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Abstract 

The stable isotopic composition of hydrogen and oxygen (82H and 8lsO) and tritium activity (3H) are monitored 
in monthly precipitation at Ljubljana since 1981. Here we present complete set of numerical data and the statisti- 
cal analysis for period 1981-2006. Seasonal variations of 82H and 8lsO are observed and are typical for Continental 
stations of the Northern Hemisphere. The weighted mean 82H and 8lsO values are -59 %0 and -8.6 %0, respectively. 
The orthogonal Local Meteoric Water Line is 82H = (8.06 ± 0.08)8180 + (9.84 ± 0.71), and the temperature coefficient 
of 8lsO is 0.29 %o/°C. Deuterium excess weighted mean value is 9.5 %0 and indicates the prevailing influence of the 
Atlantic air masses. Tritium activity in monthly precipitation shows also seasonal variations which are superposed 
to the decreasing trend of mean annual activity. 

Izvleček 

Spremljanje izotopske sestave kisika in vodika (82H in 8lsO) ter aktivnosti tricija (3H) v mesečnih vzorcih padavin 
poteka v Ljubljani od leta 1981. V prispevku predstavljamo celoten niz pridobljenih podatkov in osnovne statisti- 
čne obdelave za obdobje 1981-2006. Opažene sezonske spremembe 82H in 8lsO so značilne za kontinentalne postaje 
severne poloble. Srednje tehtane 82H in 8180 vrednosti znašajo -59 %o oziroma -8.6 %o. Ortogonalno lokalno pada- 
vinsko premico (LMWL) lahko zapišemo kot 82H = (8.06 ± 0.08)8180 + (9.84 ± 0.71), temperaturni koeficient za 8lsO 
pa znaša 0.29 %/°C. Srednja tehtana vrednost devterijevega presežka (deuterium excess) znaša 9.5 %o in nakazuje 
prevladujoči vpliv zračnih mas iz Atlantika. Tudi podatki o aktivnost tricija v mesečnih padavinah kažejo sezonske 
spremembe, ki nakazujejo hkrati padajoči trend srednje letne aktivnosti. 

Introduction 

The stable isotope ratios of oxygen (lsO/160) and 
hydrogen (2H/4H) and the radioactive isotope tri- 
tium (3H) offer a broad range of possibilities for 
studying processes within the water cycle and 
thus became an important tool not only in isotope 
hydrology, routinely applied in studies of the ori- 
gin and dynamics of surface and groundwaters, 
but also in studies related to atmospheric circu- 
lation and paleoclimatic investigations (Araguas- 
Akaguas et al., 2000). Understanding the forma- 
tion of precipitation and its isotopic composition 
(8lsO, 82H and 3H activity), as well as a knowledge 
of temporal and spatial variations in the amount 
and mode of precipitation and in its isotopic com- 
position, are important for basin-wide balance 
studies (e.g. Gat, 1996). 

Most European countries have established net- 
works of stations where isotopic composition of 

precipitation is regularly determined on monthly 
basis. In Slovenia, the precipitation monitoring 
programme is performed in the framework of the 
regular activities of the Environmental Agency 
of the Republic of Slovenia. However, monitor- 
ing of isotopic composition of precipitation is not 
included into the regular national programme 
but has been performed at Ljubljana by the Jožef 
Stefan Institute since 1981. The data obtained are 
part of the worldwide monitoring of isotopes in 
precipitation and are included into Global Net- 
work of Isotopes in Precipitation (GNIP) organ- 
ised jointly by the International Atomic Energy 
Agency (IAEA) and the World Meteorological Or- 
ganization (WMO) (IAEA 1986,1990, 1994; Pezdič, 
2003). The GNIP database contains data on iso- 
topic composition of hydrogen and oxygen, and 
relevant meteorological data on a monthly basis, 
and is thus extremely valuable for modelling cli- 
matic changes, as well as in hydrological and hy- 

https://doi.org/10.5474/geologija.2008.018

https://doi.org/10.5474/geologija.2008.018


170 Polona Vreča, Ines Krajcar Bronič, Albrecht Leis & Mihael Brenčič 

drogeological investigations (IAEA/WMO, 2008). 
However, GNIP data are collected and published 
slowly. Therefore, the main purposes of this paper 
are to 1) report on history of monitoring of iso- 
topic composition of precipitation at Ljubljana, 
2) to present the long-term monthly record, and 
3) to present basic statistical evaluation of avail- 
able data for period 1981-2006. 

Basic definitions 

There are three naturally occurring isotopes of 
hydrogen ('H - protium, 2H - deuterium and 3H 
- tritium) and three isotopes of oxygen (160, 170 
and ieO) that are also constituents of the water 
molecule. Among water isotopes only 3H is radio- 
active and decays spontaneously over time while 
the other water isotopes are stable. 

Stable isotopes of hydrogen and oxygen 

Stable isotopic compositions of hydrogen and 
oxygen are normally reported as 8 values in units 
of parts per thousand (%o) relative to a standard 
V-SMOW (Vienna-SMOW). 8 values are calculated 
by: 

SYZ = (Rx/Rs - 1) • 1000 (1) 

where YZ is 180 or 2H, R denotes the ratio of the 
heavy (less abundant) to light (more abundant) 
isotope (e.g., 2H/1H, 180/160), and Rx and Rs are the 
ratios in the sample (x) and standard (s), respec- 
tively. A positive 8 value means that the isotopic 
ratio R of the sample is higher than that of the 
standard, and the sample is “heavier” or enriched 
relative to the standard; a negative 8 value means 
that the isotopic ratio of the sample is lower than 
that of the standard; the sample is “lighter” or de- 
pleted. 

The observed variations of stable isotopic com- 
position of hydrogen and oxygen in natural waters 
are closely related to isotopic fractionation occur- 
ring during the evaporation and condensation of 
water, when the heavy water molecules prefer- 
entially remain in or pass into the liquid (solid) 
phase, respectively (Araguas-Araguas et al., 2000). 
When water evaporates from the surface of the 
ocean the water vapour is enriched in 'H and 10O 
because 'H2

lsO has a higher vapour pressure than 
a water molecule containing deuterium or lsO. 
Water vapour living the surface of the ocean cools 
as it rises and precipitation forms when the dew 
point is reached. Consequently, during removal 
of precipitation from a moist air mass, the resid- 
ual vapour is continuously depleted in the heavy 
isotopes, because the water leaving the system is 
enriched in deuterium and 180 (Craig & Gordon, 
1965, Schotterer et al., 1996). The theoretical ap- 
proach to explain isotope variations in meteoric 
waters evolved from the models that are based on 
Rayleigh condensation, with immediate removal 
of precipitation or with a part of the condensate 

being kept in the cloud during the precipitation 
process (Dansgaard, 1964; Rozanski et al., 1993). 

