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A B S T R A C T

Groundwater sustains about 75 % of Uganda's population, particularly in rural and peri-urban areas. However, 
the baseline hydrogeochemistry of operational community water sources remains poorly understood. Using 
hydrochemical analysis and geochemical modelling, we assessed groundwater inorganic geochemistry and 
geochemical controls across five distinct hydrogeological settings in Uganda: Precambrian metasedimentary (MS; 
n = 30), granulitic-gneissic complex (GG; n = 21), unconsolidated sedimentary (SDM; n = 10), volcanics (VO; 
n = 7), and metavolcanics (MV; n = 6). Results show that Ca–HCO3 is the predominant hydrochemical facies in 
most settings, reflecting limited geochemical evolution, whereas Na–HCO3 and Na–Cl facies dominate MV and 
SDM, consistent with cation exchange and advanced geochemical evolution. World Health Organisation (WHO) 
drinking water guidelines for selected targets were exceeded in 3 % of samples (for Fe, F− , and Cl− ), 5 % for Mn, 
and 14 % for NO3

− . By settings, exceedances were: (i) MS – 20 % NO3
− , 13 % Mn, and 7 % Cl− ; (ii) GG – 14 % NO3

− , 
and 5 % Fe; (iii) MV –17 % Fe; and (iv) SDM – 10 % F− , indicating more frequent guideline exceedances in MS. 
Major-ion ratios, including (Na++K+)/Cl− ratios (> 1), HCO3

− /Na+ (1–4), (Ca2++Mg2+)/HCO3
− (~0.3–0.8), and 

(Ca2++Mg2+)/SO4
2− (>1), are consistent with active silicate weathering, cation exchange, and contributions from 

carbonate dissolution, with minimal influence from evaporative concentration and gypsum dissolution. 
Geochemical modelling shows undersaturation for calcite, dolomite, and gypsum, but quartz supersaturation. 
Thermodynamic modelling indicates kaolinite as the stable secondary mineral in VO, contrasting clinoptilolite in 
other settings, reflecting active monosiallitisation under rapid flow, well-drained conditions, and low silica 
accumulation. This study establishes baseline hydrogeochemical characterisation across Uganda's diverse 
hydrogeologies, highlighting spatial variability and controls to inform targeted, sustainable groundwater 
management.

1. Introduction

At the heart of East Africa lies Uganda, a landlocked country 
renowned for its extensive surface waters, including Lake Victoria and 
the River Nile. However, groundwater – a vital yet lesser-understood 
resource – supports approximately 75 % of the population (MWE, 
2024; Nsubuga et al., 2014; Tindimugaya, 2005) for domestic purposes, 
especially in rural and peri-urban areas. With the second-youngest 
population globally (UNICEF Uganda, 2024), Uganda's growing de
mographic is driving an increase in groundwater demand. Although 

often perceived as safer than surface water, the presence of chemical and 
microbial contaminants in groundwater has been reported (Howard 
et al., 2003; Wilson et al., 2024a; Uzorka et al., 2025), and pollutant 
hazards are amplified by the limited availability of treated, piped 
drinking water across the country (NWSC, 2023; Okot-Okumu and Otim, 
2015). Growing reliance on groundwater, coupled with its potential 
susceptibility to surface-derived pollutant ingress through natural or 
anthropogenically-influenced processes (Owor et al., 2011; Wilson et al., 
2024a), highlights the need to understand how (hydro)geology in
fluences water quality and chemistry across contrasting hydrogeological 
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settings in Uganda. Such understanding is particularly important, as 
efforts towards safe drinking water provision in Uganda are still chal
lenged by limited access to robust baseline water quality data (MWE, 
2017; Richards et al., 2023).

Uganda's hydrogeology is varied and characterised by different rock 
types and tectono-thermal properties (Schlüter, 2008; Westerhof et al., 
2014). The geological units include ancient granulitic gneisses, 
meta-sedimentary rocks, volcanic rocks, cataclasites, granite intrusions, 
metamorphic rocks, meta-igneous rocks, and unconsolidated sediments 
(BGS, 2019; Westerhof et al., 2014). Distributed across different regions, 
these units represent geological periods ranging from the Neo-Archaean 
to the Miocene (Westerhof et al., 2014). This contrast in geological en
vironments contributes to distinct groundwater systems that are gov
erned by complex geochemical processes, resulting in variability in 
groundwater chemistry (Drever, 1988; Elango and Kannan, 2007; Owor 
et al., 2021; Walraevens et al., 2018).

The hydrogeologic properties of rocks strongly influence the extent 
of water-rock interactions. Relatively high groundwater flow velocities 
typically result in groundwater with relatively low dissolved solids, due 
to shorter rock contact times and higher water-to-rock ratios, and vice 
versa (Langmuir, 1997). Additionally, the mineralogical composition of 
aquifers plays a crucial role in determining water chemistry (Jebreen 
et al., 2018; Njitchoua et al., 1997; Pincetti-Zúniga et al., 2020). 
Fast-dissolving minerals like metal carbonates markedly alter the water 
chemistry, while slower-dissolving silicates contribute more subtly 
except where there is longer term water-rock interaction (Mackenzie 
and Garrels, 1965, 1971). Further, local aquifer depths influence 
groundwater composition, with anions in shallow waters typically being 
bicarbonate-dominated (HCO3

− ) due to silicate and carbonate weath
ering, although in some shallow settings, sulphates (SO4

2− ) and chloride 
(Cl− ) can become relatively enriched due to stronger evaporation 
(Agbasi et al., 2025).Intermediate depths are often characterised by 
increased SO4

2− , while deeper waters contain higher Cl− concentrations, 
reflecting longer residence times and cumulative rock-water interactions 
(Chebotarev, 1955). As a result, contrasting groundwater types emerge, 
each exhibiting unique characteristics influenced by the underlying 
hydrogeological features.

