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Abstract: Brunei has made significant progress in agricultural development over the past four
decades. However, crop production, such as rice, is still insufficient to meet the demands of the
growing population, mainly due to the scarcity of water resources, acidic soils, and advancing
environmental deterioration. This study conducted soil and groundwater investigations at three
selected rice cultivation sites in Brunei Darussalam. The geoelectrical resistivity method using the
vertical electrical sounding (VES) technique delineated subsurface stratigraphy with resistivities
ranging from 1 to 180 Ωm in the investigated area. A potential aquifer zone was inferred in one
of the surveyed areas with resistivities ranging from 10 to 150 Ωm at depths of about 40 to 60 m
below ground level. Groundwater levels were also shallower in irrigated sites compared to non-
irrigated sites. Groundwater physicochemical properties revealed high alkalinity and mineralisation,
as evident from high magnesium, bicarbonate, ammoniacal nitrogen, and iron, as well as pH values
in the water samples, believed to be the effects of leaching of salt ions into the shallow aquifer
through infiltration recharge. In addition, soil physicochemical properties showed that the soils near
a pumping well were more acidic, had lower moisture, and total nutrients, likely due to the effects
of groundwater pumping. Our results demonstrate that future irrigation activities need to consider
local aquifer characteristics, groundwater flow paths, and nutrient transport to ensure sustainable
development in agricultural areas.

Keywords: groundwater; resistivity; irrigation; salinity; soil quality; Brunei

1. Introduction

Water is key for agricultural production. Globally, the agricultural sector is responsible
for more than 70% of water withdrawal from rivers, lakes, and groundwater, significantly
for irrigation purposes [1]. Groundwater, in particular, is a vital source of freshwater,
especially when surface water sources have been depleted or rainfall is insufficient. Coun-
tries such as the USA, China, India, Iran, and Pakistan account for more than 60% of
groundwater abstracted each year worldwide [2]. In general, groundwater can provide a
renewable source of water that farmers can use to the extent permitted by its quality and
quantity. However, in many food-producing regions, excessive groundwater abstraction
and climate change have led to a significant decline in groundwater levels, depletion of

Sustainability 2022, 14, 1388. https://doi.org/10.3390/su14031388 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14031388
https://doi.org/10.3390/su14031388
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-0714-2525
https://orcid.org/0000-0001-9678-6201
https://doi.org/10.3390/su14031388
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14031388?type=check_update&version=2


Sustainability 2022, 14, 1388 2 of 18

aquifers, and deterioration of groundwater quality [3,4]. Thus, the sustainable management
of groundwater resources for irrigation is vital.

The growth of many agricultural regions has been accompanied by intensive use
of artificial fertilisers and irrigation practices, which can significantly influence soil and
groundwater quality [5]. Studies show that irrigation practices can enrich dissolved or-
ganic matter in shallow aquifers and transport ions and nutrients from the soil into the
aquifer, altering groundwater chemistry [6,7]. Furthermore, irrigation practices can lead
to groundwater mounding, which, if not properly managed, can lead to environmental
problems [8,9]. Irrigation can also lead to higher groundwater levels in irrigated fields and
lower groundwater levels in non-irrigated fields, stressing the importance of groundwater
level monitoring for sustainable irrigation practices [10]. Other studies show that the depth
of the water table, groundwater flow, and drainage conditions affect the salt accumulation
process in both soil and water [11,12]. High water salinity will negatively impact soil quality
and eventually disrupt crop growth and yield [13,14]. Therefore, assessing the impacts
of anthropogenic activities on soil and groundwater play a crucial part in establishing
long-term resource management plans in agricultural areas.

Geoelectrical resistivity methods have been widely used to detect groundwater
zones [15,16], monitor groundwater remediation campaigns [17], and investigate aquifer
hydraulic conductivities [18]. In addition, correlations have been made between resistivity
and electrical conductivity of groundwater for irrigation purposes [19]. Furthermore, varia-
tions in resistivities are common across various rock types and characteristics, and they are
influenced by factors such as porosity, water saturation, and dissolved salt content [20,21].
Most recently, groundwater exploration using the Electrical Resistivity Tomography (ERT)
technique was conducted at the Labi agricultural site, Brunei [22]. The study detected
moderate groundwater potential for withdrawal and distribution in the investigated area
for irrigation purposes.

