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Abstract: Stable (1°0, 170, 180, 'H, 2H) and radioactive (*H) isotopes in water are powerful tools in
the tracking of the path of water molecules in the whole water cycle. In the last decade, a considerable
number of studies have been published on the use of water isotopes, and the number continues to
grow due to the development of new measurement techniques (i.e., laser absorption spectroscopy)
that allow measurements of stable isotope ratios at ever-higher resolutions. Therefore, this Special
Issue (SI) has been compiled to address current state-of-the-art water isotope methods, applications,
and hydrological process interpretations and to contribute to the rapidly growing repository of
isotope data important for future water resource management. We are pleased to present here a
compilation of 14 papers reporting the use of water isotopes in the study of hydrological processes
worldwide, including studies on the local and regional scales related either to precipitation dynamics
or to different applications of water isotopes in combination with other hydrochemical parameters in
investigations of surface water, snowmelt, soil water, groundwater, and xylem water to identify the
hydrological and geochemical processes.

Keywords: water cycle; isotope hydrology; measurement traceability; precipitation (rain and snow);
surface water; groundwater; water management; networks and data bases; statistical evaluation

1. Introduction

Water is vital for all known forms of life and is transported continuously through the different
spheres of Earth in the water cycle: evaporation, transpiration, condensation, precipitation, runoff,
infiltration, etc. As such, fresh water plays an important role in the world economy as well. Since
ancient times, cities have been built around reliable sources of water, and a considerable amount of the
total available fresh water is used for irrigation and other agricultural activities to supply humanity
with sustenance.

Stable (10O, 170, 180, 'H, 2H) and radioactive (*H) isotopes in water molecules are powerful tools
for the tracking of the path of water molecules in the water cycle, from precipitation to surface and
groundwater, and further, into the drinking water supply. They are commonly used to trace the source
of water and its flow pathways, or to quantify exchanges of water, solutes, and particulates between
hydrological compartments during different hydrological processes [1].

In the last decade, a considerable number of studies have been published on the use of water
isotopes in hydrological processes, and their number is ever-growing. The main reason is due to
the development of new measurement techniques (i.e., tunable diode isotope ratio infrared laser
absorption spectroscopy—LAS) that have been increasingly employed in hydrological studies since
2007, and allow measurements of stable isotope ratios with much smaller sample sizes [2,3]. In the last
few years, Water MDPI has published fifty-four papers related to the application of water isotopes,
and an exponentially increasing trend can be observed with time: 2016—4 papers; 2017—6; 2018—12;
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2019—24. Most of the papers were published in the framework of the three closed Special Issues
(SI), namely “Isotopes in Hydrology and Hydrogeology” (20 papers), “Advances in Isotope Tracer
Techniques for Tracing and Quantifying Hydrological Processes” (4 papers), and “Radioactive Isotopes
in Hydrosphere” (4 papers).

To continue, the SI “Use of Water Isotopes in Hydrological Processes” addresses the current
state-of-the-art methods, applications, and hydrological process interpretations using stable and
radioactive water isotopes in the whole water cycle. In addition, accurate and precise measurements
are required [3] to provide new data comparable in space and time, or comparable with data obtained
with classical isotope ratio mass spectrometry (IRMS) [4]. Therefore, contributions related to some
specific topics, such as measurement traceability (comparison of different measurement techniques),
conceptual network development, and long-term maintenance of networks on the local to regional
scale, as well as papers on different statistical data evaluation approaches, were also given a warm
welcome in this SI. The SI was first announced in January 2019, and an invitation was sent to researchers
through different channels. The first paper was submitted in March 2019 and the last in April 2020.
In total, 18 submissions were received, and following a rigorous peer-review process carried out by
qualified reviewers, one review and 13 research papers were selected for publication.

