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ABSTRACT: Water is one of the critical resources in the agenda of promoting
sustainability. Yet, among all the observed natural and anthropogenic adversities, water-
related disasters appear as the most recurrent which hinder sustainable socio-economic
development goals. Climate change, urban expansion, deforestation and increase in
population are thought to be the main factors of water-related disasters. Considering those
factors, understanding the hydrologic balance of watersheds and the impact that nature and
humanity impose on regional ecosystem becomes one of the important research priorities.
This paper reviews the applications of stable isotopes in hydrological studies for catchment
management. Advancements in isotope research (origin, flow paths, residence times and
water budget), has led to new frontiers in palaeoclimatology and palaecohydrology studies.
Future applications hold promise to recognise the patterns of modern and ancient isotopic
signatures within ecosystems and provide useful information in understanding potential
natural hazards, thus complementing sustainable watershed management.
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1. INTRODUCTION

Water quantity and water quality are fundamental issues in hydrology.'? Complex
permutations of stressors (such as urban and agricultural land use, hydropower
generation and climate change) have had a tremendous impact on watersheds, thus
undermining the resiliency of ecosystems to withstand natural disasters. Climate
change can be affected by the annual amount of rainfall, duration of sunshine,
temperature, humidity and the length of drought periods.’ Climate change has the
potential to affect water quality by increasing the number of low-quality water
sources and increasing the number of diffuse-source pollutant loads through heavy
precipitation. Therefore, the global socio-economy will be profoundly affected by
climate change such as natural hazards like flood disasters, which cause tremendous
damage of infrastructure in affected areas.* Exploitation of water resources for
agriculture and industries has greatly benefited humanity. However, if “business
as usual” trends remain, the cost of over exploitation will exceed the benefits,
eventually resulting in uncertainty of water availability.’

Anthropogenic activities have led to modification of the natural water balance, thus
affecting water supply with ultimate implications on food security. As the global
human population escalates, groundwater resource is increasingly becoming
an alternative to surface water.” However, groundwater quality is characterised
by its geochemical composition.® Therefore, monitoring work is essential in
determining the factors that influence its quality and quantity, whether geogenic
or anthropogenic.

In this paper, the application of hydrogen, oxygen, carbon, strontium, sulphur,
nitrogen and boron stable isotopes in hydrology, hydrogeology, palacoclimatology,
palaeohydrology and disaster risk management are discussed.

2. APPROACHES OF STABLE ISOTOPES STUDIES IN THE
ENVIRONMENT

Applications of isotopes in hydrology can be separated into three different
approaches depending on their respective characteristics:’

1. Tracers for stable and radioactive isotopes

2. Observing differences during the transition of the compounds as isotopes
undergo isotope fractionation

3. Through the decaying of radioactive isotopes
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2.1 Tracers

The application of tracers in hydrology is a technique that could provide information
about direction, velocity and potential contaminants in water system, coupled with
hydrogeological data such as hydraulic conductivity, porosity, dispersivity and
other parameters.'® Isotopes of an element are chemically similar but differences
in their respective masses make them efficient tracers in a hydrological system
such as a river, lake or aquifer.'' Stable and radioactive tracers have been utilised
extensively in hydrological studies for the identification of underlying processes
which affect the chemical and physical behaviour of elements and compounds in
the natural environment.'*"

There are two fundamental techniques in isotope hydrogeology studies: first,
isotopes can be artificially injected into the subsurface environment and then
be utilised as tracers for water and/or solute movements; and second, isotope
investigations which use existing environmental isotopes in natural systems.'>!
Natural isotopes within the system are recognised as tracers. Such an advantage
helps researchers to have a better understanding on ecosystem biogeochemistry.'
Environmental isotopic fingerprints within the biogeochemical cycles are very
important in reconnaissance study of environmental impact assessment.'*'¢

Among the advantages of utilising stable isotope elements of hydrogen and oxygen
in isotope hydrogeology studies are:

1. Hydrogen and oxygen isotopes are compositions of water molecules and best
approximate the characteristic of water

2. Unique hydrogen and oxygen isotopic signatures can be differentiated from
water in various environments due to related isotopic fractionation effects