In Uganda, variable groundwater types have been reported (Owor 
et al., 2021; Muloogi et al., 2025), and which potentially relate to var
iations in the distribution of health or operationally-relevant geogenic 
contaminants, such as fluoride (BGS, 2001; Egor and Birungi, 2020; 
Ojok et al., 2021), manganese (Lapworth et al., 2020), and iron 
(Bakyayita et al., 2019; Fader, 2011; Flynn et al., 2012; Taylor and 
Howard, 1995). In regions where human activities may influence 
groundwater sources, particularly shallow aquifers, anthropogenic pol
lutants such as nitrate (NO3

− ), sulphate (SO4
2− ), and phosphate (PO4) 

have increasingly been reported, often linked to contaminant ingress 
from agricultural practices, urbanisation, and inadequate sanitation 
infrastructure (Kulabako et al., 2008; Lapworth et al., 2020; Musumba 
et al., 2022; Nyenje et al., 2013, 2014; Wilson et al., 2024a).

Groundwater abstraction in Uganda predominantly occurs from 
relatively cheap-to-access, but vulnerable shallow sources, such as 
saprolite and saprock, along with some deeper extractions from het
erogeneous basement aquifers (Nyenje et al., 2022; Taylor and Howard, 
1995). The basement aquifers are composed of crystalline rocks with 
varying origins and compositions across distinct hydrogeological set
tings (MWE, 2017), underlining the importance of understanding the 
processes controlling groundwater geochemistry. Localised studies in 
Uganda have examined groundwater-lithology interactions (Guma 
et al., 2021; Kulabako et al., 2007; Nyakairu et al., 2023; Uzorka et al., 
2025). In addition, Owor et al. (2021) conducted a national-scale 
assessment of shallow groundwater quality, but this evaluation was 
based on samples collected at the time of drilling. Such initial samples 
may be influenced by drilling fluid contamination (Richards et al., 
2015), limiting their reliability for understanding natural geochemical 
conditions or subsequent water–rock interactions. Consequently, key 

processes, including post-drilling geochemical evolution, mineral ther
modynamic equilibria, and the hydrogeochemical controls in opera
tional community water sources across contrasting hydrogeologies 
remain largely unknown. These knowledge gaps are further exacerbated 
in Uganda by the growing pressures from population growth, agricul
tural expansion, urbanisation (UBOS, 2024), and the long-term cumu
lative effects of groundwater-rock interactions. Bridging these gaps is 
essential for effective groundwater management, advancing Sustainable 
Development Goal 6.1 (United Nations, 2023), and supporting the 
country's Strategic Investment Plan for the Water and Environment 
Sector (2018-2030; MWE, 2018).

Here, we assess the spatial variations in groundwater hydro
geochemistry across contrasting hydrogeological settings in Uganda. 
Our focus is on identifying the geogenic origins, geochemical processes, 
and controls of groundwater chemistry from communities' domestic and 
drinking water sources across five of the country's distinct hydro
geological settings. The specific objectives of the study are to: (i) char
acterise the inorganic geochemistry of groundwater from various 
sources across Uganda's contrasting hydrogeological formations; (ii) 
assess the spatial variability in the suitability of groundwater for uses 
such as drinking and irrigation; iii) delineate the geogenic sources of 
groundwater contaminants; and (iv) identify the dominant geochemical 
processes and mechanisms driving the spatial variations in groundwater 
chemistry.

2. Methodology

2.1. Study area

Uganda, with a total land area of ~241,000 km2 (BGS, 2001), in
cludes ~ 36,000 km2 of lakes, notably Lake Victoria along the south
eastern border. The country is also the source of the Nile River, which 
flows 6600 km northwards from Lake Victoria toward the Mediterra
nean Sea (National Geographic Society, 2023). Most of the sampling was 
conducted in central and eastern Uganda within the two hydrologically 
interconnected Lake Victoria and Lake Kyoga basins, including areas 
extending towards northeastern parts of Mt. Elgon (Fig. 1).

Uganda is predominantly a rural country, with an economy heavily 
dependent on agriculture. Approximately 43 % of land is arable, pasture, 
and permanent crops, while only 10 % of the total land area is forested 
(MWE, 2019). Although only 1 % of farmers countrywide practice irri
gation, 55 % of these farmers are concentrated in the eastern region 
(Mwaura and Muwanika, 2018), where this study primarily focused. 
Fertiliser use is low at 1–2.5 kg per hectare annually, which is below 
sub-Saharan Africa's average of 8 kg (MAAIF, 2016). However, fertiliser 
consumption increased from 41,500 metric tons in 2014 to 66,384 
metric tons in 2017 (IFDC and AFAP, 2018). NPK (17:17:17; IFDC and 
AFAP, 2018) is the most commonly used fertiliser, especially in sugar
cane plantations, which are widely cultivated in the study area.

The country's climate is generally tropical, tending towards a semi- 
arid environment in the north-eastern regions. Rainfall shows marked 
temporal and spatial variability, with two prominent rainfall regimes 
(UNMA, 2023). The regions closer to the equator, including those 
sampled in this study, experience a bimodal regime, with a major rainy 
season from March to May and a minor (shorter) season from September 
to December. In contrast, areas farther from the equator have a unim
odal rainfall regime, prevailing from June to August (UNMA, 2023). 
Annual rainfall ranges from over 2000 mm near Lake Victoria and Mt. 
Elgon to under 700 mm in the northeast. The mean annual temperature 
is 23.3 ◦C, with monthly averages between 21.7 ◦C and 23.9 ◦C (Kisembe 
et al., 2019).