Irrigation in the tropical Brunei Darussalam relies heavily on surface water resources,
which are under increasing strain due to the growing population and emerging contami-
nants. Groundwater resources are being considered to supplement these irrigation needs,
but the availability and suitability of this resource in agricultural areas are not well stud-
ied. Therefore, this study conducted the Vertical Electrical Sounding (VES) technique in
selected rice cultivation sites in Brunei Darussalam to delineate potential aquifer zones for
groundwater irrigation use. Groundwater was sampled from existing wells to investigate
its suitability for irrigation purposes. Soils in paddy fields were sampled and analysed to
assess the effects of the nearby groundwater pumping on the soil quality.

2. Materials and Methods
2.1. Study Area
2.1.1. Location and Climate

Brunei Darussalam is located in Southeast Asia, on the northwest coast of Borneo
Island (Figure 1). The country is divided into four main districts, having an area of 5770 km2.
The study area lies in the most populous district, Brunei-Muara District, with an area of
571 km2. Three rice cultivation sites were chosen as survey locations, namely site-1, site-2,
and site-3 (Figure 2a). In addition, groundwater and soil sampling were conducted at site-2.
This site was chosen due to an existing groundwater well on which a pumping test was
recently completed (Figure 2b).
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Brunei Darussalam has a tropical climate characterised by high temperatures and
humidity throughout the year. The average annual temperature is about 28 ◦C, and rainfall
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exceeds 2900 mm throughout the country, with regular high-intensity precipitation [23].
Rainfall events show a seasonal pattern with two wet and dry seasons. The wet seasons are
from October to January and May to July, and the dry seasons are from February to March
and June to August [23].

2.1.2. Geological and Hydrogeological Setting

The Brunei basin is situated on the north-western edge of Borneo Island adjacent
to the Crocker-Rajang mountainous range. It was formed in the Early Miocene due to
the subsequent uplift and erosion of this mountainous range, which resulted in deltaic
sedimentation into basin depocenters [24]. Rocks of the Oligocene to Holocene age are up
to 15 kilometres thick, and the sediment deposition occurs within the coastal plain to the
shallow and deep marine environments [25].

The study area, in particular, is situated on recent sediments, possibly overlying two
older stratigraphic units, namely the Setap Shale and Belait formations (Figure 3). The Setap
Shale formation consists of thick deep-marine shales with occasional thin monotonous
clay and turbidite sandstone intervals. On the other hand, the Belait formation consists
of alternating sandstones and shales deposited in coastal plain to shallow marine envi-
ronments [25]. A recent study of ground investigation for the Brunei Temburong Bridge
revealed extremely heterogeneous geology with the top of the Belait Formation varying be-
tween 10 and over 60 m deep across the Brunei Bay [26]. Furthermore, rocks of Pleistocene
to recent age consist primarily of clay, sand, and silt believed to be associated with alluvial
floodplain to shallow marine deposition [25].
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Brunei Darussalam is drained by river basins, namely the Brunei, Tutong, Belait,
and Temburong Rivers [27]. The study area belongs to the Brunei river basin, which
drains towards the northeast and into Brunei Bay (Figure 3a). The upper parts of this
river are a significant source of fresh water for the urban water supply. Surface water, in
particular, accounts for more than 99.5% of the freshwater supply for domestic, industrial,
and agricultural use in the country, with less than 1% coming from groundwater resources
for potable water [28].

Limited groundwater reserves have been identified in the Liang and Labi areas of the
Belait District [22,28]. A recent study shows that the groundwater recharge in Brunei can
reach values of over 800 mm/a, and the depth to groundwater level is generally shallow
and mostly up to 20 m below ground level [29]. Furthermore, a study investigated the local
groundwater table within a shallow coastal aquifer in the Berakas area of Brunei-Muara
District using the seismic refraction method [30]. In addition, this study also looked into the
water quality of the nearby springs [30]. Only limited water quality studies in the region
have been conducted [31].

2.1.3. Land Use and Irrigation System

Rice is one of the major irrigated crops in Brunei, with about 852 ha of agricultural
land. The Brunei-Muara District contributes about 80% of the nation’s rice production [28].
However, the country can only meet 8.23% of the total demand of 30,517 metric tons in
2020 [32]. Significant soil constraints for rice cultivation are extreme acidity, low cation
exchange capacity, and low phosphorus content [13,33]. The study area also suffers from a
lack of water availability to grow rice throughout the year [34].

Over the past four decades, the country’s irrigation system has entirely depended
on surface water resources [28]. In the study area, the irrigation water mainly originated
from the Imang reservoir (Figure 2a). It is reported that the Imang Dam can retain about 8
million cubic meters of rainfall [34], although this water supply is still insufficient to supply
water for irrigation in the region, especially during the dry season. As a result, farmers
have to schedule their planting to coincide with the rainy season.