In ali processes concerning evaporation and 
condensation, hydrogen isotopes are fractionated 
in proportion to oxygen isotopes. Therefore, hy- 
drogen and oxygen isotope distributions are cor- 
related in meteoric waters. Craig (1961) first de- 
fined the relation generally known as the “Global 
Meteoric Water Line” (GMWL): 

82H = 8 8lsO + 10 (2) 

Craig’s GMWL is only global in application, 
and is actually an average of many local or re- 
gional meteoric water lines that differ from the 
global line due to varying climatic and geographic 
parameters. A key observation made by Craig was 
that isotopically depleted waters are associated 
with cold regions and enriched waters are found 
in warm regions. This partitioning was soon rec- 
ognized as a tool for characterizing groundwater 
recharge, and is now the basis of groundwater 
provenance studies (Clark & Fritz, 1997). 

Craig’s GMWL was later refined from a world- 
wide monitoring of the stable isotopic composi- 
tion of precipitation (Rozanski et al., 1993, Gourcy 
et al., 2005). The regression line for the long-term 
averages (1961-2000) of SlsO and 82H in precipita- 
tion from nearly 410 stations in the IAEA/WMO 
network added some precision to Craig’s GMWL 
(Gourcy et al., 2005): 

82H = (8.07 ± 0.02) 8180 + (9.9 ± 0.01) (3) 

Furthermore, Dansgaard (1964) proposed the 
use of the value, d - deuterium excess, to char- 
acterize the deviation of isotopic composition of 
precipitation from GMWL. The value d is defined 
for a slope of 8, and is calculated for any precipi- 
tation sample as: 

d = 82H - 8 S180 (4) 

Neither the numerical coefficient, 8 (Eq. 2), nor 
the d value (Eq. 4), are really constant, but depend 
on local climate. 

The first detailed evaluation of the equilibrium 
and nonequilibrium factors that determine the iso- 
topic composition of precipitation was published 
by Dansgaard (1964). He demonstrated that the 
observed geographic distribution in isotopic com- 
position of precipitation is related to many envi- 
ronmental parameters, such as latitude (latitude 
effect), altitude (altitude effect), distance from the 
coast (Continental effect), amount of precipitation 
(amount effect), and surface air temperature. 

The two main factors that control the isotopic 
character of precipitation at a given location are 
the temperature of condensation of the precipita- 
tion and the degree of rainout of the air mass (the 
ratio of water vapour that has already condensed 
into precipitation to the initial amount of water 
vapour in the air mass). Most water vapour in the 
atmosphere is derived from evaporation of low- 
latitude oceans. Precipitation derived from this 
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vapour is always enriched in deuterium and 180 
relative to the vapour, with the fractionation be- 
tween the rain and vapour as a function of con- 
densation temperature. Therefore, Progressive 
rain out as clouds move across the continent caus- 
es successive rainstorms to become increasingly 
lighter. For example, non-equilibrium evapora- 
tion from the ocean with a S180 = 0 %o produces 
vapour of -12 %o. Later equilibrium condensation 
of precipitation from this vapour results in water 
with a S180 = -3 %> and residual vapour with a 8180 
= -21 %0 (Ingraham, 1998). 

The correlation between local surface air tem- 
perature and the isotopic composition of precipi- 
tation is of special interest mainly because of the 
potential importance of stable isotopes as paleo- 
climatic indicators. However, this correlation is 
typical for mid and high latitudes where season- 
ally changing temperatures lead to variations in 
the total precipitable water, due to the varying de- 
grees of rain out from air masses as they are trans- 
ported polewards. Contrary, low latitudes show 
different response. Isotopic content is modulated 
by the seasonal variations in the amount of pre- 
cipitation (Schotterer et al., 1996). 

At a given location, the seasonal variations 
in 8180 and 52H values of precipitation and the 
weighted average annual 8lsO and 82H values of 
precipitation remain fairly constant from year to 
year. This happens because the annual range and 
sequence of climatic conditions (temperatures, 
vapour source, direction of air mass movement, 
etc.) do not change significantly from year to year. 
In general, precipitation in the summer is isotopi- 
cally heavier than precipitation in the winter. This 
change in average isotopic composition is princi- 
pally caused by seasonal temperature differences 
but is also affected by seasonal changes in mois- 
ture sources and storm tracks. In the čase of snow, 
various post-depositional processes, such as melt- 
ing and subsequent infiltration of surface layers 
and evaporation, may alter the isotopic content of 
the snow pack, often leading to melt water 8 val- 
ues that become progressively enriched (Ingraham, 
1998). 

Tritium 

Tihtium is the radioactive isotope of hydrogen, 
3H, which is naturally produced in the upper at- 
mospheric strata by the reaction of cosmic radia- 
tion (thermal neutrons) with nitrogen atoms: 

14N + n —> 15N —> 12C + 3H (5) 

Tritium combines/reacts in the atmosphere 
with oxygen to form water and may precipitate 
on earth as rain and thus reach the groundwater. 
Tritium is usually symbolised as T. Its concentra- 
tion in water is commonly expressed in Tritium 
Units (TU): 1 TU corresponds to 1 atom 3H per 1018 

atoms XH. Tritium may also be reported in terms of 
activity concentration in BqL_1, which is related 
to the commonly used TU as 1 TU = 0.118 BqL_1 

(Ingraham, 1998; Gat et al., 2001). 

Tritium decays by (3-decay with a half-life of 
12.32 years (Lucas & Unterweger, 2000). The at- 
mospheric concentration of tritium prior to 1953 
was about 3-5 TU. Due to nuclear weapon tests the 
concentrations in precipitation up to 1963 reached 
several thousand TU (Ingraham, 1998). Part of the 
tritium was flushed out rapidly from the tropo- 
sphere, but most reached the stratosphere where 
its residence time is of the order of years. Since the 
early 1960s, the concentration of tritium in pre- 
cipitation and meteoric waters has significantly 
dropped. This reduction in concentration is due 
in part to radioactive decay; however, a large fac- 
tor is that the tritium is being lost to the oceans 
that are naturally tritium-free due to the mass of 
the oceans and long residence time of water in the 
oceans (Ingraham, 1998; Gat et al., 2001). 

