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Abstract

Within the Ararat Valley (Armenia), a continuously growing water demand (for irrigation and fish farming) and a simultaneous decline in
groundwater recharge (due to climate change) result in increasing stress on the local groundwater resources. This detrimental development
is reflected by groundwater-level drops and an associated reduction of the area with artesian conditions in the valley centre. This situation
calls for increasing efforts aimed at more sustainable water resources management. The aim of this baseline study was the collection of data
that allows for study on the origin and age distribution of the Ararat Valley groundwater based on environmental tracers, namely stable
(6°H, 6'%0) and radioactive (*°S, *H) isotopes, as well as physical-chemical indicators. The results show that the Ararat Valley receives
modern recharge, despite its (semi-)arid climate. While subannual groundwater residence times could be disproved (*°S), the detected *H
pattern suggests groundwater ages of several decades, with the oldest waters being recharged around 60 years ago. The differing
groundwater ages are reflected by varying scatter of stable isotope and hydrochemical signatures. The presence of young groundwater
(i.e., younger that the 1970s), some containing nitrate, indicates groundwater vulnerability and underscores the importance of increased
efforts to achieve sustainable management of this natural resource. Since stable isotope signatures indicate the recharge areas to be located
in the mountains surrounding the valley, these efforts must not be limited to the central part of the valley where most of the abstraction
wells are located.
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Introduction

Due to growing globalization and the impacts of recent regional
conflicts, the southern Caucasus region (i.e., Armenia,
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Azerbaijan, and Georgia) becomes increasingly relevant from
the geopolitical perspective. Regional food safety is one of the
key issues in this regard and major attention is therefore drawn to
the continuously growing water demand and the sustainable
management of the regional water resources.

In addition, climate change is expected to have an impact on
the renewable water resources in the region, potentially further
complicating the situation into the future. Long-term records of
the mean annual temperature in Armenia reveal an increase of
about 1.23 °C for the period 1929-2016, relative to the reference
period 1961-1990 (Aslanyan and Harutyunyan 2020).
Moreover, climate modelling focusing on the growing season
(April-October) in the period 2011-2040 indicated temperature
increases of 1.60 °C (scenario RCP 4.5) and 1.9 °C (scenario
RCP 8.5), relative to the period 1971-2000 (Melkonyan 2014).
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The UN Intergovernmental Panel on Climate Change
expects this development to be complemented by de-
creasing precipitation rates, reflected in a precipitation
decline of between 10 and 20% by the end of the
twenty-first century in the overall southern Caucasus
region (IPCC 2014). For Armenia, a decline of 9%
was found for the period 1935-2016, relative to the
period 1961-1990 (Aslanyan and Harutyunyan 2020).
As a result, Armenian river flow is predicted to drop
by 24% by the end of the century, accompanied by a
significant depletion of the regional groundwater re-
sources (SEI 2009). Climatic changes will also lead to
a substantial increase in irrigation water demand. Yet, in
view of the predicted decline in water resources, this
demand will be difficult to meet, possibly causing a
15-34% productivity reduction of irrigated cropland
(Yu et al. 2015).

The most important agricultural area in Armenia and
also the country’s main area for fish farming is the
Ararat Valley located in the country’s southwest (Yu
et al. 2015). For fishery purposes only, the Armenian
Ministry of Nature Protection issued permits for 576
wells with a total discharge rate of approximately
43,200 L/s (Valder et al. 2018). This discharge rate
greatly exceeds the recharge rate of the renewable
groundwater resources, as the Ararat Valley is the most
arid region of Armenia with an annual precipitation of
about 200-250 mm only (Nalbandyan 2012; Valder
et al. 2018). As a result of this ongoing groundwater
overabstraction, groundwater levels within the valley de-
creased on average by 6-9 m between 1983 and 2013
(Yu et al. 2015). Furthermore, the artesian zone within
the valley has reduced from about 619 to 291 km? be-
tween 1984 and 2016 (Valder et al. 2018) and artesian
well discharges have reduced by up to 200 L/s (Yu
et al. 2015). In contrast, the crop water requirement in
the Ararat Valley is expected to increase by about 20%
by the end of the twenty-first century, resulting in a
growth of the irrigation water demand by about 35%
(Westphal 2011).

