N. Z. Stanojevié, et al.: Research on Water Interconnections within the Sar ...
392 Nuclear Technology & Radiation Protection: Year 2019, Vol. 34, No. 4, pp. 392-398

RESEARCH ON WATER INTERCONNECTIONS WITHIN
THE SAR MOUNTAINS AQUATORIUM BY RADIOACTIVE
HYDROGEN ISOTOPE TRITIUM

Nenad Z. STANOJEVIC V¥, Jelena V. DJOKIC !, and Predrag V. OSMOKROVIC >

! Faculty of Technical Sciences, University of Pristina, Kosovska Mitrovica, Serbia
2 Faculty of Electrical Engineering, University of Belgrade, Belgrade, Serbia

Scientific paper
https://doi.org/10.2298/NTRP191029040S

The waters of two lakes and two streams that dominate in the Sar Mountains aquatorium
were analyzed. The tritium profile of soil was also recorded. All samples were taken at approx-
imately the same time, together with samples of precipitation. During the period of taking
samples, the ambient temperature conditions were taken into account for ten days around the
time of sampling. Monitoring of the seasonal maximum with taking into account the ob-
tained tritium soil profile and the temperature on and around the day of sampling unambigu-
ously showed that all tested water in the Sar Mountains aquatorium is of atmospheric origin
and as such unsuitable for any major transformation for commercial purposes.
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INTRODUCTION

Water supply for the needs of the population, in-
dustry and agriculture is one of the most pressing is-
sues of today's civilization. This problem is particu-
larly relevant to the idea of obtaining energy from the
so-called renewable energy sources (RES), which in-
clude mini-hydropower plants. There is reasonable
doubt about the idea related to an increase in RES as it
has been shown that often more energy is invested in
their construction (mostly of non-renewable origin)
than can be obtained during their operation life. Also,
RES, especially mini-hydropower plants, disrupt the
ecological balance of the environment in which they
are built. For this reason, it is necessary to have the ba-
sic data i. e. the energy potential of the aquatorium
where the construction of a mini-hydro power plant is
planned. This means, among other things, quantitative
(percentage) knowledge of the atmospheric water, sur-
face water, and groundwater participation in the
amount of water intended for the operation of
mini-hydropower plants. For this purpose, commonly
used are the artificial tracers (paints) that are inserted
into the water and based on their concentration the wa-
ter connection (relationship) in the observed
aquatorium is estimated [1, 2]. However, such tracers
are not guided by the same hydrodynamic laws as wa-
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ter which leads to the measurement uncertainty type B
of the procedure itself.

In the world, as well as in Serbia, the method of
trititum concentration measurement in hydrological
studies has been present since the sixties and together
with the same method with deuterium are considered
to be the most accurate [3-5].

This paper aimed at investigating the connection
of atmospheric, surface and groundwater using tritium
which, as a natural component of water (HTO), is sub-
ject to the same hydrodynamic laws as tritium-free wa-
ter components (H,O). By now no such tests have been
carried out for the Sar Mountains aquatorium (southern
Serbia) as it was assumed that the water resources of the
mountain are purely of atmospheric origin. Such an as-
sumption is logically justified as the Serbian province
of Kosovo is extremely water-poor, so the existence of
lakes and streams at an altitude of about 2000 m can
hardly be attributed to some underground water
springs. However, this issue became relevant after the
beginning of the construction of mini-hydropower
plants in the Sar Mountains aquatorium with unproven
claims that a part of the aquatorium waters was of un-
derground origin. In addition to the research of water
interconnection within the Sar Mountains aquatorium
by aradioactive hydrogen isotope tritium, chemical and
biological analysis were carried out in parallel.
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TRITIUM IN NATURE

The level of interest in tritium has changed over
time since its discovery (1939) to the present. Its initial
high interest subsequently decreased as it was consid-
ered a fairly benign isotope [6, 7]. However, trititum
benignities is being checked in water metabolism
nowadays [8], and the use of tritium in hydrology has
become a standard method [9].

