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Abstract
An accurate estimation of groundwater recharge is required to properly manage aquifers, especially for riverbank filtration 
method (RBF) purposes. The isotopes correlations and differences in different water bodies were studied to assess the sources 
of groundwater recharge and preliminary tools in understanding of the surface water and groundwater interactions in the 
Lower Muda River Basin. The environmental isotope and hydrochemical sampling results had emphasised that the area near 
Lower Muda River Basin had a connection with the river and was actively recharging the near-river shallow alluvial aquifer, 
via RBF method. Furthermore, the shallow groundwater that was close to Muda River from groundwater signatures had 
indicated the recharge of the shallow aquifer system by Muda River based on the plots along LMWL on a δ2H versus δ18O. 
The comparisons between like δ2H and δ18O isotopes in the rainwater revealed the variations in the rainfall amount and the 
18O-depleted water of those isotopes for wet season precipitation as compared to dry seasons. Furthermore, the groundwa-
ter δ2H and δ18O isotopes exhibited a slight deviation from the δ2H and δ18O isotopic meteoric water line in Lower Muda 
River. Therefore, in this basin, the groundwater could be a combination of river water and precipitation, which had led to 
the recharge of river water being more than the recharge of rainfall infiltration.
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Introduction

Assessment of groundwater recharge is important in the 
management of groundwater resources (Hooji et al. 2011; 
Scanlon et al. 2006) because recharge is not a continuous 
process and is instead a sporadic event, observing and ana-
lysing it is extremely difficult. That has been a difficult chal-
lenge for hydrogeologists, made more difficult by the dual 
influence that human activities and climate change have 
had during the last three decades. Recent years have seen a 
growing trend in water consumption which corresponded to 

the continuous economic development (Dalin et al. 2017). 
Overexploitation of groundwater resources has led to water 
depletion, declining of groundwater levels, and deterioration 
of water quality (Custodio 2002; Blasch and Bryson 2007; 
Kumar 2007; Brunner et al. 2014; Unsal et al. 2014; Tamez-
Meléndez et al. 2016). All those conditions are the threats 
to reliable water supplies and economic development. This 
is a serious situation, especially in semi-arid and arid areas 
because they often rely on groundwater as their main source 
for their irrigation, industrial, and domestic supply (Taylor 
et al. 2013). The role that it plays in the development of 
regional economy is so important that it becomes an indis-
pensable source of water in those areas. Therefore, obtaining 
information about recharge mechanism is vital in being able 
to rationally use the groundwater resource.

Estimating recharge with the use of traditional hydroge-
ological methods (e.g. water balance methods, lysimeters, 
and Darcy’s method) is influenced by methodological dif-
ficulties (Grindley 1969; Hough and Jones 1998; Chapman 
and Malone 2002; Yeh et al. 2004). On the other hand, a 
better understanding of aquifer recharge can be gained by 
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monitoring isotope changes. Isotope methods are often con-
sidered as unique tools that offer insights into processes of 
groundwater recharge and the systems of groundwater flow. 
Furthermore, they have been in extensive use in various 
regions (Bhattacharya et al. 1985; Krishnamurthy and Bhat-
tacharya 1991; Zhang et al. 2005; Blasch and Bryson 2007; 
Li et al. 2008; Yuan et al. 2011), especially when conditions 
are arid and semi-arid for several years (IAEA 2011). Specif-
ically, δ2H and δ18O are considered ideal conservative trac-
ers that offer insights into the groundwater system’s recharge 
and flow since they make up the actual water molecule and 
their compositions remain the same unless the flow path 
has phase changes or fractionation (Clark and Fritz 1997). 
Therefore, groundwater would retain its isotopic fingerprint, 
which a reflection of its origin and history prior to infiltra-
tion. The groundwater isotopic content is dependent on the 
recharge isotopic content. Groundwater that goes through 
direct infiltration from precipitation possesses precipitation’s 
isotopic signature. On the other hand, the groundwater that 
is recharged using other sources like rivers and lakes will 
reveal the contributing river or lake mean isotopic content. 
Furthermore, their signature is expected to vary from that 
of local precipitation (IAEA 2011). That makes it possible 
to trace the recharge water source and flow path by examin-
ing the differences in the isotopic signature of various dif-
ferent waters (Craig 1961; Onodera et al. 1995; Lee and 
Lee 1999; Coplen et al. 2000; Vandenschrick et al. 2002; 
Ma et al. 2007; Mukherjee et al. 2007; Kyle and Jeannie 
2007; Palmer et al. 2007; Yeh et al. 2009, 2011; Mandal 
et al. 2011).

