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ABSTRACT

The extraction of mountain salt from the saline waters is the basic livelihood of the Ba’kelalan communities of
Sarawak. The current integrated approach is the first attempt to study the sources and geochemical processes of
the saline groundwaters in this mountain region. Hence, in this study, saline groundwater samples from five
existing wells in different seasons were analysed for hydrochemical parameters and multi-isotope composition
(8180, 8D, 6345, 5'!B and 5%Cl). The significant increase in TDS, EC and salinity was due to seasonal variation
and fluctuation in water level based on hourly, daily and monthly observations. The geochemical ratios and the
statistical techniques revealed that the salinity was due to the dissolution of marine evaporites as a dominant
process, coupled with other factors such as water-rock interaction, ion exchange and sulphate reduction. From
the isotopic signatures, it was inferred that the origin of saline groundwater was from the intense dissolution of
marine evaporites such as halite dissolution and oxidation of -sulphide (pyrite). 2D electrical resistivity and
seismic refraction methods were used to identify the lithological variations, depth of potential sources of saline
groundwater, and the subsurface structures. It was inferred the probability of a conductive zone at a depth of
1-14 m, from which the saline groundwater plume migrates towards the perched aquifer. The presence of
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subsurface faults facilitated the movement of hypersaline groundwater from the saturated zone to the surface.
The outcome of the study will support the dependent community to enhance their commercial salt production.

1. Introduction

Salinization is a worldwide environmental phenomenon that has
significantly impacted our lives through the alternation of chemical
compositions in groundwater resources, degradation and increased cost
of water supply for domestic purposes (Walter et al., 2017; Kura et al.,
2018; Vishwakarma et al., 2018; Thivya et al., 2021), soil salinization (Li
et al.,, 2018), agriculture (Mejri et al., 2018; Pholkern et al., 2018;
Chidambaram et al., 2022a), infrastructures and industries (Mateo-Sa-
gasta et al., 2017; Li et al., 2019a; Zhang et al., 2020), and it has caused
severe health problems (Vengosh, 2014; Quattrini et al., 2016; Mgbenu
and Egbueri, 2019; Mahalakshmi et al., 2022). Nonetheless, saline
groundwater possesses a vital role in various processes such as subsur-
face dolomitization and de-dolomization processes (Ercan et al., 2019;
Karakaya et al., 2019), the formation of sediment-hosted ore deposits
(Busico et al., 2018), and hydrocarbon migration (Boschetti et al., 2011;
Dezayes et al., 2015; Ozdemir, 2018).

The natural occurrence of saline groundwater resources in highlands
are beneficial in many ways such as maintaining ecosystem and habitats
of aerobic microorganism, thermo-mineralized groundwater that are
curatives for various diseases, besides serving as tourist attractions, in-
dustrial application and mountain salt production (WWF, 2005; Van
Weert et al., 2009; Vishwakarma et al., 2018). In highland tropical
zones, aquifers tend to have a longer residence time of effective recharge
considering the higher precipitation rates (Aghazadeh et al., 2017;
Mattos et al., 2018a; Wirmvem et al., 2020). Bawoke et al. (2019) found
that the water type evolved from Ca-Mg-HCO3 to Na-HCO3 with a
substantial increase in salinity from the recharge zone at the highland
plateau to the discharge zone adjoining the rift valley. The physical
parameters, major ions and nutrients of the groundwater and springs
from the Himalayan region illustrated that geogenic factors govern the
major geochemical processes. The geochemical processes include ion
exchange processes, dolomite and calcite dissolution and the identified
process was also supported by water type dominated by Ca-HCO3 and
HCO3 (Vishwakarma et al., 2018).

Groundwater hydrochemistry provides researchers with all the vital
information to understand the different hydrochemical processes over
space and time such as water-rock interaction (Prasanna et al., 2017;
Esmaeili et al., 2018; Awaleh et al., 2020; Wu et al., 2020), cation ex-
change (Zaidi et al., 2015; Pisciotta et al., 2019; Sivakarun et al., 2020),
evaporation (Liu et al., 2016; Barzegar et al., 2018; Mattos et al., 2018b),
oxidation (Mirzavand et al., 2020a) and anthropogenic activities (Liu
et al., 2019; Bawoke et al., 2019; Adithya et al., 2020; He et al., 2022).
Subsurface salinity processes leading to brine formation are complex
due to various factors that occur either from natural processes or human
activity (Sarikhani et al., 2015; Engle et al., 2016; Sun et al., 2016;
Alekseeva and Alekseev, 2018; Mattos et al., 2018b; Sefie et al., 2018; Li
etal., 2019a; He et al., 2022). Natural processes include the influences of
the geochemical processes, hydrological system, the diagenetic forma-
tion of hydrous minerals (water-rock interaction, precipitation, and
dissolution of evaporite deposits) (Mejri et al., 2018), interstitial
seawater (connate waters) trapped during original sediment deposition
(Han et al., 2018; Duan et al., 2022), saline water flowing from adjacent
or underlying aquifers (Liu et al., 2016; Van Engelen et al., 2018),
membrane filtration of shales (Engle et al., 2016) and geothermal ac-
tivity (Chabaane et al., 2017; Awaleh et al., 2018, 2020; Duan et al.,
2022). Several anthropogenic sources include irrigation return flow,
road de-icing salts, discharge of brine, industrial and agriculture
wastewater (Mateo-Sagasta et al., 2017; Jia et al., 2018; Li et al., 2019b;
Chidambaram et al., 2022a).

More than 90% of the dissolved solids in groundwater can be

attributed to 8 major ions, for instance, Na™, Ca®*, Mg?*, K*, CI~, SO3~,
HCO3 and CO%’ (Urrutia et al., 2021). A high concentration of SO%’ in
groundwater causes its development into an antioxidant agent with
higher ionic activity, behaving as an essential role in water-rock inter-
action. The increased dissolution capacity in the groundwater system
promoted by sulphate mobilization and dissolution of pyrite conse-
quently causes calcium and iron enrichment in the water. Groundwater
contamination by nutrients (NO3, NO3, NHJ, NH3N and NH3) are
commonly caused by land use activities such as fertilizer application,
sewage leakage, redox conditions and decomposition of organic matters
in sediments (Ehya and Marbouti, 2016; Esmaeili et al., 2018; Ha et al.,
2019; He et al., 2022). A humid environment with well-developed
drainage system can selectively remove cations from weathered rocks
and soils more rapidly (Hem, 1985).

Stable isotopes are valuable tracers in determining the source and
mechanism of salinization of water due to their stability over time (Isawi
et al., 2016; Awaleh et al., 2018; Bawoke et al., 2019; Li et al., 2019c;
Ammar et al., 2020; Alexeeva et al., 2020; Mirzavand et al., 2020b;
Szynkiewicz et al., 2020; Duan et al., 2022; Zhang et al., 2022). Isotopic
tracers are commonly used to delineate fluid origins and chemical
modifications. For instance, oxygen and hydrogen isotopes are used for
tracing the origin of waters, the nature of the recharged fluids and the
effect of water-rock interactions (Farid et al., 2015; Gil-Marquez et al.,
2017; Banda et al., 2019; Xiang et al., 2019; Ninu Krishnan et al., 2022).
Groundwater sample enriched with §'0 and 52H along the evaporative
line suggests the possibility of evaporation of the water prior to recharge
(Bawoke et al., 2019; Chidambaram et al., 2022b; Duan et al., 2022).
The relationship between 5!80, 5?H and salinity was used to identify
salinization pathways, transport and origin of solutes in groundwater
(Liu et al., 2016; Han et al., 2018; Mattos et al., 2018a; Xiang et al.,
2019). The 8D — 8'0 relationships had been used for calculating the
mixing ratio between freshwater and saline or brine, investigation of
seawater evaporation and up coning processes (Thivya et al., 2016;
Mirzavand et al., 2020b; Duan et al., 2022; Zhang et al., 2022). Chloride
isotopes are commonly used to define salinity sources, mixing of
different waters, and water-rock interaction (Du et al., 2016; Thivya
et al., 2016; Sherif et al., 2019; Ercan et al., 2019; Awaleh et al., 2020).
The tracer element, boron and its isotope 5!1B in saline groundwater can
help to identify geological processes and its origins such as dehydration
and metamorphism during tectonic events, water-rock interaction,
wastewater recharge, relics of evaporated seawater (brines), magmatism
and geothermal (Musashi et al., 2015; Martin et al., 2016; Ercan et al.,
2019; Han et al., 2018). Additionally, 5°%S is used in determining the
origin of sulphate, salinization where usually, sulphate reduction and
oxidation leads to enrichment and depletion in §>*S, respectively (Mir-
zavand et al., 2020a). Wirmvem et al. (2020) found that isotopic
composition in highland on a regional scale is controlled by altitude
effect, where 5!%0 and &°H values of precipitation decrease with
increasing altitude and rainout effect.