3. Isotope compositions in water are conservative and are hardly affected by
water-rock reaction under normal temperatures'’

The isotope hydrology approach is becoming more relevant to current hydrological
studies. Stable isotopes of hydrogen and oxygen are useful tracers in determining
the origin of groundwater with additional parameters such as temperature, stable
isotopic compositions and electrical conductivity (EC) of river water.'®° In the
case of groundwater interaction investigation, combination of '*O and 6°H tracers
with piezometric surface monitoring is critical especially for effective salinity
remediation strategies.**' Other environmental tracers can be used to develop data
on hydrological histories."
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2.2 Fractionation

Geochemical or hydrological processes in the systems can be investigated by
characterising the stable isotope fractionation effect.” Stable isotope composition
of water changes only through mixing, and well-known fractionation processes
during evaporation and condensation. Such understanding can be exploited
to identify different air and water masses that contribute to precipitation.”> The
hydrological cycle is related to the fractionation concerning water and vapour, and
this phenomenon is essential in the partitioning of oxygen-18 (**O) and deuterium
(*H) between various reservoirs (ocean, vapour, rain, runoff, groundwater, snow and
ice).®* Three mechanisms leading to isotopic fractionation are equilibrium, kinetic
and nuclear spin.” Furthermore, temperature plays an important role in isotope
fractionation which can be associated with hydrological applications through
seasonal, altitude and rainfall amount variations in tropics and subtropics (often
combined with evaporation processes).>** Temperature conditions during rainfall
or precipitation can affect stable isotope ratios. Hence, factors such as seasonal
variation, latitude and altitude can change the composition of stable isotopes
within precipitation.'®* Therefore, temperature is the dominant controlling factor
in isotopic composition.®

2.3  Radioactive Decay

Radioactive decay can also be applied in hydrology studies. This process in
certain conditions could provide information regarding age determination of water
resources.” Multi-isotope techniques involving age indicators of water isotopes
and isotopic composition of the dissolved constituents have been applied in
determining the salinity sources and evaluating the recharge regimes and flow
rates of groundwater. Radiocarbon in dissolved organic carbon (p,'*C) and
helium (He) have been established as important groundwater age indicators.?’
Groundwater age is an important indicator of groundwater quality and renewal.?®
In fact, it is useful in understanding the mixing mechanism of older and younger
water after infiltration.?*3°

3. APPLICATIONS OF STABLE ISOTOPES TECHNIQUES IN THE
ENVIRONMENT

Stable isotopes of hydrogen ('H, *H) and oxygen ('O, 7O, '®O) have been
extensively used for development of conceptual models, characterisation of the
hydrological system, understanding the evolution of water quality, discovering
origins of water, groundwater residence time and palaeohydrology research. Use
of isotopes in hydrological studies have been beneficial in solving a large number
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of hydrological problems related to agriculture, industry habitation and others.*!
Application of stable isotopes in hydrological studies are presented in Figure 1 and
Table 1.

The fundamental principles of stable isotopes are useful for the understanding
of human-hydrological systems, interconnection of climate-biology-hydrology
system, paleoecohydrology and palacoclimate systems."!*153245 In this paper, our
review focuses on hydrology, paleoecohydrology, paleoclimate and the potential
application of stable isotope fundamentals in disaster risk management studies.

3.1 Hydrology

Fundamentally, environmental isotopes in hydrogeology and hydrology studies
are focused on aspects of origin, groundwater dating and systematic patterns of
isotopic composition of global precipitation.*** Stable isotopes (hydrogen-'H-*H,
carbon-?C-13C, nitrogen-'*N-*N, oxygen-'°0-180, sulphur-*?S-**S and strontium-
86Sr-8Sr) are naturally occurring elements and are considered as unique elements as
they can be integrated into water molecules with minimal effect of the retardation
process and with less significance to the movement of dissolved constituents.'
Such characteristics lead to the extension of physical and geochemical studies of
groundwater-surface water interaction such as, determining the composition of
the isotopes and chemicals of groundwater as represented by the components of
rock mineralogy in the aquifer, determining the recharge area and determining the
origin of the groundwater.’

