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Abstract: The aim of this study is to investigate the stable isotope composition of precipitation and
river water from the northeastern part of Romania. For this study, we collected monthly samples
(for variable periods of time) of precipitation from six stations, and river water from three stations,
between March 2012 and December 2017. The precipitation in the area is sourced mainly from
the Atlantic Ocean, and secondarily from the Black Sea, local recycling being important especially
in summer. We found that the seasonal §'80 in precipitation is in agreement with the seasonal
temperature variability, as shown by the significant correlation coefficient between the two variables
(r = 0.77), which indicates that the temperature has an important role in the 'O variability in
precipitation water in this region. The local meteoric water line in the northeastern part of Romania
is defined by the equation §*H = 7.80 x 5§80 + 7.47, (r> = 0.99, n = 121). The results presented in
this study emphasize that the 5§80 (and §°H) and d-excess variability are strongly influenced by
temperature, precipitation and the prevailing large-scale atmospheric circulation.
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1. Introduction

The stable oxygen and hydrogen isotope composition of precipitation and/or river water exhibit
large spatial and temporal variation across the Earth’s surface [1], thus being useful tracers of the
processes in the water cycle, being linked to air moisture sources. Also, they contribute to advancing the
understanding of the atmospheric hydrological cycle, which is related to climate and linkages between
precipitation surface and groundwater flow [2-5]. The stable isotopes of oxygen and hydrogen in
precipitation also reflect the combination of source-region rainout effects and recycling effects which are
affected by air masses bringing water vapor from different geographic regions [1]. As a result, they offer
the possibility to identify the sources of precipitation and quantify the contribution of regional and
local sources to the runoff generation [6,7], as well as the dynamics of catchment-specific processes
(e.g., evaporation, mixing different sources) [8]. Variation of the §'80 and §?H in precipitation water is
a function of conditions at the moisture source(s), processes along the path to the precipitation site and
site-specific conditions during precipitation [7,9,10]. An important role is played by the large-scale
atmospheric circulation, which leads to changes in the moisture sources and the conditions during
transport and precipitation [6,9,11,12]. Detailed analyses of the relationship between stable isotopes in
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precipitation and river water could give further information on regional and global scale hydrological
processes, thus enabling better planning for water usage in the context of future potential changes in
the climate system [12].

In order to better understand the dynamics of water in a given watershed using the stable isotopes of
oxygen and hydrogen, a two-step approach is required: First, identification of the contribution of regional
and local moisture sources to precipitation generation, and second, identification of links between stable
isotopic composition and atmospheric and hydrologic processes affecting surface water [13].

A remarkable number of studies which investigate the relationship between hydrogen and oxygen
isotopes in precipitation and river water have been carried out in Europe [3,13-17], and elsewhere in
the world [2,4,12,18-20], but currently, similar studies in the Eastern Carpathian Mountains, the main
recharge area for rivers in Southeast Europe, are missing. To fill this gap in knowledge, we have
designed a study aiming: i) To investigate the temporal and spatial variations of the stable isotope
compositions of precipitation and river water from the northeastern part of Romania, in order to
identify the impact of different local, regional and large-scale factors on the variability of oxygen and
hydrogen isotopic composition using the available isotopic data set; ii) to define the local meteoric
water line (LMWL) over the analyzed region; and iii) to investigate the relation between air moisture
sources and the prevailing large-scale atmospheric circulation. In this study we provide the preliminary
database of the oxygen and hydrogen isotopes in precipitation and river from the northeastern part of
Romania which will improve our understanding regarding the temporal and spatial variations of the
stable isotopic compositions in precipitation and river water. These could further provide information
on regional and global scale hydrological processes, enabling a better planning of water usage in the
context of future climatic changes [12].