In the Lower River Muda Basin, groundwater and surface 
waters are the major water supply source for paddy fields 
and they are also a part of an area that is more popularly 
known as the rice bowl of Malaysia. This area measures 
4150  km2. The Lower Muda Basin’s water sources are 
essential in various important key economic sectors such 
as industry, services, agriculture, tourism, and paddy plant-
ing for Seberang Perai, central and south Kedah, and also 
for Pulau Pinang. Malaysia’s northern states form the key 
portion of the Northern Corridor Development Region 
(NCDR). Next to the central region, they also have the 
second highest growth domestic product (GDP). Further-
more, this area possesses Malaysia’s largest granary IADA 
(Integrated Agriculture Development Area) scheme, which 
measures about 100,000 ha and is responsible for approxi-
mately 40% of the country’s total paddy production. The 
Lower River Muda Basin is a vital river because it serves 
as the main source of water for the potable water and irriga-
tion of southern Perlis, Kedah, and Pulau Pinang. Thus, it is 
right for the river to be given due recognition and priority 
in the appropriate management of water resources to sup-
ply enough water resource and support the development of 
the regional corridor. The rise in water demand, which is 

mainly for potable water supply and agriculture, has led to 
water stress in the area which is made more apparent, espe-
cially during dry seasons. Water allocation conflicts have 
also become more pronounced among the different users 
and water use sectors from different states that depend on 
the same source of water. The issue gains more complexity 
since the dams and river infrastructures are being managed 
and developed by several various agencies from the federal 
to the state levels. In order to address these water issues that 
are expected to become more acute, the Riverbank Filtration 
(RBF) programme has started the development of tools to 
aid stakeholders in making informed decisions (Shamsuddin 
et al. 2014). The tool includes the conjunctive use of water 
resources between the ground and surface waters. The tool 
was also developed specifically for the basin. Thus, gain-
ing an understanding of the current recharge to aquifer is 
a pressing need for water managers and hydrogeologists. 
This issue also involves some previous studies. Majority of 
these works utilised traditional methods of numerical model-
ling or hydrogeological investigations (e.g. Shao et al. 2006; 
Yang et al. 2009). Shao’s (1989) study presented the first 
discussion about the mechanism and origin of groundwater 
recharge with the use of environmental tracers. However, the 
sources and processes of the current recharge in the Lower 
River Muda basin have not had any good demonstrations 
yet. Previous works suggest strong connections between 
groundwater aquifers and rivers (Sear et al. 1999; Jasechko 
et al. 2016). Thus, to further plan sustainable groundwater 
management, it is important to identify the groundwater 
recharge’s sources and their relative contributions to the 
present hydrogeological situation. The aims are to deter-
mine (1) the possible groundwater sources, (2) the seasonal 
differences in groundwater recharge, and (3) processes of 
recharge to aquifer with the use of stable isotopes (δ2H and 
δ18O) and the hydrochemistry of Lower Muda River area’s 
surface and groundwaters. The results offer vital informa-
tion about hydrological processes like interaction among the 
river water, precipitation, and groundwater.