The seasonality of the stratosphere-to-tropo- 
sphere transport results in the marked seasonal 
cycle of the tritium content in precipitation, op- 
posite in phase between the Northern and South- 
ern Hemisphere (Gat et al., 2001). Maximal con- 
centrations are observed in early summer, and the 
minimal winter concentrations already approach 
the pre-bomb levels. 

Basic climatic characteristics 

The characteristic geographic diversity influ- 
ences the climate in Slovenia considerably (Pučnik, 
1980). Consequently, there is a mixture of (1) a 
Continental climate that influences the major part 
of Slovenia, (2) an Alpine climate that influences 
the NW part of Slovenia, and (3) along the N Adri- 
atic coast the sub-Mediterranean climate prevails. 
Furthermore, there are four major air masses in- 
fluencing the weather in Slovenia: (1) maritime 
polar air masses, which originate in the North- 
ern Atlantic and North Sea; (2) maritime tropical 
air masses, which originate predominantly in the 
Azores; (3) Continental tropical air masses, origi- 
nating from northern Africa and Asia Minor; (4) 
Continental polar air masses, which originate in 
Scandinavia, Finland, Russia, and the Pannon- 
ian Plain. Both maritime air masses are generally 
moist, containing considerable amounts of water 
vapour, while Continental air masses are usually 
drier. Ljubljana is located in central Slovenia and 
is consequently under the influence of different 
climate regimes described above. 

History ol’ sampling 

Monitoring of isotopes in precipitation started 
in Ljubljana in 1981 (Pezdič, 1999). Samples were 
collected at meteorological station Ljubljana - 
Bežigrad at former Hydrometeorological Survey of 
Slovenia (today Environmental Agency of the Re- 
public of Slovenia; 46°03’N, 14°31’E; 299 m a.s.l.). 
In 1993 collection of precipitation was moved to 
the Jožef Stefan Institute (46°03’N, 14°29’E; 292 m 
a.s.l.). Finally, the station was moved to the Reac- 
tor Centre of the Jožef Stefan Institute (46°06’N, 



172 Polona Vreča, Ines Krajcar Bronič, Albrecht Leis & Mihael Brenčič 

 /    ' ' & j 'V •> . Mn* /^-v - r 1 ■ ■* 'N 

jflK / 
/ I 

T"\\ " * 

\\ U #A 

; • ; - ’ '■'% :b'yrF" ar* -‘J- 

/ 
U/" .M 

3 

/ sife: . H/' ,r" 

JK 
®S, Š9šjs£>i$n! Tf-'/ 'v L.F9 

/ ' I F LJUBLJANA -• .- v\/ • 
/ — Tfcf 

. 7- 
'k«® 

JV: 'KS ! tes -o-?-. •v 
ilst 2 

Sr •'• •' • v; I f 
f!'-: ~T$V 

@ 

"s ‘'.v..-. •■••'.-s? 

mmm 
■ muMr * * 

  l_s ■. 

IT -'1 

%J / 
;1; J? / , 7;. v . 

Figure 1. Location map. Stations: 1 - Ljubljana - Bežigrad, 2 - Jožef Stefan Institute, 3 - Reactor Centre of the Jožef Stefan 
Institute. 

14°36’E; 282 m a.s.l.) in the vicinity of Ljubljana 
in September 2000. Location of sampling stations 
is presented in Figure 1. Meteorological data (pre- 
cipitation amount, temperature and vapour pres- 
sure) are obtained from Ljubljana - Bežigrad me- 
teorological station (46°03’N, 14°31’E; 299 m a.s.l.). 
Precipitation amount is recorded also at the Re- 
actor Centre since October 2002. Data have been 
regularly published until 1994 in IAEA Technical 
Reports Series (1986-1994), and are now available 
on internet (http://ndsl21.iaea.org/wiser/). Some 
previous analyses of isotopic composition of pre- 
cipitation in Ljubljana have been published by 
Krajcar Bronič et al. (1998), Pezdič (1999, 2003), 
Vreča et al. (2005, 2006, 2007), and Ogrinc et al. 
(2008). 

Isotope analyses 

The stable isotopic composition of water sam- 
ples was measured on a Varian MAT 250 mass spec- 
trometer at the Jožef Stefan Institute till the end of 
2003. The oxygen isotopic composition (Sl80) was 
measured by means of the water-C02 equilibration 
technique (Epstein & Mayeda, 1953). The isotopic 
composition of hydrogen (52H) was determined by 
means of the H2 generated by reduction of water 
over hot zine. In the beginning a dynamic method 
was used and after 1988 a static method was ap- 
plied (Pezdič, 1999). Latter, in 1998, the reduction 
of water over hot chromium as proposed by Gehre 
et al. (1996) was applied. Since 2004 stable iso- 
topic composition of water samples is determined 
at Joanneum Research. The oxygen isotopic com- 
position is determined on a dual inlet Finnigan 
DELTAplus by means of the fully automated equi- 

libration technique and the isotopic composition 
of hydrogen is determined on a continuous flow 
Finnigan DELTAplus XP mass spectrometer with an 
HEKAtech high-temperature oven by reduction of 
water over hot chromium (Morrison et al., 2001). 
Ali measurements were carried out against labo- 
ratory standards that were periodically calibrated 
against international standards recommended by 
the IAEA. Measurement precision was better than 
±0.1%o for 8lsO and ±l%o for 52H. 

Tritium activity (A) in monthly samples has 
been determined at the Rudjer Boškovič Institute 
in Zagreb by the gas proportional counting tech- 
nique. Methane obtained in the reaction of water 
with A14C3 at 150°C has been used as the count- 
ing gas (Horvatinčič, 1980). Gas quality control 
has been performed by simultaneous monitoring 
of the count rate above the tritium channel, i.e., 
above 20 keV (Krajcar Bronič et al, 1986). Results 
are expressed in Tritium Units (TU), where 1 TU 
= 0.118 Bq/L, and the limit of detection is 1.5 TU. 
Tritium in some samples (second half of 2003) 
was determined at the Isotope Hydrology Section 
Laboratory at the IAEA by the liquid scintillation 
counting technique. 