2.2. Field Survey and Data Analysis

Field surveys were conducted in the study area using the geoelectrical resistivity
method. The method estimates the variation in the ground’s resistivity by injecting an artifi-
cially generated current through a set of electrodes (AB) into the underground medium and
measuring the voltage differences at the potential electrodes (MN) [35,36]. The resistivity
can be determined from Ohm’s law using the voltage differences for a known current and
correcting the current geometrical pathway through the earth. Therefore, from the known
current (I) and voltage (V), the apparent resistivity (ρa) can be written as:

ρa =
k ∆V

I
(1)

where ‘k’ is the geometric factor. The general expression for the geometric factor can be
written as:

k =
2π

1
AM − 1

BM − 1
AN + 1

BN
(2)

The present study used the vertical electrical sounding (VES) technique in 2021 using
the ARES II resistivity meter (GF Instruments, Brno, Czech Republic). The VES survey
locations were flat, and the topographical elevations above mean sea level was about 3 m,
10 m, and 4 m at sites 1, 2, and 3, respectively. Fifteen VES stations with a total of three
hundred and seventy-five (375) sounding data points covering the study area along three
profiles were measured. In addition, spacing between the current electrodes (AB) for the
adopted Schlumberger array varied between 2 and 602 m, while the spacing between
the potential electrodes (MN) varied between 0.4 and 40 m to achieve the desired current
penetration and depth of investigation of 200 m from the ground surface. The Schlumberger
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array offers a reasonable compromise between the depth of investigation and the vertical
resolution [37]. The current electrode (AB) remained outside the potential electrodes (MN)
for this configuration. As a result, the distance between AB is much larger than the distance
between MN (distance AB × 0.2 > distance MN). In this case, the apparent resistivity was
calculated using Equation (3):

ρa =
π (s2 − a2)

4a
∆V

I
(3)

where ‘s’ is the distance between AB and ‘a’ is the distance between MN.
IPI2WIN software (version 3.5b, 3.06.16) was used to perform the one-dimensional

(1D) inversion of the sounding curves obtained from the field data (at each VES station).
Inversion is performed separately for each sounding curve using a variant of the New-
ton algorithm for the least number of layers [38]. The Root Mean Square (RMS) errors
between the calculated and modelled resistivity values are listed in Table 1. For detailed
interpretation using the IPI2WIN software, see the Supplementary Data (Figures S1–S6).
The results are represented as geoelectrical sections (Figures 4–6) from which different geo-
electrical resistivities layers, layer thicknesses, and their spatial distribution were defined.
The geoelectrical boundaries of each layer were drawn from the interpreted field data in
conjunction with the geology and the lithological log of nearby shallow boreholes.

Table 1. Summary of RMS errors at each VES station 1–5 of Profiles 1–3.

Profile
RMS Error (%)

Station 1 Station 2 Station 3 Station 4 Station 5

1 20.3 15.5 16.1 11.8 13.5
2 11.9 6.6 17.5 16.1 16.5
3 26 13.4 6.5 7.3 14.1
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2.3. Groundwater Sampling and Analysis

Groundwater samples were collected from groundwater Well-B1 and Well-B2 at site-2
in August 2020 (Figure 2). The water wells were constructed in June 2020 by the Brunei
Department of Agriculture and Agrifood for irrigation purposes [39]. Borehole drilling
was carried out using a straight rotary drilling method to depths of 96 m and 86 m below
ground level at Well-B1 and Well-B2, respectively. Screened intervals were placed in
saturated clayey sand layers at depths 84 m to 95 m in Well-B1 and 76 m to 82 m in Well-B2.
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Preliminary groundwater pumping tests of both wells revealed low groundwater yields
and recovery. The obtained transmissivity and hydraulic conductivity values of the aquifer
units were 0.53 m2/day and 0.059 m/day at Well-B1 and 0.33 m2/day and 0.055 m/day at
Well-B2, respectively. The low hydraulic conductivity values are associated with the clay
sediments within the aquifer units.

Two groundwater samples were gathered, one from each well. The groundwater
samples were collected in watertight polyethene bottles (1 L) and conserved using standard
protocols (metals by filtering and acidulating with concentrated nitric acid). The pH and
Electrical Conductivity (EC) parameters were conducted onsite on the day of sampling.
The Total Dissolved Solids (TDS) parameters were estimated from the EC measurements
based on the linear TDS-EC relationship [40].

