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Abstract
The groundwater from shallow alluvial aquifers of northern Kelantan, Malaysia, was analysed for stable isotopes (δ18O and δ2H)
during northeast and southwest season to assess the dynamics of the recharge processes. The groundwater shows quite a large
variation in isotopic signatures (18O ranges from -7.5 to 0.62 ‰ for northeast (NE) and from −7.4 to −4.98 ‰ during southwest
(SW)). These values reflect the contribution of different recharge sources in the aquifer. During NE season, the average isotopic
signature of groundwater (δ18O: −5.30‰) is similar to the rainfall (δ18O: −4.13‰) indicating that rainfall is the main source of
recharge compared to the other sources. The SW season shows an isotopically distinct signature due to contribution from surface
water bodies (river sources) and enriched irrigation return-flow. Interestingly, the groundwater average isotope signature in SW season
(δ18O: −6.40‰) is very close to the surface water (δ18O: −6.47‰), indicating significant contributions from surface water bodies of
the area. Overall, the isotope data suggests that shallow groundwater is very dynamic during SW season whereas in NE the impact of
surfacemanifestations is less. The study highlights the significance of further studies to accurately quantify the recharge volumes from
different sources that will help to model andmanage the aquifers both qualitatively and quantitatively.Moreover, the quantification of
irrigation return-flow is very essential component keeping in view the contaminant transport from the agricultural areas.
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Introduction

Groundwater is the main source of drinking water in the north-
ern Kelantan area of Malaysia (Wan et al. 2014; Sefie et al.
2018). The groundwater is naturally recharged by meteoric
water and streams that maintain the resource in the aquifers
(Daud and Roslan 1981; Wan et al. 2012; Khairul Nizar et al.
2018). However, the groundwater is highly affected by

anthropogenic factors leading to unsustainability in terms of
water supply and food security as irrigation and domestic
supply is largely dependent on groundwater in many parts of
Malaysia (Brown 2009; Rasul 2016;Misra 2014; Narany et al.
2017). Rising population is also consistently putting pressure
on the groundwater resources in the area. According to the
review of the national water resources study (2000–2050)
and formulation of national water resources policy (2011)
for Kelantan, the groundwater demand is projected to be
210, 270, and 443 million liters per day (MLD) in years
2020, 2030, and 2050, respectively (NWRS 2011). Current
groundwater abstraction is approximately increasing at 2.5%
per year (Narany et al. 2017; Zamri et al. 2012; Sefie et al.
2018). Groundwater is also affected by land-use changes and
contamination by various inorganic constituents. Over the
past 25 years, the nitrate concentration in groundwater in-
creased at 8% and 4% annually in agriculture and residential
areas respectively (Narany et al. 2017). Therefore, one aspect
of dealing with the groundwater problems is the proper assess-
ment of the groundwater resources and recharge estimation in
the Kelantan state.
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Studies have been conducted on the stable isotope system-
atic in groundwater in many parts of the world, but such studies
are not common inMalaysia. Based onmajor ion chemistry and
isotopic analysis, Wan et al. (2012) concluded that meteoric
water and streams recharge the groundwater in Kelantan
River catchment and the isotope composition of shallow
groundwater is influenced by evaporation. Wan et al. (2014),
based on chloride mass balance (CMB), analyses of deuterium,
oxygen 18, and tritium estimated that recharge rate ranges from
155 to 966 mm/year (average 484.3 mm/year or 19.4% of the
total effective annual rainfall) and ranges from 11 to 1270mm/y
(average 261.5 mm/year or 10.5% of the total annual rainfall).
Most of the groundwater isotopic investigations carried out in
northern Kelantan had not been discussed in detail and were
focused mainly on deeper aquifers. With this background, the
present study was taken up to assess the mechanism and source
of recharge in shallow aquifers keeping in view its qualitative
and quantitative suitability for various purposes.