Geophysical methods have been widely used for various hydro-
geological exploration as they are relatively inexpensive, non-invasive,
and efficient and can be used to find solutions to other problems
related to natural environments such as engineering, mining, hydrology,
and natural hazard assessment (Araffa et al., 2017; Anomohanran et al.,
2017; Nazaruddin et al., 2017; Akinbiyi et al., 2019; Glas et al., 2019;
Thapa et al., 2019). The electrical resistivity of a geological formation
defines the physical characteristics by understanding the flow of electric
current through the subsurface formation. The factors influencing
electric flow are site-dependent, such as lithology, porosity, water con-
tent, burial compaction, the conductivity of electrolyte within a rock,
and groundwater salinity (Rehman et al., 2016; Mohamaden et al.,
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2016; Farid et al., 2017; Selvam et al., 2021). Sedimentary rocks are
relatively more porous and have good saturated thickness, typically with
a low resistivity value from 10 to 1000 Q m, compared to igneous and
metamorphic rocks (>1000 Q m) (Thapa et al., 2019). The resistivity for
freshwater varies from 10 to 100 Q m, while seawater or brine has a very
low resistivity of about 0.2-1 Q m due to a relatively higher salt content
(Chabaane et al., 2017; Gémez et al., 2019). In a hydrological investi-
gation, the water level depth can also be determined by acquiring
seismic P-waves travel time refracted from the interface between two
layers of different velocities (Desper et al., 2015; Azhar et al., 2019;
Oskooi et al., 2019). P-waves velocities depend on the signal wavelength
and saturation stage of the rock fluid system through which the wave
travels (Glas et al., 2019). The compilation research of P-wave velocity
values for fully saturated layers ranged between 1200 m/s and 2250 m/s
(Desper et al., 2015; Araffa et al., 2017; Alhassan et al., 2018; Azhar
et al,, 2019). Thus, the combination of 2D resistivity and seismic
refraction methods proves to be the most suitable for a hydrogeological
investigation by minimizing the ambiguity (Aizebeokhai et al., 2016;
Farid et al., 2017; Mainoo et al., 2019).

Saline groundwater in the Ba’kelalan area (the focus of the current
study) has been used since unrecorded time for commercial salt pro-
duction due to its very high salinity. Based on Haile (1962), various salt
springs occur in the mountainous highland from Lao Miatu, Bario
(Kessler et al., 2019), and Ba’kelalan, which are drained by the head-
waters of the Baram and Trusan rivers. Mountain salts produced in this
region have a high market value and serve as the basic income for the
community in this region. The Ba’kelalan salt is produced in the remote
highlands of northern Sarawak by the isolated communities of Lun
Bawang since undocumented history. The saltwater is extracted from
nearby wells and poured into a tank above the fire stove fuelled by
wood. Salt crystals begin to appear slowly, and these crystals are
continually stirred and turned over until the residual salt completely
solidifies. The whole process requires an entire five-day period, with an
average production of 40 kg of salt a week. When the salt forms pale
patches and is white in colour, it is then collected from the bottom of the
tank and dried. Subsequently, the salts are preserved in a wrapped
bamboo or plastic package. In the village of Buduk Bui in the Ba’kelalan
area, salt makers have observed a decline in the water level in the
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existing wells in recent years. This brings the sustainability of continued
salt production by the community at the location. The depletion of
existing wells happens especially during the post-monsoon season,
where less rainwater recharge occurs. Besides, the limited number of
wells in Buduk Bui is not sufficient to meet the commercial salt demand
in the lowland, and there is a need for new wells to be discovered.
Hence, the current research tries to address the issue and solve the needs
of the community despite the availability of wells. This is done by
integrating other techniques to have additional information on the
subsurface with the following objectives: (1) to evaluate the hydro-
geochemical characteristics of saline groundwater during different sea-
sons, (2) to identify the potential sources of saline groundwater using 2D
resistivity and seismic refraction methods, (3) to identify the lithological
and structural controls on saline groundwater.

2. Study area

The study area, Ba’kelalan (Fig. 1) is situated at an enclosed moun-
tain range in the northeast of Borneo and is located between latitudes 3°
57" and 4° 04’ N and longitudes 115° 36’ and 115° 38’ E, at an altitude of
910 m above sea level (a.s.l) and 4 km from the borders of Kalimantan,
Indonesia. The Ba’kelalan area stretches over approximately 14 km
along the upper valley of the Kelalan river and is surrounded by
mountainous landscapes as a result of sedimentation, tectonic activities
and the subsequent weather of more than 50 million years (Haile, 1962;
Hutchison, 2005; Hall, 2013). The mountain ranges are built up mainly
by the igneous and metamorphic rock of the Mesozoic to Tertiary age,
uplifted and intensely folded sedimentary rocks of the Paleogene age
(Hutchison, 2005; Hall, 2013; Van Hattum et al., 2013). These Paleo-
gene Formations are composed of deep-water thinly bedded turbidities
of shale, slate, sandstone, calcareous sandstone, and rare limestone and
had undergone regional metamorphism (Wang et al., 2016). The high-
lands are formed by an exceptional thickness of predominantly
low-grade regionally metamorphosed, turbiditic sediments of the
Rajang Group, which belongs to the Belaga, Mulu, and Kelalan Forma-
tions (Hutchison, 2010; Wang et al., 2016; Galin et al., 2017). The
annual average rainfall ranges from 2000 mm per year, often exceeding
4000 mm (Kura et al., 2018). The Kelalan river flows through the valley
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from south to north direction, is the main drainage channel for the
Ba’kelalan area (Fig. 1).

The geology of the study area is composed of the Paleocene basement
at the bottom which is made up of metamorphosed turbidites sediments
and subsequently overlain by fluvial-deltaic and shallow marine de-
posits of the Neogene age. It is covered by the recent Quaternary allu-
vium, composed of sandy and clayey sediments with few gravels formed
from river deposits (Haile, 1962; Hutchison, 2005). The Pliocene to
Early Miocene aged Setap Shale Formation overlies the Meligan For-
mation, which is composed of a thick monotonous succession of grey
shale and minor turbidities bed of sandstone that is deposited in a
shallow marine environment (Wang et al., 2016; Saw et al., 2019).
Meanwhile, the Meligan Formation is composed of massive sandstone
with minor shale that forms prominent mountain ranges and the sug-
gested age is Oligocene to Late Miocene (Morley et al., 2008; Van Hat-
tum et al., 2013; Abdullah et al., 2017). The sandstone is grey with
medium to coarse-grained and in general, quartzose is deposited from
the fluviatile-deltaic-shallow environment (Wang et al., 2016). The
Kelalan Formation underlies the Meligan Formation and the Setap Shale
Formation, forming exceptional escarpments such as Mount Semadoh,
Mount Murud, and Mount Batu Lawi (Morley et al., 2008; Wang et al.,
2016; Nagarajan et al., 2021). The Kelalan Formation is a folded sand-
stone of turbiditic siliciclastic with grey slaty shale, siltstone, and rare
limestone lenses, and is suggested as Paleocene in age (Wannier, 2009).
The sandstone is thinly bedded to massive slightly calcareous, fine to
coarse-grained in grey colour. The Kelalan Formation outcrops are found
to be exposed in the Ba’kelalan region due to the uplifted and over-
turned tectonic events (Hutchison, 2010; Nagarajan et al., 2021).

The saline groundwater wells are located at Buduk Bui, Pa’Komap
and Punang Kelalan with a total of 5 existing wells. The wells in Fig. 1
are designed using cement and concrete as casing and a PVC pipe to
extract the saline groundwater to the surface. The measured ground-
water level was approximately 5 m in depth with water level fluctuating
between 0.5 and 2 m. The existing wells are located near the foothills
and between the valleys with strike of the bedding at NE-SW orientation.