Physical and chemical analysis of the groundwater samples was conducted at the
CHEMSAIN laboratory in Kuching, East Malaysia. The analysis was carried out as per the
procedure laid down by the American Public Health Association [41]. In addition, trace
element analysis was conducted at the Swiss Federal Institute of Aquatic Science and Tech-
nology (Eawag) laboratory in Switzerland. Values for trace metals were obtained through
graphite furnace atomic absorption spectrometry (GFASS, AAS contrAA® 700 Analytik
Jena, Reinach, Switzerland). Furthermore, quantitative analysis was conducted to check
the charge balance error for the groundwater samples using the software PhreeqCI [42].
Additionally, bicarbonate ions of the samples were iteratively calculated using the above
software.

Physical and chemical parameters of the analysed groundwater samples were com-
pared with the standard limits for irrigation use adopted from the Food and Agriculture
Organization of the United Nations (FAO, Rome, Italy) [43]. In addition, the water quality
indices for irrigation suitability were evaluated [43–45]. The sodium absorption ratio (SAR),
soluble sodium percentage (SSP), and magnesium absorption ratio (MAR) were calculated
by using the following equations:

SAR =
Na+√

(Ca 2++Mg2+/ 2)
(4)

SSP (%) =
(Na++K+)

(Ca2++Mg2++Na++K+)
× 100 (5)

MAR (%) =
Mg2+

(Ca2++Mg2+)
× 100 (6)

where the quantities of Na+, Ca2+, Mg2+, and K+ are expressed in meq/l.

2.4. Soil Sampling and Analysis

Forty-five clayey soil samples were collected from site-2 and analysed for physical
and chemical properties. Samples were divided into three groups of fifteen based on their
allocated plots (Figure 2b), with plot-1 located closest to the groundwater Well-B2. A soil
auger (Eijkelkamp, Giesbeek, The Netherlands) with a fixed diameter of 7 cm was used to
core the samples to 15 cm depth manually. Physicochemical analysis of the soil samples
was conducted in-house at the Environmental and Life Sciences laboratory at Universiti
Brunei Darussalam.

Soil pH was measured using a pH meter (Orian Star A211, Thermo Scientific, Waltham,
MA, USA) on the day of soil sampling by diluting 10 g of the fresh soil sample in a cup with
distilled water with soil to water ratio of 1:2 [46]. The soil moisture (%) was determined
by oven-drying 10 g of the fresh soil sample at 105 ◦C for 24-h. The weight of the sample
before and after oven drying was recorded, and the soil moisture was calculated by using
Equation (7) [46]:
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Moisture (%) =
[Initial wet weight (g) − final oven dried weight (g)]

Initial wet weight (g)
× 100 (%) (7)

The remaining fresh soil samples were air-dried at room temperature for one month.
Air-dried soils were then ground with a pestle and mortar, sieved using a 2 mm sieve, and
ground with a ball mill. For determination of organic matter (OM) content, 10 g of the sieved
finely-ground soil samples were placed into individual 50 mL crucibles and oven-dried at
105 ◦C for 24 h. After oven-drying, the individual samples were reweighed and put into a
Gallenkamp Muffle Furnace Size 2 (Cambridge, United Kingdom) for 2 h at 550 ◦C. After
2 h, the samples were transferred to a desiccator to cool entirely before reweighing. Once
cooled, the sample weight was recorded, and the ash (%) was calculated using Equation (8).
Finally, the OM content (%) of the soil was calculated using Equation (9) [46]:

Ash (%) =
Ash mass of soil after furnace(g)

Oven − dried mass of soil(g)
× 100 (%) (8)

OM (%) = 100 (%) − Ash (%) (9)

Soil total nitrogen and phosphorous concentrations were determined by the Kjeldahl
method [46] by digesting approximately 1.0 g of air-dried, finely ground, and sieved soil
samples in concentrated sulphuric acid (H2SO4) with one Kjeltab CU 1.5 catalyst tablet,
using a block digester (BD-46, LACHAT Instruments, Loveland, CO, USA). Total nitrogen
and phosphorous concentrations were determined using a Flow Injector Analyser (FIAstar
5000, Höganäs, Sweden), following the procedures in FIAstar 5000’s user manual. For the
determination of total potassium, magnesium, and calcium concentration, approximately
0.2 g of air-dried, finely ground, and sieved soil samples were acid-digested using a
block digestor (BD-46, LACHAT Instruments, Loveland, CO, USA) with 70% sulphuric
acid and hydrogen peroxide [44], and the concentrations of total magnesium, calcium,
and potassium were measured using Flame Atomic Absorption Spectrophotometer (AAS;
Shimadzu AA-6701, Kyoto, Japan).