Study area

The study area is the Muda River Basin that is situated in 
the northwestern portion of Peninsular Malaysia. The basin’s 
upper and middle reaches are part of the State of Kedah, 
and the downstream of the river forms a boundary between 
the States Penang and Kedah. The Muda River has under-
gone development as one of the most vital water resources 
for water supply and agriculture in the states of Kedah and 
Penang. Kedah and Penang both have the rights to utilise the 
water from the Muda River. The area of the study is found 
between 100°29′0″E and 100°33′30″E east longitudes and 
5°31′30″ and 5°35′30″ north latitude and covers an area that 
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measures 150 sq.km. The sub-basin has a tropical climate 
and receives rain due to the influence of two typical mon-
soons, namely the southwest monsoon (May to August) and 
the northeast monsoon (November to February). During the 
period of transition between the two monsoons, westerly 
winds are dominant from September to November and they 
lead to the heaviest amount of annual rainfall precipitation 
within the study area. Therefore, there is a tendency for the 
study area to have two rainy seasons in 1 year: one that hap-
pens from April to May and another one that takes place 
from September to November. In the two states, the aver-
age air temperature is approximately 27 °C. Agriculture is 
the most important economic activity, with paddy being the 
chief crops being raised. Kedah and a portion of Penang 
state serve are considered a vital important Malaysian agri-
cultural area, popularly known as the rice bowl. It possesses 
the largest double cultivation paddy field (97,000 ha) that 
serves as the Malaysians’ main food source.

Geology and hydrogeology

The study area’s quaternary stratigraphy is divided into the 
Gula Formation and the Beruas Formation. The Beruas For-
mation is the uppermost layer and is made up of Holocene 
terrestrial sediments that are brownish in colour. The Gula 
Formation is underlying the Beruas Formation. It is made 
up of silt, clay, and sand with shells. The Gula Formation 
serves as an impermeable layer, which confines the other 
formations that are situated beneath it. The classifications of 
these units are based on age, lithology, and environment of 
deposition as defined by Bosch (1986), Suntharalingam and 
Teoh (1985), and Kamaludin (1990). Gula Formation unit is 
made up of mainly grey to greenish grey that are deposited 
within marine to subordinate sand and estuarine clay. The 
formation’s thickness differs from 1 to 25 m. Beruas Forma-
tion is considered the younger formation within the study 
area and is deposited in the fluviatile–estuarine–lacustrine 
that consists of clay, sandy gravel, sandy clay, peat, and silt. 
Lithologically, the Gula Formation is made up of silt, sand, 
clay, some gravel, and peat that often have shell fragments. 
It is thought that this Holocene unit is deposited within a 
shallow marine environment and an estuarine. The Holo-
cene Beruas Formation is considered a fluvial deposit that 
is made up of sand, clay, gravel, silt, and the occasional peat 
(Kamaludin 1989). This formation in the study area differs 
in thickness from a metre to less than 15 m. The potential of 
the groundwater aquifers could be seen around Kepala Batas 
and have a significant amount of gravel and sand layers with 
a thickness that ranges between 12 and 27 m (Kamaludin 
1990). A large part of the Seberang Perai area is underlain by 
the sedimentary rocks and pre-Quaternary (Courtier 1974). 
Furthermore, the Seberang Perai coastal area is also under-
lain by Gula Formation, Simpang Formation, and Beruas 

Formation, which are quaternary in age. Additionally, the 
Pleistocene Simpang Formation, which consists of gravel, 
clay, sand, and local peat and silt, has been considered a 
fluvial, terrestrial deposit. Generally, the top layer for all 
boreholes logging possessed a semi-permeable layer such as 
clayey sand that measures 1–9 m in thickness from ground 
level (Fig. 1). Permeable material with thickness of 9–24 m 
was also found underneath the semi-permeable material. All 
the boreholes demonstrated the same compositions for the 
permeable materials, which are made up of sandy gravel. 
The hard layer marine clay is found at a depth of 36–40 m 
from ground level. The values of permeability vary from 
13.65 to 24.36 m/day. The values of transmissivity range 
from 64 to 125 m2/h. The aquifer specific capacity ranged 
from 43.92 to 128 m3/h. The values of the piezometer head 
during pre-monsoon varied between 2.44 and 4.47 m below 
ground level, while it varied from 1.6 to 3.64 m below 
ground level after the monsoon seasons.