As a consequence of the recent situation and the
projected future development, new strategies that allow
a sustainable management of the natural water resources
in the Ararat Valley are necessary. This in turn requires
an adequate understanding of the hydrogeological situa-
tion in the Ararat Valley, with particular focus on
groundwater recharge and groundwater residence times
(i.e., “groundwater age”). The aim of the baseline study
reported in this paper was to collect reference data on
the origin and age of Ararat Valley groundwater re-
sources using environmental aqueous tracers, namely
stable (8°H, §'%0) and radioactive (>°S, *H) isotopes,
as well as a set of physical-chemical indicators.
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Materials and methods
Study area

The Ararat Valley is a Cenozoic basin south of the Lesser
Caucasus, shared by the countries Armenia and Turkey
(Fig. la). Elevations within the valley range from 800 to
900 m asl, with the lowest elevations in the southeast and
the highest in the northwest. The valley occupies an area of
about 1,300 km? (ME&A, Armenian branch 2014). The Araks
River divides the Ararat Valley into a northern and a southern
part. The northern part belongs to Armenia and contains the
study area.

From a hydrogeological perspective, the Ararat Valley is a
typical closed intermountain artesian basin. The major water-
courses are the Araks River and its tributaries. Generally, the
basin is characterized by a high heterogeneity of lithological
and hydrogeological parameters. The strongly variable com-
ponents, in particular, are (1) thickness and composition of the
different lithological units, (2) hydraulic conductivities of the
different aquifer domains, and (3) groundwater temperature
and mineralization. This overall heterogeneity is due to the
fact that the entire basin was divided by folding into five
substructures (ME&A, Armenian branch 2014).

In spite of this heterogeneous structure, the subsurface suc-
cession can be subdivided into nine lithological units. These
mainly consist of interbedded dense clays, gravels, sands, ba-
salts, and andesite deposits. Four of the nine units are consid-
ered to be water-bearing. While the upper water-bearing unit 2
is unconfined, the lower three water-bearing units (4, 6, 8) are
confined, due to a clay layer or sandy clay with an average
thickness of 14 m between units 2 and 4 (Valder et al. 2018;
Fig. 1b).

The upper unconfined aquifer has a mean thickness of 32 m
and consists of alluvial deposits, primarily boulder or gravel
deposits with coarse-grained sand, sandy clay, or clay. The
three confined aquifers, units 4, 6 and 8, have average thick-
nesses of 27, 17, and 23 m, respectively. While unit 4 has a
similar sedimentological setup as unit 2, units 6 and 8§ are
mainly characterized by highly fractured basalt, as well as
gravel deposits with coarse grained-sand and boulders. The
heterogeneous nature of the depositional environments is also
reflected by the maximum thicknesses of the units, which are
89 m for unit 2, and 110, 148, and 119 m for units 4, 6 and 8,
respectively (Valder et al. 2018). The reported hydraulic con-
ductivities of these units also show appreciable variability.
They range from about 1 m/day to about 150 m/day in the

Fig. 1 a Map of the study area showing the sampled wells. Out of the 28 wells, P>
26 (W03-W28) are located within the Ararat Valley (Armenian part). The
valley boundary is represented by the 900 m asl contour line (white line).
Parts of the valley are used for fish farming (blue hatched areas; ACE 2020).
b Hydrogeological cross-section of the valley (Valder et al. 2018, modified)
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unconfined unit 2, and from about 0.9 m/day to about 115 m/
day in the three confined units (ME&A, Armenian branch
2014).

