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Abstract: This study evaluates groundwater quality in the Nakivale sub-catchment, focusing on the
interplay of anthropogenic and geogenic influences. Hydrochemical analysis of 19 groundwater
samples revealed that 90% comply with World Health Organization drinking water standards,
although localized contamination concerns were noted, particularly with total iron, nitrate and
magnesium. Groundwater quality index indicated that over 90% of the samples fall within good to
excellent quality categories. Alignment of nitrate levels with elevated chloride-bromide ratios
suggest human impacts, likely from agricultural runoff and wastewater disposal. The irrigation
groundwater quality assessment showed that 94% of samples possess low sodium, and medium to
high salinity hazards, which could threaten crop productivity due to increasing osmotic stress.
Vulnerability assessments indicated low contamination risks, attributed to overlying impermeable
geological features, steeply sloping landscape, slow groundwater recharge, high depth to aquifer
and clayey soil cover. The findings underscore the necessity for conjunctive management of water
resources, incorporating strategies such as enhanced monitoring of groundwater quality, public
education on sustainable practices, and protective measures for recharge zones. By addressing these
concerns, the study aims to safeguard groundwater resources for both domestic and agricultural
purposes, ensuring long-term sustainability in the region.

Keywords: groundwater quality; groundwater vulnerability; groundwater management; Victoria
Basin; Rwizi; Nakivale; Isingiro; Uganda

1. Introduction

Access to clean and safe water is vital for human survival, economic growth, and sustainable
development [1]. In many developing regions in Africa, water scarcity and poor water quality pose
significant challenges, hindering development and trapping communities in cycles of poverty [2].
Recognizing the importance of clean water, international frameworks such as the United Nations
Sustainable Development Goal (SDG) 6 which strives to ensure the availability and sustainable
management of water and sanitation for all have placed water security at the forefront of global and
local agendas [3,4]. SDG 6 emphasizes equitable access to clean water, improved water management,
and the protection of water-related ecosystems [1].

One region where clean water supply is critically a challenge, is the Nakivale Sub-catchment in
southwestern Uganda [5].This area is located within the Isingiro district and lies within Uganda’s
cattle corridor [6]. The cattle corridor is known for its water stress [7], particularly during dry spells
which are marked by declining groundwater levels from boreholes and the drying up of seasonal
water bodies [8].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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This situation greatly affects the socio-economic welfare of the 616,700 people in the area, a third
of whom are refugees living in Nakivale refugee camp, one of the oldest in Uganda, hosting refugees
from Burundi, the Democratic Republic of Congo, Rwanda, Somalia, Sudan, and South Sudan [9].
With an annual population growth rate projected at 3.6% [10], the challenge of accessing clean water
is becoming increasingly urgent [9].

For the riparian communities in Nakivale, access to clean water is not just essential for survival
but also a crucial factor in breaking the cycle of poverty [11]. Water is a key resource that supports
livelihoods in agriculture, livestock farming, and small-scale industries within the project area
[6,9,12]. However, scaled groundwater quality and its vulnerability to contamination are not well
understood [13]. Evaluating the quality and susceptibility of groundwater is vital to ensure its
sustainable use and to safeguard it for future generations [14].

Previous studies by [15] and [16] focused on the hydrogeochemical evolution of groundwater
resources within the region, offering valuable insights into the factors controlling groundwater
hydrochemistry. The latter also provided key information on groundwater recharge, flow, and
occurrence within the study area. [17] conducted a national groundwater resources availability and
demand assessment, which involved an evaluation of groundwater quality in various catchments,
including the Rwizi catchment, where the project area is located. This study highlighted emerging
groundwater quality issues, such as nitrate contamination in urban areas of Mbarara district, situated
upstream of the project area. [18] identified growing water quality concerns in the region, driven by
a rapidly increasing population and urbanization. [5,19,20] also provided important insights into
contamination challenges within regional hydrological systems, with major focus on surface water.

Despite the valuable contributions from these studies, none have specifically focused on scaled
assessment of groundwater quality and vulnerability within the Nakivale catchment. Localized
assessments are crucial due to the inherent heterogeneity of the underlying hydrological systems
[21,22]. Groundwater chemistry can vary significantly over small spatial scales, influenced by local
geological, biological, and chemical factors [23]. These assessments account for these intrinsic
variations which are essential for accurately understanding groundwater dynamics that broader
assessments might overlook [24]. The groundwater quality and vulnerability assessment is of
paramount importance to determine the current status of groundwater resources and the risks they
face [25].