Materials and methods

δ2H–δ18O serve as sources of groundwater recharge. Stable 
isotopes (δ18O and δ2H) in water that contain their origin’s 
fingerprint characteristics are influenced by meteorological 
processes, which means that they can therefore be used by 
means to trace their origin (Clark and Fritz 1997). River 
water, groundwater, and precipitation samples were col-
lected for the analyses of δ2H and δ18O isotopic from the 
periods of 2014–2016. Sampling was performed during 
both dry and wet periods. The study also conducted sam-
pling for δ2H and δ18O isotopic compositions for the 25 
locations using samples of surface water (rivers), ground-
water (pumping wells and monitoring wells), and precipi-
tation (rainfall). Table 1 and Fig. 1 illustrate the sampling 
locations. Approximately 120 samples were taken from the 
test wells and monitoring wells, and seven samples were 
obtained from the rivers (Muda River). The samples that 
were taken from the surface water were labelled SW (Muda 
River). The samples of the groundwater were obtained from 
the BH1, BH2, BH3, BH 4, BH5, BH6, BH7, BH8, BH10, 
BH12, BH13, BH15, BH16, BH17, BH18, BH19, BH20, 
BH21, BH22, TW1, TW2, TW3, and TW4 wells, which 
were considered to be from an aquifer. Furthermore, the 
rainwater samples were labelled as (RW). Measurement of 
the stable isotope contents for the samples of groundwa-
ter, surface water, and rainwater was taken at the Isotope 
Hydrology Laboratory of the Malaysian Nuclear Agency. 
All the water samples collected for the stable isotopes were 
measured for δ2H and δ18O with the use of the SerCon GEO 
20–20® Continuous Flow Isotope Ratio Mass Spectrometer 
(CF-IRMS). For the sampling of δ2H and δ18O, the water 
samples were made to fully fill 100-mL HDPE bottles to 
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make sure that there were no air bubbles. The bottles were 
then capped tightly. The samples for the analyses of δ2H and 
δ18O underwent treatment in the SerCon Water Equilibration 
System (WES) before they were analysed using the isotope 

ratio mass spectrometer (IRMS). Both values of the δ2H 
and δ18O were measured in terms of the internal/second-
ary laboratory standard (MTW). Furthermore, calibration of 
the values of − 45.00 and − 7.23‰, respectively, was done 

Fig. 1   a Location of the study area within states of Penang and Kedah and b schematic diagram of Riverbank Filtration (RBF) project at Penang 
and Kedah states
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with the use of the international standard (VSMOW). For 
8O and 2H, the expression of their stable isotopic composi-
tion is per mil deviation (δ ‰) of the ratio 18O/16O or 2H/1H 
based on the Standard Mean Ocean Water. δ18O and δ2H 
had ± 0.1‰ and ± 1.0‰ analytical errors, respectively. The 
samples for the isotope analysis were measured in triplicates 
for every analytical run so that more conclusive results can 
be obtained. Equation 1 is used to compute δ ‰:

Generally, the groundwater isotopic composition is man-
aged by meteorological processes and is meant for the δ2H 
and δ18O analyses in groundwater system. From the isotope 
exchange process using the δ18O–δ2H diagram, the result 
deviates from the meteoric water line that is found along a 
line having a lower slope, which is affected by the relative 
humidity. However, some extreme geological environments 

(1)‱ =

[

Rsample − Rstandard

Rstandard

]

× 1000

exist where the meteoric signature of the water can be 
changed due to the reaction between groundwater and the 
subsurface gases or the aquifer matrix (Cartwright et al. 
2012).

Results and discussion

Isotope techniques work especially well in identifying 
the groundwater recharge’s source and the interaction 
that takes place between the groundwater and the sur-
face water. The mechanisms and sources of recharge were 
identified using the fundamental relationship between δ2H 
and δ18O. Figure 2 demonstrates the results for all isotope 
samples found within the study area. The rainfall (RW) 
composition revealed that the isotopic signature ranged 
from − 43.43 to − 8.57 for δ2H and from − 7.19 to − 0.6 for 
δ18O. The surface water’s (river water) composition also 
revealed that the range of the isotopic signature was from 
− 48.79 to − 34.14 for δ2H and − 7.06 to − 6.05 for δ18O. 
Both the groundwater and surface water stable isotope 
compositions were plotted together along with those for 
the rainfall that was gathered at the study area (Fig. 2). The 
Malaysian Meteoric Water Line (MMWL; δ2H = 8 δ18O 
+13.255; Ayub 2005) and the Global Meteoric Water Line 
(GMWL; δ2H = 8 δ18O +10; Craig 1961) served as refer-
ence lines. The plotted points that were nearer or on the 
MMWL and GMWL lines were likely to undergo direct 
recharging from local precipitation with minimal evapo-
ration. The overall stable isotopic composition data that 