2. Contributions

In the following, we briefly present an overview of fourteen papers published in the period April
2019 to June 2020 [5-18]. The overview shows that contributions can be divided into two groups: the
first related to isotopes in precipitation, and the second related to more complex hydrological and
hydrogeological investigations. It is interesting that all contributions report on isotopes in precipitation,
and five of them [6,7,11,14,18] focus in greater detail on isotopes in precipitation monitoring networks
with longer and continuous observations. The importance of isotopes in precipitation data is
understandable, as precipitation represents an important part of the water cycle and is the ultimate
source of water to catchments. Other papers report on the use of precipitation isotope data as part of
more complex hydrological and hydrogeological investigations [5,8-10,12,13,15-17]. Those papers
report on different isotope sampling networks, including the collection and evaluation of precipitation,
surface, and groundwater data. In some studies, also other samples like snow, ice, or snowmelt [10,12],
soil water [13,17], or xylem water [13] were also collected.

The compilation of papers in this SI represents a variety of studies with a global scope. The
only review paper in the SI discusses the combined use of stable isotopes of water and nitrate, and
focuses on the fundamental background, analytical methods, and hydrograph separation, and reports
perspectives related to quantification of relative nitrate contributions to stream water contamination [5].

Other papers present case studies with sampling performed either at a particular location [14,17],
or within a research area from a few m? [13] to a few tens of km? [8,10,15,16], or on a larger regional
scale of more than 1000 km? [9,12,18]. A few papers focus on the evaluation of published data sets for
particular countries, e.g., Chile [6], China [7], or Iran [11].

Further, the isotope measurements discussed herein were performed using either IRMS [8,9] or
LAS[10,12,13,15-17]. Some papers combine or evaluate data obtained using different techniques [5-7,
11,14,18]. Although authors usually report details of the instruments used and the degree of analytical
precision, it must be admitted that it is not always clear how the calibration of the instrument and
normalization of the data are performed [19], nor always how the reported degree of precision was
determined. Terminology that was often not in line with the IUPAC recommendations is also an
occasional issue [20], though this deficiency was improved during the peer-review process.

An important and valuable contribution of some papers is the supplementary material [6,9-11,14,
17,18], with “raw” data and detailed explanations that enable better use of isotope data in future water
resources research and management, in line with FAIR data practice [21].
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2.1. Isotopes in Precipitation

All papers in this SI report information on the isotope composition of precipitation. In this section,
we focus on those dedicated only to precipitation monitoring, the establishment of local meteoric
water lines (LMWL) with the use of different regression models, and those related to precipitation
dynamics [6,7,11,14,18].

Boschetti et al. [6] collected isotope data from 32 stations in Chile from different sources, and
calculated the LMWL with a confidence interval for this region arrived at by introducing a technique
known as error-in variables (EIV) regression. The slopes obtained either using EIV or ordinary last
square regression (OLSR) are similar. However, according to authors’ conclusions, the new EIV-LMWL
is more accurate and suitable than the OLRS or other types of regression models where the measurement
errors in the x-axis are violated.

Kong et al. [7] present a meta-analysis of precipitation isotopes by using data from 68 stations from
in and around China from different sources. They divided the entire country into five regions according
to their major moisture sources, and determined the spatial distribution and seasonal variations of the
isotope composition of precipitation. The LMWLs were then calculated for each region by applying the
OLRS model on the basis of monthly data. The §'80-temperature and the 5'®O-precipitation amount
gradients for the regions were also determined. The conclusion was that the findings could serve as a
reference for isotopic application in hydrological and paleo-climate research.

Heydarizad et al. [11] collected isotope data from different sources for 32 stations in Iran and
4 from Iraq and developed three different LMWLs for Iran by applying the OLRS and considering
air masses and dominant moisture sources in the particular region. They validated the LMWL by
comparison with fresh karstic spring and surface water isotope data from across Iran and determined
the main moisture sources important for those water resources.