Therefore, this study aims to provide a comprehensive understanding of groundwater quality
and the potential threats from contamination sources with Nakivale sub-catchment. The findings will
inform policymakers, local authorities, and stakeholders to implement targeted interventions for the
sustainable management of groundwater resources in the study area and the broader Victoria basin.

The specific objectives of this study are to assess the current groundwater quality for both
domestic and agricultural usage in the Nakivale Sub-catchment by analyzing key physio-chemical
parameters such as pH, electrical conductivity, total dissolved solids, and nutrients concentrations;
to identify key sources of groundwater contamination; to evaluate the vulnerability of groundwater
resources to contaminants emerging from the surface; and to provide recommendations for the
sustainable management of groundwater resources, with a focus on enhancing resilience to climate
variability and population growth in the Nakivale riparian communities.

2. Materials and Methods
2.1. Study Area

The study area is located between latitudes: (9900000N; 9930000N) and longitudes: (230000E;
280000E) within Isingiro district in Southwestern Uganda (Figure 1). It spans 760 km? and is part of the
Rwizi catchment, which falls within the greater Victoria Basin [5]. The landscape is predominantly
composed of remnants of lowland surfaces, which account for over 60% of the sub-catchment (Figure
1). These lowland surfaces are significant for groundwater discharge within the region [16].

Infill areas are found in the western and eastern parts of the sub-catchment, and are
characterized by poorly sorted outwash fans that impact groundwater infiltration and quality due to
the heterogeneity of the sediments. High-relief areas are located along the extreme margins of the
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catchment and are covered by remnants of upland surfaces, which are prone to erosion. According
to [16], these elevated areas are zones of groundwater recharge, and are associated with high
hydraulic head gradients relative to the lowlands.

The riparian communities, primarily engage in livestock farming and banana plantations [26].
These social-economic activities are heavily reliant on groundwater resources [5]. The local
communities tend to settle on the lower flanks of the area in nucleated settlement patterns [27-29].
The lower lands are rich in thick loamy soils which support agricultural productivity [27]. Given the
area's reliance on groundwater for both agriculture and domestic purposes [26], understanding its
vulnerability to degradation from both geogenic and anthropogenic effects is of paramount
importance.

This understanding is critical for ensuring the protection and sustainable use of groundwater
resources in the Nakivale sub-catchment. Groundwater of good quality is not only essential for
human survival [5], but it is also a cornerstone of economic development within the study area
[30,31]. Safeguarding these water resources is, therefore, crucial for maintaining agricultural
productivity, supporting livestock, and ensuring the well-being of the communities that depend on
them [26].
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Figure 1. Location map of Nakivale sub-catchment within Southwestern Uganda.

2.2. Geological and Hydrogeological Setting

The study area is overlain by Proterozoic Karagwe-Ankolean system of meta-sedimentary rocks
that exhibit varying degrees of metamorphism (Figure 2). These rocks include sandstones, shales,
slates, and phyllites. These host rocks were intruded by younger granitic rocks of variable mineral
compositions [32]. The area's hydrogeology is heavily influenced by these geological formations,
which play a crucial role in determining groundwater recharge, flow, storage and quality [17]. The
predominant aquifer in the region is the weathered and fractured aquifer [5,33], typically found at
depths greater than 60 meters above sea level [34]. Additionally, other aquifer types include paleo-
channels [34] and sedimentary alluvial aquifers [17], both of which also contribute to the local
groundwater system [34,35].

Over 80% of the area is covered by fine-grained clayey soils formed from the weathering of in-
situ argillaceous rocks [16]. These soils are associated with poor hydraulic properties [36], which
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significantly hinder groundwater flow and storage processes [37]. Active groundwater recharge in
Nakivale sub-catchment area predominantly occurs in elevated areas that are characterized by a
network of lineaments [16], which enhance water infiltration. In contrast, groundwater discharge
zones are primarily located in the lowlands, particularly in areas occupied by Lake Nakivale and the
Rwizi River (Figure 2). This distribution of recharge and discharge areas underscores the importance
of the region's geological features in shaping the flow and storage processes of the underlying local
aquifer systems.
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Figure 2. Hydrogeological setting of Nakivale sub-catchment, Southwestern Uganda.