3. Materials and methods
3.1. Sampling and insitu measurements

A total of five dug wells were selected and sampled, in which three
wells are located in the downstream with an elevation of 913 m a.s.l
(Buduk Bui) and two wells are located in the upstream with an elevation
of 948 m and 967 m a.s.] (Pa’komap and Punang Kelalan) respectively.
The five existing wells are situated on the foothills and between the
valleys with a distance of approximately 6.4 km between the down-
stream and the upstream. Well 1, 2 and 3 are adjacent to each other at 3
m and 5 m apart, while well 4 and 5’s distance is approximately 2.2 km
away from each other. The average water level of the existing wells is
shallow in depth ranging from 1 to 2.5 m. During sample collection, the
water level was measured from the top of the well down to the water
surface using a measuring tape. The water samples were obtained by
using a bucket to draw the groundwater from the well and were sub-
sequently kept in polyethylene bottles of 100 ml, 500 ml and 5 L, which
were rinsed with the water sample beforehand and were stored at a
temperature of 4°C until further analysis. The water sample collections
were more frequented and detailed, including hourly (<24 h) and on a
daily basis. December 2018 and April 2019 samples representing the
monsoon (MON) and post-monsoon (POM) seasons were analysed for
physical and chemical parameters. The physical parameters such as pH,
salinity, temperature, turbidity, total dissolved solids (TDS) and electric
conductivity (EC) were measured insitu using calibrated analyser probes
(Thermo Scientific Orion Star and Turbidity meter). Hourly measure-
ments (<24 h) started from 8 a.m. to 5 p.m. on the 11" December 2018
for well 1, 2, and 3, while daily measurements were taken from 12% yntil
18™ December 2018 for well 1, 2, 3, 4, and 5. In addition, polyethylene
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bottles were kept for monthly collection from 18% December 2018 to
24th January 2019 and were measured for physical parameters for well
1, 2, 3, and 4. Seasonal sampling of MON was taken in December 2018
and POM in April 2019 for complete chemical analysis for major ions,
nutrients, and trace metals.

3.2. Hydrochemical analysis

The collected water samples were filtered with a 0.45 pm filter
membrane for further elemental analysis. Major ions such as Cl~ and
HCOj3 were analysed with the titration method (chloride concentration
using standard silver nitrate, and bicarbonate using a titration of sulfuric
acid) (Ramesh and Anbu, 1996; APHA, 1998). Nutrient analyses (NO3,
NO3z, SO% ", NH3 NH3N, NHJ, P and PO3 ") were conducted through the
Hach test kit/Spectrophotometer powder pillow method. The major ions
(Na*, Mg?*, Ca?*, K*) and trace metals (Al, Co, Cu, Cd, Cr, Ba, Pb, Fe,
Mn, Sc, Sn, Zn) were analysed using Atomic Absorption Spectrometer
(PerkinElmer, AAS). Lithium and boron were analysed using induced
coupled plasma - optical emission spectrometry (PerkinElmer,
ICP-OES). Prior to analyses, the AAS and ICP-OES were calibrated
against the standards and post-calibration for quality control with 95%-—
99% recovery. Validation of the results was ensured by random
cross-checking the values with the standards. Subsequently, the
geochemical data were converted into their equivalent or milli equiva-
lence units (meq/L = ppm x valence/molar mass) for interpretation.
Next, calculations were made to find the difference between the sum of
major cation (X cation) and anions (£ anions), then divided by the sum
of all major ions to provide the charge balance error (Clark, 2015). The
acceptable error percentage for water analysis is ranged between +1
and +10 (Hem, 1985).

Charge balance error (%) = geddon—zanons,]0Q (1)

3.3. Isotopic analysis

Additional samples of untreated saline groundwater samples were
collected in 2L polyethylene bottles for analysis of stable isotopes (°H,
180, 34s, 1B, 37Cl). Oxygen and hydrogen (deuterium) isotopes were
analysed at the Isotope Hydrology Division of the Center for Water
Resource Development and Management (CWRDM), India using
continuous-flow isotope ratio mass spectrometry (FINNIGAN DELTAP'YS
XP) and converted in per mil delta values (6%o). Deuterium excess (d) is a
function of the 5!%0 and 8D isotopic composition in water and is
calculated as: 8D — 8 *5'80 (Dansgaard, 1964) to determine the relation
between evaporation and salinity. The value of stable isotopes is
generally represented by & (expressed in terms of parts per million, %o)
and is defined as (Craig, 1961; Coplen, 1994):

Rsample - R:ld

(ko) = (=2

) x 10° 2)
where, R is D/H or 20/'%0 and SMOW is the Standard Mean Ocean
Water.

345 1B and %7Cl were analysed at ActLabs in Ontario, Canada. For
343, the analysis was carried out using FINNIGAN MAT DELTA™'YS X1,
IRMS, coupled with Thermo Scientific TC/EA with unit symbol VCDT.
Data was corrected and normalized using four international standards:
USGS 32, NBS 127, IAEA SO5, IAEA SO6 and calibrated against the
standard values of International Atomic Energy Agency (IAEA). The !'B
isotope analysis was carried out using a single degassing filament
technique on a Thermal Ionization Spectrometry (TIMS). The outcomes
were corrected and calibrated against the International Standard NIST
SRM 951a and seawater (5''B = 40 & 2). The %Cl isotope analysis was
determined by a continuous-flow ratio mass spectrometry (CF-IRMS)
and all the results were corrected and calibrated against the Standard
Mean Ocean Bromide (SMOB) as analogue to SMOC for chlorine. The
5'%0 and 8%H stable isotopes were analysed for well 1, 2 and 3 in the
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MON season. Whereas, 5>%S, 5!'B and §%”Cl were analysed for only well
1 in the POM season.

3.4. X-ray diffraction method

A representative powdered sample of salt extracted from the saline
groundwater was subjected to X-ray diffraction with scan angle (26)
ranging from 5 to 89°, using a Philip X'Pert X-ray diffractometer. The
XRD analysis and interpretation used manual mineral phase identifica-
tion based on the peak position (d spacing, 20 and relative intensities)
with the help of the reference book (Lindholm, 2012). The sample was
subjected to an X-ray diffractometer through a range of 26 from 2° or 3°
to40°. The 26 of each major reflection was measured and compared with
analyses of standards.

3.5. Saturation index

Mineral saturation indices have been used to identify mineral
dissolution and precipitation processes in groundwater, and to evaluate
the degree of equilibrium between water and minerals (Mejri et al.,
2018). To calculate the saturation indices, the geochemical program
PHREEQC was used to evaluate the hydrochemistry data of the
groundwater (Parkhurst and Appelo, 1999; Banda et al., 2019). Satu-
ration indices are computed from the following equation:

SI = Log (IAP/ Ks) 3

Where IAP is the ion activity product and Ks is the solubility product
constant of the minerals.

3.6. Statistical analysis

Voluminous hydrochemical datasets are reduced and grouped based
on similar characteristics using statistical methods. Most researchers
have adopted multivariate statistical analyses such as correlation anal-
ysis, principal component analysis and hierarchical cluster analysis,
which provide a reliable approach to recognise and interpret the com-
plex groundwater chemistry (Thivya et al., 2015; Walter et al., 2017;
Kura et al., 2018; Ibrahim et al., 2019; Wu et al., 2020). Principal
component analysis (PCA) is a powerful statistical method that has been
used to verify the sources of chemical constituents and factors that have
influenced the groundwater quality (Singh et al., 2017; Liu et al., 2019).
PCA is also used to identify common patterns in hydrochemical data
distribution, reduce the initial dimension of data sets and facilitate
interpretation (Islami et al., 2018; Pisciotta et al., 2019). In this study,
PCA was applied using Statistical Package of Social Studies (SPSS)
version 22. The software was used to obtain the correlation matrix and
principal components (factors) were extracted with Eigen value of 1. The
varimax rotation method was adopted to extract the rotated factors with
their percentage of total variance (Adithya et al., 2020). The factor
loadings are used to derive the factor score coefficients and thus for each
sample, factor scores are computed by multiplying the factor score co-
efficient by using the standardised data in a matrix. A factor score of
>-+1 denotes a strong influence on the process. Areas with very negative
values (<-1) are almost completely untouched by the process, whereas
areas with scores close to zero are moderately influenced (Nepolian
et al., 2022).

3.7. Geophysical method

The 2D resistivity profiling was conducted using ABEM Terrameter
SAS1000 resistivity system, where the selected types of arrays could be
transferred to an internal switching circuit that was controlled auto-
matically and 4 appropriate electrodes were selected for each mea-
surement. The 2D resistivity method was carried out using the Wenner
array on a total of five traverse lines which consisted of 42 electrodes
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aligned collinearly. In each profile, the electrode spacing chosen was 2.5
m with a spread length of 105 m, laid perpendicular to the bed strike of
NE-SW direction, and elevation varied from 820 m to 880 m above sea
level. A total of 5 profiling was conducted across the study area site,
where one profile was conducted on the operating wells, one profile on
the old existing wells, and three profiles on the perched aquifer on the
lower elevation.