Data reduction 

Basic deseriptive statisties, i.e. mean, minimum 
value and maximum value, were calculated to de- 
seribe variation of the data. Deuterium excess (d) 
was also determined. Furthermore, mean 8lsO, 82H 
and d values weighted by the amount of precipi- 
tation were calculated from the monthly data as 
follows: 
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x = 

Y,p,x 

(6) 

where X denotes the 8180, 82H or d, P the precipi- 
tation amount and i the individual monthly pre- 
cipitation sample. The summations are over ali 
collected samples per year and per month over the 
period. The minimum required number of data 

was eight monthly measured samples per year and 
more than 70 % of total precipitation collected per 
year. 

The two methods of linear correlation between 
82H and SlsO usually applied in stable isotope 
studies have been calculated: the least squares fit 
(LSF) and the orthogonal regression, known as 
the reduced major axis (RMA) line (IAEA, 2002). 
The lines are defined as local meteoric water lines 
- LMWL. 
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Figure 2. Monthly precipitation amount and mean monthly temperature at station Ljubljana - Bežigrad for period 1981-2006. 
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Figure 3. 
Mean monthly 
precipitation 
amount and 
mean monthly 
temperature at 
station Ljubljana 
- Bežigrad for 
periods 1971-2000 
and 1981-2006. 
Mean monthly 
precipitation 
amount at sampling 
station Reactor 
Centre for period 
2003-2006 
is shown for 
comparison. 

Results and discussion 

Precipitation amount and temperature data 
for Ljubljana - Bežigrad station for the period 
1981-2006 are presented graphically in Figure 2. 
Long-term climatic data show typical Continen- 
tal climate distribution with higher precipitation 
amounts in summer months with a maximum usu- 
ally in June and minimum during winter, usually 
in January. The only month without precipitation 
in the data set was January 1989. The maximum 
monthly amount in the data set was recorded in 
October 1992 (505 mm). The mean precipitation 
amount for Ljubljana - Bežigrad station in the 
period 1971-2000 was 1368 mm and during the 
isotope monitoring period 1981-2006 was 1346 
mm. Figure 3 shows mean monthly precipitation 
amount and temperatures for the period 1981 
-2006 compared with the 30-yr-long meteorologi- 
cal period 1971-2000. In addition, mean monthly 
precipitation amount recorded in the 2003-2006 
period at the Reactor Centre is also presented 
in Figure 3. The observed annual pattern shows 
generally lower precipitation amount with mean 
value of 1126 mm at the Reactor Centre then at 
meteorological station at Ljubljana - Bežigrad. 

The long-term temperature maximum is obser- 
ved in July and the minima in January (Figure 
3). During the observation period the maximum 
monthly temperature was recorded in August 2003 
(24.2 °C) and the minimum in January 1985 (-5.0 
°C) (Figure 2). The mean temperature for Ljublja- 
na - Bežigrad station in the period 1971-2000 was 
10.2 °C and during the isotope monitoring period 
1981-2006 the mean temperature was 10.6 °C. 

Ali results of monthly isotopic composition of 
precipitation obtained from May 1981 to Decem- 
ber 2006 are summarized in Table 1 and shown in 
Figures 4 and 5. Distinctive seasonal variations 
of 8180 and 52H characteristic for Continental sta- 
tions are observed (Rozanski et al., 1993). The mi- 
nimum 8180 value was observed in January 1992 

(-19.4 %o) and the maximum in June 2 0 0 0 (-2.1 %o). 
Variations in S2H follow the S180 variations. The 
minimum 82H value was also observed in January 
1992 (-148 %o) while the maximum was recorded 
in May 1990 (-18 %»). The mean calculated 8lsO 
and 82H values for observed period are -8.7 %o and 
-60 %o (n = 290). Furthermore, deuterium excess 
variations are presented in Figure 4. The lowest 
d value for individual month was observed in De- 
cember 1997 (-20 %o) and the highest in November 
2003 (19 %o). The mean d value is 9.4 %o but most 
data vary between 5 and 15 %o. The lower d values 
probably indicate secondary evaporation proces- 
ses (e.g. evaporation of falling raindrops in dry 
atmosphere) (Araguas-Araguas et al., 2000; Peng 
et al., 2004). Higher values are characteristic of 
the autumn rainy period and can be attributed to 
the influence of Mediterranean cyclogenesis that 
often prevails in the south-western Slovenia dur- 
ing October-December (Vreča et al., 2007) and 
also in Ljubljana. Values around 10 %o can be at- 
tributed to air masses from the Atlantic (Gat & 
Dansgaard, 1972; Rozanski et al., 1993). 

The least squares fit (LSF) regression equation 
between the isotopic values of individual monthly 
samples representing LMWL(LSF) for Ljubljana is: 

82H = (7.95 ± 0.08)8180 + (8.90 ± 0.71); , . 
r = 0.99, n = 290 [ ’ 

The orthogonal (RMA) regression equation be- 
tween the isotopic values of individual monthly 
samples representing LMWL(RMA) for Ljubljana is: 

82H = (8.06 ± 0.08)8180 + (9.84 ± 0.71); , , 
r = 0.99, n = 290 ( ) 

The LMWLs obtained are close to the Global 
Meteoric Water Line (Gourcy et al., 2005). 

Annual weighted mean 8180, 82H and d excess 
values are summarized in Table 2. For compari- 
son, annual means weighted by precipitation 
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Table 1. Isotopic composition of precipitation in Ljubljana. 