2.3. Climate

The area experiences a tropical climate with two distinct rainy seasons: March-April-May and
September-October-November, with annual rainfall ranging from 966 mm to 1,380 mm [5]. These
seasonal rainfall patterns are primarily influenced by the movement of the inter-tropical convergence
zone (ITCZ), a low-pressure belt [16]. The position of the ITCZ in relation to the study area has a
significant effect on local seasonal variations [38]. The region also experiences a mean monthly
temperature of 27°C and a mean monthly dew point of 19°C [5].

These meteorological conditions play a pivotal role in shaping the local hydrological system, as
they influence the amount of hydrological input [39], which directly affects both surface and
groundwater quantifiable attributes [13]. Rainfall largely determines water availability, while
temperatures and dew points affect evapotranspiration rates [40], influencing how much water is lost
to the atmosphere [41]. These factors together shape the overall water balance in the area, directly
impacting the quantity of water stored in surface reservoirs and subsurface aquifers [42].

2.4. Groundwater Sample Collection and Analysis

This study is based on a total of 19 groundwater samples collected from strategically selected
borehole locations to capture variations in geology, land use, geomorphology, and hydrology,
ensuring that they represent the intrinsic heterogeneity of the area, as emphasized by [16]. According
to the same study, sampling occurred during the dry season, from February 15 to February 20, 2024.
The geographic coordinates of each borehole were recorded, and groundwater levels were measured
using a dip meter to accurately assess the water table.
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To guarantee representative samples, each borehole was purged for five minutes prior to sample
collection. Water samples were collected in sterile containers to maintain their chemical integrity.
Field measurements of key parameters, including dissolved oxygen, pH, temperature, and electrical
conductivity, were carried out using a calibrated HANNATM multi-parameter meter (HI 9829_S/N
07100011101). Total alkalinity was determined through acid-base titration using 0.02 M hydrochloric
acid.

For laboratory analysis, samples for cation and anion measurements were collected in tightly
sealed 500 mL HDPE bottles. The cation samples were filtered using GF/C filter papers and acidified
with concentrated nitric acid (analytical grade) to reduce the pH to less than 2, ensuring their stability
for transport. These samples were then shipped to the Centre National de 1'Energie des Sciences et
des Techniques Nucléaires (CNESTEN) chemical laboratory in Morocco under the IAEA RAF7021
project for hydrochemical analysis.

The major ions in the water samples were analysed in mg/L using the ion chromatography
method. These ions included Sodium (Na*), Potassium (K*), Calcium (Ca?), Magnesium (Mg?),
Chloride (Cl'), Nitrate (NOs), and Sulphate (504*). The bicarbonate concentration was determined
through titration against a standardized acid, with the endpoint of the reaction identified using a pH
indicator. Additionally, the minor ions: Aluminium (Al), Iron (Fe), Silicon (Si), and Boron (B), were
analysed in their elemental forms using Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
This method allows for highly sensitive and precise measurements of elements at very low
concentrations [43].

A robust quality control (QC) and quality assurance (QA) system was implemented to ensure
the integrity and reliability of hydrochemical analyses. Both the sampling and laboratory
hydrochemical analysis process strictly followed the IAEA Groundwater Sampling Procedures,
ensuring that each sample was properly collected, labelled, and stored to prevent any contamination
or alteration of its hydrochemical composition. Charge balance errors (CBE) were calculated for each
sample as a critical QC measure. This was done using (Equation 1), with cations and anions expressed
in meq/L. This process ensured that the ionic concentrations were correctly measured and balanced
within acceptable limits, typically less than +5%, considered acceptable or 5-15%, treated with caution
[44].

CBE- (Z Cations- Y Anions) 100

Y Cations+), Anions

)

2.5. Groundwater Quality Assessment

This methodology employed a threefold approach, integrating spatial analysis with Quantum
Geographic Information System (QGIS) Version 3.36.3, groundwater quality index assessment, and
an evaluation of irrigation groundwater quality.