To date, fundamental work still continues with wide applications of ?H and *O
in understanding the origin of water.'>*’ Besides *H and '*O, other stable isotopes
have their own application in watersheds studies; *C for groundwater dating,
15N, boron (''B) and chloride (**Cl) for source of pollution, **S for the origin
of salinity and *Sr for water provenance.® In addition, Cl had been identified
as one of the most available elements in seaweed apart from phosphorus and
iodine.”® Potentially, **Cl can be used to identify the source of Cl in seaweed and
hypothetically, understanding the source of pollution (point source and non-point
source) will be helpful in complementing current risk assessment studies.

The fundamental effects of precipitation altitude introduced are useful in identifying
recharge area.’’”? The recharge of groundwater may occur during the cooler
climate and in turn is lighter in its effects on its isotopic composition. Furthermore,
the activity of water recharge which occurs at different locations corresponds
to different systems of groundwater flow.? The isotopic composition of delta
oxygen-18 (8'*0) and delta deuterium (8D) in natural waters are influenced by the
temperature which affects evaporation and condensation processes, and which in
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turn are reflected through the changes of latitude and altitude of the geographic
variations.*® Such an understanding has led to modern mean annual $'0 mapping
for river water and precipitation in the United States where stable isotopic
composition of waters at different latitude and elevation appeared as primary
indicators. Precipitation form is dependent on the elevation.** For example, during
the cold season precipitation forms at very high elevations would decrease due to
deficiency of water vapours.” In other words, 60 value would become negative
(depleted) as the precipitation form at higher latitude.* In terms of elevation, it is
also known as altitude effect where at higher altitude, the average temperature is
lower, resulting in isotopically deplete precipitation. For example, the depletion of
80 would vary between —0.15%, and —0.5%, with increase in 100 m elevation.

Poleward transport of increasingly 5°0,5 H depleted moisture

DURATION
OF RAINFALL —
P H and 80 - characteristics of
waler (precipitation)
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_—

2H and " - characteristics of water
(evapotranspiration processes)

0 e

; H, 10 and **C - disaster (flood)

F.

A 13C - disaster (gas disaster)

2H and *O - characteristics of water (origin, flow path, residence time, quantifying water and
carbon fluxes, { ic model and - surface water i i

13C - characteristics of water (carbon budget and identifying particulate matter)

"¢ - characteristics of water (groundwater dating)
875y - provenance of water and water composition

u
S — sources of sulphur S - groundwater flow

Figure 1: Application of stable isotopes in hydrological studies.

Moreover, the application of stable isotopes is not just restricted to understanding
of the natural hydrological cycle. For instance, measurements of '*O and *H content
of rainwater collected in refuse lysimeters filled with household refuse and sewage
sludge under different conditions have been done.’® The relationship of dD-5'%0
in the water samples has been assessed and isotopic effects caused by evaporation
and biochemical reactions at initial levels could be determined from the different
lysimeters with different conditions (aerobic/anaerobic, compaction, layering). In
fact, to isolate sources in groundwater studies, data from hydrochemistry should be
combined with the isotopic data to obtain better results.?’
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Table 1: Area of studies of stable isotopes in hydrological studies.

Isotope Area of study References

Hand 8O  Characteristics of water (origin, flow path, residence 15, 20, 21, 33, 34, 36,
time, quantifying water and carbon fluxes, precipitation, 37,52, 53,56-71,
postulating hydrodynamic model, evapotranspiration 73-76
processes and groundwater-surface water interaction)
Palaeoclimate and palacohydrology 38, 77-87
Disaster (landslide and flood) 88, 89

BC Characteristics of water (carbon budget, groundwater 15, 39, 49, 84, 90-92
dating; identifying particulate matter)
Palaeoclimate and palacohydrology 78, 80, 81, 87,93
Disaster (gas disaster) 94

8Sr Provenance of water, water composition 49, 95, 96
Palaeoclimate and palaecohydrology 45,97