A seismic refraction survey was conducted using ABEM TERRALOC
PRO 2 seismograph to map the subsurface features in the study area. The
seismic refraction survey was conducted with 5 m geophone spacing and
24 geophones on a straight line. There were 7 shot points located at
minus (—) offset, 15t and ond geophones, 6™ and 7t geophones, 12" and
13™ geophones, 18™ and 19 geophones, 23" and 24™ geophones and
plus (+) offset. The survey lines stretched over between flat ground and
sloping hillside of the valley region, composed of alluvium loose soil and
sand. Lines were shot in forward and reverse order, with a total length of
120 m interval on each survey profile with a total of five profiles. The
raw data recorded by the seismograph was transferred for further pro-
cessing using the SeisImager software. The first step in seismic refraction
processing was to identify and manually pick the first break of seismic
arrivals. After the first arrival was picked, the file containing the picked
files was loaded into the Plotrefa software and converted to travel-time
curves. Furthermore, using the time-term inversion and tomographic
inversion methods, a 2D velocity model can be generated.

4. Results
4.1. Hourly, daily and monthly measurements

From the <24 h observation (Fig. 2), the average pH value for well 1,
2, and 3 were measured at 6.6, 7.04, and 7.55 respectively. The TDS
average values for well 1 (33,380 mg/L), well 2 (30,550 mg/L), and well
3 (27,440 mg/L) were measured respectively. Meanwhile, the average
value of EC for well 1 (52,370 pS/cm), well 2 (48,720 uS/cm), and well 3
(44,115 pS/cm) were measured respectively. According to Freeze and
Cherry (1979) and water classification based on the TDS and EC, well 1,
2, and 3 were classified as saline water (10,000 to 100,000 mg/L) to
brine water (>45,000 uS/cm). The average temperature values for well
1, 2, and 3 were 27.1, 27.4 and 27.4 C°, respectively. The average values
for salinity in well 1, 2, and 3 were found to be 34.5, 31.8, and 28.4%,
respectively. The turbidity average values for well 1, 2, and 3 were 18.7,
18.2, and 9.6 nephelometric turbidity unit (NTU) respectively.

In the daily measurement (Fig. 3), the average pH value for well 1, 2,
3,4 and 5 were 6.7, 7.4, 7.5, 7.1 and 6.9, respectively. The TDS average
values for well 1 (33,000 mg/L), well 2 (30,414 mg/L), well 3 (27,500),
well 4 (18,860 mg/L) and well 5 (20,860 mg/L) were measured
respectively. Meanwhile, the EC values of the samples ranged from
28,800 to 52,500 pS/cm with a mean value of 42,023 pS/cm. In addi-
tion, the salinity values ranged from 17.7 to 34.6%o with a mean value of
27.1%o. The average temperature values ranged from 21.5 to 25.2 °C.
The average water level values for all the wells ranged from 0.8 to 2.5 m
and the average turbidity values ranged from 1.5 to 42.8 NTU with a
mean value of 8.46 NTU.

From the monthly measurement (Fig. 4), the average pH values for
well 1, 2, 3 and 4 were 7.4, 7.5, 7.8 and 8.1, respectively. The average
values for temperature in well 1, 2, 3 and 4 were ranged from 22.1 to
25.6 °C. Meanwhile, the average TDS values for well 1 (34,448 mg/L),
well 2 (34,264 mg/L), well 3 (30,737 mg/L) and well 4 (21,548 mg/L)
were measured respectively. The average EC values for well 1 (68,997
pS/cm), well 2 (68,797 pS/cm), well 3 (61,397 pS/cm) and well 4
(43,240 pS/cm) were measured respectively. The average values for
salinity in well 1, 2, 3 and 4 were 47.1, 47.1, 41.1 and 27.8%o,
respectively.
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4.2. General geochemistry

The pH values for saline groundwater suggested a slightly acidic to
alkaline nature, which varies from 6.7 to 7.7 during MON and 6.5 to 7.3
during POM. Saline groundwater wells in Ba’kelalan have high salinity
content with the EC value varying between the seasons with 28,800 to
51,800 pS/cm during MON and 40,500 to 66,500 pS/cm during POM.
According to Freeze and Cherry (1979), well 1 and 2 were categorized as
brine water, while well 3, 4 and 5 were considered as saline water based
on EC values. However, based on TDS values, all groundwater samples
were categorized as saline water, with the range of 17,120 to 32,700
mg/L during MON and 10,300 to 33,300 mg/L during POM. It was found
that the salinity increased significantly, ranging from 17.7 to 34.1%o
during MON and 25.9-45.2%o during POM.

For the hydrochemical data in the saline groundwater (well 1, 2, 3, 4
and 5), the concentration of Na' ranged from 3,575 to 4,536 mg/L
during MON and 6,740 to 14,184 mg/L during POM, respectively. Na™
was the dominant cation in all the samples for both seasons (Table 1).
For all the samples, K concentration ranged between the seasons with
10.4-29.9 mg/L during MON and 24.3-31.8 mg/L during POM,
respectively. The Ca?* concentration varies between the seasons with
225.2-430.2 mg/L during MON and 138-245.2 mg/L during POM.
Mgt concentration varies between the seasons with 54.80-138.6 mg/L
during MON and 62.8-138.6 mg/L during POM. Cl~ was the dominant
anion in all groundwater samples, where its value ranged from 6,534.4
to 8,175 mg/L during MON and 11,547 to 25,450 mg/L during POM.
The HCO3 concentration varies between seasons with 548-875.5 mg/L
during MON, while for the POM, it ranges between 1,085.8 and 1,780.8
mg/L. The order of dominance of major ions in both seasons for the
saline groundwater samples is as follows: Na™ > Ca?" > Mg?" > K* =
Cl” > HCO3 > NO3 > SOF .

The SOF~ concentration ranged from 1 to 2 mg/L during MON and
0.5-1 mg/L during POM. NO3 ranged between 0.1 and 19 mg/L during
MON and 0.1-1.1 mg/L during POM, respectively. Whereas, the con-
centration for NO3 ranged from 0.1 to 4.3 mg/L during MON and 0.1-0.2
during POM. For NHj, NH3 and NH;3N, the concentration exhibited
similar values, however, ammonia ion (NH4) was the major N-species,
where it varied from 0.5 to 24.5 mg/L during MON and 4.2-16.7 mg/L
during POM. The phosphorous found is normally identified as ortho-
phosphate (PO3 ™), where the water samples exhibited low concentration
in both phosphate and phosphorous, with the PO}~ value varying be-
tween 0.3 and 0.7 mg/L during MON and 0.2-0.9 mg/L during POM.
Meanwhile, the phosphorous concentration was between 0.1 and 0.2
mg/L during MON and 0.1-0.3 mg/L during POM.

The order for trace metal concentration present in the saline
groundwater samples during MON season is as: Sn > Ba > B > Sc > Fe >
Cu > Li > Cr > Co > Rb > Zn; meanwhile, for POM season, the order is
as: Ba > B > Sc > Sn > Fe > Li > Zn > Co (Table 1). The concentration of
Sn in groundwater samples indicates the highest loading during MON,
ranging from 16.5 to 22.6 mg/L. However, during POM, the concen-
tration is reduced to 2.2-4.9 mg/L. The groundwater samples for B have
values ranging from 2 to 5 mg/L during MON and 1.4-5.3 mg/L during
POM. Ba concentration is observed in the range of 8.5-12.8 mg/L during
MON and 3.3-7.3 mg/L during POM. The concentration for Sc varies
between the seasons as 2.4-3.9 mg/L and 2.3-5.4 mg/L during MON and
POM respectively. The Fe concentration varied between 1.3 and 7.2 mg/
L during MON and 1-1.2 mg/L during POM.

The XRD of salt sample revealed that halite (Na Cl) is the major
component identified by peak positions at 31.61°, 45.35° and 75.16°
(93%), along with the minor amount of pyrite (FeS;) represented at
56.33°(5%) and aragonite (CaCOs) at 27.24°(2%).

The saturation index of the groundwater composition representing
the MON and POM seasons indicated that they are undersaturated with
the composition of gypsum (—4.27 to —3.35), halite (—4.37 to —2.39)
and anhydrite (—4.63 to —3.73). The minerals of barite (—1.35 to 0.39)
and magnesite (—0.59 to 0.05) are saturated, while the minerals of
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aragonite (0.11-0.84), dolomite (0.29-1.88) and calcite (0.14-1.11) are
oversaturated.

4.3. Stable isotopes

In Fig. 5, all the data are compared with the Global Meteoric Water
Line (GMWL) 8D = 8 5'%0 + 10, as defined by Craig (1961), and the
Local Meteoric Water Line (LMWL) 8D = 7.64 5'80 + 10, as defined by
Ninu Krishnan et al. (2022). The 8*80 values of the saline groundwater
are 6.11%o, 5.06%o0, and 3.6%o for well 1, 2 and 3, respectively, with a
mean value of 4.92%.. Meanwhile, the 6D values are —17.85%o,
—20.32%o0 and —24.70%o, with a mean value of —20.95%o. The ground-
water samples were depleted with very low d-excess values of —66.73%o,
—60.8%0 and —53.5%o for well 1, 2 and 3, respectively (Fig. 6).