2.5.1. Spatial Analysis

The spatial analysis involved generating groundwater quality maps for both major and some
minor ions. Additionally, it included spatial mapping of the groundwater quality index and the
chloride-bromide ratio. The maps were created using the Inverse Distance Weighting (IDW)
interpolation method, a deterministic technique that assigns greater influence to nearby points based
on distance, making it particularly effective for estimating values in areas with irregularly spaced
data [45]. IDW is well-suited for groundwater quality mapping of sparse data as it does not rely on
spatial autocorrelation, which requires evenly distributed data [46-48]. However, due to the complex
and unpredictable nature of many underlying groundwater systems, it is essential to interpret the
results cautiously, recognizing the basic principles inherent to the IDW method.
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2.5.2. Groundwater Quality Index Assessment

Groundwater quality was assessed through computation of groundwater quality index for each
groundwater sample. This method has been utilized by various researchers to assess groundwater
quality based on its hydrochemical composition [49-51]. The approach involved assigning weights
wion ascale of 1 to 5 to each analysed chemical species deemed significant for groundwater potability
needs. After assigning weights (wi), the relative weight (W) for each parameter was computed using
the formula below (Equation 2).

Woo 2)

oSwy

The rating scale for each parameter, denoted by ¢qi, was subsequently calculated by dividing the
concentration (Ci) in mg/L of each parameter by the World Health (WHO) standard value (S:) in mg/L
for portable water (Equation 3).

. 3
q;=5*100 )

The relative weights (Wi) assigned to each parameter, along with their corresponding rating
scales (qi), were then multiplied to derive the sub-index (SIi) for each parameter.

SL=Wiq; (4)

Finally, the groundwater quality index (GWQI) for each sample was calculated by summing the
sub-indices of each parameter for a given water sample, as indicated by Equation 5.

GWQI= Z s, ©)

The table below shows the water quality index range and the corresponding water quality
classification for each sample.

Table 1. Groundwater quality index range and class [50].

Groundwater Quality Index Range Groundwater Quality Class
<50 Excellent Groundwater
50-100 Good Groundwater
100-200 Poor Groundwater
200-300 Very Poor Groundwater
>300 Unsuitable Groundwater

2.5.3. Irrigation Groundwater Quality Assessment

This assessment involved both the sodium (alkali) and salinity hazard evaluation for the 19
samples. The Sodium Adsorption Ratio (SAR) measures the relative concentration (meq/L) of sodium
(Na*) compared to calcium (Ca?*) and magnesium (Mg?) in irrigation water [52]. It is an important
tool for assessing the suitability of groundwater for irrigation, particularly in agricultural settings
[53].

SAR helps identify potential sodium hazards in irrigation water, which can affect soil structure,
permeability, and crop productivity [54]. Understanding SAR is essential for managing soil health
and water quality, especially in regions that depend on groundwater for irrigation [54-56].

d0i:10.20944/preprints202410.1602.v1
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GAR = N2 ©
Ca’t + Mg2+
2

Salinity refers to the concentration of dissolved salts in water, typically dominated by ions such
as sodium (Na*), calcium (Ca?), magnesium (Mg?), chloride (CI'), sulfate (504*), and bicarbonate
(HCOs) [52,53,57]. The salinity of irrigation water is commonly measured using Electrical
Conductivity (EC) [53], which reflects the water’s ability to conduct electricity due to dissolved salts
[57]. It is measured in microSiemens per centimeter (us/cm).

When the salt concentration in the soil solution is high, the osmotic potential of the soil water
decreases, making it more difficult for plants to take up water [57,58]. This creates "salt stress," where
plants need more energy to extract water from the soil, leading to reduced growth and productivity
[58]. In extreme cases, plants may suffer from dehydration even when the soil appears wet [56].

2.6. Groundwater Vulnerability Assessment

This study employed the DRASTIC assessment approach to evaluate the vulnerability of
groundwater resources to contaminants from surface sources. The DRASTIC model is based on seven
critical hydrogeological parameters that influence the movement of contaminants into aquifer
systems [24]. These parameters include Depth to groundwater (D), Net recharge (R), Aquifer media
(A), Soil media (S), Topography (T), Impact of the vadose zone (I), and Hydraulic conductivity (C).
The decision to use DRASTIC over other groundwater vulnerability models, such as GOD and
GALDIT, stems from its capability to assess the intrinsic vulnerability of groundwater at each specific
location [59-61]. While the GOD model is simple, it tends to overgeneralize and is unable to capture
localized variations [62,63], and the GALDIT model is designed primarily for coastal aquifers [64,65].