The general groundwater flow direction coincides with the
terrain inclination and is mostly directed towards the central
axis of the valley, i.e., the Araks River. The groundwater
generally flows northwest to southeast in the western part of
the valley and from northeast to southwest in its western part.
The paleo-valleys of the Araks tributaries, which are filled
with interbedded clays, sands, gravels, basalts, and andesites
(Valder et al. 2018), serve as major groundwater migration
pathways between the recharge areas in the surrounding
mountains (up to 5,137 m asl) and the centre of the valley.
The Araks River itself is a losing stream in the western part of
the valley, resulting in a deviating flow direction from south to
north in unit 2 in this part of the valley. In the southeast, it is a
gaining stream—(Valder et al. 2018; Fig. 1b; Figs. S1-S3 in
the electronic supplementary material (ESM)).

The confined aquifers are artesian in the central part of the
valley, however, due to the heavy groundwater abstraction
many wells have ceased to flow and the area with artesian
conditions substantially decreased (ME&A, Armenian
branch 2014; Valder et al. 2018; see also Fig. 3).

Sampling and analyses

Two sampling campaigns were carried out in the Ararat
Valley as part of this study, the first in October and the second
in December 2019. In total, 28 wells were sampled (W01-
W28; for detailed information, see Table S1 of the ESM).
Out of these 28 wells, one was located in the unconfined unit
2 (WO01) outside of the valley boundaries, three in the confined
unit 4 (W15, W16, W18), and the rest in the confined unit 6.
Well W02 is also situated outside the valley boundaries (Fig.
la).

This study focused on revealing the age of groundwater
sampled from all 28 wells, based on radioisotope tracer re-
sults. Revealing the water age, i.¢., the groundwater residence
time, is essential for evaluating the vulnerability of the tapped
aquifer domains. Furthermore, water age-distribution infor-
mation can be used to constrain groundwater recharge areas.
The conclusions regarding the groundwater origin are backed
by stable isotope data, physical-chemical parameters, and
chemical characteristics of the water samples.

The groundwater samples taken during the two campaigns
were analysed for the radionuclides radiosulphur (**S) and
tritium (CH), the stable isotope signatures 5'%0 and 5°H, the
field parameters temperature, electrical conductivity (EC), pH
and O,, as well as a range of ions. The following sections
introduce briefly the suitability of the used environmental
tracers regarding the aim of the study.
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Age of the groundwater

Radiosulphur (3°S) Although at least partly artesian, several of
the wells in the central part of the valley were known to have
elevated nitrate concentrations (Avetisyan and Tadevosyan
2017), which might indicate rather young waters. A suitable
approach for investigating the presence of very young ground-
water (subannual ages) is the use of **S as an age tracer. >°S is
continuously produced in the upper atmosphere by spallation
of **Ar. From there it is transferred with the rain to the earth’s
surface and finally to the groundwater. As soon as the water
enters the subsurface, its *>S activity concentration decreases
with a half-life of 87.4 days, which makes >°S suitable for
investigating subannual groundwater residence times
(Schubert et al. 2019, 2020).

For >°S detection, 20-L water samples were taken at
five selected wells located along the central axis of the
valley (W24-W28). *°S was (together with total sul-
phate) extracted from the samples in a local laboratory
by means of an adsorption resin. Subsequently, the resin
samples were shipped to Germany and analysed for *°S
in the UFZ radionuclide laboratory by low-background
liquid scintillation counting (Quantulus GCT 6220;
PerkinElmer, Inc., Waltham, MA, USA). The sample
preparation and measurement process is described in
detail in Schubert et al. (2019).