The study area sample has a value of §>*S at 1%, which falls on the
oxidation sulfide zone (Fig. 7). In Fig. 8, the groundwater sample falls on
the dissolution of marine carbonate rocks zone with §''B value of
18.2%o. In Fig. 9, the study area sample falls on the dissolution of the
marine evaporites zone and is witnessed by the 8''B versus Cl. In Fig. 10,
the saline groundwater sample falls above the evaporation line and has a
8%Cl value of 0.82%o.

4.4. 2D resistivity survey

Profile R1 was located adjacent to the potential target of the perched
aquifer and was marked near the midpoint with a spreading length of
105 m at the NW to SE orientation (Supplementary Fig. 1). The inverse
model shows the resistivity value ranging from 120 to 230 Q m at a
depth of <1-4 m towards the NW part. The moderate resistivity ranges
between 45 and 70 Q at a depth of 5-15 m, separating the two
groundwater plumes (Supplementary Fig. 2). The lowest resistivity
value dominating the nearby perched aquifer (spring) with a value of 2.8
to < 10 Q m at a depth of 1-14 m.

The traverse profile R2 located adjacent to profile R1 is served to
conduct a grid pattern for the target perched aquifer (spring). The
topsoil showed the highest resistivity value, ranging from 167 to 505 Q
m at a depth from near-surface to 5 m, mostly on the NW part (Sup-
plementary Fig. 3). The yellow and green colours show the resistivity
value of ~50 Q m, at the depth of 10-15 m. Towards the SE of the survey
line, the lowest resistivity value was from 0.2 to 5.50 Q2 m at the depth of
3-13.

Profile R3’s resistivity inverse model shows the highest value of
110-300 Q m, suggesting topsoil at a depth of 0.5-5 m, dominating most
of the near-surface across profile R3. The resistivity value of ~50 Q m
could indicate the sandy layer between the two separated groundwater
plumes (Supplementary Fig. 4). Nonetheless, the inverse resistivity
model shows the lowest value of 0.3 to <5 Q m at a depth of 1-8 m, with
approximately 5 m width.

Profile R4 shows that the highest resistivity recorded near the surface
with a value ranging from 125 to 233 Q m, covering most of the survey
line from depth <1-3.5 m (Supplementary Fig. 5). The marked old well
at a distance of 5 m from the mid-point shows very low resistivity value
from 2.8 to <10 Q m, implying that the previous saline groundwater was
at a depth from <1 to 15 m.

Profile R5’s resistivity inverse model value shows that the highest
value of 213-480 Q m at a depth of <1-3.5 m located near the NW part
of the study area (Supplementary Fig. 6). The three existing wells were
marked at a distance location near the mid-point of 8 m, 12 m and 14 m.
The inverse resistivity model value shows the lowest reading from 2.84
to <6 Q m at a depth from <1 to 15 m.

4.5. Seismic refraction
Profile S1’s primary wave velocity of the topmost layer (violet

colour) with the lowest seismic velocities ranges from 727 to 915 m/s
(Supplementary Fig. 2). The thickness of the first layer ranges between
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Table 1

Chemical composition of saline groundwater in existing wells of Ba’kelalan during monsoon and post monsoon periods (all values of major ions, nutrients and metals in mg/L).

Li

Cu Cr Rb Sn B

Co Cd

Mn Fe Ba Zn Sc

3

HCO:

Mg?t -

Ca2+

NH; NH; NHsN Nat  K©

2

5 NO.

NO

EC Salinity Turbidity SO3 POz P
(mg/L) (us/cm) (%o)

Welll 6.7 21.5 32,700 51,800
Well2 6.7 21.6 30,100 48,000
Well 3 7.7 21.6 27,000 43,600

Well4 6.9 22.0
Well5 6.9 23.4

POM

pH Temp TDS

MON

(NTU)

o)

BDL 16.5 4.1 0.2

875.5 BDL 2.8 8.5 BDL 3.9 0.1 BDL 0.4 0.1

18.6 378.6 126.6 8175

4512

07 0206 01 37 35 3.1
24.5 23

0.5

4.5

34.1

BDL 18.1 3.6 0.2

24.9 430.2 138.6 8075.5 762.5 BDL 7.2 9.7 BDL 2.4 0.1 BDL 0.6 0.1

10.4 225.2 54.8 7857

4536
4308
3875
3575

19

0.1 0.7 0.1

42.8

31.3
28

0.3

603.9 BDL 1.3 11.2 0.2 2.6 0.1 BDL 0.4 0.2 BDL 19.8 5

0.1 19.1 43 0.5 0.5 0.4
0.1 0.1

0.3

1.63
12.3

1 BDL 21.5 2 0.1

2.4 0.1 BDL 1.6

BDL 1.7 11.7 0.1

29.9 285.4 74.6 6875.5 548

BDL 12.5 11.7 9.7

BDL 12

0.4
0.4

19.2

18,770 31,100

0.1

25.6 251.2 100.4 6534.4 578.9 BDL 2.1 12.8 BDL 3.9 0.1 BDL 0.6 0.4 BDL 22.6 2

11.2 9.2

0.1 0.1

10.9

17.7
EC (ps/cm) Salinity Turbidity SO3 PO;3 P

17,120 28,800

Li

B

Rb Sn

Co Cd Cu Cr

Sc

Mn Fe Ba Zn

3

NO; NH, NH; NH3N Nat K© ca’t wmg?*t clI™ HCO

3

NO.

pH Temp TDS

(NTU)
14.5

(%)

(°C)  (mg/L)

Welll 6.5 25

3.7 0.1 BDL BDL BDL BDL 2.2 5.2 0.3

138.6 25,450 1780.8 BDL 1.1 3.3 0.1
21,584 1500.6 BDL 1.1 5.9 0.2 5.4 0.1 BDL BDL BDL BDL 2.4 5.3 0.3

14,184 28.6 240

BDL 16.7 15.7 13
0.1

0.2 0.2
0.2 0.3

0.2 0.1

0.5 0.7

45.2

33,300 66,500

12,064 31.8 245.2 120

9476
7736
6740

11.5

3.7

14.7 14

0.8

0.5 0.4
0.5 0.9

0.5 0.2

12.8
8.7

37.4

Well 2 6.7 24.9 28,100 56,300

Well 3 6.8 24

5.5 0.2 23 0.1 BDL BDL BDL BDL 3.3 3.6 0.2

24.9 204.4 106.8 17,859 1256.6 BDL 1
26.4 138

BDL 4.2 4
0.2

33.1
2

25,100 58,900

1.4 0.1

3.2 0.1 BDL BDL BDL BDL 4.9 2.5 0.2

0.3 2.9 0.1 BDL BDL BDL BDL 3.8

13,458 1195.6 BDL 1.1 6.1
11,547 1085.8 BDL 1.2 7.3 0.1

82.8

8.5

0.3 1.1

29.7
2.1

6.7

Well4 7.1 23.2 20,800 41,170

Well5 7.3 23.9

24.3 148.2 62.8

BDL 4.7 5.7 5.7

0.1 0.2

25.6

10,300 40,500

*BDL — below detection limit.
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1.5 and 5 m. The second layer is made up of seismic velocity ranges from
1,020 to 1,900 m/s. The thickness of the second layer is ranges between
2.5 and 10 m. The third layer has a velocity ranging between 2050 and
2485 m/s at a depth of <10 m.

Profile S2’s first layer shows a velocity ranging from 997 to 1,150 m/
s and the thickness of the first layer is ranged from 1 to 8 m (Supple-
mentary Fig. 3). Whereas, the second layer shows the velocity in the
range of 1,392 to 2,579 m/s, and estimated to be at a depth of 5-10 m
below the surface. The third layer has a velocity ranging from 2,973 to
3,370 m/s at depth of <12 m.

Profile S3’s survey line spreading almost perpendicular across profile
S1 and profile S2 was used to conduct 3D concept view for the main
target perched aquifer which was marked at the distance of 20 m to-
wards NW. The first layer shows a velocity value ranging from 1,002 to
1,150 m/s, with a thickness of 4-6 m. The second layer showing a ve-
locity value of 1,345 to 2,375 m/s with thickness ranging between 1.5
and 10 m (Supplementary Fig. 4). The third layer has a velocity ranging
from 2,718 to 3,060 m/s at a depth of 10-25 m.

Profile S4 located next to profile S3 with survey line extending to-
wards SW was used to locate any possibility of extension of the perched
aquifer. The first layer shows the velocity value of 209-315 m/s with a
thickness ranging between 4 and 10 m, with the center of the profile
being thicker (Supplementary Fig. 7). The second layer shows a velocity
of 528-846 m/s at a depth of 10-20 m.