One-way analysis of variance (One-way ANOVA) analysis was conducted for each
parameter in Rstudio (R x64 version 4.1.1) statistical software [47,48] to determine the
significant differences in soil physical and chemical properties between the three designated
plots (plot-1, plot-2, and plot-3) within site-2. Soil moisture, OM, and ash content were
arcsine-transformed, while total nitrogen concentrations were log10-transformed prior to
ANOVA. Assumptions of normality and equal variances were tested and were not violated
for all other soil parameters. Tukey’s Honest Significant Difference (TukeyHSD) test was
used to determine differences in soil properties between the three sampling plots. The
superscripts use the letters (a, b, and c) to explain significant differences between the plots.
The soil properties were considered significantly different if p < 0.05.

3. Results
3.1. Geoelectrical Sections

Profile 1 lies at the north-eastern part of the study area at site-1 (Figure 2a). Five VES
stations were measured along this profile with a total length of 200 m (Figure 4). The
geoelectrical section (Figure 4) shows that this section consists of three geoelectrical layers.
The first uppermost layer is characterised by high resistivity values ranging from 41 to
180 Ωm, with layer thickness varying between 0.6 and 1 m. The underlying second layer is
characterised by moderate resistivity ranging from 15 to 30 Ωm extending to about 3 to
6 m below ground level. The third geoelectrical layer of this section has low resistivities
ranging from 4 to 6 Ωm. This layer extends to about 100 m depth below ground level and
possibly to greater depths. Soil lithology information from an existing shallow borehole
(Figure 4; BH-1) showed that the soil lithology consists of peat soil from ground level to
3 m depth below ground level, followed by brownish to greyish clay from 3 to 20 m depth
below ground level.
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Profile 2 is located southwest of Profile 1 at site-2 (Figure 2a), where five vertical
electrical sounding stations were measured, extending for about 200 m (Figure 5). The
geoelectrical section (Figure 5) shows four geoelectrical layers. The first uppermost layer
is deduced by low resistivities ranging from 5 to 12 Ωm with a layer thickness ranging
from 0.5 to 0.9 m. A second layer was observed underneath the first layer characterised
by comparatively high resistivity values ranging from 44 to 92 Ωm were observed. This
layer extends to about 9 to 14 m below ground level. The third geoelectrical layer has low
electrical resistivities ranging from 1 to 6 Ωm. This layer extends to about 13 to 28 m below
ground level. The fourth layer in this section was recognised with electrical resistivity
values ranging from 7 to 9 Ωm. This layer extends to about 100 m depth below ground level
and possibly to greater depths. An existing shallow borehole (Figure 5; BH-2) showed that
the soil lithology consists of dark peat soil with decomposed organic materials (roots) from
ground level to 7 m depth below ground level and again at 12 m to 20 m below ground
level. Silty sand was observed between 7 m and 12 m below ground level.

Profile 3 is located north of the study area at site-3 (Figure 2a). It is covered by 5 VES
stations. It extends for a total length of 200 m (Figure 6). Four geoelectrical layers were
deduced. The first uppermost layer is characterised by high resistivity values ranging from
23 to 155 Ωm. The thickness of this layer is about 0.5 to 0.7 m. This layer is followed by
a second layer characterised by resistivities ranging from 7 to 17 Ωm. The second layer
extends to about 3 to 14 m below ground level. A third geoelectrical layer is characterised
by low resistivity values ranging from 2 to 5 Ωm. This third layer extends to about 40
to 60 m below ground level. This layer is followed by the fourth layer characterised by
moderate to high resistivities ranging from 10 to 150 Ωm, extending to about 100 m depth
below ground level and possibly to greater depths.

3.2. Physicochemical Properties of Groundwater

The physicochemical properties of the analysed groundwater samples from Wells B1
and B2 at site-2 are given in Table 2. The charge balance errors of the analysed groundwater
samples in this study were less than 5%. The concentration values of the six metals and
trace metals (Fe, Pb, Cu, Zn, Cd, and Cr) indicate that the abundance of metals and trace
metals of the groundwater samples are in the following order: Fe > Zn > Cu > Cr > Pb > Cd
for Well-B1 and Fe > Zn > Pb > Cr > Cu > Cd for Well-B2. The calculated irrigation water
quality indices of the analysed groundwater samples are given in Table 3.

Table 2. Physiochemical parameters of the groundwater samples from Well-B1 and Well-B2 with the
FAO acceptable limits for irrigation water [43].