Tritium (*H) The radionuclide tritium CH, half-life 12.32
years (a)) is used as a tracer in a range of settings,
including column experiments (Stephens et al. 1998),
and investigation of surface waters (Mundschenk and
Krause 1991; Schmidt et al. 2020) and the unsaturated
zone (Dincer et al. 1974; Jiménez-Martinez et al. 2013).
Yet, its main application is the tracing of young
groundwaters (Clark and Fritz 1997; Stadler et al.
2012). While the isotope is continuously formed natu-
rally in the stratosphere by cosmic radiation, thermonu-
clear bomb tests conducted in the 1950s—1980s (mainly
during the so-called “fallout peak” era between the late
1950s and 1963, i.e. prior to the Partial Test Ban Treaty
in 1963) triggered a remarkable rise of *H concentra-
tions in the atmosphere. Since then, washout and decay
have caused a drop of atmospheric *H concentrations,
which have now reached natural background levels in
most regions (Clark and Fritz 1997; Schmidt et al.
2020).

Samples (1 L each) were distilled and ’H was electrolyti-
cally enriched. Concentrations were measured by low-
background liquid scintillation counting (Quantulus GCT
6220; PerkinElmer, Inc., Waltham, MA, USA) with a detec-
tion limit of about 0.08 Bg/L at the laboratory for environ-
mental isotopes (LfU) of the BfG. All results are convention-
ally reported in trititum units (TU).
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Origin of the groundwater

Stable water isotopes (5'20, 6°H) The stable isotope ratios of
oxygen and hydrogen in the water molecule, '*0/'°0O and
H/'H, represent a powerful fingerprinting tool in hydrogeol-
ogy, complementing water ages. Generally, applications in-
clude the assessment of water sources (Schmidt et al. 2011;
Stadler et al. 2012), (paleo-)climatic effects (Stadler et al.
2012), recharge elevations (Koeniger et al. 2017), biases of
recharge towards a certain season (Jasechko et al. 2014) or
precipitation type (Miiller et al. 2020), or the estimation of
evaporative water losses (Skrzypek et al. 2015).

Stable isotope ratios were measured by Laser Cavity Ring-
Down Spectroscopy (L2130-I; Picarro, Santa Clara, CA,
USA) at the LfU (BfG). Results are expressed in per mil
(%0) using the conventional & notation relative to Vienna
Standard Mean Ocean Water (V-SMOW). The external pre-
cisions (£1 o), determined by repeated analyses of a control
sample, were + 0.15 and £ 0.6%o, for 5'%0 and &%H,
respectively.

Water chemistry During sampling, field parameters (tempera-
ture, pH, electrical conductivity, oxygen content) were mea-
sured with field probes (HQ40d, Hach, Loveland, CO, USA).
Bicarbonate concentrations were also determined on-site with
a field kit (HI775, Hanna Instruments, Woonsocket, RI,
USA). Furthermore, two samples were collected at each well
in 50-ml polyethylene bottles for ion analyses. These samples
were filtered using 0.45 um membrane filters. Samples for
cation analyses were acidified by adding concentrated
HNOs;. All major ions were analysed by ion chromatography
(882 compact ICplus equipped with a Metrosep A Supp 5-250
column for anions and a Metrosep C 4-250 column for cat-
ions, Metrohm, Herisau, Switzerland) at the Institute of
Applied Geosciences of the Technical University of
Darmstadt. The precision of the applied method, expressed
as relative standard deviation, is better than +£3%. The charge
balance errors were typically within +5%.

Results and discussion
Age of the groundwater
Radiosulphur (**S)

The S activity analyses of the groundwater samples taken at
the wells W24-W28 were solely used as a qualitative indica-
tor for the presence of groundwater with a subannual resi-
dence time. It was found that none of the five exemplarily
chosen wells produced water with any detectable *>S activity
(see Table S1 of the ESM). Since these five wells are evenly
distributed throughout the central part of the valley, the

presence of groundwater with a subannual residence time in
the confined Ararat Valley aquifer section was found to be
unlikely.

Tritium (3H)

The detected *H activities range from 0.4 to 22.3 TU (see
Table S1 of the ESM). To interpret these values, an input
function of historic activity concentrations in precipitation is
required. Figure 2 shows *H activities in rain recorded at sta-
tions of the Global Network of Isotopes in Precipitation
(GNIP) in Thilisi (Georgia) and Ankara (Turkey; IAEA/
WMO 2020). Furthermore, the figure illustrates the 3H activ-
ities of the groundwater samples taken during the two Ararat
Valley field surveys.