S Sources of sulphur and groundwater flow 26,57, 98

N Sources of pollution and identifying particulate matter 39,49, 57

"B Sources of pollution 26, 49

Stable isotopes of oxygen and deuterium have been utilised in understanding
the characteristics (origin, flow paths and residence times) of a hydrological
system, quantifying water and carbon fluxes, understanding groundwater systems,
postulating hydrodynamic modelsand evapotranspiration processes, complemented
by the application of Geographical Information System (GIS). 1333-37,57-62.64-74.76

4. PALAEOCLIMATE AND PALAEOHYDROLOGY

The total hydrologic cycle will be influenced by global climatic change.” It will
begin with the oceanic source region, then the atmospheric pathway and its water
balance, followed by the process at land, ecosphere or atmospheric interface where
the recharge flux and the surface runoff is determined and lastly the land area
water balance. Palacoclimatology studies are associated with changes of climate
throughout the entire period of the earth, from the neogene to the quaternary
period.*83942438486 Tn this paper, more attention will be given to the quaternary
period (Pleistocene and Holocene series). Stable isotopes are a good tool for
investigating paleoclimatology due to its relation to meteorological parameters
which enable further investigation on climatic conditions.*

Stable isotope variations in regional precipitation and palacoclimatic changes on
the Qinghai-Tibet Plateau have been determined using the combination of isotope
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compositions and the activity of H,O fluid inclusions in primary halite for the past
50,000 years.*® 8'30 and 8D were analysed from a depth of more than 4,800 m and
width-integrated stream samples from 391 selected sites were used in creating
baseline data for other isotope hydrological studies, which will be useful in studies
of regional palaeoclimate and palaeohydrology.

Climate changes of peatlands in the Holocene period have been investigated.®*%
Stable water isotope compositions from the spring water emanating around the
peat deposit were determined through an inverse relationship between electrical
conductivity and isotopic composition, suggesting that precipitation was under
colder and drier conditions. From analysis of nine years data collection of stable
isotopes ratio of precipitation (3O and dD), it is notable that 3'%0 values are
more sensitive compared to 8D values in indicating the extremities in weather.* In
studying the hydrology-mediated differential response of carbon accumulation due
to late Holocene climate change in peatlands, stable water isotopes were measured
temporally to understand cycling and recharge trends of peatland hydrology.*

Application of oxygen isotopes (8'%0) is instrumental in palaeoclimatology
and palaeohydrology research.”’ 838879293 Coupling the isotopic data with other
parameters like air temperature provides understanding of significant past
events in the studied system, i.e., tropical cyclones.”” In another study, the §'*O
of biogenic and endogenic carbonates from 24 lake basins were determined to
reconstruct multi-millennial-scale trends for assessment of spatial coherency
of Late Quaternary climate change across the circum-Mediterranean region.®
Information from the inference of isotopic patterns in watersheds provides useful
information about the implications of anthropogenic activities. Hydroecological
evolution of the Athabasca Delta over the 20th century reflected that the Athabasca
River flow regime was strongly affected by an engineered meander cut-off on the
Athabasca river as well as climate warming, with the naturally declining river
discharge contributing to the directional change.®

The carbon isotope (6"°C) also plays an important role in palaecoclimatology and
palaeohydrology studies, especially on organic matters and minerals (6"°C,,, and
dBC,,) related to the sediment depth and time.”880818792 The combination of §'*0
and 6"°C measurements in lake sediments can provide details regarding salinity
and productivity in a lake, which in turn reflect lake-level and climatic changes.*
In estuaries, the use of paleolimnology always seeks to determine environmental
changes occurring over time.!® In terms of salinity studies, the combined hydrogen
isotopic composition of the preserved alkenones and n-alkanes provide information
on significant changes in both 8D, and 6D of the Black Sea area during

the Messinian Salinity Crisis.”

water precipitation
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The study of 60 and 8"C in lacustrine authigenic calcites provide a useful
indicator of past climatic change through the Holocene period, with a high degree
of covariance between these two stable isotopes suggesting that evaporation and
exchange have controlled the hydrological balance.®' Strong 8'*0-3"3C covariance
as characteristic of a closed lake have been argued.*® Oxygen and carbon stable
isotopes were also analysed in understanding changes in the balance between
evaporation and precipitation, determining past lake levels and identifying carbon
sources in characterising late Pleistocene-early Holocene climate conditions and
water levels of a lake."