Profile S5 was located across all 3 existing wells in the study area.
The first layer of the seismic velocity ranging from 524 m/s to 850 m/s
and the thickness ranging between 2 and 10 m (Supplementary Fig. 6).
The second layer velocity ranges from 1,097 to 2,091 m/s and the
thickness ranging between 5 and 9 m. For this location, the water level is
estimated to be at a depth of <10 m below the surface. The third layer
has a velocity of 2588 m/s at a depth of 15-20 m.

5. Discussion
5.1. Variation in physico-chemical measurements

Well 1, 2 and 3 are located adjacent to each other in the study area
and it is found that well 1 has the highest value for most of the physical
parameters (TDS, EC and salinity) compared with the rest of the wells.
Additionally, from the hourly measurement, all three wells at 10 a.m.
(2.2 m) to 11 a.m. (1.4 m) illustrate significant changes in water level
that possibly indicate the groundwater recharge.

From the hourly and daily measurements, the acidic nature (pH 6.6)
in well 1 caused more dissolution during rock-water interaction which
has increased the ionic concentration in the groundwater. Meanwhile,
the change in TDS and EC values indicate that both parameters were
strongly correlated and relatable to the recharge in the study area
(Rusydi, 2018). From the daily measurements, all five wells appeared to
have a slight fluctuation value of pH especially for well 2 on 17t
December 2018, where a significant increase in pH was observed, with
the highest value at 9.8 (Fig. 3). The TDS and EC values were found in
well 1 as the most constant and have the highest value compared to the
rest of the wells. It was noticed that TDS, EC, and salinity were strongly
correlated and decreasing values in TDS and EC for well 2 were observed
on 14™ December 2018, which corresponded to the decrease in salinity.
For the salinity value, well 1 possessed the highest reading while well 4
and 5 recorded the lowest. For turbidity values, well 2 possessed the
highest value followed by well 5 > well 4 > well 3 > well 1. Similarly,
well 2 dominated the peak value for the water level. Meanwhile, the
temperatures for all the wells were constant with values ranging from
21.5 to 25.2 °C.

From the monthly measurements, all three wells emerged to have
significant increase values in most of the parameters (Fig. 4). The pH
value for well 4 was found to have significantly increased from 20t
December 2018 to 30" December 2018, from 7.6 to 8.4 and marked as
the highest pH value, followed by well 3 > well 2 > well 1. Furthermore,
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the TDS, EC and salinity values were recorded as the highest in well 1
and 2, followed by well 3 > well 4.

The physical parameter measurements for saline groundwater
collected from 11" December 2018 to 24™ January 2019, illustrated a
significant increase in TDS, EC, and salinity for all the wells. This is due
to the change from MON season to POM season, with various recharge
resulted in the increased EC, TDS, and salinity values. The significant
increase in EC and salinity in the groundwater is perhaps due to the
seasonal change with the dilution effect from the recharge in this region
(Mattos et al., 2018b). Large variations of TDS and EC values are majorly
attributed to geochemical processes such as ion exchange, evaporation,
mineral dissolution and rainwater infiltration (Ehya and Marbouti,
2016; Aghazadeh et al., 2017). The physical parameter values showed
an increasing to decreasing concentration in TDS, EC and salinity values
with a trend along the topography gradient from downstream to up-
stream: well 1 (913 m) > well 2 (913 m) > well 3 (914 m) > well 5 (948
m) > well 4 (967 m). Based on TDS values, well 1, 2, 3, 4 and 5 are
classified as saline water (10,000-100,000 mg/L) and well 1, 2 and 3 are
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classified as brine water (<45,000 pS/cm). Meanwhile, well 4 and 5 are
represented as saline water (2,000-45,000 pS/cm) based on EC values.

5.2. Hydrogeochemical processes

The Piper diagram (Fig. 11) shows that the chemical composition of
the saline groundwater can be classified as Na™- Cl" water type for both
seasons. Na'- Cl” facies generally indicate the characteristic of discharge
zone, ion exchange process or the longer residence time of water in rock
matrix (Piper, 1944; Devaraj et al., 2018; Mosaad and Kehew, 2019;
Sivakarun et al., 2020). Based on the Durov diagram (Fig. 11), the trend
for all the groundwater samples can be classified as Na™ and Cl~ being
the dominant anion and cation, which indicates that ion exchange is the
dominant process in groundwater (Durov, 1948; Lloyd and Heathcote,
1985; Mosaad and Kehew, 2019).

Gibbs diagram (Gibbs, 1970) shows that all saline groundwater
sample fall on evaporation dominance (Fig. 12). POM samples illustrate
a higher ionic concentration (evapo-concentrates) from monsoonal
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recharge in which the plot shifts to the upper right. This indicates the
potential dissolution of deposited evaporites in adjacent or underlying
deeper aquifers (Haile, 1962). The groundwater is influenced by the
dissolution of evaporite minerals due to the infiltration of monsoonal
rainwater, whereby the processes might occur from the deeper aquifer
with the help of fault or fracture for the passage of saline groundwater to
the surface wells or springs (Liu et al., 2016; Marandi and Shand, 2018).
Meanwhile, the Na™/Cl™ versus EC plot (Fig. 13) shows a horizontal
trend which indicates that the dissolution of evaporites might be the
major process in controlling the chemistry of the groundwater in the
study area, whereas the Na*/Cl~ ratio almost remained unchanged
(Jankowski and Acworth, 1997). The dissolution of evaporite minerals
such as halite is in the deeper confined aquifer and was channeled to the
unconfined zone or spring (Haile, 1962; Aquilano et al., 2016).

During MON, Na'/Cl™ ratio is observed to have less ionic
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concentration due to more dilution compared to the POM season, indi-
cating more ionic concentration due to the intense mineral dissolution
during water-rock interaction (Fig. 13). The variation of Na'/Cl™ ratio
less than 1 is an indicator of depletion of Na™ ions and can be attributed
to reverse ion exchange, leading to Na™ adsorption on clay minerals, and
simultaneously releasing Ca®* in groundwater (Mejri et al., 2018). Be-
sides, a high concentration of CI™ may originate from the dissolution of
chloride-rich minerals such as halite or connate marine water entrapped
in sediments (Zaidi et al., 2015; Ammar et al., 2020). This suggests that
the source of salt is likely to be dominated by the dissolution of halite, as
supported by the XRD data and other geochemical processes that should
be responsible for the deviation from the 1:1 dissolution line (Klopp-
mann et al., 2001; Karakaya et al., 2019; Chander et al., 2020).

The plot of HCO3/Na * versus Ca®t/Na™ (Fig. 13) shows the disso-
lution of evaporites as a major hydrogeochemical process for all the
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groundwater samples, probably in the deeper reservoir (Bozau et al.,
2015; Fakharian and Narany, 2016). Thus, the MON season samples
showed the influence of evaporite minerals with high rainfall, indicating
water-rock interaction processes. Whereas, the POM season shows a
more intense evaporation process compared to the MON season.

The positive value of CAI 1 and CAI 2 for groundwater sample in-
dicates a reverse ion exchange process for both seasons (Fig. 14). Thus,
the plot of Ca?* + Mg?" versus SO~ + HCO3 shows that all the saline
groundwater samples for the MON fall above the 1:1 line (Fig. 14),
indicating an excessive of Ca®>* and Mg?* originated from other pro-
cesses such as reverse ion exchange (Zaidi et al., 2015). Whereas, the
POM samples are scattered close and below the 1:1 dissolution line,
indicating an excess of SO7~ + HCO3 that can be attributed to the ion
exchange process or dissolution of gypsum, calcite and dolomite

, 2011; (v) Bagheri et al., 2014b; (vi) Drever, 1988).

(Sheikhy Narany et al., 2014; Duan et al., 2022).

Based on the Brine Differentiation plot and Langlier-Ludwig diagram
(Fig. 15) (Langelier and Ludwig, 1942; Hounslow, 1995), the saline
groundwater samples fall on the Na'- Cl brine zone for POM season,
indicating the longer residence time of water in a deeper condition that
has resulted in the dissolution of evaporite minerals, leading to higher
salinity content (Boschetti et al., 2016; Awaleh et al., 2020). Whereas,
the MON samples are more shifted towards Ca2*- CI oil field brine zone
(Ozdemir, 2018).

5.3. Saturation index

The SI versus HCO3 in the MON season shows that the carbonate
minerals (aragonite, dolomite and calcite) are between saturated and
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oversaturated irrespective of seasons, whereas, for the POM season,
these minerals tend to form a more saturated state, probably due to less
recharge and precipitation (Fig. 16). The pH showed a slight increase in
the saturation trend with increasing pH value for both MON and POM
seasons (dolomite, aragonite and calcite), indicating that the minerals
were precipitated in a higher pH condition. Magnesite and barite were
undersaturated and close to an equilibrium state (SI = 0) for both sea-
sons, however, the SI of minerals for halite, anhydrite and gypsum were
shown to be undersaturated. The SI for halite dissolution showed a
distinct difference between MON (—3 to —4) with more dissolution,
while POM (-2 to —3) has comparatively less dissolution.