Parameters Well-B1 Well-B2 FAO

pH 8.1 8.6 6.5–8.4
Electrical Conductivity (dS/m) 2.86 2.3 0.25–3
Total Dissolved Solids (mg/L) 1830 1472 <2000

Hardness as Calcium carbonate (mg/L) 105 673 <150
Sodium (mg/L) 487 370 <920

Magnesium (mg/L) 13.3 143 <60
Calcium (mg/L) 20 34.2 <400

Potassium (mg/L) 7.34 28.5 <30
Nitrate-Nitrogen (mg/L) 0.04 0.18 <10

Ammoniacal-Nitrogen (mg/L) 3.94 8.23 <5
Carbonate (mg/L) Absent Absent <3

Bicarbonate (mg/L) 671 397 <150
Phosphorous (mg/L) 0.06 0.09 <5

Sulphate (mg/L) 59 243 <960
Chloride (mg/L) 431 426 <1050
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Table 2. Cont.

Parameters Well-B1 Well-B2 FAO

Fluoride (mg/L) 0.35 0.48 <1
Iron (mg/L) 1.88 716 <5
Lead (mg/L) 0.0004 0.015 <5

Copper (mg/L) 0.00127 0.004 <0.2
Zinc (mg/L) 0.056 0.023 <2

Cadmium (mg/L) 0.00005 0.00009 <0.01
Chromium (mg/L) 0.0005 0.012 <0.1

Table 3. Water quality indices of the groundwater samples from Well-B1 and Well-B2 with the
acceptable limits for irrigation suitability.

Parameters Well-B1 Well-B2 Limits Source

Sodium Absorption Ratio 21 6.2 1–26
[43–45]Soluble Sodium Percentage (%) 91.1 55.5 <60

Magnesium Absorption Ration (%) 52.3 87.3 <50

3.3. Physicochemical Properties of Soil

The physicochemical properties of the analysed soil samples based on their designated
plots (plot-1, plot-2, and plot-3) are presented in boxplots in Figure 7. It can be seen that the
values of soil pH, moisture, ash content, total nitrogen, and total phosphorous are lowest at
plot-1 compared to the other plots. Average concentrations of total potassium across the
sites vary between 6.5 and 7 mg/g, whereas average concentrations of total magnesium
range between 1.2 and 1.4 mg/g. Total calcium did not show a significant difference in
concentrations across the different plots.
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Figure 7. Differences in soil physicochemical properties at site-2: (a) pH values, (b) moisture, (c) ash
content, (d) organic matter content, (e) total nitrogen, (f) total phosphorous, (g) total potassium,
(h) total magnesium, and (i) total calcium. Superscripts with different letters (a, b, and c) within a
panel indicate significant differences. Hollow circles represent outliers, and the thick black line in the
box represents the median.

Soil pH, ash contents, and total potassium concentrations were significantly different
between plots 1 and 2 (p < 0.05) but did not significantly differ between plots 1 and 3 and
between plots 2 and 3. Soil moisture, OM content, total nitrogen, and total phosphorous
concentrations were significantly different between plots 1 and 2 and between plots 1 and
3 (p < 0.001) but did not significantly differ between plots 2 and 3. In addition, the total
magnesium concentrations were significantly different between plots 2 and 3 (p < 0.05) but
did not differ between plots 1 and 2 and between plots 1 and 3. No significant differences
in total calcium concentrations were detected between any plots.
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4. Discussion
4.1. Groundwater Potential

The geoelectrical parameters obtained were used to generate earth models presented
as subsurface stratigraphy based on effective resistivity of the underlying geological units
from which potential aquifer zones were delineated [15]. The present study deduced three
to four geoelectrical layers based on the sounding data (Figures 4–6). These layers include
topsoil, unsaturated, and saturated zones.

The uppermost layer in all the sections was inferred as topsoil. This layer is considered
thin with comparatively high resistivity values at sites 1 and 3. Topsoil often has higher
resistivity values as they are located above the water table and are significantly drier [16].
Resistivity correlation with soil lithology from nearby boreholes confirmed the presence of
peat in the topsoil layer.

The geoelectrical sections in this study were also dominated by low resistivities (less
than 10 Ωm), mainly observed in the third layer of all the sections. Studies have shown that
low resistivity values within the underlying layers were likely to be attributed to high ion
concentrations and fine-grained sediments such as silt and clay [20,21]. Other studies found
that fresh groundwater in sedimentary settings yields low resistivities ranging between 10
and 100 Ωm [16,20,21].