Table 1   Sampling 24 locations including surface water and ground-
water of the study area

ID Type Easting Northing Elevation (m)

BH1 GW 278,462.66 616,401.23 5.76
BH2 GW 278,250.26 616,601.33 4.42
BH3 GW 278,128.43 616,745.43 4.65
BH4 GW 278,054.11 616,761.77 4.39
BH5 GW 277,918.56 615,848.71 5.10
BH6 GW 277,682.91 615,941.59 5.31
BH7 GW 278,753.34 616,117.88 6.01
BH8 GW 278,430.51 616,161.46 5.79
BH9 GW 278,271.70 616,318.01 5.11
BH10 GW 278,142.33 615,783.93 5.30
BH11 GW 278,091.15 615,596.62 4.19
BH12 GW 277,766.96 615,475.17 5.42
BH13 GW 277,568.45 615,738.87 6.01
BH14 GW 278,146.80 616,802.80 5.11
BH15 GW 278,338.51 616,267.80 5.98
BH16 GW 280,190.12 615,475.70 10.55
BH17 GW 280,481.16 615,674.14 9.49
BH18 GW 281,724.71 615,627.83 12.75
BH19 GW 282,535.71 614,540.97 9.39
BH20 GW 284,160.41 616,059.03 16.58
BH21 GW 284,077.06 615,626.44 12.00
BH22 GW 284,916.06 614,320.72 9.85
TW1 GW 278,133.80 616,761.64 4.92
TW2 GW 278,427.17 616,179.01 5.42
TW3 GW 284,943.84 614,169.90 10.97
TW4 GW 280,623.43 615,753.44 9.49
Muda River RW – – –
Precipitation PW – – –
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Fig. 2   The isotopic data for precipitation (rainwater), groundwater, 
and surface water collected during October, November, March, May, 
August 2014–2016
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were gathered from river water and groundwater were 
spread over a range that is relatively small. Groundwater 
was generally more isotopically 18O enriched. The result 
revealed that the groundwater samples in the area had iso-
topic compositions with a narrow range, from − 53.18 to 
− 38.79 for δ2H and − 8.25 to − 2.80 for δ18O. Further-
more, evaporation affected the some of the samples. This 
narrow isotopic variation indicated that all the groundwa-
ter samples came from the same recharge area or the same 
water regime, mainly from rainfall (non-evaporated and 
close to the main river (Muda River). This is indicative to 
the fact that the groundwater is recharged by Muda River 
in the confined aquifer and that evaporation takes place 
before the lower aquifer system is recharged.

The δ2H and δ18O data in rainwater were gathered from 
the portion of the Muda River Basin that were seen as the 
representative for the study area and as a provider of isotopic 
information that was related to the principal recharge source, 
i.e. precipitation. The isotopic data for groundwater, precipi-
tation (rainwater), and surface water were gathered during 
October, November, March, May, and August during the 
years 2014–2016. These data are plotted in Fig. 2 and also 
presented as part of supplementary Table 1.

Variations in the components’ stable isotope composition 
in a water catchment are due to (a) natural variations in rain-
fall’s isotopic composition, (b) combination with ground-
water, and (c) evaporation (Kendall and McDonell 1998; 
Guglielmi et al. 1998; Hunt et al. 1998; Huddard et al. 1999). 

Furthermore, stable isotopes δ18O and δ2H are important 
tools that make it possible to trace water movement.