Tritium (or super heavy hydrogen) is a radioac-
tive isotope of hydrogen of 0.0002 % abundance.
Abundance of tritium in natural hydrogen is changing
due to human activities so that this percentage should
be understood conditionally [6]. Tritium is produced
by nuclear reactions and the most important are
[10-12]

D+D=T+H+4MeV (1
SLi+n=4He + T+ 4.69 MeV (2)
0B + 5, =9Be + T+ 0.2 MeV (3)
UB 4+ =%Be + T+ 9.6 MeV 4)
UN+n="2C+T+4.5MeV )

N + 5 =33He + T+ 11.5 MeV (6)
9Be +n="5Be + T+ 5.53 MeV ™)
D+n=T+y (®)

The artificial trittum was obtained for the first
time by reaction (1). Reactions (5) and (6) are associ-
ated with the formation of tritium in the upper layers of
the atmosphere under the influence of fast neutrons of
cosmic radiation. Nuclear power plants, especially
heavy-water reactors, are the most important perma-
nent producer of tritium. In reactors, tritium is formed
as a fission fragment in 0.01 % yield by reactions (7)
and (8) which take place in the active zone. Over 70 %
of the tritium thus produced remains at the site of for-
mation, and the rest goes into the natural environment
which continuously (in correlation with the develop-
ment of nuclear power) increases the concentration of
trittum in nature [ 13]. Based on this presentation, it can
be concluded that the total amount of tritium in nature
can be divided by origin into natural and artificial. The
most important natural sources of tritium are the upper
layers of the atmosphere wherein, under the action of
high-energy neutrons of cosmic radiation, reactions
(5) and (6) take place. Fast neutrons of cosmic radia-
tion also produce trittum causing the decay of heavy
elements in the Earth's crust. The yield of these reac-
tions is less than the total amount of natural tritium in-
dicating that cosmic radiation and interactions in the
oceans create some additional tritium [14-16]. Artifi-
cial sources of tritium are thermonuclear explosions
and nuclear power plants. Since 1953, thermonuclear
explosions have been responsible for the insertion of

Table 1. Tritium concentration before thermonuclear
explosions and at the contemporary level. The TU unit is
defined as the ratio of one tritium atom to 10'® hydrogen
atoms

Tritium concentration [TU]

Before 1953 Present situation
Oceans 0.54 10
Rivers 2.5-6 300
Precipitation 10 100-200

large amounts of trittum in nature, tab. 1 [17]. Tritium
is usually measured in trittum units where 1 TU is de-
fined as the ratio of 1 tritium atom to 10'® hydrogen at-
oms, approximately equal to 0.118 BqL™"'.

Application of tritium in hydrology

The most common form of tritium in nature is
HTO (called tritiated water). The molecules of tritiated
water enter the hydrological cycle within which (ex-
cept for phase transitions) they behave identically to
ordinary water molecules. At phase transitions HTO
behaves like other heavier components of water i. e.
with a lower vapor pressure (at 15 °C the vapor pres-
sure of the tritiated water is 10 % lower than in H,0).
The concentration of HTO, in all phases of the hydro-
logical cycle, is also affected by the average age of the
tritiated water molecules due to tritium losses from the
system by radioactive decay. Properties of tritium, as
well as the properties of the tritiated water, enable the
use of tritium in hydrology, which consists of testing:
groundwater restoration, infiltration of precipitation
into the soil, surface water and groundwater communi-
cation and determination of groundwaterage [18, 19].

The so-called excess water [2] is negative from
April to August, and positive from August to April
with high values in the winter period [20]. Change of
the trittum concentration in precipitation seasonal
minimum corresponds to the negative part of the ex-
cess water. It can be concluded that isotopic fluctua-
tion, which reflects the mechanism of renewal, is a
correlation of several magnitudes, making it difficult
to unambiguously conclude its monitoring [21-23].
For the Balkan geographical position, low average an-
nual temperatures can be considered to lead to an in-
crease in excess water in winter and that the change in
tritium concentration in the restoration waters follows
the trititum concentration in precipitation (since most
of the precipitation is in winter when renewal is mini-
mal) [24].

The initial application of tritium for hydrologi-
cal purposes was as an artificial tracer for studying the
penetration of precipitation water through the soil [25,
26]. At the same time, high concentrations of tritium
were injected into the water at the infiltration sites and
the further process was monitored by time. More re-
cently, natural trittum has been used for this purpose.
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Specifically, by recording the so-called tritium profile
for the composition of the observed soil, we can deter-
mine the infiltration rate through the soil, by infiltra-
tion mechanism and a fraction of precipitation which
in the longer period performs renewal of water [27,
28].

For the last thirty years, tritium has been used to
determine the connection between groundwater and
surface water. In general, in one hydrological system,
the movement of water, and therefore tritium, can be
shown according to the scheme in the fig. 1 [7, 8, 24].

The equilibrium equation for each area of the
scheme in fig. 1 is [27, 28]

QiTi :QoTo (1)

where Q; and Q, are the input and output components,
and 7; and T}, are the corresponding trititum concentra-
tions. The application of this equation is simple,
namely, the measurement of trititum concentration in
each component of Q; and the knowledge of one of the
components makes it possible to determine the other
component.