Month/ 
Year 

05/81 
06/81 
07/81 
08/81 
09/81 
10/81 
11/81 
12/81 
01/82 
02/82 
03/82 
04/82 
05/82 
06/82 
07/82 
08/82 
09/82 
10/82 
11/82 
12/82 
01/83 
02/83 
03/83 
04/83 
05/83 
06/83 
07/83 
08/83 
09/83 
10/83 
11/83 
12/83 
01/84 
02/84 
03/84 
04/84 
05/84 
06/84 
07/84 
08/84 
09/84 
10/84 
11/84 
12/84 
01/85 
02/85 
03/85 
04/85 
05/85 
06/85 
07/85 
08/85 

82H 
(%o) 

-54.7 
-64.0 
-47.5 
-30.0 
-46.3 
-54.0 
-86.7 
-49.7 
-63.4 

-105.0 
-70.3 
-55.2 
-54.5 
-47.0 
-34.7 
-49.1 
-31.0 
-57.1 

-101.9 
-113.2 
-68.8 

-104.2 

8180 
(%) 

-8.15 
-9.39 
-7.19 
-5.30 
-7.33 
-7.66 

-11.59 
-7.20 
-8.83 

-14.44 
-9.70 

(%o) 

10.5 
11.1 
10.0 
12.4 
12.3 
7.3 
6.0 
7.9 
7.2 

10.5 

-8.33 
-7.62 
-6.53 
-5.11 
-7.21 
-5.47 
-8.43 

-13.22 
-14.33 
-9.68 

-14.06 
-87.6 
-42.7 
-60.3 
-49.8 
-22.5 
-34.0 
-52.7 
-70.1 
-40.2 
-71.7 
-96.0 

-104.0 
-85.0 
-74.0 
-52.0 
-68.0 
-37.0 
-40.0 
-39.0 
-44.0 
-66.0 
-41.0 

-110.0 
-94.0 

-104.0 
-63.0 
-62.0 
-54.0 
-35.0 
-40.0 

-11.63 
-6.47 
-8.45 
-7.51 
-4.17 
-5.35 
-7.69 
-9.81 
-6.19 

-10.00 
-13.11 
-14.12 
-11.83 
-10.67 
-7.27 
-9.94 
-5.73 
-6.34 
-6.21 
-7.06 
-9.35 
-6.39 

-13.78 
-12.78 
-14.12 
-9.03 
-8.76 
-7.71 
-6.09 
-6.63 

7.3 
11.4 

6.5 
5.2 
6.2 
8.6 

12.8 
10.3 

3.9 
1.4 
8.6 
8.3 
5.4 
9.1 
7.3 

10.3 
10.9 

8.8 
8.8 
8.4 
9.3 
8.3 
8.9 
9.0 
9.6 

11.4 
6.2 

11.5 
8.8 

10.7 
10.7 
12.5 

8.8 
10.1 

0.2 
8.2 
9.0 
9.2 
8.1 
7.7 

13.7 
13.0 

A 
(TU) 

70.0 
83.0 
54.0 
55.0 
26.0 
18.0 
16.0 
15.0 
14.4 
18.7 
19.0 
32.0 
25.0 
31.0 
51.0 
32.0 
24.0 
20.0 
14.0 
17.0 
27.6 
16.2 
23.5 
20.2 
22.9 
36.4 
61.6 
32.9 
20.8 
20.2 
11.7 
30.7 
21.7 
30.9 
18.7 
30.3 
30.7 
29.4 
41.3 
31.9 
27.8 
39.7 
19.0 
19.0 

Month/ 
Year 

09/85 
10/85 
11/85 
12/85 
01/86 
02/86 
03/86 
04/86 
05/86 
06/86 
07/86 
08/86 
09/86 
10/86 
11/86 
12/86 
01/87 
02/87 
03/87 
04/87 
05/87 
06/87 
07/87 
08/87 
09/87 
10/87 
11/87 
12/87 
01/88 
02/88 
03/88 
04/88 
05/88 
06/88 
07/88 
08/88 
09/88 
10/88 
11/88 
12/88 
01/89 
02/89 
03/89 
04/89 
05/89 
06/89 
07/89 
08/89 
09/89 
10/89 
11/89 
12/89 

82H 
(%o) 

-33.0 
-49.0 
-70.0 
-76.0 
-91.0 

-141.0 
-84.0 
-64.0 
-46.0 
-66.0 
-29.0 
-38.0 
-44.0 
-82.0 

5lsO 
(%o) 

-4.95 
-7.63 

-10.29 
-10.33 
-12.17 
-18.42 
-11.12 
-9.57 
-7.06 
-9.85 
-5.23 
-5.83 
-6.21 

-11.32 
-94.0 

-101.0 
-99.0 
-95.0 
-72.0 
-53.0 
-41.0 
-52.0 
-45.0 
-53.0 
-46.0 
-46.0 
-76.0 
-91.0 
-68.0 
-75.0 
-70.0 
-45.0 
-45.0 
-45.0 
-28.0 
-32.0 
-45.0 
-43.0 
-82.0 
-90.0 

-73.0 
-65.0 
-62.0 
-35.0 
-41.0 
-48.0 
-55.0 
-63.0 

-12.12 
-14.03 
-13.46 
-12.74 
-10.10 

-7.59 
-6.27 
-7.98 
-7.27 
-7.99 

(%o) 

6.6 
12.0 
12.3 
6.6 
6.4 
6.4 
5.0 

12.6 
10.5 
12.8 
12.8 

8.6 
5.7 
8.6 
3.0 

11.2 
8.7 
6.9 
8.8 
7.7 
9.2 

11.8 
13.2 

-7.14 
-7.08 

-10.88 
-12.35 
-9.43 

-10.84 
-9.83 
-7.23 
-6.79 
-7.09 
-5.52 
-6.19 
-7.30 
-7.07 

-11.74 
-12.20 

-10.34 
-8.98 
-8.58 
-5.65 
-5.72 
-7.57 
-8.33 
-8.89 

68.0 -9.72 
-64.0 
-43.0 

-9.65 
-6.02 

10.9 
11.1 
10.6 
11.0 

7.4 
11.7 

8.6 
12.8 

9.3 
11.7 
16.2 
17.5 
13.4 
13.6 
11.9 

7.6 

9.7 
6.8 
6.6 

10.2 

12.6 
11.6 

8.1 
9.8 

13.2 
5.2 

A 
(TU) 

36.0 
38.7 
25.7 
17.3 
17.7 
14.1 
8.8 

20.6 
25.4 
22.8 
23.1 
30.7 
36.0 
19.3 
36.3 
25.0 
16.5 
11.6 
12.0 
18.3 
10.4 
10.4 
13.5 
14.6 
24.0 
19.8 
24.1 
18.7 
19.8 
17.2 
22.4 
23.8 