Comparison of δ18O and chloride (Cl−)

The relationship between δ18O and chloride (Cl−) con-
centration can also be useful in identifying the ground-
water recharge mechanism (Shao 1989; Chen et al. 2006). 
As demonstrated in Fig. 3, comparing δ18O and Cl− data 
offers more understanding of the scale of the interactions 
between groundwater and surface water in the Lower Muda 
River Basin. It is suggested by the chloride–δ18O plot 
(Fig. 3) that there are four types of groundwaters found in 
the study area: (1) some groundwater that comes from the 
upstream Lower Muda River Basin and is characterised by 
relatively 18O enriched and low Cl−, representing areas that 
are recharged more frequently by high rainfall and less fre-
quently by the river; (2) some groundwater located upstream 
Lower Muda River Basin and characterised by relatively 
18O-depleted water and low Cl−; (3) majority of the Lower 
Muda River Basin’s groundwater, characterised by relatively 
18O-depleted water and by low Cl−, which signifies that it is 
most often recharged by river water or that the groundwater 
is recharging the river water; and (4) highly saline ground-
water that is found further downstream of Lower Muda River 
Basin and is characterised by 18O-depleted water and very 
high Cl−, which means that it rarely or never receives any 
surface water recharge. It has been observed that relatively 

Fig. 3   Chloride versus δ18O 
concentration for river water 
and groundwater in the Lower 
Muda River Basin
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18O-depleted water signatures recharging and low Cl− char-
acterise recharging by surface water through bank infiltra-
tion, whereas diffuse recharge would have a tendency to be 
18O enriched in both Cl− and 18O.

Isotopic compositions of precipitation (rainfall)

For this study, an analysis of a total of five precipitation 
(rainfall) samples in the Lower Muda River Basin was per-
formed to discuss the rainfall’s characteristic isotopic sig-
natures. The precipitation’s δ2H was between − 43.83 and 
− 8.57‰. The range of the δ18O was between − 7.19 and 
− 0.62‰. This study also examined precipitation’s isotopic 
composition during the dry and wet seasons in Muda River 
Basin. In wet seasons, the δ2H ranged between − 24.76 and 
− 8.57‰. On the other hand, the δ18O was found to range 
between − 3.82 and − 0.62‰. In dry seasons, the δ2H ranged 
between − 43.43 and 40.30‰. On the other hand, the δ18O 
ranged between − 7.19 and − 6.90‰ (Fig. 4). Compared to 
the wet seasons, a more 18O (or D)-depleted water composi-
tion and 2H isotopes were observed in the dry seasons. In 
Malaysia, compared to the northeast monsoon’s rainfall in 
the wet season, the composition of hydrogen isotopes expe-
riences more 18O enriched in the rainfall of the southwest 
monsoon during dry seasons. Based on the effects of tem-
perature in the atmosphere, the signatures of 18O and 2H 
isotopes in precipitation may have been enhanced by low 
temperature. In seasons that experience great rainfall, the 
isotopes of 18O and 2H in precipitation are significantly 
lower value in many tropical area due to the rainfall amount 
effect (Dansgaard 1964), which is brought about by heavy 
precipitation amounts over a relatively short period of time. 
Thus, isotopes are also affected by rainfall. The amount of 
rainfall and temperature has opposite effects on the 18O and 
2H isotopes’ fractionation. Moreover, the isotopes found in 
the Muda River Basin experience more 18O enriched during 
rain seasons than during dry seasons. The 18O and 2H iso-
topes’ signatures can be attributed to the mutual influence 
that rainfall amount and temperature have, with the effect 
of the former being stronger than the latter. During seasons 
of rain in the dry season, there are often heavier and greater 
amounts of rainfall during a specific period of time, leading 
to higher precipitation rates despite low temperatures. Con-
sequently, at this time, the 2H and 18O isotopes’ composi-
tion is depleted in terms of 18O and 2H. Yurtesever and Gat 
(1981) emphasised that generally the effect of temperature 
is normally more noticeable in high-latitude continental 
regions, while the effect of amount is more noticeable in 
tropical regions. It is commonly known that the precipita-
tion’s heavy content of 2H and 18O isotopes decreases when 
the altitude is increased. For this study, the sites of precipita-
tion are found in the basin’s lowest area. Thus, in this study, 
discussing the range of the effect of altitude in the basin is 

difficult. Precipitation sites may not be an adequate repre-
sentation of the lower basin’s average precipitation. If the 
effect of altitude is large, groundwater may also derive from 
the mountainous area’s precipitation with 18O-depleted water 
isotopic compositions that is akin to those in streams. 