2.2. Geology and hydrogeological units of Uganda

Uganda's geology is highly diverse, spanning over three billion years, 
and shaped by its location in the East African plateau (Westerhof et al., 

D. Muloogi et al.                                                                                                                                                                                                                                Applied Geochemistry 200 (2026) 106738 

2 



2014). The terrain is predominantly underlain by Precambrian crystal
line rocks, which constitute most of the country's land area. Approxi
mately 10 % of the terrain is overlain by more recent volcanic and 
sedimentary rocks (BGS, 2001). The Precambrian basement is covered 

by a regolith layer, typically around 30 m thick (BGS, 2001). Most 
groundwater for domestic use is abstracted from this overlying weath
ered regolith and the fractured bedrock (Nsubuga et al., 2014; Taylor 
and Howard, 2000). The regolith aquifer is favoured for its promising 

Fig. 1. Maps showing a) Uganda's location in Africa, b) the sampling sites (n = 74), and c) the distribution of sites across contrasting hydrogeological settings. The 
corresponding maps were created based on the following shape files: a - (ICPAC, 2017); b - (OCHA, 2020); and c) - (BGS, 2019). The colour codes represent the 
different water sources sampled: BH – Borehole, PH – Piped groundwater supply system/Pumps, PS – Protected Spring). The minor apparent mismatches between 
some GPS points and lithological boundaries reflect limitations in the spatial resolution or generalisation of the national-scale hydrogeological shapefile in com
parison to field-obtained location data at sampling sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.)
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yields and lower development costs compared to deeper groundwater 
from the basement (Taylor and Howard, 2000). Well yields range from 
0.5 to 12 m3 h− 1, with higher yields reported in fissured granites and 
gneisses (Owor et al., 2021), but pervasively low transmissivities across 
the weathered crystalline-rock aquifers (median <2 m2/d; Owor et al., 
2022). These hydrogeological characteristics are consistent with com
plex and predominantly localised groundwater flow, reflecting the 
discontinuous nature of the aquifers and generally short flow paths 
(Owor et al., 2021).

The prominent geological features of Uganda include the East Afri
can Rift along its western border, and the extinct shield volcano (Elgon 
Complex) in eastern Uganda, straddling the border with Kenya 
(Westerhof et al., 2014). In central and northern Uganda, the landscape 
is dominated by ancient metamorphic rocks from the 
Archaean-Proterozoic era (Westerhof et al., 2014).

This geological diversity not only shapes the country's physical ge
ography, but also provides a framework for the categorisation of its 
hydrogeological units (BGS, 2019; Cahen et al., 1984; Owor et al., 2021, 
2011; Schlüter, 2006; cf. Fig. 1S). This current study focused on key 
hydrogeological settings, notably those in the eastern and central parts 
of Uganda: 

• Granulitic Gneissic Complex (GG): Widely prevalent, with sampling 
concentrated in Eastern districts (Iganga, Kaliro, and Tororo).

• Precambrian Metasedimentary Units (MS): Comprised of the Lake 
Victoria Terrane granite-greenstones, nepheline syenite, and gabbro 
intrusions, with sampling conducted in Jinja and Buikwe districts.

• Sediments and Unconsolidated Sedimentary Rocks (SDM): Predom
inant in the southwestern Uganda, particularly in the Karagwe- 
Ankolean System of the Kibaran Belt, but with great occurrences 
within the Lake Kyoga Basin. Sampling targeted the Kyoga shoreline 
districts (Kibuku, Kamuli, Buyende, and Kayunga).

• Volcanics (VO): Featuring the Elgon Complex pyroclastic and lahar- 
type alkaline/sodic volcanic rocks, as well as carbonatite plugs and 
fenites, with sampling concentrated in Kween, Bukwo, and Kap
chorwa districts.

• Metavolcanics (MV): Comprised of altered volcanic rocks that have 
undergone metamorphism, found mainly in the eastern and south
eastern regions, with sampling in Busia.

Other (hydro)geological features in Uganda, though not included in 
this study, include: 

• Cataclasites: Associated with the Aswa shear zone, extending over 
300 km within Precambrian rocks.

• Metamorphic Rocks: Present extensively in the northern and central 
regions, including the Archaean Gneissic-Granulitic Complex, 
Watian, Aruan, and Mirian Groups.

• Meta-Igneous Rocks: Dominating western and south-central Uganda 
as part of the supracrustal Buganda-Toro System.

2.2.1. Sampling design
Sampling was conducted in February/March 2024, which are typi

cally dry months (UNMA, 2023). A stratified random design was 
employed to capture a variety of community water sources used for 
domestic purposes across and specifically within five distinct hydro
geological settings in Uganda. The country was divided into strata based 
on hydrogeological units mapped by the British Geological Survey (BGS, 
2019), with each stratum representing a unique hydrogeological setting. 
The study primarily focused on representative and contrasting units in 
eastern and parts of central Uganda (cf. Fig. 1b, c), in part due to 
logistical constraints. Within each hydrogeological stratum, water 
sources were randomly selected in areas targeted on the basis of: (i) 
ensuring spatially representative sampling within each domain 
(Richards et al., 2020); (ii) consideration of feasibility of total 

site/sample numbers within each domain; and (iii) consideration of 
accessibility, availability and prevalence of particular water source 
types within a given area. For instance, only springs were sampled in 
hilly volcanic areas, where they are the primary accessible water 
sources.