19.4 
16.5 
15.5 
17.6 
25.8 
23.6 
23.6 

8.3 
12.4 

Month/ 
Year 

01/90 
02/90 
03/90 
04/90 
05/90 
06/90 
07/90 
08/90 
09/90 
10/90 
11/90 
12/90 
01/91 
02/91 
03/91 
04/91 
05/91 
06/91 
07/91 
08/91 
09/91 
10/91 
11/91 
12/91 
01/92 
02/92 
03/92 
04/92 
05/92 
06/92 
07/92 
08/92 
09/92 
10/92 
11/92 
12/92 
01/93 
02/93 
03/93 
04/93 
05/93 
06/93 
07/93 
08/93 
09/93 
10/93 
11/93 
12/93 
01/94 
02/94 
03/94 
04/94 

8-H 
(%o) 

-30.0 
-98.0 
-71.0 
-42.0 
-18.0 
-36.0 
-52.0 
-48.0 
-45.0 
-56.0 
-79.0 
-89.0 

8ibO 
(%o) 

-5.32 
-13.14 
-9.86 
-6.53 
-2.50 
-5.87 
-7.32 
-7.29 
-7.13 
-8.45 

-11.88 
-12.64 

-85.0 
-106.0 

-65.0 
-66.0 
-73.0 
-46.0 
-37.0 
-41.0 
-32.0 
-47.0 
-88.0 
-63.0 

-147.8 

-87.7 
-41.9 
-22.9 
-51.2 

-24.5 
-54.2 
-67.1 

-84.1 
-60.0 
-44.0 
-26.8 
-37.7 
-36.6 
-54.5 
-50.2 
-86.2 
-86.8 
-70.0 
-58.1 
-63.0 
-79.6 

-11.60 
-14.40 

-9.10 
-10.00 

-9.90 
-6.50 
-5.50 
-6.10 
-4.90 
-7.40 

-11.86 
-8.76 

-19.40 

-10.70 

(%o 

12.6 
7.1 
7.9 

10.2 
2.0 

11.0 
6.6 

10.3 
12.0 
11.6 
16.0 
12.1 

7.8 
9.2 
7.8 

14.0 
6.2 
6.0 
7.0 
7.8 
7.2 

12.2 
6.9 
7.1 
7.4 

-2.1 
-7.10 
-4.80 
-7.50 

-4.40 
-8.00 
-9.50 
-8.10 

-11.80 
-8.50 
-6.40 
-4.60 
-5.80 
-5.70 
-8.10 
-7.50 

-11.80 
-11.80 
-9.60 
-8.40 
-8.70 

-11.10 

14.9 
15.5 
8.8 

10.7 
9.8 
8.9 

10.3 
8.0 
7.2 

10.0 
8.7 
9.0 

10.3 
9.8 
8.2 
7.6 
6.8 
9.1 
6.6 
9.2 

A 
(TU) 

11.5 
13.7 
21.8 
16.3 
16.4 
11.5 
25.4 
24.8 
25.6 
10.5 
12.8 

7.9 
7.7 
8.4 

11.6 
8.6 

11.9 
15.3 
13.9 
17.5 
7.2 
9.9 
3.6 
8.6 

14.1 
20.4 

20.3 

31.0 

9.0 
14.4 
22.0 

22.0 
24.2 
20.7 
15.7 
21.4 

8.7 
18.1 
14.5 
4.4 

10.1 
8.0 

12.2 
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Table 1. Isotopic composition of precipitation in Ljubljana (continuation). 

Month/ 
Year 

05/94 
06/94 
07/94 
08/94 
09/94 
10/94 
11/94 
12/94 
01/95 
02/95 
03/95 
04/95 
05/95 
06/95 
07/95 
08/95 
09/95 
10/95 
11/95 
12/95 
01/96 
02/96 
03/96 
04/96 
05/96 
06/96 
07/96 
08/96 
09/96 
10/96 
11/96 
12/96 
01/97 
02/97 
03/97 
04/97 
05/97 
06/97 
07/97 
08/97 
09/97 
10/97 
11/97 
12/97 

82H 
(%o) 

-52.9 
-53.3 
-24.8 
-38.4 
-39.8 
-63.8 
-83.0 
-85.1 
-65.2 
-72.5 
-90.3 
-46.6 
-56.6 
-45.5 
-26.6 
-52.8 
-43.1 
-65.4 
-73.1 
-87.0 

-124.4 
-90.0 
-89.6 
-89.4 
-41.3 

-32.4 
-37.1 
-77.7 
-52.9 
-77.8 
-72.7 
-79.7 
-34.0 
-57.3 
-79.5 
-55.0 
-44.1 
-43.7 
-57.1 

-46.4 
-71.7 

01/98 
02/98 
03/98 
04/98 
05/98 
06/98 
07/98 

-98.4 

8laO 
(%) 

-7.50 
-7.80 
-4.20 
-6.30 
-6.40 
-9.30 

-11.60 
-11.50 
-9.70 

-10.40 
-12.70 

-7.80 
-8.30 
-6.80 
-4.30 
-8.10 
-7.00 
-9.20 

-10.70 
-12.30 
-16.70 
-12.83 
-12.41 
-12.46 

-6.49 

-5.07 
-5.95 

-10.70 
-8.30 

-11.62 
-10.86 
-10.79 
-4.75 
-8.03 

-11.00 
-7.62 
-6.18 

(%) 

7.1 
9.1 
8.8 

12.0 
11.4 
10.6 

9.8 
6.9 

12.4 
10.7 
11.3 
15.8 

9.8 
8.9 
7.8 

12.0 
12.9 

8.2 
12.5 
11.4 

9.2 
12.6 

9.7 
10.3 
10.6 

8.2 
14.9 

7.9 
13.5 
15.2 
14.2 

6.6 
4.0 
6.9 
8.5 
6.0 
5.3 

-6.37 
-7.90 

-7.29 
-10.46 

-9.81 
-61.1 
-51.5 
-49.2 
-53.9 
-44.1 
-40.9 
-40.9 

-8.75 
-7.60 
-7.60 
-7.95 
-5.97 
-6.52 
-6.53 

7.3 
6.1 

11.9 
12.0 

-19.9 
8.9 
9.3 

11.6 
9.7 
3.7 

11.3 
11.3 

A 
(TU) 