Isotopic compositions of river water

For the river water in the Muda River Basin, the δ2H was 
between − 48.93 and − 34.14‰. On the other hand, the 
range of δ18O was from − 7.06 to − 5.34‰. The compari-
son of the compositions of δ2H and δ18O isotopes for the 
rainwater and river water revealed that the δ2H and δ18O 
isotopes from the river water had compositions that matched 
those from the local meteoric water that are found across the 
Muda River Basin. This is indicative of the fact that in the 
river water, rainfall is the primary source. Furthermore, the 
δ2H and δ18O isotopes found in the river water had compo-
sitions that were more 18O-depleted water compared to the 
precipitation that was observed in the valley, which that the 
river water is made up of rainfall in the upstream catchment. 
Thus, the precipitation in the valley had more minimal influ-
ence on the river water. During wet seasons, the isotopes of 
δ2H and δ18O possessed a more 18O-enriched composition in 
comparison with dry seasons, a phenomenon that is similar 
to the rainwater. Thus, the seasons influence the composition 
of the rainwater. In short, one can conclude that seasonal 
rainfall significantly affects the Muda River Basin’s water 
recharge. Furthermore, as previously mentioned, the com-
positions of the δ2H and δ18O isotopes of the rainfall that 
is brought about by the southwest monsoon during the dry 
season experience more depletion compared to the northeast 
monsoon during the wet season.

This study also compared the signatures of the δ2H and 
δ18O isotopes for the river water in the Muda River main 
stream during dry and rainy seasons. Figure 5 illustrates 
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that there are significant differences in the signatures of 
the δ2H and δ18O isotopes in the mainstream of the Muda 
River. The river leaks water into the groundwater system 
during rainy seasons. Alternatively, in dry seasons, water 
may be discharged from the groundwater to surface waters. 
Thus, the compositions of the groundwater were similar 
to the compositions of the river water, which is an indica-
tion that in this area, the source of the groundwater may 
be linked to the rivers water. During both dry and rainy 
seasons, the river of the Muda River had isotope signa-
tures having more depleted interflow. Interflow refers to 
the water’s lateral movement in the vadose zone that first 
enters a river or returns to the surface before becoming 
groundwater. The interflow mixes with groundwater before 
joining the Muda River. Consequently, those two had sig-
nificantly different compositions. Verification of these 
results may need to be performed by gathering related 
data.

Isotopic compositions of groundwater

This research involved groundwater analysis in the Muda 
River Basin. Figure 6 illustrates the compositions of δ2H and 
δ18O isotopes in the groundwater samples that were gath-
ered from the monitoring wells situated along the Lower 
Muda River Basin. In the Muda River Basin, the δ2H of the 
groundwater was between − 53.18 and − 20.10‰, having 
a mean of − 36.5‰. The range of δ18O was from − 8.25 
to − 2.80‰, having a mean of − 5.52‰. The river water 
isotopic composition is managed by the mixing rates for 
the three main components: interflow, surface run-off, and 
groundwater (base flow). The rainfall and river water has 
recharged the basin groundwater. For this study, the com-
positions of groundwater are similar to those of the river 
water, which is an indication that in this area, the source of 
groundwater may be linked to the river water (interaction). 
Instead of a simple rainfall recharge, the primary groundwa-
ter source could be river water. Furthermore, the isotopes of 
hydrogen and oxygen in the groundwater that is close to the 
Muda River exhibited a slight deviation from the isotopes 
of δ2H and δ18O of the local meteoric water line found in 
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the Lower Muda River. Thus, the groundwater could be a 
combination of river water and rainwater, which could be 
the reason why the river water recharge had a greater effect 
compared to the rainfall infiltration. For the wells, the δ18O 
and δ2H isotopic concentration ranged from − 8.39 to − 2.42 
and had a mean of − 6.78 and − 53.18 to − 20.10 along with 
a mean of − 43.61, respectively. Based on the plot (Fig. 6), 
it is observable that the sampled monitoring found along the 
meteoric water lines (MMWL and GMWL) offers evidence 
of a meteoric origin and the isotopic enhancement through 
evaporation in the unsaturated zone or on the surface prior to 
recharge. It is also suggested by the plot (Fig. 6) that direct 
infiltration of rainwater is likely recharging the groundwater. 
The monitoring wells’ plot also seemed to be grouped within 
a narrow range, which indicates a mixed system that is well 
balanced and has a relatively constant isotopic composition.