The campaign included 74 community water sources from boreholes 
(BH; n = 51), protected springs (PS; n = 20), and piped groundwater 
systems (PH; n = 3). These sources covered the following hydro
geological settings: Precambrian metasedimentary (MS; n = 30), gran
ulitic gneissic complex (GG; n = 21), unconsolidated sedimentary (SDM; 
n = 10), volcanics (VO; n = 7), and metavolcanics (MV; n = 6). This 
manuscript expands upon a preliminary subset of data recently pre
sented (Muloogi et al., 2025).

2.2.2. Water sample collection and in-situ measurements
All sampling bottles (glass) used were cleaned prior to use by acid- 

washing with 10% HNO3 for about 24 h, thoroughly rinsed with ultra
pure deionised water (MilliQ grade), and baked at 450 ◦C. Groundwater 
sampling followed standard procedures described elsewhere by the co- 
authors (Polya et al., 2017; Polya and Watts, 2017; Richards et al., 
2017, 2020). All boreholes and pumps, which were in regular use, were 
purged for approximately 2 min to obtain representative aquifer sam
ples. In the field, samples were filtered using a Minisart cellulose 
membrane (0.45 μm pore size) into 60 mL bottles, then sealed with 
Parafilm (Richards et al., 2020). Sampling repeats (n = 4) were included 
to evaluate sampling consistency. Samples were stored at ~4 ◦C except 
during unavoidable situations such as during transit or power outages. 
Subsamples for cationic analyses were acidified with 2 % trace 
analysis-grade nitric acid upon arrival at the Manchester Analytical 
Geochemistry Unit (MAGU), The University of Manchester, due to 
transport restrictions on nitric acid.

Measurements of pH, electrical conductivity (EC), total dissolved 
solids (TDS), temperature, and oxidation-reduction potential (ORP, Ag/ 
AgCl reference electrode) were made in-situ using a Myron L Ultrameter 
II™ 6PFC. Regular three-point calibrations were made at pH 4, 7, and 10 
(NIST traceable standards), as well as with HI 7021 ORP solution. The 
standard redox potential (Eh with respect to Standard Hydrogen Elec
trode) was obtained by correcting the ORP value with the offset for the 
standard half-cell potential of the Ag/AgCl reference electrode at 25 ◦C.

2.2.3. Quantification of trace and major elements/ions
The concentrations of major and trace elements were determined at 

MAGU laboratories using inductively coupled plasma optical emission 
spectrometer (ICP-OES; Agilent 5800) and inductively coupled mass 
spectrometer (ICP-MS, single quad; Agilent 7700). Due to different 
optimal concentration ranges for analysis, the ICP-OES results were 
preferred for Na, K, Mg, Ca, Si, while ICP-MS results were used for Fe, 
Mn, As, Pb, Cd, Cr, and U.

Anions (SO4
2− , NO3

− , PO4, NO2
− , Cl− , Br− ) were quantified by ion 

chromatography (IC; Dionex ICS5000 Ion Chromatograph with Dionex 
IonPac AS18 columns) at MAGU. HCO3

− was estimated based on elec
troneutrality (i.e., charge balance assumed to be 0 to estimate inferred 
HCO3

− ). Inferred HCO3
− concentrations were compared to laboratory- 

based Gran titration on 25 % of samples, selected to represent a range 
of HCO3

− values, following protocols described elsewhere (Barringer and 
Johnsson, 1996; Rounds, 2012, Fig. 2S).

2.3. Data quality assurance and quality control

Quality assurance and quality control (QA/QC) procedures broadly 
followed the recommendations by Polya et al. (2017), and as described 
elsewhere (Pincetti-Zúniga et al., 2020; Polya et al., 2017; Richards 
et al., 2017, 2020). Inverse variance-weighted first-order linear models 
were applied to ICP-OES and ICP-MS calibration data (Miller and Miller, 
2018). Certified reference materials (CRMs; hard and soft drinking water 
standards: LGC 6026 and LGC 6027 respectively) were included in each 
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ICP-OES and ICP-MS analytical run, while QC1364, LGC 6020, and 
VHG-ICM1 500 (UK) were incorporated into IC analytical runs to assess 
potential biases. Duplicate analysis was performed on ~10 % of the 
samples (n = 9).

Concentrations of select analytes (SO4
2− , F− , PO4, Na, K) that showed 

analytical biases greater than ± 10 % were corrected basing on a bias of 
a CRM selected to be in a similar concentration range of the target an
alyte. Specifically, LGC 6020 was used for SO4

2− and F− , VHG-ICM1 500 
for PO4, and LGC 6026, for Na and K.

General consistency was observed between alkalinity inferred by 
electroneutrality and via Gran titration, although two samples had 
negative inferred HCO3

− values from electroneutrality calculations, 
which may be due to underestimation of positive ions or contributions 
from unmeasured minor negative ions. In these limited cases, the 
inferred values were replaced with Gran titration values for all the 
subsequent analyses.

2.4. Data processing and statistical tests

Data processing, statistical analyses, and graphics were performed 
using R (4.4.0) in R Studio (2024.04.0 + 735). Values below the 
detection limit (BDL) were imputed as half the lowest detected value for 
the respective parameter to allow inclusion in statistical analyses. The 
Shapiro-Wilk test (Shapiro and Wilk, 1965) was used to test if data was 
normally distributed. Correlation of selected variables was assessed 
using a Spearman rank-correlation test, which is appropriate for 
non-normal data distributions. A non-parametric Kruskal-Wallis test 
(Kruskal and Wallis, 1952) was used to compare mean concentrations 
across hydrogeological settings. A post-hoc Dunn's test was used for 
pairwise statistical comparison of concentrations across hydrogeological 

settings using a Bonferroni correction factor (α
n), where n = the number 

of hypotheses tested (Dunn, 1964). All statistical tests were conducted at 
a 95 % confidence level (α = 0.05).