12.8 
18.2 
28.7 
13.0 
11.5 
14.7 
12.2 
21.3 
10.7 
12.5 
14.6 
23.2 
11.9 

9.0 
19.2 
17.4 
16.7 
23.4 
22.2 
10.6 

14.7 
26.4 
29.2 

9.2 
6.8 

19.4 

8.5 
16.8 

5.7 

Month/ 
Year 

08/98 
09/98 
10/98 
11/98 
12/98 
01/99 
02/99 
03/99 
04/99 
05/99 
06/99 
07/99 
08/99 
09/99 
10/99 
11/99 
12/99 
01/00 
02/00 
03/00 
04/00 
05/00 
06/00 
07/00 
08/00 
09/00 
10/00 
11/00 
12/00 
01/01 
02/01 
03/01 
04/01 
05/01 
06/01 
07/01 
08/01 
09/01 
10/01 
11/01 
12/01 
01/02 
02/02 
03/02 
04/02 
05/02 
06/02 
07/02 
08/02 
09/02 
10/02 

82H 
(%o) 

-49.7 
-47.5 

-53.3 

-60.7 
-56.0 
-36.4 
-36.9 
-55.1 

-31.1 
-43.5 
-92.9 
-78.1 

-100.4 
-65.6 

-33.0 
-26.4 
-59.5 
-37.9 
-48.3 
-63.1 
-45.4 
-90.3 
-51.0 
-47.7 
-51.5 
-56.2 
-26.6 
-51.0 
-37.5 
-40.8 
-62.4 
-40.5 
-60.9 
-89.3 
-86.1 
-53.4 
-35.3 
-61.5 
-38.2 
-28.6 
-36.2 
-54.0 
-73.9 
-58.9 

8lsO 
(%o) 

-7.46 
-7.28 

-8.07 

-8.82 
-8.25 
-5.41 
-5.40 
-7.78 

-4.35 
-6.80 

-13.34 
■10.81 

-12.84 
-8.75 

-4.72 
-2.12 
-7.12 
-5.48 
-6.86 
-9.21 
-7.10 

-12.34 
-7.51 
-6.80 
-7.63 
-8.24 
-4.24 
-6.93 
-5.35 
-5.77 
-9.22 
-6.46 
-9.39 

-13.04 
-11.80 

-7.76 
-5.37 
-8.86 
-5.98 
-4.66 
-5.65 
-7.91 

-10.60 
-8.86 

(%0 

10.0 
10.7 

11.3 

9.9 
10.0 

6.9 
6.3 
7.1 

3.7 
10.9 
13.8 

8.4 

2.3 
4.5 

4.8 
-9.4 
-2.5 
6.0 
6.5 

10.6 
11.5 

8.4 
9.0 
6.6 
9.6 
9.7 
7.3 
4.5 
5.3 
5.3 

11.4 
11.2 
14.3 
15.1 

8.3 
8.6 
7.7 
9.4 
9.6 
8.7 
9.0 
9.3 

10.8 
11.9 

A 
(TU) 

11.4 
5.9 

5.8 

8.9 
8.3 
8.9 

15.0 
12.6 
28.9 

4.9 
4.8 
6.5 
4.2 

11.2 

15.3 

5.8 

12.3 
5.7 
1.4 
3.9 
8.8 
7.9 
8.4 

16.6 
14.1 

8.5 
9.6 
9.4 
8.8 

10.1 
10.1 
4.1 
4.1 
3.8 
9.1 
6.4 
3.7 

11.4 
6.8 
6.8 
4.1 

Month/ 
Year 

11/02 
12/02 
01/03 
02/03 
03/03 
04/03 
05/03 
06/03 
07/03 
08/03 
09/03 
10/03 
11/03 
12/03 
01/04 
02/04 
03/04 
04/04 
05/04 
06/04 
07/04 
08/04 
09/04 
10/04 
11/04 
12/04 
01/05 
02/05 
03/05 
04/05 
05/05 
06/05 
07/05 
08/05 
09/05 
10/05 
11/05 
12/05 
01/06 
02/06 
03/06 
04/06 
05/06 
06/06 
07/06 
08/06 
09/06 
10/06 
11/06 
12/06 

82H 
(%o) 

-54.3 
-95.1 

-120.1 
-127.3 
-70.7 
-76.1 
-42.8 
-22.3 
-31.2 
-23.1 
-62.5 
-61.3 
-49.5 
-62.0 

-100.0 
-91.2 
-92.8 
-69.0 
-62.7 
-50.9 
-32.0 
-27.1 
-56.0 
-44.6 
-78.4 
-78.3 
-94.3 

-132.5 
-61.6 
-58.2 
-46.9 
-32.2 
-45.7 
-52.0 
-62.4 
-59.7 
-93.4 
-76.6 

-28.9 
-105.3 
-52.1 
-65.1 
-35.3 

-57.6 
-24.1 
-34.6 
-68.7 
-67.7 

5180 
(%o) 

-8.15 
-12.75 
-15.71 
-16.33 
-8.93 

-10.72 
-6.23 
-3.61 
-5.05 
-3.96 
-9.25 
-9.74 
-8.61 
-9.93 

-14.00 
-13.30 
-12.86 
-10.06 
-9.16 
-7.79 
-5.42 
-4.91 
-8.51 
-6.89 

-11.69 
-11.48 
-13.33 
-18.34 
-9.16 
-8.38 
-6.86 
-4.94 
-7.09 
-7.82 
-8.70 
-8.73 

-14.07 
-11.32 

-5.05 
-14.13 
-7.61 
-9.51 
-5.21 

(%o) 

11.0 
6.9 
5.6 
3.3 
0.8 
9.7 
7.0 
6.6 
9.3 
8.6 

11.5 
16.6 
19.4 
17.5 
12.0 

-8.75 
-4.96 
-6.24 

-10.00 
-10.51 

15.2 
10.1 
11.5 
10.6 
11.4 
11.4 
12.2 
12.1 
10.6 
15.1 
13.6 
12.4 
14.2 
11.7 

8.8 
8.0 
7.3 

11.0 
10.5 

7.2 
10.2 
19.1 
14.0 

11.5 
7.7 
8.8 

11.0 
6.4 

12.4 
15.6 
15.3 
11.3 
16.4 

A 
(TU) 

0.6 
5.7 
4.3 

12.8 

9.1 
9.3 

13.6 
11.0 
11.9 

9.2 
7.6 
5.5 
5.7 
6.1 

14.8 
7.2 

14.2 
14.6 
17.0 
12.5 
17.0 
4.4 
6.5 
6.5 
7.1 

8.9 
13.4 

9.1 
12.7 
12.4 
13.7 
12.7 
12.8 
10.8 

9.1 
9.7 

6.8 
7.3 
8.0 

11.8 
11.5 

11.2 
6.6 
5.4 
7.5 
6.9 
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Figure 4. Monthly variations of isotopic composition of a) 82H, b) 8I80 and c) deuterium excess, 1981-2006. 
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Figure 5. Monthly 
variations of tritium 
activity A (in TU), 
1981-2006. 