The historic *H data illustrate the anthropogenic input into
the atmosphere that occurred as a result of nuclear weapon
tests. These tests, primarily conducted in the high-latitude re-
gions of the Northern Hemisphere, introduced large *H
amounts into the atmosphere, resulting in activities in rain
above 1,000 TU. Pre-fallout levels of rainwater ranged be-
tween 5 and 10 TU (Cossairt 2012). Figure 2 shows further
that activities in modern rain have declined to around
prefallout levels due to radioactive decay and atmospheric
washout. Based on recent data, a current average “H activity
in rain of about 9 TU can be assumed (Schmidt et al. 2020).

Based on Fig. 2, the 28 groundwater samples can be clas-
sified in three clusters:

1. A set of two samples, with one showing a low (1 TU), and
one sample showing a very low *H activity (0.4 TU)

2. A cluster of nine samples that show elevated *H activities
(=11 TU), significantly above the value typical for recent
rainfall

3. A cluster of 17 samples that show somewhat lower *H
activities (1.5-6.4 TU) ranging below the recent input
value

Based on the *H input function and the *H half-life of 12.32
a (and assuming groundwater piston-flow), the three clusters
can be associated to three ranges of approximate water ages:
(1) the two wells with the lowest *H concentrations (<1 TU;
yellow symbols in Fig. 2) apparently yield groundwater that
was recharged prior to the fallout peak (“prefallout water”),
i.e., before roughly 1960, although for the sample with 1 TU
(W21) this is ambiguous, as it is located close to the younger
age group; (2) the group of nine wells with the highest values
(=11 TU; green symbols in Fig. 2) show a distinct impact of
nuclear weapons testing, suggesting that these groundwaters
were recharged during and in the wake of the fallout peak
(1960s—1970s); (3) the cluster of 17 wells with lesser
indications of anthropogenic *H (1.5-6.4 TU; blue
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symbols in Fig. 2) seems to indicate younger waters
(recharged after the 1970s).

Plotting these water ages in the context of the Ararat
Valley reveals a distinct spatial distribution pattern (Fig.
3). The apparently oldest water with an age above
60 years was sampled from well W20 (0.4 TU). Its
location in the valley is exceptional since it sits on a
fault zone (Avagyan et al. 2018) and seems to yield
thermal saline water from greater depth. The screened
section of this well sits in a depth between 143 and
165 m in aquifer unit 6. In contrast to all other wells,
which show water temperatures around 14 °C, a temper-
ature of 21.3 °C was measured at well W20. The elec-
trical conductivity of the water amounts to
5,930 uS/cm. Although also quite low in *H activity,
well W21 does not show such distinct differences in
temperature and electrical conductivity to the other
wells, making an interpretation difficult. Therefore, the
further data evaluation concentrates on the distribution
of the two age clusters “1960s—1970s” (green symbols
in Fig. 3) and “younger than 1970s” (blue symbols in
Fig. 3).

The groundwaters with the longer residence times (green
symbols) plot near the central axis of the Ararat Valley, clus-
tered in an area of about 15 x 10 km. The associated nine
wells are W03, 05, 06, 11, 12, 14, 16, 25, and 26. In contrast,
the wells of the cluster “younger than 1970s” (blue symbols)
are located around this “old” cluster and distributed through-
out the valley.
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Origin of the groundwater
Stable water isotopes (5'20, 6°H)

The stable water isotope signatures of the Ararat Valley
groundwater range from —12.67 to —9.44% for 6'%0 and from
—87.2 to —64.7%o for 5°H (see Table S1 of the ESM). These
values can be compared with the isotopic signature of local
precipitation sampled in the town of Artashat (sampled during
the 12 months period between July 2014 and June 2015;
Brittingham et al. 2019). Artashat is located in the Ararat
Valley (see Fig. 1a) at an elevation of about 820 m asl, i.e.,
its rain can be assumed to be representative for the central part
of the valley. This dataset was used to calculate (1) a mean
isotopic composition of local Ararat Valley rain (precipita-
tion-weighted mean for 6'%0 and 6?H: —9.24 and —60.3%,
respectively) and (2) a local meteoric water line (LMWL),
applying the precipitation-weighted least square regression
method (PWLSR) proposed by Crawford et al. (2014; 6°H
= 7.53 8'%0 + 9.3%o).