Materials and methods

Geography, geology, and hydrogeology of the study
area

The study area is situated in northeastern part of Peninsular
Malaysia (Fig. 1a) including Bachok, Tumpat, Pasir Mas, and
Kota Bharu districts of Kelantan state (Fig. 1b) and covers an
area of approximately 1400 km2. The area lies between lati-
tudes 5° 55″ and 6° 15″ north and between longitudes of 102°
4″ and 102° 25″ east (Fig. 1c). Topographically, the area is
dominated by low-lying surfaces with an average elevation of
less than 15m above mean sea level (amsl). The main peaks in
the area lie near Ketereh and Gunong where elevation reaches
up to 248 m amsl (Fig. 1c). The area experiences a humid
tropical climate, controlled by two monsoon seasons. The
southwest Monsoon occurs between April and October often
bringing less rainfall whereas the northeast monsoon occurs
between November and March which frequently generates
high rainfall intensity over the study area (Hayati et al.
2020). The average annual rainfall is 2788 mm. The average
humidity is 70% while the average daily temperature is ap-
proximately 28°C. The area is mainly drained by the Kelantan
River flowing across the area from south to north. Agriculture,
especially rice cultivation is the most important economic ac-
tivity in the area.

Geologically, the area is mainly covered by Quaternary
sediments or alluvium of marine or fluviatile origin (i.e. grav-
el, sand, silt, and clay) underlain by granitic bed-rock (Zamri
2009; Muqtada et al. 2018). The geological map in Fig. 2
depicts the distribution of rocks from Tertiary, Permian, to
Quaternary age. The Quaternary alluvium thickness in the
north Kelantan region varies from a few meters near the

mountainous areas and stretching up to 150 m towards the
coast (Hayati 2011).

Based on the lithological data, the area consists of three
aquifer layers (Sefie et al. 2018): shallow aquifer, intermediate
aquifer, and deep aquifer (Fig. 3). The shallow aquifer with a
thickness from a few meters to a maximum of about 15 m is
mostly unconfined and semi-confined. The intermediate and
deep aquifers lie at a depth of around 20 m to 50 m and > 50
m, respectively. The third aquifer has its thickness varying
from place to place and generally increases towards the coast.
Among the three, a shallow aquifer is suitable for abstraction
purposes as it exhibits a significant recharge rate. The inter-
mediate aquifer naturally has low thickness and stores a lim-
ited amount of groundwater.

Sampling and analytical procedures

Twenty-nine groundwater samples were collected uniformly
over the entire study area each during January 2016 (referred
to as northeast season) and June 2016(southwest season).
Samples were collected in 500-mL glass bottles and sub-
samples in 7-mL vials were stored for isotope analysis. The
sample bottles were thoroughly cleaned with distilled water
prior to use. Vials were filled up to the brim and tightly sealed
with double caps before storage and refrigeration. All the
groundwater samples (P1 to P29) were collected from the first
aquifer in which groundwater depth is very shallow (less than 8
meters). Three surface water samples (S1, S2, and S3) were
also collected from the Kelantan River and its tributaries.
Rainwater was collected at Kota Bharu station according to
the standard guidelines of the International Atomic Energy
Agency (IAEA) (Fig. 1c). Twelve rainwater samples were col-
lected between July 2015 and June 2016 onmonthly basis. The
parameters analysed and themethods used are given in Table 1.

The isotopic composition is expressed as deviations in δ
(pronounced as delta) values in parts per thousand units (‰ or
per mille) notation relative to Vienna standard mean ocean
water (VSMOW), shown as below:

δX ¼ Rsample−Rstandard

� �

Rstandard
� 1000‰ ð1Þ

where the X is the measured value of hydrogen and oxygen;
Rsample and Rstandard are the isotopic ratios of the samples and
the VSMOW, respectively (Liu et al. 2018).

The δ2H and δ18O are important tools for understanding
recharge processes in watershed hydrology and can be used to
trace precipitation of different origins through hydrological
processes (Scholl and Murphy 2014; Yeh and Lee 2018;
Oiro et al. 2018; Yang et al. 2019), assess groundwater re-
charge (Han et al. 2018; Yang et al. 2018), study the effects
of evaporation of groundwater systems (Gonfiantini’s 1986;
Hendry 1988; Ding et al. 2013; Mahindawansha et al. 2019),
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and to study groundwater and surface water interactions
(Krabbenhoft et al. 1990; Tweed et al. 2020). Previous isotope
hydrology studies from the tropical areas include those from
Hawaii (Scholl et al. 1996, 2002), Costa Rica (Rhodes et al.