In the DRASTIC model, weights (w) of 5, 4, 3, 2, 1, 5, and 3 were assigned to the respective
parameters. Ratings were then applied on a scale of 1 to 10 based on the range of each parameter at
each groundwater well, following the guidelines set by [66], for confined aquifers. This approach
involved careful, yet subjective judgment informed by field experience and available data to ensure
that the ratings accurately reflect the specific conditions of each site. The DRASTIC index was
subsequently calculated using Equation 6 in Microsoft Excel, where subscripted parameters represent
the ratings corresponding to each DRASTIC model input parameter.

DRASTIC Index= D,*D,,+R,*R,,+A*A,+5,*S, +T,*T, +1,*1, +C,*C,, 7)

3. Results and Discussion
3.1. Hydrochemical Parameter Analysis

All 19 analysed groundwater samples passed the charge balance error (CBE) test. 84% of the
samples had a CBE of less than 5%, while 16% of the samples had a CBE between 5-15%. The results
from the latter were treated with caution. The table below presents a descriptive summary of the
hydrochemical test results for major parameters.

Table 2. Summary of descriptive statistical analysis of major water quality parameters (Adapted from
[16], with additional parameters).

Parameter Mean  Standard Deviation =~ Max.  Min.  WHO Guideline % of samples >
(SD) Value (GV) WHO GV
pH 6.7 1.0 9.3 45 6.5-85 31
HCOs (mg/L) 141.5 134.0 439.3 10.0 - -

Cl- (mg/L) 48.6 25.6 96.1 16.0 250.0 -
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NOs (mg/L) 16.4 14.1 46.1 0.0 50.0 -

SO42 (mg/L) 204.7 148.9 515.6 29.9 500.0 5

Na* (mg/L) 59.9 27.4 134.6 8.7 200.0 -

K* (mg/L) 6.6 3.8 15.1 2.8 12.0 5

Mg?* (mg/L) 235 15.6 51.5 0.0 50.0 10

Ca2 (mg/L) 59.0 42.3 144.0 0.7 300.0 -
Total Fe (mg/L) 0.8 1.5 5.1 0.02 0.3 47
Alkalinity (mg/L CaCOs) 145.2 136.1 445.3 11.4 - -
EC (uS/cm) 746.8 366.3 1538.0  297.0 1857 5

3.1.1. Analysis of Major Cations

Sodium and calcium concentrations from all 19 analysed samples fall within acceptable WHO
guideline ranges. Potassium (K*) concentrations vary from 2.8 to 15.1 mg/L, with a mean of 6.6 mg/L
and a standard deviation (SD) of 3.8. The WHO guideline value for potassium is 12 mg/L, with only
5% of the samples exceeding this limit. This suggests minor potassium contamination, which may
lead to taste issues in drinking water, but generally poses low health risks at these levels [67].

Magnesium (Mg?) concentrations range from 0.0 to 51.6 mg/L, with an average of 23.5 mg/L and
a standard deviation of 15.6. Only 10% of the samples exceed the WHO guideline of 50 mg/L,
indicating potential localized magnesium issues. Elevated Mg? levels can contribute to water
hardness, affecting taste and usability for domestic purposes. Additionally, high magnesium
concentrations have been linked to an increased risk of ischemic heart disease [68].

Total iron (Fe) levels range from 0.01 to 5.1 mg/L, with a mean of 0.8 mg/L and a standard
deviation of 1.5. The WHO guideline value for iron is 0.3 mg/L, and 47% of the samples slightly
exceed this limit. Elevated iron levels can cause several issues, including staining of laundry and
plumbing fixtures, a metallic taste in drinking water, and potential health effects such as
gastrointestinal irritation [69]

3.1.2. Analysis of Major Anions

Chloride (Cl'), bicarbonate (HCOs), and nitrate (NOs) concentrations fall within acceptable
WHO guideline values, with the exception of sulphate (5O4%). Sulphate levels range from 29.9 to 515.6
mg/L, with a mean of 204.7 mg/L and a standard deviation (SD) of 148.9. The WHO guideline for
sulphate is 500 mg/L, with 5% of the samples exceeding this threshold. Elevated sulphate levels may
lead to a bitter taste in water, laxative effects, and potential corrosion of plumbing systems [70].