2. Materials and Methods

2.1. Study Site

The study area was located in the northeastern part of Romania, along a west—east transect
through the Eastern Carpathian Mountains (Figure 1), including the low-lying Bistrita-Nasdud station
(BN, 380 m above sea level) on the western slope of the Carpathian Mountains, the high-elevation
Rarau (RA, 1600 m) and Gura Haiti (GH, 1200 m) stations, the intra-mountain Vatra Dornei (VD, 800 m)
and Campulung Moldovenesc (CM, 700 m) stations and the low-lying Suceava station (350 m) on the
eastern slopes of the Carpathian Mountains (Figure 2).
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Figure 1. Site location in Europe (top left), in Romania (top right) and in the local context (bottom):
Bistrita-Nasaud (BN), Gura Haiti (GH), Vatra Dornei (VD), Rarau (RA), Campulung Moldovenesc (CM)
and Suceava (SV). The black line represents the position of the elevation profile from Figure 2.



Geosciences 2019, 9, 198 3of 14

@==RA

1,750
1,7004
1,650
1,600
1,550
1,500
1450
1,400
1,350
1,300
1,250
1,200
11504
11004
1,050
1,000
9504
00 | |
8504
8004
750
7004
650
600
550
500
4504
400
3504

==GH
<=\D
cM

Altitude {m.a.s.l )

BN

s

0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100,000 110000 120000 130000 140000 150,000 160,000
Distance (m)

Figure 2. The west—east elevation profile of the study site, the black line from Figure 1, Bistrita-Nasaud
(BN), Gura Haiti (GH), Vatra Dornei (VD), Rarau (RA), Campulung Moldovenesc (CM) and Suceava (SV).

The local climate is temperate continental [21]. The mean annual temperature and precipitation
amount, based on the gridded E-OBS data set (daily gridded observational dataset), with resolution of
0.25° x 0.25° [22] for the 1961-1990 are as follows: 8.1 °C and 686 mm/year at Bistrita-Nasaud, 2.3 °C
and 954 mm/year at Rarau, and 7.6 °C and 603 mm/year at Suceava.

2.2. Samples Collection and Stable Isotope Measurements

For this study, monthly rainwater samples were collected at six locations and river water at three
locations as described (Table 1).

Table 1. The name of the precipitation and rivers of the study sites, with corresponding abbreviation,
coordinates, elevation, study period and number of samples for each site.

Elevation Number of

Nr. Station Name Abbreviation Latitude Longitude Sampling Period
(m.a.s.l.) Samples

March 2012-January 2014 and January

1 Bistrita-Nasaud BN 47°7' N 24°29’ E 380 2015-November 2015 45
2 Gura Haiti GH 47°11’ N 25°16’ E 1200 October 2014-July 2015 8
3 Vatra Dornei VD 47°20' N 25°21" E 800 October 2014-July 2015 7
4 Rarau RA 47°27" N 25°34’ E 1600 May 2013-January 2017 27
5 Campulung ™M 47°31' N 25°34'E 700 October 2014-February 2016 12
Moldovenesc
6 Suceava SV 47°37' N 26°14’ E 350 December 2012-November 2017 49
7 Suceava River SVr 47°39’ N 26°15" E 275 July 2014-March 2017 33
8 Bistrita River BNr 47°7'N 24°29’ E 340 December 2014-March 2017 24
9 Moldova River Mr 47°31’ N 25°34' E 660 October 2014-February 2016 14

Sampling was done according to the specifications of the International Atomic Energy Agency by
using 5 L HDPE (high density polyethylene) collectors. For precipitation, we collected an aliquot at
the end of each month, while grab samples were collected for rivers on the last day (+1 day) of each
month. River water samples were collected in the vicinity of the precipitation stations (Suceava River
(SVr), Bistrita River (BNr) and Moldova River (Mr), Table 1 and Figure 1). At the end of each month,
a sample was taken directly from 30 to 40 cm below the surface of water in the main stream of the
rivers. River water samples were stored and analyzed similar to precipitation ones. Full details of the
sampling procedure are given in [23].