In contrast to previous papers, Krajcar Broni¢ et al. [14] focused on a long-term isotope record of
precipitation at one station, namely Zagreb in Croatia. The history of isotope monitoring performed
since 1976 is described in detail, and in addition to stable isotope data, tritium activity concentration
together with air temperature and precipitation amount are reported. A statistical evaluation of the data
showed a significant increase in the annual air temperature and larger variations in that of the amount
of precipitation, in addition to an increase in the annual 6'80 and the 6*H values and a slight decrease
in tritium activity concentration over the last two decades. The LMWL was calculated using different
regression models proposed by Crawford et al. [22], and did not result in significant differences.

The last paper in this group evaluates the results of a three-year program monitoring the stable
isotope composition of precipitation in the Adriatic-Pannonian region; it focuses on the determination
of the isotopic “altitude” and “continental” effects in this particular region [18]. Isotope data were
collected from 15 stations (5 in Hungary, 7 in Slovenia, 2 in Austria, and 1 in Croatia). On the basis
of the isotope data obtained, an “altitude” effect of —1.2%o/km for 6180 and —7.9%o/km for 6°H was
calculated—and it is recommended that this figure be used for modern precipitation in the region.
The estimated mean isotopic “continental” effect could, however, only be determined for the winter
precipitation, and figures of —2.4%0/100 km in 6'80 and —20%o/100 km in 6°H were arrived at. The
authors conclude that the isotopic “altitude” and “continental” effects thus determined can be used in
future isotope hydrological or paleoclimatological applications in the Adriatic-Pannonian region.

2.2. Use of Water Isotopes in Complex Investigations

In this section, we briefly summarize the most important outcomes of other papers reporting on the
use of water isotopes in complex hydrological and hydrogeological investigations [8-10,12,13,15-17].
Porowski et al. [8] studied the sources and biogeochemical processes in an aquifer affected by
peatland in Kampinos National Park in Poland. Using a combination of chemical and isotopic data,
they were able to determine the main sources of the sulfates dissolved in groundwater. The atmospheric
sulfates, that is, sulfates formed by the dissolution of evaporate sulfate minerals and sulfates formed
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by oxidation of pyrite, were also identified. In this paper, water isotopes were used to identify the
atmospheric inputs and the groundwater recharge.

Van Lam et al. [9] used different isotope techniques in investigations of groundwater resources
of the delta plain of the Red River in Vietnam. The authors carried out short-term observations of
local precipitation and used the precipitation water isotope data to determine the LMWL by applying
the OLSR. Further, they determined the isotope composition of surface water, groundwater, and
sea water, and studied the genesis of and processes controlling the quality of water resources in the
region. They also determined the influence of salt water intrusions and studied the connection between
different aquifers.

Sing et al. [10] applied water isotope investigations to the Sutri Dhaka glacier basin in the
Himalayas, where they established a short-term observation site with the sampling of rain, snow, ice,
and snowmelt water. The authors used the precipitation data to determine the moisture sources and
LMWL, though they do not report the regression method used for the calculation of lines. Further, a
three-component hydrograph separation based on stable isotope methods was applied to estimate the
contribution of ice-melt and snowmelt to runoff.

Chen et al. [12] used a similar approach to Sing et al. [10] in the Naqu River basin on the
Qinghai-Tibet Plateau. They established a short-term sampling site at which they collected precipitation,
snowmelt, and groundwater for isotope analysis to explore the sources of runoff and the spatial
variation of the discharge. The authors determined the LMWL and the river water line using the linear
relationship, albeit without a more specific explanation of the regression method used. Finally, they
used the water isotope data for the hydrograph separation and estimated the proportion of rainwater,
snowmelt, and groundwater to the runoff.

Tsuchihara et al. [15] investigated the spatial distribution of the isotopic and hydrochemical
composition of groundwater in selected alluvial fans under cultivation as rice paddies in Japan.
They used an unsupervised training algorithm of an artificial neural network model developed
by Kohonen [23] and applied a self-organizing map (SOM) to characterize the spatial pattern of
groundwater hydrochemistry. With the use of the SOM, the groundwater could clearly be classified
into four groups, and the different origins of water identified. Their findings represent an important
contribution to the proper management of groundwater resources. The systematic, well-organized
sampling approach, the data evaluation used, and the outcomes of Tsuchihara et al. [15] are to be
recommended as an interesting approach in the future management of water resources.