A very important feature of groundwater is its
age. The age of some groundwater means the time
elapsed since its entry into the underground. The basic
method of determining the age of groundwater using
radioactive isotopes is to record the change in radioac-
tivity of the water over time. It should be noted that due
to the heterogeneity of underground systems, it is not
possible to use the exponential decay law since its ap-
plication would require a strictly isolated system. For
this reason, the exponential model is used with the fol-
lowing classification: 1—trittum content between 3 TU
and 10 TU indicates that the groundwater is over 40
years old; 2- trittum content greater than 20 TU means
thatitis of more recent origin [29]. Of course, there are
more precise divisions as well as completely different
divisions for thermal waters. It should be noted that tri-
tium is not the only isotope that can be used to deter-
mine the age of groundwater. The tritium field of ap-
plication is for waters younger than 30 years. In
systems containing water of different ages, carbon '4C

VAPORIZATION

DISCHARGE

Figure 1. Flow diagram of water and tritium in the
hydrological system

PRECIPITATION

and silicon *2Si are used in addition to tritium to deter-
mine the proportions of the various components [29].

EXPERIMENT

Experimental determination of tritium activity
took place in the following stages: sample taking, sam-
ple preparation for enrichment, sample enrichment,
preparation of the enriched sample for measurement,
and measuring tritium activity in the sample.

When sampling, care must be taken to ensure
that the sample is a true representative of the analyzed
water. Care should also be taken that after sampling
the sample must not be in contact with atmospheric
moisture. Therefore, the samples are sent immediately
after taking in one-liter, filled to the top and well
closed, polyethylene bottles for further processing. To
determine the waters connection in the Sar Mountains
aquatorium, fig. 2, samples were taken from 1 —
Jazinagko Lake (fig. 3), 2 — Strbacko Lake (fig. 4), 3 —
Durlov Creek (fig. 5), and 4 — Berevacki Creek (fig. 6).
Sampling was performed five times in one calendar
year (2018). The samples thus obtained are marked
chronologically by amonth of sampling: 1 —January, 2
— April, 3 - July, 4 — September, and 5 — December. At
the same time with the mentioned samples, precipita-
tion samples (rain or snow) were also taken.

To measure the tritium activity all of the standard
methods used in the measurement of ionizing radia-
tion can be implemented and using a gas counter, nu-
clear emulsion, as the detector. The main problem of
measuring tritium activity using the standard methods
is that trittum emits low-energy beta particles so it
must be introduced directly into the detector active

Figure 2. véar Mountains aquatorium: I — JaZinacko
Lake, 2 — Strbacko Lake, 3 — Durlov Creek,
4 — Berevacki Creek
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Figure 3. JaZinacko Lake

Figure 4. Strbatko Lake

zone (into the working volume of the counter, into the
liquid scintillator, or the ionization chamber). In most
cases, the trittum activity of natural waters is measured
by a scintillation counter. The liquid phase scintillator

Figure 5. Durlov Creek

Figure 6. Berevacki Creek

can be used to determine the water activity of more
than 40 TU from a sample of about 10 ml of water,
without any preliminary preparations and with stan-
dard measuring equipment. This is quite satisfactory
for the detection of tritium inserted as a tracer, but for
natural tritium with an average concentration up to 20
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TU, such a procedure is not sufficiently precise so
sample enrichment is necessary.

Sample enrichment is the most important part of
the process for determining the apparent tritium concen-
tration. Typically, enrichment is performed by a factor of
10to 100. All methods that are normally used for isotopic
enrichment can be applied (distillation, chromatography,
diffusion, electrolysis, and centrifugation).

Electrolysis is the most commonly used enrich-
ment method (and was also used in this research).
Electrolysis enrichment is based on the abandonment
of hydrogen in the gas phase from a solution after the
electrolysis of water. The rate of hydrogen evolution
far exceeds that of deuterium and tritium. Therefore,
the separation factor is greater for tritium than for deu-
terium and for deuterium greater than for hydrogen.
As a result of this phenomenon, the concentration of
tritium in the electrolyte residue increases progres-
sively during electrolysis. The combined measure-
ment uncertainty of the total measurement of tritium
activity was less than 10 % [30-32].

RESULTS AND DISCUSSION

In figs. 7-10 the measured tritium content is
shown in the precipitation and in Jazinacko Lake,
Strbacko Lake, Durlov Creeks, Berevacki Creeks, re-
spectively.