All sampled groundwaters plot on or close to this LMWL
and slightly above the Global Meteoric Water Line (GMWL)
published by Craig (1961; Fig. 4). Hence, the found pattern is
consistent with modern recharge. Still, it is worth mentioning
that all groundwaters are more depleted in heavy isotopes (i.e.,
isotopically lighter) than the average rain collected in Artashat
(star symbol in Fig. 4). Yet, they are all well within the overall
range of the precipitation samples (5'%0: —22.45 to 4.54%;
§7H: —173.5 to 37.2%0; see insert in Fig. 4). Considering the
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general elevation effect (isotopically lighter precipitation at
greater elevation; e.g., —2.6 to —2.9%0 5'%0 per km for the
central Anatolian Plateau, Schemmel et al. 2013), this obser-
vation points towards groundwater recharge by precipitation
occurring in the mountainous areas surrounding the Ararat
Valley. This elevation “bias” probably occurs in conjunction
with a seasonal bias, since recharge in this region is often
associated with the annual snowmelt (Léonardi et al. 1997,
1998, 1999).

Figure 4 also illustrates the scatter of the three *H clusters
discussed in the preceding. The two prefallout groundwater
data points (yellow symbols) are difficult to interpret, due to
the small number of available samples and the exceptional
water origin. Yet, it is worth mentioning that sample W20—
apparently the oldest water (0.4 TU)—shows the isotopically
most depleted signature, indicating old (warm and mineral-
ized) water ascending via the aforementioned fault system
from greater depth. The other two *H clusters scatter over
distinctly different 5'%0 and 5*H ranges. While the older wa-
ters (assumedly recharged in the 1960s and 1970s) show a
relatively small spread (A5'*0 = 0.94%o), the younger ones
(“younger than 1970s” cluster) are characterized by a larger

spread (A8'80 = 2.65%0; see also Fig. S4 of the ESM). It
seems that the samples of the latter cluster preserved the nat-
ural isotopic variability, caused by elevation differences and
seasonal effects, better than the older cluster. In the older
cluster this variability (originally most likely also present)
has apparently been levelled out over time.

Water chemistry

The results of the hydrochemical analyses are presented in
Table S1 of the ESM. Temperature and pH of the sampled
wells show an overall homogeneous picture with nearly all
values falling in a small range around the median values of
14.2 °C and 7.0, respectively. Electrical conductivity and ox-
ygen content show wider ranges with median values of
1,041 puS/em and 7.7 mg/L, respectively.

Well W20, however, does not fit into this overall picture,
which underpins the exceptional nature of the water sampled
here. The water temperature (21.3 °C) is 7.1 °C higher than the
median of the samples and the electrical conductivity
(5,930 uS/cm) is almost six times as high as the median.

@ Springer
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The oxygen content detected in W20 (1.97 mg/L) is only
about a quarter of the corresponding median.

Sample W01, the only sample from the unconfined aquifer
unit 2, stands out as well. Here, the lowest water temperature
(9.5 °C) and the highest oxygen content (11.12 mg/L) were
encountered, which is attributable to the location of the well.
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Regarding the major ions, most of the 28 wells show com-
parable compositions (Fig. 5). In the Piper plot, the cation
triangle displays a somewhat balanced composition, with a
tendency towards Ca®* and Mg?*. Regarding the anions,
HCO; dominates, followed by SO427. In most samples, C1™
plays only a minor role. An exception, again, is sample W20,
which is dominated by Cl, which is in line with its highly
mineralized character (see also Fig. S5 of the ESM).