The hydrochemical maps indicate both localized point contamination sources and diffuse
sources (Figure 3), attributed to a combination of anthropogenic and geogenic factors. According to
[16], groundwater chemistry in the region is primarily governed by water-rock interaction processes.
Groundwater composition is significantly influenced by the mineralization of the underlying
geological formations, predominantly composed of mafic and felsic feldspars (such as muscovite,
orthoclase, anorthite, and biotite) [16], and sulfide minerals like pyrite and chalcopyrite, particularly
evident in the Igayaza area of Isingiro district [71]. High localized iron concentrations are linked to
the potential rusting of galvanized iron commonly used in the installation of handpumps in the
Nakivale area.

Figure 3 highlights major contamination issues, with levels exceeding WHO guideline values
for magnesium (50 mg/L), total iron (0.3 mg/L), potassium (12 mg/L) and sulfate (500 mg/L) in the
northwestern and southwestern parts of the study area. Additionally, a central portion exhibits
elevated concentrations of magnesium and sulfates, surpassing WHO guideline.
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Figure 3. Groundwater quality maps showing spatial distribution of major ions exceeding WHO
guideline values for drinking water.

3.1.3. Analysis of Other Chemical Parameters

Electrical conductivity (EC) varies from 314 to 1726 uS/cm, with elevated values concentrated in
low-lying areas (Figure 4). These high EC levels in the discharge zones suggest chemically enriched,
metamorphosed water resulting from rock-water mineralization along groundwater flowlines, as
noted by [16]. Additional potential sources of elevated EC include agricultural activities involving
fertilizers and pesticides, as well as industrial waste in the region [5].

The analysis also reveals a range of Eh values across the study area, indicating different redox
conditions. Lower Eh values (-500 to 0 mV) in the Lake Nakivale region indicate reducing conditions,
typically found in older or deeper groundwater with limited oxygen exchange [72]. In contrast,
higher Eh values (31 to 178 mV) in elevated areas suggest oxidizing conditions, commonly associated
with recently recharged or shallow groundwater [73]. A comparable trend is also evident in dissolved
oxygen levels. These results align with the findings of [16], which identified groundwater likely older
than 20 years characterized by low tritium levels in the lower flanks of the study area.
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Figure 4. Groundwater quality maps showing Electrical Conductivity, Dissolved Oxygen and Redox
Potential spatial distribution within the project area.

3.2. Groundwater Quality Index Assessment

The majority of the groundwater samples (90%) have a groundwater quality index of less than
100. Ten groundwater samples (53%) have indices below 50 while seven samples (37%) have indices
ranging from 50 to 100. However, two samples RAF7021-3 and RAF7021-25 obtained from Masha
and Nyamuyanja respectively, exhibit exceedingly high groundwater quality indices above 200 due
to high concentrations of total iron (Figure 3).

The elevated concentration of total iron can be attributed to localized anthropogenic sources
from the use of galvanised iron pipes, commonly installed for handpump boreholes in the study area.
However, this assumption needs to be confirmed through fieldwork. Overall, the study area is
underlain by good to excellent quality groundwater as over 90% of the sampled groundwater points
have a groundwater quality index below 100 (Table 3). 90% of all analysed parameters for all
groundwater samples also fall within plausible values stipulated by the WHO for drinking water.
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Figure 5. Groundwater quality index map for Nakivale sub-catchment.

Table 3. Groundwater quality index (GWQI)-based classification for groundwater samples collected
from 19 hand pump boreholes in Nakivale sub-catchment, Southwestern Uganda.

Sample Number GWQI Groundwater Sample Number GW Groundwater

Quality Type QI Quality Type
RAF7021-1 64.2 Good RAF7021-18 45.8 Excellent
RAF7021-2 25.0 Excellent RAF7021-21 25.2 Excellent
RAF7021-3 276.0 Poor RAF7021-22 53.0 Good
RAF7021-6 87.9 Good RAF7021-23 67.5 Good
RAF7021-8 47.8 Excellent RAF7021-24 423 Excellent
RAF7021-9 38.0 Excellent RAF7021-25 262.6 Poor
RAF7021-10 22.1 Excellent RAF7021-26 34.7 Excellent
RAF7021-11 98.3 Good
RAF7021-13 76.8 Good
RAF7021-14 80.1 Good
RAF7021-15 38.2 Excellent
RAF7021-17 30.0 Excellent