Multivariate statistical analyses, in form of principal components 
analysis (PCA) and hierarchical cluster analysis (HCA), were performed 
in R using prcomp and hclust functions respectively, and visualised 
using the factoextra package (Kassambara, 2016) to identify relation
ships between water quality and potential explanatory variables (e.g. 
hydrogeological settings and water sources). PCA and HCA were per
formed on standardised/scaled water quality parameters across the 
overall dataset (mean = 0, variance = 1) to ensure equal contribution 
from all variables. In HCA, the distance matrix was computed using the 
Euclidean distance metric, and hierarchical clustering was performed 
using the Ward method (Ward Jr, 1963). The results were visualised as a 
dendrogram, with four clusters as optimal, as determined by both the 
Elbow and Silhouette methods.

2.5. Drinking and irrigation water quality assessment

A drinking-water quality assessment was conducted on all samples 
based on selected key water parameters outlined in the World Health 
Organization (WHO) provisional guideline values for drinking-water 
quality (WHO, 2017). All sampled sites were active community 
drinking-water sources, although are also used for other domestic pur
poses like washing and cooking. In all cases, the water is directly piped 
to users without prior treatment. Irrigation water quality was assessed 
using the U.S. Salinity Laboratory classification system (USSL, 1954).

2.6. Geochemical modelling

The Geochemist's Workbench® (GWB) 2023 Community Edition and 
PHREEQC interactive software (version 3.7.3) were used for geochem
ical modelling (Bethke, 2022; Parkhurst and Appelo, 1999). GWB was 
utilised to characterise water by means of Piper and Durov diagrams, 
calculated saturation indices and stability diagrams (with the thermo. 
tdat database). PHREEQC, using the Phreeqc.dat database, calculated ion 
activities across all samples using selected input parameters such as Ca, 
K, Si, Na, pH, and temperature. Ion concentrations were provided in 
mmol/kgw, temperature in oC, while pH were entered as unitless values.

3. Results and discussion

3.1. QA/QC results

Analytical biases indicated by analysis of CRMs (Table 1S) were 
within ±10 % for most analytes (Ca, Mg, Si, Mn, Fe, Mn, U, Pb, As, Cr, 
Cd, Cl− , NO3

− ); for K, Na, SO4
2− , F− , PO4, biases exceeded ± 10 % and 

corrections were applied accordingly (cf., Section 2.4). Analytical re
peats for most analytes (Cl− , Na, Mg, Ca, K; Table 2S), showed low co
efficients of variation (CVs, 1 – 2 %). High CVs were observed for Fe 
(27 ± 16 %), and PO4 (19 ± 16 %). Similarly, for the sampling repeats 
(Table 2S), the CVs were typically low (1 – 7 %) for most of the major 
ions, but higher for NO2

− (54 ± 44 %), SO4
2− (28 ± 56 %), and NO3

−

(18 ± 34 %). The observed variability, particularly for Fe, As, Cd, Pb, U, 
PO4, NO2

− , SO4
2− , and NO3

− , reflect measured concentrations near 
detection limits where errors are higher (Ellison et al., 2017; Ramsey, 
1998).

A Wilcoxon test showed no significant overall difference between 
inferred and Gran titration HCO3

− values (p = 0.949; W = 129; Fig. 2S), 
indicating general consistency across most samples. However, some 
deviations in limited individual samples may be impacted by degassing 
during storage, reduced accuracy of Gran titration at high alkalinity 
(Rounds and Wilde, 2012) and/or cumulative analytical uncertainties.

Fig. 2. Exceedance and box plots of selected parameters based on WHO (2017)
drinking water guidelines. Y-axis is plotted on a log scale. The blue dashed line 
indicates concentrations equal to the guideline value (exceedance ratio = 1). 
Samples with concentrations above the guideline value are plotted above this 
line. Parameters are ordered by their median values, which are represented by 
horizontal lines within the boxes. The whiskers of the boxes represent 1.5 times 
the interquartile range (IQR). Colours represent hydrogeological units (GG – 
Granulitic Gneissic complex, MV – Metavolcanics, SDM – Unconsolidated 
sedimentary, VO – Volcanics, MS – Precambrian Metasedimentary), and shapes 
indicate different water sources (BH – Borehole, PH – Piped groundwater 
supply pumps, PS – Protected Spring). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)
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3.2. Hydrochemistry of water samples

3.2.1. In-situ physicochemical parameters
The samples showed variability in in-situ physicochemical parame

ters across different hydrogeological settings (Table 3S). Measured pH 
ranged from 5.8 to 8.4 (median 7.1), with highest values in VO, and the 
lowest in MS and GG. Electrical conductivity (EC: 49 – 1580 μS/cm; 
median 350 μS/cm) and TDS (34 – 1110 mg/L; median 230 mg/L) were 
highest in SDM and lowest in VO. All waters were oxidising, with Eh 
values (with respect to Standard Hydrogen Electrode) ranging from 237 
to 497 mV (median 327 mV). Across hydrogeologies, VO samples had 
the highest Eh while SDM samples had the lowest.