2006; Lachniet et al. 2007), and Mexico (Munoz-Villers
and McDonnell 2012). Any variation in δ2H and δ18O in
precipitation forms the primary data required for groundwater
recharge investigations (Ingraham 1998; Gupta and

Fig. 1 Map of the study region: a Location of the study area within PeninsularMalaysia; bLocation of the study areawithin Kelantan state; cLocation of
the water sampling sites imposed on ASTER DEM (30-m resolution)

Fig. 2 Geological map of the
study area
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Deshpande 2003; Kortelainen 2009; Gat 2010; Voss et al.
2021). The δ2H and δ18O of meteoric water vary from region
to region and this variation is due to the varying intensity of
isotopic fractionation. When meteoric water seeps into the
ground to form groundwater, its isotopic variation is recorded
in the groundwater. Hence, differences in isotope composi-
tions can be used as a basis for the detection of groundwater
sources (Yeh et al. 2011; Liu and Yamanaka 2012; Ding et al.
2013; Peng et al. 2016). During the entire hydrological cycle
ranging from evaporation of water bodies to precipitation, the
isotopes undergo continuous fractionation, which alters the
isotopic composition in meteoric waters. As this process is
based on isotopic fractionation during evaporation and con-
densation, there is a specific relationship between hydrogen
and oxygen isotopic distributions in atmospheric precipita-
tion. This relationship, first proposed by Craig (1961), is as
follows:

δD ¼ 8δ18Oþ 10 ð2Þ

This relation defines the Global Meteoric Water Line
(GMWL) and was obtained by using a linear regression meth-
od derived from the isotopic analysis of precipitation, snow
water, and river water from all over the world; most of the
precipitation in the world follows this relationship (Hsin-Fu
et al. 2014). The slope of 8 and the intercept of 10 in the
equation are useful in understanding the systematic isotopic

fractionation controlled by the hydrologic cycle. Global
Meteoric water line (Craig’s line) is global in the application
and is actually an average of many local or regional meteoric
water lines which differ from the local line due to varying
climatic and geographic parameters. For investigations at local
or regional scales, Regional Meteoric Water Lines (RMWL)
or Local Meteoric Water Lines (LMWL) are generated from
local precipitation isotopic values and are later used as a ref-
erence line. In the present investigation, LMWL: δ2H = 7.1
δ18O +7.75 was generated by the least square method from
annual rainfall isotopic data. In addition, the Malaysian
Meteoric Water Line (MMWL; δ2H = 8 δ18O +13.25;
Shahid 2005) was also used. Keeping in view the proximity
of Thailand to the study area, the Thailand’s Meteoric Water
Line (TMWL: δ2H = 7.35 δ18O +6.11, Kwansirikula et al.
2005) was also taken into consideration. The slope of line is
very similar to that of Thailand’s meteoric water line. All these
lines (MMWL, TMWL, and LMWL) possess slope less than
that of the GlobalMeteoricWater line, which indicated typical
sub-tropical climate in this area.

Results

The isotopic data of the groundwater and surface water for the
northeast and southwest season are presented in Table 2.
Chloride concentrations show significant spatial variability

Fig. 3 Fence diagram showing
aquifer disposition of the area
(Sefie et al. 2018)

Table 1 Parameters and methods used

Parameters Units Instrument (method) Lab

Oxygen-18 (18O) δ VSMOW‰ SERCONGEO 20-20 (CF-IRMS). Isotope Hydrology Laboratory of the Malaysian Nuclear Agency

Deuterium (2H) δ VSMOW‰ SERCONGEO 20-20 (CF-IRMS). Isotope Hydrology Laboratory of the Malaysian Nuclear Agency

Chloride Mg/l Titration method Geology lab, Universiti Malaysia Kelantan
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with values ranging from 18.4 to 61.84 mg/L with an average
value of 36.88 mg/L in NE season, whereas the values vary
from 21.06 to 65.08 mg/L with an average of 35.84 mg/L in
SW season. The δ18O and δ2H of the rainfall range from −6.2
to −2.37‰ and −43.52 to −8.35‰, respectively. The average
values of δ18O and δ2Hin the rainfall are −4.13 to −20.56 ‰,
respectively. Values of δ2H in groundwater range from
−42.71 to 7.2‰with an average of −28.55‰ during northeast
and −46.69 to −32.20‰ with an average of −39.02‰ for the
southwest season, respectively. For δ18O, the values range
from −7.24 to 0.62‰with an average of −5.30‰for northeast
and −7.4 to −4.98‰ with an average of −6.40 for southwest,
respectively (Table 3). Apparently, three groups of