Strontium (3*’Sr) is another stable isotope that is relevant in the studies of
palaeoclimate and palaeohydrology. Through the measurements of strontium
concentrations and isotopic ratios in natural waters and carbonate sediments
of lakes and rivers of the Altiplano, changes of 6*'Sr observed provided better
understanding of the palaeohydrology and palaeoclimatic history of the central
Andes.”” In addition, application of strontium isotope as a tracer for water habitat
and in fossil specimens were applied in investigating palaeohydrology of a
palacolake during the early-middle Pleistocene period.*

4.1  Other Applications for Environmental Research

C3 plant-derived material appear as the primary source of carbon, with dissolved
inorganic carbon (8"°Cp,¢) values enriched in "*C relative to that of the C3 source
retrieved from isotopic constraints on the aquatic carbon budget in Langat
watershed, Malaysia.” It has also been suggested that human-induced perturbations
(anthropogenic-derived organic carbon input from sewage treatment plants and
landfill sites) to riverine carbon cycling should be put into consideration in the
future studies of urbanised watersheds.

Other applications of 6"*C are source identification of riverine particulate organic
matter (POM).*#2% Using §"°C, 8"°N and C:N ratios, sources of POM in major river
systems can be determined. Low 8'*C and C:N values suggested the occurrence of
plankton blooms in spring and summer.* For DIC, 6"*C demonstrates the role of
atmospheric exchange and organic carbon oxidation in the isotopic signature of
DIC.”

Stable isotopes of Sr and S are also instrumental in hydrology research. *Sr has
been commonly applied in studying the provenance of water.* It has also been used
as a tracer to determine the water rock interaction.!®! Stable isotopes of strontium
(6%Sr) have been measured to determine the origin of water, and complemented
with hydrochemistry data are helpful in describing the main sources of the water
composition.”
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In this case, higher 6*’Sr values indicated that the sources originated from older
terrains while lower 8*’Sr values specified that the sources are from relatively
younger terrains. In another study, Sr isotopes have been utilised in developing
an isotope distribution map that will be the source for provenance applications,
archaeological migration studies, groundwater-surface water-seawater interaction/
contamination monitoring and potential use for the agricultural and food sector.”
Moreover, the ¥’Sr/*Sr system is a powerful tool for constraining plate tectonic
processes and their influence on atmospheric CO,.'*

Stable isotopes of &**S have been applied to understand sources of sulphur in
stream water which specified the primary sources of SO,*.” Different tracers
provide different information on studied watersheds. Stable isotopes of water with
BC, BN, *S and ¥Sr and some other radioactive isotopes have been selected in
investigating the complexity of groundwater flow of a wetland.’” The function of
using these isotopes is to learn about the provenance, flow paths and residence
times or ages of the wetland.*” Stable isotope compositions of 6'*0, &°H, §''B, 8"*C
and 6%Sr together with radioactive isotopes were investigated to understand the
origin and processes of groundwater contamination in the studied aquifer.?

Stable isotopes (8'*0, 8D, 8"*C and 6°He) have coupled with radioactive isotopes
(tritium-*H, "C and *He) and hydrogeochemical tools in studying flow regimes
and their time scales, to determine recharge conditions, and to describe the
regional-scale hydrogeochemical evolution of groundwater.'”® Stable water
isotopes with radioactive isotopes of *H and *C have been applied in explaining
the hydrochemical characteristics of river water, hydrochemistry of groundwater,
stable isotope ratios in river water, recharge of groundwater, recharge origin of
springs, spatial variation in the d-excess value as well as *H contents and '“C
of river water, groundwater and spring water.”**'?! The combination of stable
water isotopes with radioactive isotopes of tritium and '*C, as well as chemical
and noble gases tracers were applied in understanding the groundwater-surface
water interactions that explained about the infiltration rates, episodic recharge and
origin of the older groundwater source.'™ *H is also effective in estimating the
flushing time of large river basins. This evidence is important for the conservative
contamination of watersheds.*