3.2.2. Major and trace elements
The major cationic analytes and Si, had the following overall pattern 

of decreasing median concentrations: Si (1 – 72 mg/L; median 35 mg/ 
L) > Ca (3 – 254 mg/L; median 25 mg/L) > Na (4 – 211 mg/L; median 
20 mg/L) > Mg (1 – 119 mg/L; median 9 mg/L) > K (1 – 56 mg/L; 
median 4 mg/L), with noticeable variations across hydrogeological 
settings (Table 3S; Section 3.4). Anionic analytes exhibited the general 
pattern: HCO3

− (13 – 560 mg/L; median 91 mg/L) > SO4
2− (0.3 – 330 mg/ 

L; median 26 mg/L) > NO3
− (<0.02 – 480 mg/L; median 16 mg/L) > Cl−

(0.7 – 350 mg/L; median 15 mg/L) > F− (0.1 – 3.4 mg/L; median 
0.3 mg/L) > PO4 (<DL – 4.8; median 0.2 mg/L) > Br− (<DL – 1.1 mg/L; 
median 0.1 mg/L) > NO2

− (<DL – 0.7 mg/L; median 0.02 mg/L), where 
DL is the detection limit.

Other selected elements, including some of particular health rele
vance (e.g. As, Cr, U, Pb, Cd), had generally low concentrations, 
following the overall pattern in order of decreasing median concentra
tion: Mn (0.1–1180 μg/L; median 6 μg/L) > Fe (0.8 – 370 μg/L; median 
3 μg/L) > Cr (0.1 – 13 μg/L; median 0.3 μg/L) > As (0.02 – 1.3 μg/L; 
median 0.2 μg/L) > U (0.01 – 17 μg/L; median 0.1 μg/L) > Pb (0.04 – 
3 μg/L; median 0.1 μg/L) > Cd (0.0 – 0.4 μg/L; median 0.02 μg/L). 
Concentrations of likely geogenic Mn and Fe are broadly consistent with 
the pattern expected in moderately oxidising, circum-neutral waters (Xu 
and Li, 2024; Zhai et al., 2021), where Mn is more soluble than Fe due to 
its higher oxidation threshold, while Fe precipitates as insoluble oxi
des/hydroxides (Hem, 1972).

3.3. Drinking and irrigation water quality

3.3.1. Drinking water quality
Generally, low proportion of samples exceeded WHO drinking water 

(provisional) guidelines for selected health-based and/or operational 
targets (F− , NO3

− , Cl− , Mn, Fe, Pb, Cr, Cd, As, and U) (Fig. 2). Overall, 3 
% of samples exceeded Fe, F− , and Cl− limits, 5 % for Mn, while 14 % 
exceeded the NO3

− limit. Exceedances varied by hydrogeological setting, 
with 20 % of samples in MS exceeding NO3

− , 13 % exceeding Mn, and 7 
% exceeding Cl− . In GG, 14 % exceeded NO3

− , and 5 % exceeded Fe. In 
MV, 17 % exceeded Fe, while in SDM, 10 % exceeded F− , with no other 
exceedances. Across all settings, all samples were within (provisional) 
guideline values for As, Pb, Cr, Cd, and U. No exceedances were 
observed in VO setting.

The observed exceedances reflect a combination of anthropogenic 
and geogenic influences. Elevated NO3

− , particularly in the MS and GG 
settings, likely results from human activities such as agricultural runoff, 
urban-derived inputs, and poor sanitation, which predominantly affect 
the country's shallow groundwater (Lapworth et al., 2017; Nyenje et al., 
2014; Wilson et al., 2024a, 2024b). In contrast, elevated Mn and Fe 
concentrations are primarily geogenic, arising from the natural weath
ering of the host rocks in these settings, with local redox conditions and 
aquifer mineralogy potentially controlling their mobilisation (Bakyayita 
et al., 2019; Lapworth et al., 2020).

3.3.2. Irrigation water suitability
Most water samples fall within the C1–S1 to C3–S1 categories 

(Fig. 3S a), indicating low to moderate salinity and acceptable sodium 
levels for irrigation. C1–S1 (low salinity, low sodium) is suitable for all 
crops, while C2–S1 (medium salinity, low sodium) is suitable for most 
crops. C3–S1 (higher salinity) is suitable for salt-tolerant crops such as 
sorghum, cassava, and sugarcane (Adhikari et al., 2015; Leliveld et al., 
2013), but high salinity can harm less salt-tolerant crops, like NERICA 
upland rice varieties grown in this region (MAAIF, 2009; Zaidi et al., 
2015).

Some borehole samples in SDM (20 %), MS (10 %), and GG (10 %) 
regions exceeded a magnesium hazard ratio of 1 (Fig. 3S b), indicating 
elevated magnesium levels that could affect soil structure, reducing its 
permeability (Oster et al., 2016). Most samples had acceptable Soluble 
Sodium Percent (SSP), except for two spring and borehole sources, 
suggesting minimal sodicity impacts on soil.

3.4. Hydrogeochemical patterns across hydrogeological settings

The major ionic analytes, as well as Si, varied across hydrogeological 
settings (Table 3S; Fig. 3). Generally, the SDM exhibits the highest 
concentrations of Ca, K, Mg, Na, Cl− , SO4

2− , F− , and HCO3
− , suggesting 

active mineral dissolution. This is likely driven by the high porosity and 
permeability, typical of the country's unconsolidated sediments (Owor 
et al., 2018), facilitating rapid water flow. Although fast-moving water 
would generally reduce water-rock interactions, it continuously in
troduces fresh, undersaturated water to mineral surfaces, maintaining a 
chemical gradient that sustains more dissolution (Guo et al., 2023). 
Additional processes such as ion exchange and evaporation may further 
contribute. Conversely, MS shows the greatest variability in Ca, Mg, and 
Na, pointing to diverse geochemical influences from the heterogeneous 
mineralogy and structural complexity of metamorphic-sedimentary 
rocks (Nyakairu et al., 2002; Schlüter, 2008), leading to differential 
weathering and ion release.