Deuterium excess factor

The value of deuterium excess (d-excess) can be computed 
using the equation that Dansgaard (1964) formulated as: 
d = δ2H–8δ18O. The value of the d-excess can be more than 
10‰, and it can also range around 9.823‰ in Muda River. 
Figure 7 demonstrates the relationship between the 18O and 
the d-excess for the study area. The range of the value of 
the d-excess is situated between 25.25 and − 9.67‰. This 
broad range in the observed d-excess values is a reflection 
of the interaction of recent recharge waters, which were 18O 
enriched in δ18O values that were taken from rainfall that 
had low mineralisation, and also for those 18O-depleted 
water in δ18O values (Maduabuchi et al. 2006; Hoefs 2009; 

Wassenaar et al. 2011). Based on the findings of Samir 
(2011), the low values for the d-excess (≤ 6‰) that were 
observed in the study area’s waters were the indications that 
there was a significant rainwater evaporation, which meant 
that the residual groundwater was left behind and that they 
had lower ‘d-excess’ values. The d-excess value that is 
> 10‰ is an indication that the source of the recharge is 
from mixed continental and oceanic vapour (Samir 2011). 
The d-excess constituent that Dansgaard (1964) defined 
makes it possible to relate any water sample’s isotopic com-
position to the meteoric water line. Thus, the distribution 
of values possesses a meteorological significance (Onugba 
et al. 1990). Generally, the d-excess values exhibit a devia-
tion from 10‰ (Fig. 7). The high values of d-excess are 
indicative of a evaporative flux from continental waters. It 
is also considered as a main contributor to the air mass’ 
total moisture balance (Onugba et al. 1990). In this instance, 
high values of d-excess (> 10‰) are the indication that the 
evaporative flux from west Malaysia has more significant 
contributions to the precipitation that is responsible for 
recharging the groundwater.

Conclusion

The study has evaluated the isotope hydrology of rivers, 
rainfall, and groundwater within the Lower River Muda 
Basin. Gaining a comprehension of the sources of recharge, 
their mechanisms, and their changes are vital in manag-
ing groundwater resources to sustainably satisfy current 
and future requirements in the Lower Muda River Basin. 

Fig. 7   Relationship between 
δ18O (‰) and d-excess for 
Lower Muda River Basin 
aquifer
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In terms of the characteristics of Cl− concentrations and 
δ2H and δ18O compositions, the recharge sources were suc-
cessfully determined. The composition of the stable iso-
topes δ2H and δ18O was also successfully determined in the 
studied waters (river, rainfall, and groundwater). Compari-
sons between the isotopes of δ2H and δ18O in precipitation 
revealed that variations in the rainfall amount were resulted 
the enrichment of δ2H and δ18O isotopes for precipitation in 
wet seasons compared to precipitation in dry seasons. Com-
pared to precipitation, river water had more 18O-depleted 
water isotopes of δ2H and δ18O, which signified that the 
river water was mostly sourced from the upstream catch-
ment. Based on the river, rainfall, and groundwater samples 
gathered, one can conclude that in the hydrology system 
groundwater and surface water interact between each other 
and river water recharges discharge to groundwater depend-
ing on rainy and dry season.

The results from the environmental isotope and hydro-
chemical sampling from the Lower Muda River area are the 
indications that the perennial river as well as the shallow 
alluvial aquifer that is near the river in the Lower Muda 
River Basin area has a relationship that can be called hydrau-
lic interaction. In the Lower Muda River Basin during wet 
season, the river is mainly losing and recharging the shallow 
aquifer. With the use of data for the environmental isotope, 
the alluvial aquifer’s recharge by surface water takes place 
via riverbank filtration and diffuses recharge during events 
of high rainfall. Although data from the hydrochemical (Cl−) 
and environmental isotope indicate a relationship between 
the river and shallow groundwater, one needs more time-
series data so that the seasonal change to connectivity can 
be defined. This is the useful information in gaining a better 
understanding of the hydrogeological processes taking place 
at the river aquifer interface and how they are connected 
to the biogeochemical processes and the policies for water 
allocation.
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