groundwater samples can be identified during the northeast
season. The first group includes those samples collected from
the northeastern and southeastern parts of the area. For these
samples, δ18O and δ2H values vary from −1.99 to 0.62‰
(average value of −0.96‰) and from −1.63 to 7.2‰ (average
value of 4.00‰), respectively. The second group includes
samples collected from the central and southern parts of the
study area. In this group, δ18O and δ2H values vary from
−4.37 to −3.77 ‰ (average value of −4.17‰) and from
−26.36 to −23.85 (average value of −24.71‰), respectively.
The third group shows δ18O and δ2H between −7.5 and
−5.03‰ (average value of −6.25 ‰) and −42.71 to −26.74
‰ (average value of −34.99 ‰), respectively.

Table 2 Analytical results of
groundwater (P) and surface
water (S) samples in northern
Kelantan

Sample No. Northeast Season Southwest Season

δ2H (‰) δ18O (‰) Cl¯ (mg/l) δ2H (‰) δ18O (‰) Cl¯ (mg/l)

P1 −40.3 −6.75 47.04 −35.52 −5.46 39.12

P2 −39.04 −7.5 41.2 −40.94 −6.29 65.8

P3 −31.61 −6.38 42.27 −33.71 −4.98 31.64

P4 −33.84 −6.3 45.33 −42.29 −6.81 62.85

P5 −42.71 −7.15 31.24 −33.71 −6.27 25.43

P6 −1.63 −1.99 21.3 −37.53 −6.64 27.1

P7 −36.95 −6.36 28.4 −40.26 −6.82 33.6

P8 −41.14 −7.21 53.72 −35.41 −6.67 24.85

P9 −29.03 −5.03 61.84 −32.2 −5.96 53.76

P10 −40.94 −6.52 45.04 −35.96 −6.27 39.41

P11 −37.37 −5.8 36.38 −40.25 −6.4 42.75

P12 −37.43 −6.65 31.01 −38.49 −6.88 28.1

P13 −32 −5.63 42.76 −33.58 −6.36 39.6

P14 −32.53 −6.09 24.52 −41.05 −7.38 47.25

P15 −26.74 −6.49 24.63 −32.26 −6.23 31.86

P16 −32.25 −6.09 18.4 −44.67 −6.9 26.4

P17 7.2 −0.83 23 −42.9 −6.26 39.6

P18 −35.16 −7.24 42.56 −45.02 −6.25 31.47

P19 −29.69 −5.47 50.05 −36.94 −5.35 46.25

P20 −30.05 −5.83 43.14 −46.69 −7.4 40.87

P21 5.42 −1.64 32.59 −39.22 −6.38 21.06

P22 −30.76 −5.74 39.45 −44.99 −6.95 24.63

P23 −39.22 −6.2 38.34 −40.73 −6.22 32.57

P24 −23.91 −4.37 20.27 −38.36 −6.62 23.82

P25 −35.04 −5.32 52.54 −33.03 −5.49 44.3

P26 −35.92 −5.65 42.6 −38.03 −6.3 35.17

P27 5.02 0.62 32.57 −45.38 −7.22 21.32

P28 −23.85 −3.77 29.46 −45.12 −6.83 22.08

P29 −26.36 −4.36 27.95 −37.23 −6.21 36.67

S1 −37.41 −6.9 32.62 −38.45 −5.63 17.42

S2 −26.88 −5.9 31.1 −34.94 −5.64 23.51

S3 −37.06 −6.63 26.04 −33.17 −5.7 17.45
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Discussions