amount recorded in the 2003-2006 period at the 
Reactor Centre are also presented. The difference 
between weighted annual means of 82H and 8lsO 
at Ljubljana - Bežigrad and Reactor Centre are in 
the range of analytical error. The minimum annual 
weighted mean S180 and S2H values were observed 
in 1986 and the maximum in 1998. The lowest an- 
nual weighted mean d excess value was observed 
1997 and is due to extremely low d value record- 
ed for December. The highest annual weighted 
mean d excess value was observed in 1988. An- 
nual weighted mean 8180, 82H and d values for 
the whole period 1981-2006 are -8.6 %o, -59 %o and 
9.5 %o, respectively. 

Monthly weighted mean 8lsO, 82H and d values 
are summarized in Table 3 and presented in Figure 
6. The long-term monthly means show a distinc- 
tive seasonal variation with highest 8180 and 82H 

values in July, when the highest mean tempera- 
ture is recorded. The lowest values are observed in 
February when snow is the prevailing type of pre- 
cipitation. The d value varies around 9.3 %o with 
the lowest values in December and the highest in 
November. The observed pattern (Figure 6) shows 
generally higher d values in autumn precipitation 
with means above 10 %o and can be attributed to 
the influence of Mediterranean air masses over the 
region during this period. Previous investigations 
showed that Mediterranean air masses probably 
contribute up to 26% of precipitation in Ljubljana 
(Vreča et al., 2006). 

The correlation between 8180 in collected mont- 
hly samples and mean monthly temperature at 
Ljubljana - Bežigrad (TBežigrad) is: 

S180 = 0.29 TBeži d - 11.86 (n = 290, r = 0.75) (9) 

0 

-10 

-20 

-30 

-40 

-50 

-60 

-70 

-80 

-90 

-100 
January February March April May June July August September October November December 

deuterium excess 

r..) 
15 0) -o 

■o c 05 

-10 

Figure 6. Monthly 
weighted mean 52H, 

15 5180 and deuterium 
excess values. 



Isotopic composition of precipitation in Ljubljana (Slovenia) 179 

Table 2. Annual weighted mean 82H, 8laO and deuterium 
excess (d) values (in %o). Re denotes annual mean weighted by 

precipitation amount at Reactor Centre. 

Year S-H 8180 52H„ 8180„ dR 

1981 -50.9 -7.63 10.1 
1982 12 -62.3 -8.66 7.0 
1983 12 -64.4 -9.07 8.2 
1984 12 -60.7 -8.82 9.8 
1985 12 -67.7 -9.55 8.7 
1986 12 -70.7 -9.96 9.0 

1987 12 -60.8 -8.90 10.4 

1988 12 -50.2 -7.84 12.5 
1989 11 -56.1 -8.18 9.4 
1990 12 -53.8 -8.10 10.9 
1991 12 -63.5 -8.94 8.0 
1992 -63.2 -8.97 8.5 
1993 10 -56.0 -8.13 9.0 
1994 12 -57.7 -8.40 9.5 
1995 12 -60.9 -9.02 11.3 
1996 11 -67.0 -9.85 11.8 
1997 11 -65.2 -8.59 3.6 
1998 10 -47.7 -7.25 10.3 
1999 -55.7 -8.02 8.4 
2000 10 -55.4 -7.64 5.7 
2001 12 -52.3 -7.71 9.4 
2002 12 -52.0 -7.70 9.6 
2003 12 -59.6 -8.93 11.9 -59.7 -8.99 12.2 
2004 12 -61.0 -9.12 11.9 -60.0 -8.97 11.8 
2005 12 -62.1 -9.11 10.7 -61.2 -8.99 10.7 
2006 10 -59.2 -8.82 11.3 -61.2 -9.01 10.9 

-70.7 -9.96 3.6 
-59.1 -8.57 9.5 
-47.7 -7.25 12.5 

Table 3. Monthly weighted mean 82H, 8laO 
and deuterium excess (d) values (in %o). 

Month S2H 8180 
January 20 -87.4 -11.90 7.8 
February 22 -89.8 -12.41 9.5 

March 25 -77.2 -10.60 7.6 
April 24 -60.9 -8.88 10.1 
May 26 -49.6 -7.22 8.1 
June 25 -46.6 -6.85 8.2 
July 24 -40.8 -6.23 9.1 

August 25 -44.0 -6.87 11.0 
September 25 -50.5 -7.61 10.4 

October 25 -56.2 -8.38 10.9 
November 24 -73.4 -10.67 12.0 
December 25 

min 
-78.5 
-89.8 

-10.75 
-12.41 

7.6 
7.6 

-62.9 -9.03 9.3 
-40.8 -6.23 12.0 

Tritum activity in monthly precipitation (Fi- 
gure 5) shows seasonal variation typical for the 
Continental station of the Northern Hemishepere. 
Maximum activity is observed usually in early 
summer, mostly in June or July, and minima in 
winter, mostly in January. The seasonal variations 
are superposed to the general decreasing trend of 
the mean annual tritium activities. The mean an- 
nual tritium activities decrease between 1981 and 
1995 with a half-life of about 6 years (which is 
in accordance with the half-life of tritium in the 
stratosphere, as explained in the Introduction), 
and varies slightly around 9.3 TU after 1998. 

Conclusions 

The results of isotopic composition of oxygen 
and hydrogen (8180, 82H and 3H) are presented and 
evaluated for monthly precipitation collected in 
the 25-yeas period at Ljubljana. The presented re- 
sults are important for further scientific and prac- 
tical applications in hydrology and hydrogeology, 
and climatology. Observed seasonal fluctuations 
are significant and typical for Continental stations. 
The Local Meteoric Water Line is close to Global 
Meteoric Water Line and the deuterium excess 
shows the predominant influence of Atlantic air 
masses in Ljubljana. However, higher d values are 
observed in autumn and indicate the influence of 
Mediterranean air masses. Observed tritium acti- 
vity distribution is typical for the Northern Hemi- 
sphere. 
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