Samples were analyzed for their stable isotopic composition at the Stable Isotope Laboratory,
Stefan cel Mare University of Suceava, in Suceava, Romania, using a Picarro L2130i CRDS analyzer
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coupled to a high precision vaporizing module. Prior to analyses, all samples were filtered through a
0.45 um nylon membrane. Each sample was manually injected in the vaporization at least six times until
the standard deviation of the last four injections was less than 0.05 for §'80 and 0.5 for 2 H, respectively.
The average of these last four injections was used as the accepted value, further normalized using two
internal standards calibrated against Vienna Standard Mean Ocean Water 2 (VSMOW?2) and Standard
Light Antarctic Precipitation 2 (SLAP2) standards provided by the International Atomic Energy Agency
(IAEA). A third standard was used to check the long-term stability of the analyzer. The stable isotope
composition of oxygen and hydrogen is reported using standard § notation:

§ = ((Rx — Rstd)/Rstd) x 1000, 1)

where, 6 represent 5180 or 62H value, Rx and Rstd are 80/1°0 and 2H/!H ratios of the sample (x) and
the standard (std), respectively. The precision is estimated to be better than 0.16%o for 580 and 0.7%o
for 52H, respectively, based on repeated measurements of an internal standard.

The d-excess parameter (d), expressed as d = §?H - 8 x 880 [24], was calculated for precipitation
samples in order to obtain additional information on air moisture source conditions and thus track
changes of air moisture source and atmospheric circulation patterns [25].

LMWL was calculated using the ordinary least squares regression (OLSR) model, which in its form
of y =a X x + b, gives the same weighting to all isotopic data regardless of the monthly precipitation
amount they represent [26,27].

2.3. Climate Data

For the analysis of climate-stable isotope composition relationship, we used the monthly mean air
temperature and precipitation amount data of the nearest grid point to our sampling station from the
gridded E-OBS [22], for the 2012-2017 period. To investigate the large-scale atmospheric circulation
in relationship with the stable isotope composition of precipitation, we used the monthly means of
geopotential height at 500 millibars (mb) (Z500), zonal wind (U500) and meridional wind (V500) at
500 mb provided by the National Center for Atmospheric Research (NCAR) [26]. The snow cover data
was provided by MODIS/Terra Snow Cover Monthly L3 Global 0.05Deg CMG, Version 6 [27].

3. Results and Discussion

3.1. Basic Characteristics of & H and 6’80 in Precipitation and River Water

The maximum b values were registered at the low elevation SV and BN stations, and the minimum
ones at the high elevation stations RA, CM, GH, and VD (Figure 3, Table 2). The low 52H and 5180 values
registered at VD were the result of the station’s location in an intra-montane depression, with strong
thermal inversions in winter. Except for VD and GH stations (which had only several months-long
sampling periods), a good inverse correlation was seen between 6 values and elevation. The average
5180 lapse rate was 0.25%0/100 m for the BN (380 m asl) — RA (1600 m asl) transect (western slope of the
Carpathians) and 0.27%0/100 m for the SV (350 m asl) - RA (1600 m asl) transect (eastern slope of the
Carpathians). Similar results have been found for the eastern Carpathian transect (0.27%0/100 m) [23]
and close value have been reported for the western Carpathian in Slovakia (0.21%o0/100 m) [28]. Because
of the short time series at the GH, CM and VD stations, data from these stations was discussed together
with that from RA.

For the river water the highest values were registered at SVr station and the lowest ones at Mr
station (Table 3), following a similar path as the one of the precipitation: Decreasing values with
increasing elevation.
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Figure 3. The stable isotope composition of precipitation water from SV (circle), BN (square) and RA
(triangle) for winter (blue) spring (green), summer (red) and autumn (orange). The mean values for
each season are represent by rhomb with black contour marks for river water, and with rhomb with
black full marks for precipitation. The dotted black line represents the GMWL (Global Meteoric Water
Line) and the dotted gray line represents local meteoric water line (LMWL).