Sources and mechanisms of groundwater recharge

Stable isotopes (δ2H and δ18O) of water carry attributes of
their origin and thus can be used to trace the source and trans-
port mechanism of water molecules (Clarke and Fritz 1997).
Figure 4 is the plot of δ2H vs. δ18O for groundwater and
surface water samples of the northeast season. The samples
lie most closely around local meteoric water line confirming
that shallow aquifers in the area are recharged by present-day
precipitation, though some samples (P15, P18, and P21) fall
little away from the meteoric water line. This shift is due to the
evaporation effect (Ebrahim et al. 2020; Hanafiaha et al.
2019), which is well evident from the groundwater trend line
(δ2H = 6.73 δ18O +7.16), with a slope of (6.73) lower than that
of meteoric water lines. All these three samples fall in paddy
fields where role of evaporation cannot be ruled out. The
samples are apparently plotted in three separate groups.
Group A (P6, P17, P21, and P27) includes those waters locat-
ed in town areas in northern parts. The group mostly lies along
MMWL and above LMWL in the upper right corner of the
plot. The isotopic compositions of the samples are higher
(more towards positive, with an average of δ18O: −0.96‰)
than the average values (δ18O: −4.13‰) of local precipitation,
implying the mixing effect through groundwater pumping,
intrusion of waste water, and possibly evaporation effects
when potential/actual evapotranspiration is high in the area.

Evapotranspiration has been acknowledged as a core process
in the hydrological cycle in peninsular Malaysia (Yong et al.
2021). The overall impact of climate on water resources in the
Kelantan river basin has already been assessed by many
workers (Tan et al. 2017).

Keeping in view the shallow nature of the aquifer, the re-
evaporation from the water table is quite possible. This re-
evaporation from shallow water table has been estimated to
be 24 mm/year (Ebrahim et al. 2020). The top clay layer as
revealed in fence diagram (Fig. 3) also plays some role in
impeding the downward movement of water, thus plays some
role in the recharge process. Group B (P24, P28, and P29)
contains the samples with mixed plantations (oil palm, rubber
plantation, scrubs, etc.) in southeastern parts of the area. They
lie at the center of the plot in Fig. 4 with the δ values being
more depleted (δ18O: −4.17‰, δ2H: −24.70‰, than those of
group A (δ18O: −0.96‰, δ2H: 4.00‰) and the average rain-
fall values (δ2H= −20.56‰ and δ18O= −4.13‰), which sug-
gests that sources other than rainwater are also contributing to
the groundwater system. Group C is dominant group (P1 to
P5, P7 to P16, P18 to P20, P22, P23, P25, and P26; and three
surface water samples) covering around 76 % of the ground-
water samples, lying at the bottom left of the plot in Fig. 4. The
average values of these samples are close (δ18O: −6.24‰,
δ2H: −34.98‰) but less than the mean annual δ2H and
δ18Ovaluesof rainfall. This suggests that recharge sources of
shallow aquifers are mainly from rainfall but not exclusively
dominated by the monsoon season.

Table 3 The statistical isotopic characteristics of groundwater in northern Kelantan

Season No. of samples δ2H (‰) δ18O (‰)

Range Mean Standard deviation Range Mean Standard deviation

Northeast 29 7.2 to −42.71 −28.55 14.22 0.62 to −7.5 −5.30 2.00

Southwest 29 −32.2 to −46.69 −39.02 4.40 −4.98 to −7.4 −6.41 0.58

Local meteoric water line:
2H  = 7.1 18O   + 7.75

Thailand's meteoric water line:
2H  = 7.35 18O + 6.11 

Malaysian meteoric water line:
2H  = 8 18O  + 13.25 

Groundwater trend line:
2H = 6.735 18O  + 7.161
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Fig. 4 δ2H − δ18O plot for
groundwater and surface water
from the study area in January
2016 (northeast season)
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In addition, the exposition of surface water bodies makes
them more vulnerable to evaporation effects, which leads to
the shifting of their δ2H and δ18O values towards the positive
side (Fig. 4). During evaporation, the water containing 18O
diffuses to the atmosphere more slowly than water molecules
containing deuterium (Clarke and Fritz 1997). This differen-
tial behavior with respect to evaporation causes an increase in
the 18O relative to the deuterium and resulting isotopic com-
position plots on a line with a lower slope than the meteoric
water line. These evaporative trend lines typically exhibit
slopes in the range of 3.9 to 5.2 (Gonfiantini’s 1986). In the
present study, from the average stable isotopic composition of
northeast groundwater and surface water, the evaporation line
(δ2H = 4.456 δ18O − 4.921) has a slope of 4.45 (the black
solid line in Fig. 4). The original isotopic values of water prior
to evaporation can be inferred by extrapolating the line along
the LMWL (Clarke and Fritz 1997). The intersection point of
LMWL and evaporation line represents the isotopic content of
early recharge water that was not affected by evaporation
(Zongyu et al. 2011). In the present case, the original values
for δ18O and δ2H were −4.90‰ and −26.75‰, respectively.
These original isotopic values fall well within the δ2H and
δ18O range of annual rainfall and hence points to the fact that
rainwater is the main source of groundwater recharge in most
of the area. Moreover, the point of intersection of evaporation
line with LMWL falls in group C, which indicates that the
recharge of samples falling away from the meteoric water line
in this group (P2, P15, and P18) mainly occurs from the sur-
face water bodies which has analogous isotope values with
this group.