4.2  Disaster Risk Management Studies

Disaster risk management for natural hazards can be considered a new venture of
stable isotopes application in watersheds research. It is critical to identify factors
that contribute to natural disasters within a catchment area. Deforestation activities
have weakened the hydrological cycle due to the changes in the land surface.
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Increase in deforestation activity would cause the erosion process to be generated
and thus, river sedimentation and increase risk of natural disaster.'® Several studies
will be presented to highlight its importance. Figure 2 shows the locations of
several study highlighted in disaster risk management.
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Figure 2: Location for several study highlighted (produced with ArcGIS 10.3).

4.2.1 Cameroonian crater lake

In August 1986, the Lake Nyos tragedy (located in the region of volcanic activity)
took the life of approximately 1700 people.'®!% Lake Nyos is located in the
Cameroon Volcanic Zone. It was due to the sudden release of CO, gas from the
bottom of Lake Nyos that was conveyed by groundwater. The CO, gas released was
localised in the form of a 120 m high plume that spread in the region of 25 km.'®
Stable isotope ratios of total dissolved carbon (3"°C) have been investigated for
three Cameroonian crater lakes (Nyos, Monoun and Wum) to investigate the cause
of the Nyos gas disaster in 1986.%* Results (—3%o for Nyos and —5.5%o for Monoun)
showed the origin of the gases linked with the disaster as these values indicate the
d"3C of carbon in magma from mantel beneath the Lake Nyos.
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4.2.2 Li-Shan area (central Taiwan)

Li Shan area is situated less than 3 km from the Li-Shan fault.'”” Compositions of
oxygen and hydrogen stable isotopes coupled with tritium have been analysed to
identify the hydrologic factors that contributed to a severe landslide in the Li-Shan
area, central Taiwan.® From the analysis of 6D versus 6'*O of slope groundwater
samples, it was concluded that pond water from He-Huan-Xi creek and precipitation
are the two main sources for slope groundwater in the Li-Shan landslide area.

4.2.3 Slave river delta

During the spring break-up period, the melting of the winter snowpack is critical
in influencing the Slave River discharge.!® Figure 4 shows the map of Slave River
located in Canada. Stable water isotope tracers, combined with total inorganic
suspended sediment (TSS) concentrations quantified from lake water samples
collected shortly after the spring melt, were analysed in order to distinguish
the spatial and temporal patterns of spring break-up flooding in the Slave River
Delta.® Tsotopically-depleted 6'30 and 8D signatures and high TSS concentrations
characterised the flooded lakes.