5.4. Isotopic signatures

The 5'®0 and 8D values show that well 1 sample is more enriched in
5180 concentration compared to well 2 and well 3. The slope of GMWL
and LMWL is close to each other due to the local climatic factors
including air, temperature, evaporation, seasonal precipitation and
moisture source (Thivya et al., 2016; Gautam et al., 2017; Lyu et al.,
2019; Disli and Giilytiz, 2020; Ninu Krishnan et al., 2022). The analysed
saline groundwater samples plotted away from the GMWL and the
LMWL with an enrichment isotopic concentration of §'%0 indicate that
the meteoric water was not the main origin of the groundwater recharge
in the study area (Coplen, 1994; Boschetti et al., 2016). The saline
groundwater enriched value in §!80 could be mainly due to the evap-
oration process, witnessed in the Gibbs plot and other geochemical plots.
The enrichment in 5'%0 of the groundwater may be due to a variety of
processes, such as water-rock interaction, ancient seawater evaporation
or mineral dehydration. The negative 8D values can be an indicator of
ion hydration effects of mineral dissolution such as halite, as witnessed
by XRD data of salt sample or isotope exchange during hydration and
dehydration of minerals (McHenry et al., 2020). The saline groundwater
sample trend line intersects the LMWL at a particular point, suggesting
that the interconnection by a particular location and period might be the
source of local precipitation (Liu et al., 2016). This suggests that the
recharge might have occurred during January 2017 at Kampong Sali-
dong, Limbang, Sarawak (Ninu Krishnan et al., 2022).

The groundwater samples’ d-excess values are negative and very
low, indicating that values less than 3%. is revealed the source as
evaporative enrichment with certainty (Dansgaard, 1964; Thivya et al.,
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2016). The increasing trend in TDS with a decrease in d-excess (Fig. 6),
suggesting that an intense evaporation process occurred in the deeper
aquifer (Dansgaard, 1964; Evans et al., 2015; Ninu Krishnan et al., 2019;
Torres-Martinez et al., 2020). The 84S in the groundwater was close to
oxidative weathering of metamorphic pyrite with a value of — 1.8 to
2.4%o (Tostevin et al., 2016; Lyu et al., 2019). The 5%%S has a value fall on
the oxidation sulfide zone, indicating oxidization by pyrite concentra-
tion as witnessed in geochemical plots, and pyrite grains are identified
through visual identification and XRD data of the salt sample (Tostevin
et al., 2016; Wang and Zhang, 2019). The following equation explains
the chemical reaction for pyrite oxidation:

2FeS, + 705 + 2H,0 — 2Fe’t + 4803 + 4H* 4

The saline groundwater sample has a §!'B value of 18.2%o, which fall
on dissolution of marine carbonate rocks zone. Hence, the dissolution of
marine evaporites at the deeper circulation of groundwater through the
infiltration of monsoonal rainwater, which is reflected by 5'!B value
(Purnomo et al., 2016; Du et al., 2019; Ercan et al., 2019). The saline
groundwater sample has a 5°”Cl value of 0.82%s, indicating that halite
dissolution could be the major process affecting the salinization in the
study area (Sherif et al., 2019) which is justified by the XRD data of the
salt sample (Birks et al., 2019). It is interesting to observe that the
enrichment of §%Cl was around 25,000 ppm of Cl~ concentration,
which also indicating the intense evaporation process in the deeper
circulation of groundwater.

5.5. Statistic analysis of saline groundwater

The results of principal component analysis (PCA) and factor scores
are presented in Table 2. For the factor loadings, high loading is defined
as greater than 0.75, moderate loading as 0.50-0.75, and a loading with
less than 0.50 is considered insignificant (Ibrahim et al., 2019). Principal
component analysis for the MON season showed that four factors (PC1,
PC2, PC3 and PC4) explained 43.5, 34.8, 14.3 and 7.3% respectively of
the total variance. PC1 has the highest factor loadings for major ions
(Na*, CI”~ and HCO3), nutrients (PO3~ and P) and physical parameters,
indicating that TDS, EC and salinity are mainly controlled by these el-
ements and most likely to be derived from the same source. The high
factor loading of Na™, CI~, TDS and EC in this factor, suggesting the most
important role of these two ions (Na* and Cl7) in the salinization or
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mineralization process. High loading of Rb, B and Li indicates a common
source such as clays or shale (Han et al., 2018). Besides, the level of
salinity of the groundwater has influenced the concentration and
mobility of these trace metals (Jia et al., 2017; Esmaeili et al., 2018).
Meanwhile, the high negative loadings of temperature, K", Mn, Br, Co,
Cd and Sn, indicated that temperature plays a significant role in con-
trolling these metals (Belkhiri et al., 2017). From the factor score, well 1
has contributed more (+) in this factor. The PC2 is mainly controlled by
the positive loadings of PO3~, P, KT, Ca?", Mg, HCO3 and Sc, and
represents in well 1. This may indicate that P and PO}~ are associated
with Sc which may be due to leaching or dissolution from common
source rocks such as shale or mudstone (Oyem et al., 2017). On the other
hand, PC3 is less defined, which explains 14.3% of the variability of data
for well 2. The highest loading is shown by the turbidity, NH4, NHgs,
NH;N, SOZ~, Ca®*, Fe, Cd and Cu, indicating that the association of Fe,
Cu and Cd is probably dependent on the availability of nutrients present
in the groundwater and commonly found in pyrite and chalcopyrite in
an oxygen-poor environment (Samantara et al., 2017). The turbidity of
the groundwater samples plays an essential role in controlling most of
the nutrients, especially SO3~ and is associated with Fe. Organic matter,
iron (Fe?) and pyrite (FeSy) are important substitution donors for nitrate
reduction (Kaown et al., 2020; Torres-Martinez et al., 2020). In PC4,
temperature indicated the role in controlling the mobility of Mn, Sc, Co
and Cr in the groundwater (Samantara et al., 2017), which results in
well 5 with the lowest variance.

PCA for the POM season is represented by four factors (PC1, PC2,
PC3 and PC4) explaining 60.9, 22.01, 11.56 and 5.49% of the total
variance respectively (Supplementary Table 2). PC1 shows the highest
positive loading with 60.9% of variability for the physical parameters
(TDS, EC, salinity and temperature), major ions (Na*, Cl~, Ca®*, Mg?*
and HCO3), nutrient (NH4, NH3 and NH3N) and trace metals (Cd, Cu,
Rb, B and Li). The samples with high contribution to PC1 are from well
1, indicating a progression of mineralization towards the high saliniza-
tion processes in groundwater, which is the Na*- Cl” water type. It has
the highest positive loadings for most variables, especially Na™, C1~, TDS
and EC, which may indicate salinization by mineral dissolution. Besides,
the high loading for Na®, Mg?" and Ca?' indicate potential ion-
exchange processes (Zaidi et al., 2015; Ibrahim et al., 2019). Further-
more, the temperature indicated the role of controlling the trace metals’
(Cd, Cu, Rb, B and Li) mobility in the groundwater (Madzin et al., 2017;
Akoto et al., 2019). The strong factor loading of Cd, Rb, Cu, B and Li
indicate possible common source such as clay, shale or sulphide
mineral-like pyrite (Tostevin et al., 2016). Whereas, pH showed high
negative loading with Fe, Ba, Cr and Sn, indicating that the acidic pH has
released these trace metals in groundwater (Esmaeili et al., 2018). The
PC2 is represented by the moderate factor loadings of temperature, K*,
Ca?*, nutrients (SO%’, NH4, NH3 and NH3N) and trace metals (Sc, Rb, B
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and Li), which is mostly contributed in well 2. Similarly, with PC1, the
temperature played an essential role in the mobility of trace metals (Sc,
Rb, B and Li) in the groundwater. Whereas, the nutrients are controlled
by Ca?* and K* in the groundwater. For PC3, the turbidity, nutrients
(PO?{, P, NO3 and NO3) and trace metals (Zn and Rb) suggested that the
groundwater turbidity depends on the concentration of the nutrients
(PO?{, P, NO3 and NO3) and trace metals. The PC4 shows that the NH3
and NH;3N are related to the Fe, indicating the reducing environment,
which has controlled these elements in the groundwater.