Fluoride levels are most variable in SDM and least in VO. High 

Fig. 3. Distribution of key water quality parameters (in mg/L) across different 
hydrogeological settings. Colours represent hydrogeological units (GG – Gran
ulitic Gneissic complex, MV – Metavolcanics, SDM – Unconsolidated sedimen
tary, VO – Volcanics, MS – Precambrian Metasedimentary), and shapes indicate 
different water sources (BH – Borehole, PH – Piped groundwater supply/Pumps, 
PS – Protected Spring). Statistical significance (Kruskal-Walli's test) is shown for 
each parameter, if at least one hydrogeological setting is significantly different 
(**** for p < 0.0001; *** for p < 0.001; ** for p < 0.01; * for p < 0.05; left blank 
for no significant difference without Bonferroni correction). The box and 
whisker plots are arranged in order of decreasing median concentration for the 
analytes. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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fluoride in some SDM sites likely reflects the occurrence of fluorite and 
other fluoride-bearing accessory minerals such as apatite, micas like 
biotite and muscovite within the local granitic or felsic sediments 
(Edmunds and Smedley, 2013).

The VO setting consistently shows lower concentrations of K, Cl− , 
SO4

2− , and HCO3
− , likely due to the dominance of Neogene volcanic rocks 

with limited weathering potential, underlain by a resistant granite- 
gneiss basement (Westerhof et al., 2014). In addition, all samples from 
volcanic areas were collected from springs, which are associated with 
rapid flow rates, and shorter residence times, resulting in limited 
rock-water interactions.

Si levels, following the trend SDM > MV > GG > MS > VO, reflect 
variations in silicate weathering rates or the distribution and extent of 
felsic rocks across the different hydrogeological settings. Meanwhile, the 
low mean TDS values (<500 mg/L) across settings, are indicative of 
fresh groundwater and potential silicate weathering influences 
(Hounslow, 1995; Tay, 2012).

NO3
− levels were highest in MS, suggesting anthropogenic contami

nation, as the sampled sites in this setting were predominantly within 
and around Jinja City. Given the nature of land use in the area, urban- 
derived inputs, faecal output from pit-latrines, and nutrient leaching 
from synthetic fertilisers used in the nearby intensive sugarcane agri
culture are the most plausible contributors (Arwenyo et al., 2017; IFDC 
and AFAP, 2018; Wilson et al., 2024b).

For the trace elements, Mn concentrations were generally higher 
than Fe in GG, MS and SDM, whereas the converse was observed in VO 
and MV. This pattern reflects differences in aquifer lithological 
composition and localised redox conditions that influence their relative 
abundance in solution (Brown et al., 2003; Hamer et al., 2020). Mn is 
commonly mobilised in groundwater through reductive dissolution of 
Manganese (hydr)oxides, a process that can occur even under (sub) oxic 
conditions, releasing Mn2+ into solution (Jun and Martin, 2003). In 
contrast, Fe3+ reduction typically requires more strongly reducing 
conditions. Speciation modelling (Fig. 4S) indicates that Mn2+ is the 
dominant thermodynamically stable Mn species, whereas Fe is pre
dominantly stable as hematite. This suggests that groundwater condi
tions generally favour Fe oxide stability, limiting dissolved Fe, but do 
not favour Mn oxide stability, allowing Mn2+ to persist in solution. 
Samples with elevated Fe likely reflect a combination of localised 
reductive dissolution of Fe(III) oxides, mobilisation of colloidal and 
organically complexed Fe within the saprolite and lateritic horizons 

(Brown et al., 2003), and contributions from corroded galvanised iron 
components in pipes (Casey et al., 2016).

Pairwise comparisons (Table 4S) show statistically significant dif
ferences for several parameters across different settings: K (SDM > VO, 
GG > VO), Si (multiple comparisons), Cl− (SDM > VO), and SO4

2−

(multiple comparisons). Mn differs between MS >VO. F− concentrations 
significantly vary (Fig. 3; Kruskal-Wallis, p < 0.05), but Bonferroni- 
corrected statistical tests reveal no significant differences (p = 0.05), 
except between SDM > VO (p = 0.03), indicating a relatively uniform 
distribution overall.

3.5. Dominant geochemical conditions and geochemical evolution across 
contrasting hydrogeologies

A Piper plot (Fig. 4a) was used to highlight dominant hydrochemical 
facies across hydrogeologies, while a Durov plot (Fig. 4b) informed 
understanding of geochemical evolution. Consistent with regional 
studies in Uganda (Guma et al., 2021; Owor et al., 2021; Taylor and 
Howard, 1995), HCO3

− is the dominant anion, indicating limited 
geochemical evolution typical of shallow, discontinuous aquifers in 
crystalline rock environments (Chebotarev, 1955; Owor et al., 2021). 
Groundwater in this study is predominantly of the Ca–HCO3 type, sug
gesting a stable signature characteristic of shallow, fresh groundwaters 
in equilibrium with local lithology. Owor et al. (2021) reported a 
dominance of Ca–Mg–HCO3, a facies closely related to Ca–HCO3 
observed here, in comparable settings based on early drilling-stage 
samples. The slightly higher Mg content in their samples may reflect 
site-specific differences in rock-mineral sources, although the early 
drilling-stage samples can also be influenced by transient 
drilling-related effects or drilling fluid contamination (Richards et al., 
2015). Notably, these water types exhibit spatial variability across 
hydrogeological settings.