4.2.4 Kelantan river basin

Dominant water flux through transpiration reflects the significant role of vegetation
in regulating the regional water cycle.'> Hence, negligence of the role of forests as
a major hydrologic component may undermine the ecosystem capacity to regulate
water balance in a tropical region. If this is so, was deforestation the main culprit
for the destructive 2014 floods in Kelantan? Initially, datasets of Precipitation and
Water Level for the main rivers in the Kelantan catchment, i.e., Sungai Lebir,
Sungai Galas and Sungai Kelantan, were observed from 17 December 2014 to
6 January 2015. Figure 3 shows the map of Kelantan River Basin. The dataset
was retrieved from the state government official portal (ebanjir.kelantan.gov.my).
Results showed that unusually high amount of rainfall co-varies with the water
level in the three rivers, reflecting the high intensity of the monsoon which is the
main driver of water input (rainfall) to the Kelantan watershed. Delta '*O and &*H
of precipitation collected nationwide were analysed to improve understanding of
stable isotope systems in Malaysia, essential for climate-hydrology interpretation
of modern stable isotopic fingerprints of 6'*0 and &*H preserved in meteoric
waters.!” Moreover, the Rayleigh distillation process occurs along the trajectory
of air mass resulting in partitioning of heavier isotopes (**O and deuterium) into
the rain. Isotopically enriched rain forms in the early monsoon, and falling from
a diminishing vapour mass the residual vapour eventually becomes isotopically
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depleted. The systematic rainout process continues with more moisture supply
during the peak monsoon, again resulting in enriched precipitation. However,
this was not the case for 2014, as the system received more moisture supply as
demonstrated in the isotopic composition of 6'0 and &°H within precipitation.'s
Understanding the moisture sources is critical to climate-hydrology studies.
Thus, stable isotope monitoring facilities should be in serious consideration for
an extensive national environmental monitoring programme, which will be able
to provide comprehensive support to the development of a flood forensics and
management framework as a complement to the Disaster Risk Management for
Sustainable Development (DRM-SD) agenda.
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Figure 3: Map of Kelantan river basin (produced with ArcGIS 10.3).
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Application of stable isotopes in hydrological studies demonstrated its
significance, particularly in characterising water resources, palacoclimate and
palaecohydrology which complement disaster risk management of watersheds
framework. For example, the study in coupling of water and carbon fluxes via
the terrestrial biosphere and its significance to the earth’s climate system.* They
had determined that with the variation of water inputs by rain, the estimates of
transpiration show the same as net primary productivity, suggesting the terrestrial
water and carbon cycle naturally coupled through biosphere with in small-scale
measurements. Others include the characteristics of chemistry and stable isotopes
in groundwater of Chaobai and Yongding River basin, North China Plain to
understand the groundwater flow system.®® Table 2 shows historical applications
of stable isotopes in hydrological studies.

Table 2: Chronological order of applications of stable isotopes in hydrological studies.

Year  Area of study References

1935 The relative atomic weight of oxygen in air and water 46

1957 Groundwater dating through the application of radiocarbon 47

1961 Systematic pattern of isotopic composition of global precipitation 48

1964  Fundamental of precipitation altitude effect 51

1964 Stable isotope in precipitation 51

1965 Deuterium and oxygen-18 variation in the ocean and marine atmosphere 110

1975 Isotope techniques in groundwater hydrology 15

1977 Compilation of stable isotope fractionation factors of geochemical 111
interest

1989  Using 8"*C measurements in understanding the cause of Nyos gas 94
disaster

1993 Estimating evaporation using stable isotope: Quantitative results and 112
sensitivity analysis for two catchments in northern Canada

1995 Measurements of 'O and D content of rainwater collected in refuse 56
lysimeters

1995 Stable isotopes of lake and fluid inclusion brines, Dabusun Lake, 38
Qaidam basin, western China: Hydrology and paleoclimatology in arid
environments

1995 Analysis of sulphur isotopes in suggesting changes in surficial materials 98

1996  Identifying recharge area 52

1998 Study of stable isotopic ratio of precipitation from tropical cyclones in 77

characterising hydrology and palacoclimatology

1998 Stable isotope composition of precipitation over Southeast Asia 113

(continued on next page)
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Table 2: (Continued)

Year  Area of study References

2000  Measurement of naturally-occurring isotopes in the hydrosphere 57
providing indication of provenance, flow paths and residence times of
wetland groundwater flow systems

2000 Quantification of water and carbon fluxes 33

2002 Regional water balance trends an evaporation-transpiration partitioning 114
from a stable isotope survey of lakes in northern Canada

2003  Measurements of strontium concentrations and isotopic ratios to 97
improve hydrology and palaeohydrology mass balances to understand
palaeoclimatic history

2003 Water and carbon cycles in the Mississippi River basin: Potential 34
implications for the Northern Hemisphere residual terrestrial sink

2004  Study of last interglaciation climate and hydrology using 6'*0 and §'*C 81

2004  Using stable water isotopes to evaluate basin-scale simulations of 115
surface water budgets

2004  The Piracicaba River basin: Isotope hydrology of a tropical river basin 116
under anthropogenic stress

2005 Postulating hydrodynamic model 60

2005  Measurements of *O and D to determine possible evapotranspiration 59
processes

2005 Groundwater-surface water interactions were studied using piezometric 20
surface monitoring and environmental tracers