Table 2. The mean, maximum (max), and minimum (min) 580 and §2H values in precipitation water
at Campulung Moldovenesc (GM), Vatra Dornei (VD), Gura Haiti (GH), Rarau (RA), Suceava (SV) and
Bistrita-Nasaud (BN) stations.

CM VD GH RA SV BN
§180 §2H 8180 §*H sB80 82H 880 §*H sB8O  §*H 880  82H

Mean -11.1 -85 -121 -8 -114 -8 -116 -82 -9.9 =71 -9.7 -69
Max -5.7 =37 -7.0 —45 -6.8 —43 -4.3 -33 1.1 -2 -3.5 -23
Min -187 -151 -16.7 -129 -157 -121 -21.7 -163 271 205 -214 158

Table 3. The mean, maximum (max), and minimum (min) 580 and §?H values in river water at
Suceava (SVr), Moldova (Mr) and Bistrita (BNr) river stations.

Svr Mr BNr
8180 8%H 8180 8%H 880 8%H
mean -9.6 -674  -10.1 -70.8 -9.9 -68.4
min -108  -746  -106 —74.2 -10.5 -72.1
max -8.8 —-62.7 -95 -66.1 -8.9 -64.6

The highest values of both '80 and §°H occured during the summer period (June, July and
August). They decreased during the autumn season (September, October and November) and
reached a minimum throughout the winter months (December, January and February). The seasonal
distribution of the stable isotope composition of river waters allows for the delineation of two periods:
A winter—spring period (from December to May) and a summer—autumn period (from June until
November) (Figure 4). In the winter-spring period, the mean values were —10.0%o for '80 and —70%o
for 82H at SVr, —10.4%o for 5180 and —73%o for 52H at Mr and —10.0%o for 6180 and —69%o for 5*H at
BNr. For the summer—autumn period, the mean values were —9.3%o for 580 and —65%. for 5°H at
SVr, —9.8%o for 580 and —69%o for 52H at Mr and —9.9%. for 5180 and —68%. for §°H at BNr.
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Figure 4. The stable isotope composition of river water from SVr (circle) BNr (square) and Mr (triangle)
for winter (blue) spring (green), summer (red) and autumn (orange). The mean values for each season
are represented by rhomboids with black contour marks. The dotted black line represents the GMWL
and the dotted gray line represents LMWL.

The amplitude for the river isotopic composition ranged between 1.1%o and 2% for 580,
and between 7%o and 12%o for §2°H, while for the precipitation water, the amplitude ranged between
17%o and 28%o for 5180, and 126%o and 202%. for *H. The small amplitude of stable isotope values in
river waters and a little more negative compared to precipitation in winter and spring time reveal that
the river basins have a significant sub-surface water storage capacity, while the snowmelt water or/and
precipitation water contribute in a smaller proportion to the total river water flow [7].

3.2. Local Meteoric Water Line

To define the local meteoric line (LMWL) in the northeastern part of Romania, all samples from
the study site were used, and the relationship was established as:

FH=7.61x5%0+393 (r*=0.96,n =154, p <0.001). )

However, this LMWL considered all samples, including those from VD, CM and GH stations that
only cover the cold half year. When only the three stations for which data from all seasons is available,
the LMWL is defined by the equation:

FH=752x8%0+383 (r? =0.96,n =120, p <0.001). (3)

Both the slope and the intercept were lower than the corresponding values of the GMWL (Global
Meteoric Water Line), which could result partly from sub-cloud evaporation of the falling raindrops
through dry air during summer [4]. When samples that show clear signs of evaporative enrichment
(either in the atmosphere or during collection) were removed, the LMWL is defined by the equation:

FH=7.80x 880 +747 (r*=0.99,n=121, p <0.001). (4)