Markovié et al. [16] focused on the application of stable isotopes in combination with hydrochemical
parameters for the improvement of the conceptual model of an alluvial aquifer in Croatia, which
represents an important source of drinking water in the area studied. The authors used different
regression models proposed by Crawford et al. [22] to calculate the LMWL for the area and, as was
also the case with Krajcar Broni¢ et al. [14], no significant differences were observed. The authors
also used the water isotope data in combination with water head data to determine the groundwater
flow direction.

Jiménez-Rodriguez et al. [13] applied water isotopes to study the effect of willow plantations on
soil water conditions in an arid environment in northern China. The authors discuss the influence of
afforestation using different species, namely willow bushes and willow trees, and use water isotopes
monitored in precipitation, soil water, groundwater, and xylem water to investigate the redistribution of
water in the soil. They conclude that both species reduced the effects of soil evaporation after summer.
However, the willow bush is capable of extracting soil and groundwater in different proportions
according to water availability, while the willow tree is able to extract water and groundwater in
specific proportions. Therefore, the selection of species for afforestation programs has to be carried out
carefully, not to endanger the scarce water resources in arid regions.

The last paper in this section was contributed by Mattei et al. [17], who investigated the potential
of pore water isotope information to parameterize soil water transport models. By conducting a
Morris and Sobol sensitivity analysis, they were able to highlight the value of combining water content
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and pore water isotope composition data in a multi-objective calibration approach to constrain soil
hydraulic property parameterization. They tested the model with pore water data collected from sandy
soil at two sampling sites close to Montreal, Canada. After employing the model in order to estimate
the annual groundwater recharge, they conclude that it is possible to calibrate the model without
continuous monitoring data, using only water content and pore water isotopic data from a single
sampling. The results presented imply the possibility of reducing long-term monitoring observations
and to adapt the sampling according to the objectives of the groundwater recharge investigations.

3. Conclusions

Understanding water exchange within geospheres is vital if we are to address environmental
issues linked to water resources management effectively. Isotopes in the water molecule determined
in different compartments of the water cycle serve as natural fingerprints and allow us to trace the
molecule through the water cycle. This Special Issue is dedicated to the use of water isotopes in
hydrological processes and compiles new findings in selected thirteen original research papers and one
review paper. All presentations report on isotopes of precipitation, either in detail or as a part of more
complex case studies of water resources. Some authors discuss also the multi-parameter approach and
combine the isotope and other geochemical parameters to address the specific questions. The best
example of the latter is the self-organizing map approach presented by Tsuchihara et al. [15].

Few issues remain challenging for the future, e.g., the use of the appropriate terminology, the
improvement of the traceability of water isotope data to provide results comparable in space and time,
the reporting of the “raw” data and detailed explanations in line with FAIR data practice, and greater
precision in the reporting of the sources of reused isotope data. These issues comprise, suitably, the
themes of forthcoming Water MDPI Special Issues, “Application of Stable Isotopes and Tritium in
Hydrology”, “Isotope Hydrology”, “Application of Isotopic Data to Water Resource Management”,
“Geochemistry of Groundwater”, and “Applying Artificial and Environmental Tracing Techniques in
Hydrogeology”.

The Guest Editors of this SI are also considering a sequel to follow up the achievements of this SI,
to be entitled “Use of Water Isotopes in Hydrological Processes, part II” in 2021. In addition, such an SI
could cover the focus areas of a recently started COST Action “WATer isotopeS in the critical zONe:
from groundwater recharge to plant transpiration (WATSON)”, CA19120, a compilation in the recent
SI which may be considered an inspiration to the working groups in the Action.
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