5.6. Correlation of 2D resistivity and seismic refraction in 3D display

The 2D resistivity method suggests that the lowest resistivity value of
0.2 Q m - 2.84 Q m reflects the presence of the saline groundwater
adjoining the existing well sites besides indicating the presence of a
perched aquifer (Mainoo et al., 2019). The lowest resistivity values were
observed in nearby perched aquifer (spring) with a value of 2.8 to < 10
Q m at a depth of 1-14 m, suggest the saline groundwater, as changes in
salinity lead to changes in resistivity (Mahmoud and Ghoubachi, 2017).
The resistivity value of ~60 Q m suggests a sandy layer or saturated
layer (Islami et al., 2018), and the resistivity value of 115 Q m — 505 Q m
indicates the weathered topsoil layer (Farid et al., 2017). The movement
of the groundwater plume is indicated by the flow from higher to lower
elevation (NW to SE) due to the hydraulic pressure gradient, where the
saline groundwater moved or upwelled to the surface as spring.
Whereby the perched water table is intersected the ground surface in the
middle of the section.

The seismic refraction determined that the first layer velocity ranges
between 209 m/s and 991 m/s, indicating the unconsolidated weathered
topsoil layer (Araffa et al., 2017). The second layer velocity ranges be-
tween 1329 and 2579 m/s, and reflects the saturated layer of saline
groundwater at a depth of approximately 5 m (Jagadeshan et al., 2018;
Azhar et al., 2019). The velocity of the third layer ranges from 2718 to
3370 m/s reflecting a partial saturated layer which could be a clayey
sandy layer or shale layer (Desper et al., 2015; Oskooi et al., 2019).
Faults has been detected in most of the survey profiles at approximate
depth of 10 m with a rapid lateral change of velocity (down thrown
zone) (Al-Heety, 2018).

The 3D profiles are displayed by combining the 2D resistivity and
seismic refraction images separately (Fig. 17) from 3 survey profiles in
the study area. These 3D profiles provide a clearer image of the sub-
surface and help in a better understanding of the groundwater flow and
structures. In Fig. 17, the 3D profile of the 2D resistivity profile consisted
of profiles R1, R2 and R3 as the main target perched aquifer. The image
confirms that the groundwater was at the depth of 2-15 m below the
surface, whereas the groundwater plume flowed from SW to NE direc-
tion. Due to the hydraulic pressure gradient of the saline groundwater
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that has moved from a higher elevation from NW to SE and an upwelling
(anticlinal structure) to the surface facilitating the perched water table
to discharge at the ground surface. Fig. 17 shows the faults based on the
rapid lateral change in velocity of the second and third zone, and are
marked in black circle. This rapid lateral change in velocity can be
interpreted as a local fault (Al-Heety, 2018). The localized fault profile 1
has been detected at a distance of 30 m towards NW and 90 m towards
the SE direction (Supplementary Fig. 2). Profile 2 is at a distance of 75 m
dipping NW and 95 m dipping SE, thus, both profiles show graben fault
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structure due to depression with the fact that it is in a valley (Supple-
mentary Fig.3). For profile R3, the fault is located at the perched aquifer
at 75 m marked, illustrating a normal fault structure (Supplementary
Fig. 4). The presence of faults near the perched aquifer has facilitated the
groundwater movement from the saturated zone to the surface. Thus, it
is clear that the perched aquifer has the potential to provide a sufficient
supply of saline groundwater for future drilling sites in the study area.
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Table 2
The results of principal component analysis (PCA) and factor scores from the geochemical data for (a) monsoon and (b) post monsoon seasons.
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Rotated Component Matrix

Rotated Component Matrix

a) MON 1 2 3 4 b) POM 1 2 3 4

pH .098 —.924 —.369 —.001 pH —.938 —.345 —.004 .021
Temperature —.691 .101 —.031 715 Temperature .655 .583 —.441 .190
TDS 961 155 .058 —.223 TDS 941 262 .195 —.087
EC .963 146 .057 -.217 EC .945 .163 —.242 —.146
Salinity .963 .160 .057 —.207 Salinity 927 .293 -.167 .164
Turbidity .093 .166 .980 —.056 Turbidity 151 —.102 .979 .093
SO?{ .339 .063 .937 —.053 SO%’ .010 .986 .073 —.149
PO 521 .816 .035 —.248 PO% .346 .255 .894 127
P .541 .806 .033 —.238 P .358 192 .891 —.203
NO3 .350 —.882 —.316 .008 NO3 —.309 —.169 .927 .130
NO3 .350 —.882 -.315 .009 NO3 -.330 —.156 .922 132
NHi -.204 .266 942 -.012 NHi .658 .531 .237 479
NH3 —.205 .265 1942 —.013 NH;3 .610 .550 .188 .539
NH3N —.198 277 940 —.019 NH;3N .585 .552 119 .582
Na® .908 .042 178 -.378 Na*t .903 .393 —.067 .160
K" —.705 .530 449 —.141 K" 442 .850 247 147
Ca®" 497 .616 .560 —.245 Ca®* 778 .560 —.263 —.114
Mgt .390 .760 .493 .165 Mgt .946 .323 —.003 —.038
Cl .952 .011 .094 —.291 Cl .923 .367 —.087 .078
HCO3 .814 .569 .101 —.057 HCO3 .889 372 —.003 .266
Mn —.496 129 —.047 .857 Mn 123 —.632 —.765 —.001
Fe 414 .264 .871 —.016 Fe —.690 .044 —.459 .557
Ba —.814 —.438 —.054 377 Ba —.976 .094 —.055 —.188
Zn —.044 —.954 —.251 —.158 Zn -.361 .071 .828 —.422
Sc .074 .582 —.521 .621 Sc 129 .953 .017 .275
Co —.519 .036 —.018 .854 Co —.748 —.653 —.003 —.116
cd -.173 .083 .823 —.535 Cd 792 —.019 464 .397
Cu —.786 .166 .582 —.125 Cu 974 —.054 —.045 217
Cr —.287 -.321 —.154 .890 Cr —.527 —.849 .036 —.013
Rb .814 —.564 —-.119 —.075 Rb .545 .599 .557 —.184
Sn —.890 -.339 —.027 .304 Sn —.872 —.447 -.174 .095
B .892 —.406 -.176 —.094 B 711 .595 -.375 —.002
Li .903 -.379 —.193 —.060 Li .551 .696 —.457 .060
Factor Scores F1 F2 F3 F4 Factor Scores F1 F2 F3 F4
Well 1 0.96 1.18 —0.92 -0.19 Well 1 1.43 —0.30 -0.25 1.01
Well 2 0.61 0.11 1.68 —-0.09 Well 2 0.02 1.76 0.13 —0.27
Well 3 0.58 —1.59 —0.58 0.02 Well 3 0.33 —0.66 —0.46 —1.57
Well 4 —1.26 0.07 —0.10 —-1.27 Well 4 —0.50 —0.54 1.62 0.16
Well 5 —0.89 0.23 —0.08 1.53 Well 5 —1.27 —0.26 —1.04 0.66

*bolded text indicates significant loading.

6.

Conclusion

In this study, the potential sources, hydrogeochemistry, lithology

and structural controls of saline groundwater in Ba’kelalan region was
investigated and the observations derived from the study are summar-
ised as follows;

The study infers that there is an increase in salinity of groundwater
with respect to seasons that affects the amount of salt production,
where hourly and daily observation of water level fluctuation reflects
the changes in groundwater recharge.

The groundwater samples are classified as Na-Cl type and dominated
by the dissolution of evaporites. The reverse ion exchange process is
inferred to occur in MON season, whereas the ion exchange and
carbonate dissolution are predominant processes in POM season.
Enriched §'%0, 8D and low d-excess values of groundwater samples
indicate the origin of the saline groundwater is from a high intense
evaporation water source.

5%7Cl, 8!'B and §°*S in groundwater samples indicated halite disso-
lution, marine evaporite dissolution and oxidation of sulphide (py-
rite), which is also witnessed in the visual identification of rock
sample and XRD data of salt sample.

Based on the results of the geochemical and geophysical studies, the
source of the existing well water is mainly due to the dissolution of

evaporites and they are connected through a fault system reaching
the shallow levels. The perched aquifer in the study area was con-
nected to the deeper aquifer by fractures and faults with a capacity
and to provide copious saline water supply even during the dry
season. Therefore, the perched aquifer is the most suitable and pos-
sesses a promising location for utilisation of saline water to manu-
facture high mountain salt.

The saline groundwater chemistry provided knowledge on the saline
groundwater characteristics, and this can be used for agricultural
purposes, especially for high salinity tolerant crops in the near
future.

This study tries to address SDG 6 (Clean water and Sanitation) with
respect to the increased water use efficiency, integrated water re-
sources management, and restoration water related ecosystems.
Further involvement in the community-based water management
system is crucial as this study is much needed by the community in
improving their livelihood, while their participation in the study
could assist in capacity building. Hence, the outcome of the study
will form the baseline for the community’s future development of
mountain salt production.
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