Interestingly, the three equations above suggest that adding data from the cold season (November
through April) does not change the characteristics of the LMWLs. We have further tested this assumption
by constructing LMWLS for winter (W-LMWL) and summer (S-LMWL) only. The results show that
stations at similar elevation had W-LMWL with similar characteristics (slope and intercept), but with
increasing slope with elevation, being closer to the GMLW at the highest stations (RA). SSLMWLs had
lower slopes and similarly variable intercept values, likely reflecting a higher contribution from local,
re-evaporated, moisture sources and sub-cloud evaporation after precipitation during summer [29].
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These differences likely reflect the high evaporative conditions during summer in the low lying
Pannonian Plain (Debrecen) and Eastern Ukrainian Plain (Kharkiv) compared to our study region.
Intermediary values between Pannonian Plain and Eastern Ukrainian were found at Dumbrava station
in southwestern Romania, where the LMWL has intermediate characteristics [30] being defined by
the equation.

Separately for the stations for which a full year was covered, the LMWLs were as follows:

SV 8®H=7.70x 580 +6.54 (12 =0.99, n = 48, p< 0.001), (5)
BN &’H=798x5%0+8.77 (12 =0.99,n =44, p< 0.001), (6)
RA §’H=830x 580 +1470 (r* =0.98,n =26, p<0.001), 7)

All slopes were close to the GMWL, whereas the slightly lower intercepts at SV and BN (low
elevation stations) might reflect evaporative loss into the unsaturated air during summer precipitation
events [6,31]. Contrary, the LMWL at the high-elevation RA site potentially reflects the high overall
relative humidity during precipitation events [3,32].

3.3. Stable Isotopes in Precipitations—Climate Relationship

The §'80 values in precipitation showed high correlation coefficients with the mean air temperature
(r=0.85at BN, r=0.73 at RA and r = 0.75 at SV) (Figures 5 and 6) and low correlation coefficients with
the precipitation (r = 0.35 at BN, r = 0.23 at RA and r = 0.39 at SV). The strong correlation between
8180 in precipitation at all three stations and the mean air temperature indicated that the temperature
has an important role in §'80 variability in precipitation water in this region (Figure 6). The monthly
variations of §'80 and §H in precipitation showed a clear seasonal cycle, with the highest §'80 and
5?H values in summer (June to August) and the lowest values registered in winter (December to
February) (Figure 5). Significant correlations between water isotopes in precipitation and monthly
mean air temperature were also found in other studies in Romania [33-35]. The seasonal changes of
the §!80 and §?H in precipitation mirrored the seasonal changes in the mean air temperature. The 580
and 8°H in precipitation were affected by the changes of the stable isotope composition of the water
vapor in the atmosphere, which were influenced by the seasonal variation of evapotranspiration fluxes
over the continents and by the seasonal variation of large-scale atmospheric circulation patterns which
influence the origin of air moisture sources [24,36].

20 2

4nnz 814113 12127114 5/10/16 922117
date

Temperature (°C)
510 (%ousmow)

Figure 5. Monthly variation of mean temperature (red) from the gridded E-OBS (daily gridded
observational dataset) of the nearest point of the stations and §'80 in precipitation at BN (blue),
SV (black) and RA (yellow).
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Figure 6. Correlation between mean temperature and 5'80 in precipitation at BN (square blue),
SV (circle black) and RA (rthomb magenta).

The weak relationship between §!80 (and §*H) in precipitation and precipitation amount indicated
that the rainfall amount did not have a strong influence over the 5'80 (and §2H) variability over the
study region [7,37].