Moreover, the limited scatter of the waters recharged in the
1960s—1970s (as indicated by the 3H concentrations) is worth
mentioning (dashed green line in Fig. 5). This pattern is in line
with the small spread of this group in the 5°H versus §'*O plot
(Fig. 4) and suggests a levelling of chemical (and isotopic)
variations with time. In contrast, larger hydrochemical
variations (e.g., caused by different lithologies and con-
tact times) have apparently been preserved in the youn-
ger waters (blue-dashed line).

This phenomenon is also reflected by the overall mineral-
ization (see also Figs. S6 and S7 of the ESM). While waters
recharged in the 1960s—1970s show a fairly small EC range
(722-1,473 uS/cm; AEC = 751 uS/cm), the younger ones
exhibit a larger spread (263-1,812 uS/cm; AEC =
1,549 uS/cm).

Moreover, the encountered NO5;  concentrations are note-
worthy. They range from 2.6 to 39.9 mg/L, with a median of
16.8 mg/L. While none of these concentrations exceeds the
WHO (2017) guideline value for drinking water of 50 mg/L,
several concentrations are elevated (10 samples >20 mg/L).
The spatial nitrate concentration pattern is illustrated in Fig. 3.
This map reveals that most of the elevated concentrations
were detected in areas that are dominated by fish farming
(blue-hatched areas) or agriculture (appearing green on the
satellite image). However, in this context one has to keep in
mind that the artesian character of some wells (also indicated
in Fig. 3) would make anthropogenic contamination originat-
ing from recent and adjacent contamination sources unlikely.
This is in line with the absence of detectable *S activity in the
five sampled wells (W24—W28), although they are not located
centrally in the fish farming areas. For the aquifer domains
with elevated nitrate concentrations, one must rather assume
that the corresponding sources are located in the upgradient
recharge areas and that the nitrate has been transported over
(tens of) kilometres. Pronounced denitrification has apparent-
ly been prevented by the available dissolved oxygen (usually
several mg/L, see the preceding and Table S1 of the ESM).

Conclusions

By using a set of environmental tracers, it was shown that the
confined aquifer section of the Ararat Valley receives modern
recharge, despite its (semi-)arid climate and partly artesian
nature. While the absence of *°S (activities below the

detection limit) in five exemplary and representative wells
indicates that subannual groundwater residence times are un-
likely throughout the valley, the *H data suggest groundwater
recharge in the last decades. A comparison of the stable iso-
tope signatures (5'%0, 5*H) with those of modern precipitation
in the valley revealed that the groundwaters are relatively de-
pleted in heavy isotopes. This points towards recharge by
precipitation falling in the mountainous areas surrounding
the valley. Moreover, a seasonally delayed recharge in the
snowmelt period seems likely. The differing groundwater
ages, roughly estimated based on the *H activities, are also
reflected by varying degrees of isotopic and hydrochemical
scatter.

While modern recharge is usually deemed positive in a
water management context, the phenomenon can also have
its downsides. Young groundwater generally indicates a
nonnegligible aquifer vulnerability (especially in the case of
unconfined aquifer domains), with the danger of anthropogen-
ic contamination. In the study area, such contamination was
indeed encountered in the form of elevated NO; concentra-
tions (probably originating from agricultural activities), de-
spite the partly artesian nature of the confined aquifer.

While counter-measures such as a better water and nitrogen
management are warranted, one should keep in mind that
activities aiming to improve groundwater quality should not
be limited to the area adjacent to the concerned wells, but must
include the recharge areas at the edges of the valley. As the
encountered NO5 is apparently decades old (so-called legacy
nitrate), current measures will not lead to an immediate im-
provement of the situation. Despite the substantial time lag
that can be expected (probably several decades), such mea-
sures are still worth the effort.
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