results and, there-
fore, to provide a useful tool to correlate the sources of pollu-
tion with the possible geochemical anomalies observed (Ab-
dullah et al., 2018), to define targeted protection plans to
preserve strategic freshwater fossil resources from potential
risks (Pradinaud et al., 2019) and to identify the best prac-
tices for the protection of the aquifers (Ficco and Sasowsky,
2018). The identification of non-polluted freshwater free of
tritium to be protected for future generations could become
part of this perspective.

5 Conclusions

Tritium concentration analyses were performed on selected
samples of groundwater collected in different wells in the
south part of Treviso city. The high presence and concentra-
tion of this radionuclide is correlated with the young age of
the water recharge.

The results made it possible to verify, thanks to the tritium
analysis, strong differences in recharge by recent rainwater
which reflect the variation in permeability of the gravelly
sediments of the Upper and Middle Plains compared to the
less permeable sediments of the resurgence transition area.
The abundance of young waters indicates a vulnerability with
respect to possible contributions of surface waters.

The samples, in fact, had an isotopic imprint that was po-
sitioned on the meteoric line in accordance with the young
age of the recharge waters detected through tritium analyses
for most of the wells.

The aquifer in the Treviso plain area was therefore ex-
tremely vulnerable to climate change and in particular to pro-
longed drought periods which could induce salinization dy-
namics (especially shown in the spring sampling). Saliniza-

tion, generally, is due to long periods of permanence of the
water in the aquifer which favours the water-rock interaction.
The interactions produce a worsening of water quality, con-
sequently limiting water availability.

This research work allowed to better know the hydro-
geochemical characteristics of the aquifers in the pedemon-
tana area of the Venetian plain and to better understanding
the presence of the phenomena of contamination by anthro-
pogenic activities, harmful to human health.

It will be necessary to carry out several and repeated mea-
surement campaigns to constantly monitor the aquifer in the
Treviso area to better understand the recharge of the aquifer
and prevent possible pollution from outside.
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