3.4. Deuterium Excess (d-) in Precipitation and Large-scale Atmospheric Circulation

For the analyzed period, the d-excess in precipitation samples varied widely, between —4%o
(August 2013) and 22%o0 (November 2013) at RA, between —21%o (March 2016) and 18%o0 (November
2015) at SV, and between —24%o (June 2015) and 17%o (December 2013) at BN. Low values (< 3%o) were
generally recorded during summer months, and high (>15%o) during late autumn and winter. In the
transition seasons (spring and autumn) the d-excess values were close to the global average of 10%eo.
Such distinct seasonal d-excess variability can be explained by the different sources of air moisture
that reached the study area. In winter, the high d-excess values reflect the influence of the long-lived,
mobile and intense Mediterranean cyclones [38], which are characterized by high d-excess values [39].
In summer, the low d-excess values reflect the hot and dry characteristic of the prevailing air masses,
which encourage secondary evaporation processes after precipitation [40]. During several months,
very low monthly d-excess values were registered (between —-9%o and —24%o). These low values
occurred sporadically, in months with either 1) low precipitation amounts or 2) high temperatures.
One such event occurred in June 2015, when at BN the d-excess was —24%., while at SV and RA it was
8.1%o and 9%, respectively. 580 values in precipitation in June 2015 were —5.8%o at BN, —2.8%o at
SV and -8.5%o at RA, following air temperatures values. A similar event was recorded also in June
2016, when at SV the d-excess was very low (-19.1%o), while close to normal values were observed at
RA (9.1%o0) and SV (8.1%o). In the same time, 5'80 in precipitation was +1.1%o at SV, =5.8%o at RA
and -5.4%o at BN, respectively. In both these periods, high pressure systems were located over the
eastern part of Europe and the combination of high temperatures and low precipitation amounts led
to locally important deviations from the “normal” values of d-excess, likely triggered by sub-cloud
and/or post-deposition evaporation. However, given the local nature of these “deviations” it is difficult
to link d-excess variability to large-scale circulation patterns during summer. Contrary, the regional
patterns of d-excess and §'80 variability in precipitation in snow allows for such putative linkages.

Thus, in December 2012, d-excess values were high (15.9%o) at SV (eastern slopes of the Carpathians)
and low (7.2%o) at BN (western slopes of the Carpathians), while 5§'80 in precipitation was similar at
the two stations (-19.1%o0). Given that climatic conditions were similar at the two stations, we excluded
post-depositional alteration of the original d-excess values due to kinetic fractionation during snow
sublimation. The low §'80 values would suggest a regionally important atmospheric circulation (likely
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bringing cold air from N Europe), but the widely different d-excess values suggest different conditions
at the moisture sources and thus possibly different moisture sources. In December 2012, a low-pressure
system was prevailing over Europe, allowing for a northward intrusion of Mediterranean cyclones
(Figure 7). These cyclones carried moisture from the highly evaporative eastern Mediterranean Sea,
thus with a very high d-excess values. This moisture was discharged at contact with the northern
cold air, thus resulting in the low §'80 and high d-excess at SV. Contrary, on the western slopes
of the Carpathians (at BN) precipitation was delivered by eastward travelling winds originating in
the Atlantic, imprinted with d-excess values close to the mean value in the region (10%o0). Thus,
a combination of large-scale circulation patterns with cold air dominating over the entire region
(Figure 8) and the orographic barrier of the Carpathians resulted in this particular distribution of stable
isotopes in precipitation in two close stations.
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Figure 7. Geopotential height anomalies at 500 mb level (Z500) the events in December 2012.

Monthly snow cover extent - December 2012
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Figure 8. Large scale snow cover in December 2012. The snow cover data was provided by MODIS/Terra
Snow Cover.

Contrary, in February 2015 d-excess values were lower than the global mean, but similar at all
three station (2.1%o at SV, 4.2%oat RA and 0%oat BN), while 5180 values were —14.4%o at SV, =17.5%o at
RA and -16.3%o at BN. In February 2015, a high-pressure system was prevailing over northeastern
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Romania. The anticyclonic circulation was accompanied by strong easterly winds advecting dry and
cold air from continental Eastern Europe, resulting in the low §'80 and d-excess values (Figure 9a,b).

2500 Anomaly - February 2015
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Figure 9. (a) Geopotential height anomalies at 500mb level (Z500) in February 2015; (b) large scale
snow cover in February 2015. The snow cover data was provided by MODIS/Terra Snow Cover. Units:
Z500(m).

Combined, the d-excess and & values suggest that, similar to southwestern and western
Romania [33,41], Mediterranean cyclones have a strong imprint on winter precipitation in eastern
Romania. Similar influences have been found also further to the east [42], showing that moisture
originating from the Mediterranean and Black Seas reaches into the central East European plain.