Figure 5 represents the plot of δ2H vs. δ18O for southwest
groundwater and surface water samples, which show signifi-
cant deviation from LMWL. Around 62% of groundwater
samples fall well below the LMWL, which suggests that en-
richment has taken place through more than one mechanism.
The best-fit regression equation for the southwest season (δ2H
= 4.936δ18O − 7.386) exhibits a slope of 4.93, which is less
than that of the LMWL (7.1) and northeast groundwater trend

line (6.73). Here the intensity of enrichment through evapora-
tion is higher as compared to the northeast season and some
data points show some significant deviation from average
rainfall values, thus fall above LMWL and MMWL. These
samples display significant moisture recycling which is well
evident from average d-excess values of rainwater (d-excess
13‰). The significant scattering of samples suggests that
these waters were strongly affected by evaporation. Here the
enrichment of groundwater in heavy isotopes through the
mixing of irrigation return-flow water plays a key role in
keeping in view the widespread rice fields in the area. The
rice fields in the area are planted in the months of October
and November. The large-scale pumping of groundwater for
irrigation purposes may result in the mixing between enriched
irrigation return-flow water and more depleted groundwater
(Basu et al. 2002; Zheng et al. 2005).

In the study area, the farmers traditionally plan their crop
production primarily on the basis of expected rainfall. In such
areas, a significant portion of water used for rice production
returns to the atmosphere in the form of evaporation and tran-
spiration. Both these processes cause enrichment of residue
water in heavier isotopes (Clarke and Fritz 1997). According
to pan-evaporation data in Pasir Mas area (1969–1979), the
monthly average evapotranspiration of a paddy crop is about
155 mm. The average evapotranspiration during the dry
months is 5.5 mm per day and maximum daily values reach
up to 9 mm (Kaishoven et al. 1984). The rainfall is at the
lowest in the area during dry periods from January to May
(average monthly rainfall of 72.5 mm from January to
May 2016, Malaysian Meteorological Department 2016).
During these months, the rainfall volume is insufficient to
meet the crop water requirements. Under such circumstances,
the dependency on groundwater for irrigation purposes is
inevitable.

In the southwest season, 28% of the samples plot close to
the LMWL, which suggests groundwater recharge at different
stages and this recharge is typically representative of south-
west monsoon season. The evaporation trend line

Thailand's meteoric water line:
2H  = 7.35 18O  + 6.11

Local meteoric water line:
2H  = 7.1 18O   + 7.75

Malaysian meteoric water line:
2H   = 8 18O   + 13.25

Groundwater trend line:
2H = 4.936 18O - 7.386

-50

-45

-40

-35

-30

-8 -7 -6 -5 -4

2
)

‰( 
H

18O(‰)

Groundwater

Surface water

Thailand's meteoric water line

Local meteoric water line

Malaysian meteoric water line

Groundwater trend line

Evaporation Line

Non-agricultural areas

Fig. 5 δ2H − δ18O plot for
groundwater and surface water
from the study area in June 2016
(southwest season)
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(δ2H=4.66δ18O − 9.16, Fig. 5) for SW season shows a slope
of 4.66. The original pre-evaporation isotopic values (−6.92
for δ18O‰ and −41.41 ‰ for δ2H) does not fall within the
isotopic range of annual rainfall. This clearly indicates signif-
icant mixing of enriched irrigation return-flow with pre-
existing depleted water. However, samples encircled in purple
color at the top right corner of the plot (three surface water and
four groundwater, Fig. 5) show original pre-evaporation iso-
topic values of −6.18 ‰ and −35.98 ‰, which falls well
within the isotopic range of annual rainfall and close to the
surface water range. Remarkably, all these seven samples fall
in non-agricultural areas where possibilities of irrigation
return-flow are negligible. This also suggests the interconnec-
tivity of surface water and the underlying shallow aquifer in
the area.