From figs. 7-10, it can be concluded that all the
waters of the observed aquatorium are of atmospheric
origin. The noticeable differences between fig. 7-10
are a consequence of the ratio of the precipitation vol-
umes of water to water in lakes or torrents. These fig-
ures also show a decrease in the concentration of tri-
tium in the winter months. In the winter months, when
precipitation is the highest, there is a previously ex-
plained decrease in tritium concentration. The same
effect, in a slightly milder form, is felt during the sum-
mer months as water tests were carried out at high alti-
tudes, which reduced the trititum concentration in pre-
cipitation. Unlike flowing water, lake water is the
water of older origin, which is reflected by its slower
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Figure 7. The content of tritium at the site JaZinacko
Lake; full line — precipitation, dashed line — lake water
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Figure 8. The content of tritium at the site Strbacko
Lake; full line — precipitation, dashed line — lake water
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Figure 9. The content of tritium in precipitation and in
Durlov Creek; full line — precipitation; dashed line — lake
water
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Figure 10. The content of tritium in precipitation and in
Berevacki Creek; full line — precipitation; dashed line —
lake water

monitoring of the seasonal (summer) maximum in pre-
cipitation waters. The difference that can be observed
between the ratio of tritium concentration in precipita-
tion water and water from Durlov and Berevacki
Creeks is due to the configuration of the terrain. Pre-
cipitation water into the Durlov Creek, for much of its
course, flows to the stream through the ground (which
can be noticed when examining the tritium soil profile
and the profile completely agrees with the observed
delay of tritium concentration in stream water and pre-
cipitation water). During the examination, it was not
possible to detect the existence of any larger basin with
groundwater unrelated to precipitation.
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CONCLUSION

An analysis of the tritium concentration in the
waters of Strbatko Lake, JaZinatko Lake, Durlov
Creek, and Berevacki Creek (which form the back-
bone of the aquatorium of the observed part of the Sar
Mountains) clearly shows that all the waters of this
aquatorium are of atmospheric origin. Some differ-
ences in the temporal positioning of the seasonal maxi-
mum are due to the aging of the waters in the lakes and
the different morphological composition of the soil,
which causes different tritium profiles (which were
also recorded during the experiment, but for reasons of
rationality they are not shown in this paper). From the
above it can be concluded that the waters in the Sar
Mountains aquatorium should not be commercialized
because they are unpredictable as an energy source,
and their commercialization could produce changes in
the eco and biosystems of the mountain.
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Henan 3. CTAHOJEBUR, Jenena B. BOKWH, [Ipegpar B. OCMOKPOBUh

NCIIMTUBAIE MELBYCOBHE IIOBE3AHOCTU BOJA AKBATOPUJYMA
AP-ITAHUHE TPULINJYMOM, PAITMOAKTUBHUM HU30TOIIOM BOJOHMKA

Y papay je npuKa3aHO UCIUTHUBAE MOPEKIA U IOBE3aHOCTH Bofla akBaTopujyMa lllap-nnanune.
Amnanu3upase cy BOjie je3epa 1 ABa II0TOKa KOju IOMUHUPA]y OBUM akBaTopujyMmoM. Takobe cy n3Bpiiena n
CHUMama TPULHjYMCKOT Mpoduiia 3eMJbHIITA Off HHTepeca. ¥Y3umaHu cy (110 MOryhHOCTH) HCTOBpEeMEeHN
y30pIM TajlaBiHa y WCOUTHBAHOM pejoHy. [IpmnmkoMm y3mMama y30paka BOAWIO CE€ padyHa o
TEeMIIepaTypCKUM YCIOBMMa aMOWjeHTa JeceTak jlaHa OKO TpeHyTKa y3uMama y3opaka. [Ipaheme
CE30HCKOT MAaKCUMYMa, Y3 y3UMame y 003Up JOOUjeHOT TPHUIUjYMCKOT NpOo(uia 3eMJBHINTA U TEMIepa-
Type Ha faH y3uMama (A OKO Iera), HEIBOCMHCIIEHO je MOKa3ajo fia je CBa BOja aKBaTOpHjyMa
ucutuBaHor feina lllap-mnanmae aTMocepckor mopekia U Kao TakBa HEIOrofiHa 3a Omiio KakBa Beha
OpeoOIMKOBamka Y KOMEPIHjalHe CBPXE.

Kwyune peuu: mpuyujym, puyupana 6ooa, impacuparse 600a, aksaiiopujym llap iananuna