3.5. Precipitation-River Relationships

The rivers analyzed in this study belong to a group, with minimum 6 values recorded in the winter
time and low seasonal amplitudes in the §'80 [43]. Reduced amplitudes of stable isotope values in
river water compared to precipitation water variability suggest that rivers are recharged via subsurface
flow, with water from individual rain events being stored in the phreatic zone before recharging
the rivers [17,43]. Low d-excess in river water occurs in summer, suggesting that evaporative loss
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plays an important role in the hydrological balance in the region [23]. These losses are higher at
the low-elevation SVr station, and reduced in Mr and BNr stations, respectively. Stable isotopes at
Mr suggest that this river is mainly fed by snow melt in spring, with the pulse of water depleted in
heavy isotopologues reaching the lower reaches of the river with a delay of about 1-3 months after
the onset of melting in March. At SVr, the contribution from tributaries in the low-lying areas, mostly
fed by liquid precipitation, dampens the winter signal, so that the recharge of the river is mainly
pluvio—nival, compared to Mr which is mostly nivo—pluvial. Bistrita River (at BNr station) has an
intermediary type of recharge, with snow contributing more to the discharge in cold winters. A similar
distribution of the 82H and §'80 values in river water was also observed in the other rivers from higher
latitudes, where the snow-melt and elevation effect have a strong influence in the river water isotope
variability [15,16,43,44].

4. Conclusions

This study analyzed the stable isotope composition of precipitation and river waters in northeastern
part of Romania. The local meteoric water line for the northeastern part of Romania was established
as 8°H = 7.80 x 580 + 7.47, (r2 = 0.99, n = 121), and it is similar to the LMWL of other regions
from Romania and the neighboring countries. The variability of §'0 and §?H in precipitation is in
agreement with the air temperature variability, as shown by the significant correlation coefficient
(r = 0.77) between the two variables. This indicates that the temperature is the main factor which
controls the §'80 variability in precipitation water in this region. The lowest 5°H and 5'80 values
generally occur in December, in relation to large-scale atmospheric circulation bringing cold air along
north and northeastern trajectories. Superimposed on this general circulation type, Mediterranean
cyclones and westerlies bring moisture to the region, with distinct isotopic signatures, that could
be useful in reconstructing past circulation changes in the region. The highest 6*H and §'80 values
generally occur in July and August, when high temperatures, related to blocking atmospheric patterns,
dominate the area. Low precipitation amounts and dry air favor strong evaporative conditions and
associated kinetic fractionation processes in the falling raindrops, leading to distinct patterns of stable
isotope of d-excess distribution in rain. Low d-excess values occur in summer and high in autumn
and winter, the former related to evaporative processes at the site, and the later to moisture being
sourced from high evaporative sites in the neighboring seas (the Mediterranean and the Black Seas).
These relationships are further complicated by the local orography, with the Carpathian Mountains
acting as an effective barrier against air circulation, thus modulating the effect of atmospheric drivers.
These processes are mostly active at the low-elevation stations, with precipitation at high elevations
being less influenced.

The stable isotope values in river water suggest that rivers are recharged via subsurface flow,
with water from individual rain events being stored in the phreatic zone before recharging the rivers.
Winter precipitation is the main contributor in high-mountain area, diminishing towards the low
elevation sites, where local rivers contribute water mainly during spring rain events.

Following the analysis of the five case studies, we conclude that the !0 and d-excess variability
are strongly influenced by temperature, presence of snow cover layer and the prevailing large-scale
atmospheric circulation. Also, terrestrial geomorphology, which may act as orographic barriers for
the prevailing air masses, has a significant influence on the §'0 and d-excess variability. A next
logical step would be to extend our analysis to more stations, to have a better spatial overview of the
variability of the stable isotopes both in precipitation and river water, as well as to use stable isotopes
in groundwater.
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