The fourth layer at site-3 was considered a potential aquifer zone based on favourable
resistivity contrasts and resistivity values of this layer which range between 10 and 150 Ωm.
This layer is observed at depths of about 30 to 60 m from the surface. In addition, the profile
line is aligned with the flow direction of the nearby Brunei river (Figure 2a). Thus, this layer
could represent a former riverbed. Furthermore, the third layer at this site was considered
as aquitard based on the low resistivity readings (2 to 5 Ωm), which could potentially
represent an impermeable clay zone. The saturated clay at site-1 showed similar resistivity
readings ranging from 4 to 6 Ωm. Our findings suggest that aquifer zones for groundwater
irrigation use could potentially lie within the deeper geological units. However, this should
be further confirmed by borehole drilling and hydraulic testing to determine the aquifer
characteristics [15,22].

Additionally, resistivity results show that the saturated zones were shallower at sites 1
and 3 and deeper at site-2. This could be explained by the effects of anthropogenic activities
at the sites. Sites 1 and 3 are currently actively irrigated sites utilised for rice farming. The
shallow groundwater levels at sites 1 and 3 are likely due to surface irrigation practices [10].
On the other hand, site-2 (survey area) is currently non-irrigated [39], suggesting that
surface irrigation has not influenced the groundwater level, thus explaining the deeper
groundwater level. Our findings suggest that surface irrigation water may be regarded as a
significant source of recharge to the nearby groundwater, especially during the irrigation
season [5,12].

4.2. Groundwater Suitability for Irrigation Use

Groundwater from existing Wells B1 and B2 at site-2 were sampled and analysed
for their physicochemical properties to assess its suitability for irrigation use [43–45].
Groundwater data (Table 2) showed that the water samples from both wells have an
alkaline character with pH values of 8.1 and 8.6. The EC and TDS values of the groundwater
samples from both the wells are considered doubtful for irrigation purposes, with a slight to
moderate degree of restrictions on use due to potential salinity problems [43]. In addition,
the total hardness (as calcium carbonate) of the groundwater sample from Well-B2 exceeds
the FAO standard limits for irrigation purposes (>150 mg/L). The major cation and anion
concentrations of the groundwater sample from Well-B1 are within the FAO acceptable
limits for irrigation use except for bicarbonate [43]. Furthermore, the major cation and anion
concentrations of the groundwater sample from Well-B2 are within the FAO acceptable
limits for irrigation use except for magnesium, bicarbonate, and ammoniacal nitrogen.
Concentrations of trace metals in both the groundwater samples are lower than the FAO
limits for irrigation use except for iron (at Well-B2).
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As the wells were intended for irrigation purposes, the irrigation water quality indices
were calculated (Table 3) and compared with the FAO standard limits for irrigation suit-
ability [43–45]. The calculated irrigation water quality indices showed that the SAR value
of the groundwater sample from Well-B1 is within limits for irrigation use. In contrast,
the SSP and MAR values are higher than the FAO acceptable limits. On the other hand,
the calculated SAR and SSP values of the groundwater sample from Well-B2 are within
the acceptable limits for irrigation use. This also suggests that salinity effects associated
with sodium concentration from the soil at Well-B2 are infrequent. However, the calculated
MAR value is higher than the FAO permissible limits, suggesting that Well-B2 is unsuitable
for irrigation use.

Furthermore, alterations to the groundwater physicochemical properties observed
in this study are likely due to the effects of anthropogenic activities in agricultural areas.
The excessive use of fertilisers and waterlogging practices for rice planting combined with
the poor drainage conditions in the study area likely contributed to the degradation of
the local groundwater quality [9–11]. Studies have shown that high amounts of salt ions
in agricultural soils may be transported by irrigation water into the nearby groundwater
through infiltration recharge [5,12]. Additionally, the high evapotranspiration rates in
Brunei Darussalam are likely further to increase the salinity of irrigation water on the
surface [29,49]. Tracer tests in the future could be utilised to differentiate groundwater flow
and transport pathways at the site [50–52].

4.3. Effects of Groundwater Pumping on Soil Quality

Paddy soils near the existing groundwater pumping Well-B2 at site-2 (Figure 2b) were
sampled and analysed for their physicochemical properties. Results were presented based
on the sampling plots (Plots 1–3). Soil data (Figure 7) showed that all the analysed soil
samples from site-2 are acidic, with pH values of less than 7. Based on the FAO pH range
for paddy soils [53], 64% of the analysed samples are considered too acidic (pH < 5.5) and
are unsuitable for rice planting. In particular, the soils at plot-1 are notably more acidic
than the soils at plots 2 and 3. About 87% of the soils at plot-1 are considered too acidic
and unsuitable for rice planting compared to 53% at plots 2 and 3. Furthermore, results
show that the samples from plot-1 have lower soil moisture than samples from plots 2 and
3. Lower soil pH and moisture at plot-1 could be explained by the effects of the nearby
groundwater pumping well and lowering of groundwater levels in acid sulphate soils that
contain pyrite and exposing them to an aerobic environment [13,54].