Isotopic evidence of evaporation:

In order to assess more precisely the recharge mechanism and
impact of evaporation on isotopic signatures, chloride concen-
trations were plotted against the δ18O signature of the ground-
water (Fig. 6a and b). Such relationships are very useful while

identifying the mechanism of groundwater recharge (Shao
1989; Chen et al. 2006). Any increase in salt concentrations
due to evaporation should be reflected by enrichment in δ18O
signatures along a linear relationship (Clarke and Fritz 1997;
Négrel et al. 2011). By contrast, the dissolution of salts leads
to salinity increase but not to the fractionation of water mol-
ecules (Lorenzen et al. 2012). The main inferences, which can
be made out of δ18O-Cl¯ plots, are as follows:

& The role of evaporation in enriching isotopic signatures is
clear from δ18O-Cl¯ plot of NE-season (Fig. 6a). The
samples (P6, P17, P21, P27, P28, and P29) in the right
corner of the plot show enriched isotopic signatures with
increasing Cl¯ concentrations, which can be well attribut-
ed to the evaporation effect.

& DuringNE-season, the Cl¯ concentration of some samples
(P1 to P4, P8 to P10, P13, P18 to P20, P25, and P26)
encircled in light blue color (Fig. 6a) show an increasing
trend, while the δ18O values show lower variations.
Interestingly, the δ18O composition of these samples was
depleted than in rainwater samples and verges more to-
wards those of surface water, indicating that they are not
entirely recharged by rainfall, but partially by Kelantan
river and its tributaries mostly in the northwestern and
northeastern parts of the area.

& In SW-season, 50% of the samples show a positive corre-
lation (R2=0.89) between Cl¯ and δ18O where isotopes
show enrichment with increasing Cl¯ concentrations
(samples encircled in light green color, Fig. 6b). These
samples (P1 to P3, P5 to P8, P10 to P13, P18, P22 to
P24, P26, P27, and P29) reflect the recharge through irri-
gation return-flow when the area experiences very scanty
rainfall.

& The samples (P21 and P28) in the bottom of the plot (in-
cluding three surface water samples with Cl¯ concentra-
tions less than 25 mg/L and δ18O values less than −5‰,
Fig. 6b) are interpreted as fresh groundwater through seep-
age from surface water bodies. Moreover, the source of
this fresh groundwater recharge is surface water which
exhibits similar trends of Cl¯ and δ18O.

Conclusions and suggestions

The demarcation of groundwater recharge sources and the
related processes are decisive for executing better policies
for modeling and management of aquifers. From the environ-
mental isotope data of the groundwater collected in the NE
season, it can be inferred that shallow zones get recharge
mainly through rainfall. However, the partial recharge from
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other sources is quite clear keeping in view the clustering of
surface water samples with groundwater. The role of irrigation
return-flow as a recharge source is visible during the SW
season. The groundwater from the irrigated areas shows more
evaporated signature and quantifying the return-flow is re-
quired to model the contaminant transport from agricultural
fields in the area. The proximity of average groundwater iso-
tope values during SW with those of surface water clearly
manifests the significant contributions from surface water
bodies. For long-term groundwater management, the com-
mand over potential contamination from surface water bodies
could be of huge scope as well as the potential of water puri-
fication of infiltrated river water for drinking purposes. In SW
season, the recharge is not rapid as the original pre-
evaporation isotope signature is altered before reaching the
aquifer. The outcome of the present investigation shows that
monitoring groundwater isotopes in shallow aquifers could be
a very helpful tool for early localization of changes in water
sources.

Future work should include detailed age determination of
the groundwater in the area to develop management strategies
for shallow groundwater systems that contain mostly young
groundwater. The qualitative aspect must be evaluated from
time to time keeping in view the overexploitation for large-
scale rice cultivation and subsequent irrigation return-flow in
the area. This is particularly important for poor sections of the
population, which are totally dependent on shallow ground-
water resources. The shallow aquifers show the signatures of
contamination that could leak into the lower aquifers.
Quantifying the leakage and contaminant transport will help
to manage the aquifers at an early stage.
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