2005  Progress in isotope tracer hydrology in Canada 13

2006  Application of isotope tracers in continental scale hydroligical 116
modelling

2007  Distinguishing sources of groundwater recharge using 6*H and '*0 61

2007 Identifying dominant runoff sources and estimating mean residence 65
times using tracer investigations and GIS analysis

2007  Identifying possible hydrologic factors contributing to a severe 88
landslide in Li-Shan (central Taiwan) using stable water isotopes

2007 Coupling of water and carbon fluxes via the terrestrial biosphere and its 35
significance to the earth’s climate system

2007 Isotope constraints on water, carbon and heat fluxes from the Northern 63
Great Plains Region of North America

2008 Characteristics of chemistry and stable isotopes in groundwater 66

2008  Application of stable water isotopes in reconstructing spatial and 88

temporal patterns of spring break-up flooding in the Slave River Delta

(continued on next page)
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Table 2: (Continued)

Year  Area of study References

2008 Water and carbon fluxes from savanna ecosystems of the Volta River 67
watershed, West Africa

2008  Net ecosystem production in the great lakes basin and its implications 69
for the north American missing carbon sink: A hydrologic and stable
isotope approach

2009  Investigation of peatlands climate and hydrology changes in Holocene 84
period using 8'*C
2010  Under-ice salinity and stable isotope distribution of Saroma-ko Lagoon, 21

Hokkaido, northern Japan

2011 Application of strontium isotopes on snail Melanopsis as a tracer for 44
water in its habitat to investigate palacohydrology

2011 Application of stable water and carbon isotopes in watershed research: 36
Weathering, carbon cycling and water balances

2013 Study of isotope constraints on the aquatic carbon budget 73

2013 Investigation of carbon accumulation in studying petlands climate 86
changes in late Holocene period

2014 A reconnaissance study of water and carbon flux in tropical watershed 75
of Peninsular Malaysia: Stable isotope constraints

2014 A reconnaissance study of water and carbon flux in tropical watershed 15
of Peninsular Malaysia: Stable isotope constraints

5. CONCLUSION

Water is one of the critical resources in the sustainability agenda. Yet, among all
observed natural and anthropogenic adversities, water-related disasters appear as
the most recurrent which hinder sustainable socio-economic development goals.'!’
Climate change, urban expansion, deforestation and increase in population are
thought to be the main factors of water-related disasters. Considering those factors,
understanding the hydrologic balance of watersheds and the impact that nature and
humanity impose on regional ecosystems becomes one of the important research
priorities.

The application of isotope tracers is an important tool in resolving issues related
to physical hydrology and geochemistry of river basins. Application of isotope
hydrology as a technique in studying the water cycle from various environments
(ocean to atmosphere) and processes is becoming more common and accepted in
hydrological studies. Stable isotopes of oxygen and hydrogen are part of water
molecules which provide useful information in understanding the characteristics
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and history of water. Furthermore, development of new analytical techniques and
approaches such as high-resolution isotope data using new laser spectroscopy
technology in combination with GIS is one example of making stable isotope
utilisation in watershed research more efficient.

Stable isotopes of oxygen and deuterium play an important role in providing
related information in reconstructing and understanding the history of the studied
hydrological system or environments. Besides these isotopes, stable carbon and
strontium isotopes also contribute to palacoclimate and palaeohydrology studies
through the analysis of sediments and organic matters. Moreover, stable isotopes
of carbon, strontium, sulphur and nitrogen are example of multi-isotope techniques
that may be combined to provide a greater understanding of the earth system.

This paper reviews the applications of stable isotopes in hydrological studies for
catchment management. Advancement in isotope research (origin, flow paths,
residence times and water budget) has led to new frontiers of palacoclimatology
and palaeohydrology studies. Future applications hold promise to recognise the
patterns of modern and ancient isotopic signatures in the ecosystem, provide useful
information in understanding potential natural hazards, and thus complement
disaster risk management of watersheds.
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