The ash content in the soil samples ranges from 6% to 31%, and the OM contents
vary between 70% and 90%. The soils’ overall high organic matter content is likely due
to waterlogging practices for rice planting [55]. The unique properties of flooded soils
make rice different from any other crop. Due to prolonged flooding in rice fields, farmers
can conserve soil organic matter and gain free nitrogen input from biological sources.
Furthermore, agricultural practices such as tilling and ploughing are partly reflected in the
plots, which may have helped incorporate some of the aboveground biomass (i.e., old rice
plants) and led to the high soil OM content in the samples. On the other hand, the mineral
matter and organic carbon from the peat layers present at the site can be mobilised during
peat drainage and degradation [50].

High soil nutrients in agricultural areas are often linked to artificial fertilisers (NPK)
and pesticides [5,44]. In the present study, the total nitrogen, phosphorous, and potassium
concentrations in soil samples from plot-1 are notably lower than those from plots 2 and
3. The lower soil nutrients (total nitrogen, total phosphorous and total potassium) in
plot-1 could also be explained by the drainage effects of groundwater pumping from the
nearby well, resulting in lower soil moisture as previously discussed and further hindering
the transport and accumulation of nutrients in the soil. Furthermore, total magnesium
concentrations are significantly higher in plot-3 than plots 1 and 2. In addition, no significant
differences were found for the total calcium concentrations between the investigated plots.
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4.4. Sustainability of Soil and Groundwater Resources in Agricultural Areas

The productivity of soil and water resources is critical to the sustainability of irrigated
agriculture. These resources, however, are limited and are threatened by salinity to varying
degrees in the study area.

The geoelectrical resistivity study showed limited groundwater potentiality for ab-
straction and withdrawal for irrigation use in the study area. The poor water quality and
groundwater yields from the existing groundwater wells (Well-B1 and Well-B2) further
support these findings. In addition, the higher groundwater levels observed in the irri-
gated areas (sites 1 and 3) compared to the non-irrigated area (site 2) suggest that surface
irrigation may be regarded as a significant source of recharge to the nearby groundwater,
especially during the irrigation season. Future groundwater abstraction in the study area
needs to consider local aquifer characteristics and long-term groundwater level and quality
monitoring to avoid deterioration of groundwater levels due to overexploitation and alter-
ations to the groundwater physicochemical properties. Our findings also show that soils
near the groundwater pumping well were likely to be more acidic and thus unsuitable for
rice farming. Therefore, the strategic placement of future irrigation wells is vital for the
sustainability of soils in agricultural areas.

Extensive integrated soil and water monitoring strategies must be planned and im-
plemented to achieve sustainable agricultural development. Flexible and sustainable
irrigation techniques are required to tackle the problems of freshwater shortages in the
study area. Furthermore, future groundwater irrigation wells need to consider local aquifer
characteristics, groundwater flow paths and nutrient transport.

5. Conclusions

This study conducted soil and groundwater investigation at three rice cultivations
sites in Brunei-Muara District, Brunei Darussalam. The geoelectrical resistivity method
effectively delineates subsurface resistivity variations from which potential aquifer zones
were deduced. The study area concluded three to four geoelectrical layers with resistivities
ranging from 1 to 180 Ωm in the study area. A potential aquifer zone was detected at
site-3 at depths of about 40 to 60 m from the surface, with resistivities ranging from 10 to
150 Ωm. However, this should be further confirmed by borehole drilling and hydraulic
testing. Groundwater levels were shallower in irrigated fields compared to non-irrigated
fields, suggesting that surface irrigation may be a significant source of recharge to the
nearby groundwater, especially during the irrigation seasons. Water quality data indicate
that the groundwater in the study area is unsuitable for irrigation use based on the high
alkalinity and mineralisation of the water. Alterations to the groundwater physicochemical
properties observed in this study are likely due to the effects of anthropogenic activities in
agricultural areas. Soil data suggest that the analysed soils near the groundwater pumping
well have lower pH values, moisture, and total nutrients, thus, unsuitable for farming.
Therefore, the strategic placement of future irrigation wells is vital for the sustainability of
soil resources in agricultural areas. The present study provides valuable insights to support
robust decision-making to achieve sustainable agricultural production and development
goals in the study area and other agricultural regions with similar geological conditions.
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