3.3. Analysis of the Chloride-Bromide Ratio

The chloride-bromide (Cl/Br) ratio is a valuable tool for tracing factors that influence
groundwater quality due to its conservative nature [74-76]. However, its interpretation requires
careful consideration of potential overlaps between geogenic and anthropogenic sources [75].
Geogenic processes, such as the dissolution of halite, generally result in high Cl/Br ratios because
chloride is more prevalent in these natural sources compared to bromide [76]. Anthropogenic
activities such as industrial waste disposal, agricultural pollution, and landfill leachate can also
introduce significant amounts of chloride with minimal bromide, thereby elevating the CI/Br ratio
[77].
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Figure 6. Chloride-Bromide ratio map for tracing sources of groundwater contamination.

To accurately differentiate between geogenic and anthropogenic influences, the Cl/Br ratio was
analysed alongside nitrate levels. This combined approach provides a more nuanced understanding
of whether high Cl/Br ratios are due to natural processes or human activities [74]. Areas with high
nitrate levels and elevated Cl/Br ratios likely indicate anthropogenic impacts on groundwater quality,
possibly from chloride-rich wastes [74,78]. Nitrate concentrations vary from 2.5 to 41.2 mg/L, with
higher levels linked to existing and emerging anthropogenic effects such as agricultural pollution,
septic effluent and industrial waste discharge [5]. An increase in the Cl/Br ratio along groundwater
flowlines indicates a systematic change in groundwater chemistry, potentially due to preferential
adsorption of bromide, which is larger than chloride ions [75]. In the Lake Nakivale area, the rising
ratio may reflect the effects of biologically mediated chloride removal [79].

3.4. Irrigation Groundwater Quality Assessment

The analysis reveals that 94% of the samples fall within the C2-51 (47%) and C3-51 (47%) SAR-
Electrical Conductivity regions. C2 and C3 indicate medium to high salinity hazards respectively,
while S1 reflects a low sodium (alkali) hazard. Despite the low sodium hazard, the results suggest
that the region could face emerging issues with reduced crop productivity, driven by potential
changes in the osmotic potential of crops if salinity levels increase, which could impede their growth
[54,55]. One sample falls in the C2-52 region, indicating medium sodium and salinity hazards, which
also highlights the risk of lower crop productivity if sodium and salinity levels rise in the future. This
underscores the need for careful management and control of anthropogenic Na-rich chemical inputs,
which may contribute to rising salinity and sodium levels in the region [58].
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Figure 7. SAR vs EC diagram for Classification of Irrigation water.

3.5. Groundwater Vulnerability Assessment

The assessment reveals low DRASTIC indices for the Nakivale sub-catchment (<110). These low
values generally indicate a reduced risk of groundwater contamination from surface sources [24].
This is primarily due to the area's varied steep slopes and the presence of impervious shales, slates,
and phyllites, which cover over 90% of the region and consequently impacting on groundwater
recharge.

Table 4. Groundwater vulnerability classes for the analysed (19) groundwater Samples.

Sample Number DI Groundwater Sample Number DI Groundwater
Vulnerability Vulnerability
RAF7021-1 100  Moderately Low RAF7021-15 105 Moderate
RAF7021-2 89 Very Low RAF7021-17 107 Moderate
RAF7021-3 88 Very Low RAF7021-18 92 Moderately Low
RAF7021-6 92 Moderately Low RAF7021-21 93 Moderately Low
RAF7021-8 91  Moderately Low RAF7021-22 108 Moderate
RAF7021-9 100  Moderately Low RAF7021-23 90  Moderately Low
RAF7021-10 87 Very Low RAF7021-24 89 Very Low
RAF7021-11 101  Lower Moderate RAF7021-25 90  Moderately Low
RAF7021-13 92 Moderately Low RAF7021-26 100  Moderately Low

RAF7021-14 89 Very Low
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Figure 8. Groundwater Vulnerability DRASTIC Index map for Nakivale sub-catchment.

Additionally, the thick vadose zone, ranging from 40 to 60 meters, and an average static water
level of 14 meters below ground level obtained from aquifer test data of existing boreholes further
support the low risk assessment. However, parts of Masha, Mbaare, Isingiro and North East and
South of Ngarama exhibit a higher risk of groundwater contamination compared to other regions
within the Nakivale sub-catchment. This increased risk is attributed to the low hydraulic head
gradients, gentle slope angles, and thin vadose zone, which create conditions conducive to the
transport of contaminants from the surface to the water table. This risk is further evidenced by the
higher nitrate concentrations observed in these areas compared to other parts of the catchment.

3.6. Implications to Water Resources Management

Groundwater quality is of paramount importance for any water resource usage, as each purpose
requires water of appropriate quality to avoid negative consequences. For domestic use, particularly
human consumption, water must be sufficiently clean, with all physical, chemical, and biological
parameters falling within acceptable standard ranges to prevent health-related issues that could harm
consumers.

Likewise, water used for irrigation must meet certain quality standards to promote healthy crop
growth while avoiding soil degradation. Poor-quality irrigation water can lead to the accumulation
of salts or other harmful substances, which may damage soils and compromise their long-term
productivity for sustainable agriculture. Therefore, the findings of this research highlight the need
for conjunctive management of water resources in the study area. Below are policy recommendations
to ensure the sustainable use of groundwater resources within Nakivale sub-catchment:

e  Regular monitoring of groundwater should be conducted to observe changes in groundwater
quality due to anthropogenic and geogenic factors. This effort should include robust policies on
fertilizer use and waste management practices in regions experiencing rising nitrate levels, along
with the enforcement of stricter regulations on septic systems and waste disposal to minimize
human-induced contamination;

e Implementation of a comprehensive soil and water management strategy that focuses on

reducing sodium and salinity levels. This could include promoting the use of low-sodium
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irrigation water, encouraging farmers to adopt soil amendments such as gypsum to mitigate
sodium buildup, and regulating the use of Na-rich chemical inputs;

e  Active recharge zones, especially in elevated regions with networks of lineament features,
should be safeguarded from intensive agricultural or industrial activities that may introduce
contaminants. This protection should include the implementation of zoning regulations that
limit potentially harmful land use in these sensitive areas. Additionally, promoting reforestation
or vegetation cover in recharge zones is essential to reduce erosion and enhance infiltration, both
of which are vital for maintaining groundwater recharge and quality;

e  Educating riparian communities about the significance of preserving groundwater quality. This
is essential, particularly in reducing anthropogenic contamination from improper waste disposal
and excessive fertilizer use. Additionally, providing training for farmers on the advantages of
adopting sustainable agricultural practices will help minimize fertilizer overuse and promote
soil health, ensuring long-term productivity;

e Create an integrated water management plan that balances the use of both surface and
groundwater resources, ensuring that neither is overexploited. The plan should be based on the
specific hydrogeological and hydrochemical characteristics of the region. It should also ensure
that water used for both domestic and agricultural purposes meets national and international
water quality standards. Regular testing and enforcement of these standards are necessary to

maintain public health and agricultural productivity;

4. Conclusions

The study provides a comprehensive assessment of groundwater quality in the Nakivale sub-
catchment, revealing both positive aspects and potential risks associated with the region's water
resources. While the majority of groundwater samples meet World Health Organization standards
for drinking water, localized contamination issues related to total iron, magnesium, and nitrate levels
warrant attention. Alignment of elevated chloride-bromide ratios with high nitrate concentration
suggests anthropogenic influences stemming from agricultural practices, wastewater disposal, and
industrial activities. The irrigation groundwater quality assessment indicates emerging salinity
concerns that could impact crop productivity if not addressed. Despite an overall low groundwater
vulnerability to contamination, certain areas, particularly those with gentle slopes and thinner vadose
zones, exhibit a higher risk. This highlights the importance of proactive management strategies to
mitigate these risks. Implementing targeted monitoring programs focusing on anthropogenic
impacts on groundwater resources, promoting sustainable agricultural practices, and protecting
recharge zones are essential for maintaining water quality. Ultimately, the findings advocate for a
holistic approach to water resource management that balances agricultural needs with environmental
protection, ensuring the long-term health and viability of the Nakivale sub-catchment’s and greater
Victoria water resources for future generations. By prioritizing these strategies, stakeholders can
safeguard water quality and promote sustainable practices that benefit both the community and the
environment.
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