Owor et al. (2021) reported Ca–Mg–HCO3 dominance in 
meta-sediments (25 %), granites (28 %), and sediments (43 %), with 
volcanic settings (31 %) showing Mg–Ca–HCO3. In contrast, current data 
shows that in the VO settings, Ca–HCO3 (86 %) predominates, with the 
Durov plot trending towards HCO3

− + CO3
2− , suggesting mineral disso

lution involving carbonates and plagioclase minerals such as anorthite.
In GG settings, Ca–HCO3 facies dominate (38 %), although 

Na–HCO3, Na–SO4, and Mg–HCO3 facies suggest cation exchange, po
tential contributions from evaporite-derived solutes, and mixing. The 

Fig. 4. a) - Piper diagram illustrating the hydrochemical facies and dominant water type on the samples; b) – Durov diagram illustrating the geochemical evolution 
of groundwater. Colours represent hydrogeological units (GG – Granulitic Gneissic complex, MV – Metavolcanics, SDM – Unconsolidated sedimentary, VO – Vol
canics, MS – Precambrian Metasedimentary), and shapes indicate different water sources (BH – Borehole, PH – Piped groundwater supply pumps, PS – Protected 
Spring). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Durov plot supports this, with some associated points trending toward 
Na+ + K+, indicating sodium enrichment.

In MS settings, Ca–HCO3 (30 %) prevails, but Na–HCO3 and Na–SO4 
facies suggest ongoing ion exchange, potential contributions from 
evaporite-derived solutes, and advanced geochemical evolution. The 
Durov plot trends toward Cl− and SO4 

2-, consistent with mixing with 
sulphate-rich waters, likely reflecting minor contributions from residual 
evaporitic minerals or anthropogenic inputs. However, given the 
metamorphic nature of these units, any evaporitic influence is likely 
indirect and localised, with minimal input from bedded evaporites 
within the rocks.

In SDM settings, Na–Cl (40 %) predominates, alongside Na–SO4, 
Ca–Cl, and other facies, potentially driven by a combination of evapo
rative concentration, cation exchange within clay-rich sediments, 
anthropogenic inputs supplying both Na+ and Cl− , and localised residual 
salinity in fine-grained lacustrine deposits; dissolution of bedded evap
orites is very unlikely given the documented sedimentary stratigraphy 
(Westerhof et al., 2014). Although (semi)confined sedimentary aquifers, 
typical of those in Uganda (Owor et al., 2021) may, in principle, contain 
isolated saline connate waters (Langmuir, 1997), the predominantly 
shallow and hydraulically active nature of these aquifers suggests that 
near-surface concentration processes may exert a stronger control on 
groundwater salinity than long-term isolation from recharge.

In the MV settings, Na–HCO3 (50 %) dominates, with some of the 
associated Durov points near Na+ + K+, reflecting the influence of cation 
exchange processes during aquifer freshening, whereby Ca2+ and Mg2+

are preferentially exchanged for Na+ on mineral surfaces.
The observed spatial shifts in groundwater facies, and differences 

from earlier report by Owor et al. (2021), are attributed to site-specific 
factors e.g., variations in well locations, and depths. However, it is also 
plausible that these shifts may reflect temporal changes in groundwater 
chemistry (due to mineral dissolution, cation exchange, water mixing; 
Dhar et al., 2008; Rajesh et al., 2012), and anthropogenic influences (e. 
g., land use changes, groundwater extraction; Broers and van der Grift 
(2004)). Whilst this study does not quantify the effects of sustained 
abstraction or long-term chemical evolution, these remain plausible 
contributing mechanisms, particularly in impacted areas amidst the 
increasing demand. Active pumping or sustained extraction over a long 
period of time can create zones of active circulation, particularly in the 
unconfined or semi-confined aquifers, potentially driving the upward 
flow of older waters (Shand et al., 2007).

4. Delineating ionic sources and geochemical processes

4.1. Correlations of water quality parameters and implications

Correlations between selected water quality parameters (Fig. 5), 
were evaluated to investigate potential dominant geochemical processes 
and ionic sources influencing the groundwater chemistry. Strongest 
correlation was observed between Ca and Mg (r = 0.93), suggesting 
mineral dissolution, likely from carbonate sources such as limestone or 
from mafic and ultramafic rocks. This is supported by strong correlations 
between calcium, magnesium, and bicarbonate (r = 0.75 and 0.71, 
respectively).

Ca, Mg, Na, and K also showed strong correlations with Cl− : Ca 
(r = 0.78), Mg (r = 0.79), Na (r = 0.78), and K (r = 0.67), consistent with 
co-mobilisation during water – rock interactions and/or anthropogenic 
inputs such as sewage in some settings. Further, significant correlations 
with SO4

2− : Ca (r = 0.77), Na (r = 0.78), Mg (r = 0.77), and K (r = 0.59), 
point to shared geochemical processes, such as dissolution of sulphidic- 
minerals or anthropogenic inputs, introducing SO4

2− alongside the 
cations.

The correlation of K with Na (r = 0.73) reflects their similar 
behaviour in response to environmental factors, allowing co-transport in 
groundwater systems (Redwan and Abdel Moneim, 2016). Ion exchange 
processes, where sodium or potassium replaces calcium and magnesium 

in clays, may also contribute to their concentrations.
The strong correlations between Si and HCO3

− (r = 0.5), Na (r = 0.6), 
and Ca (r = 0.59) suggest a likelihood of incongruent dissolution of 
feldspar minerals. Bromide and chloride (r = 0.73) are also strongly 
correlated, reflecting their conservative nature (Davis et al., 1998).

4.2. Multivariate analyses to decipher ionic sources and influences across 
hydrogeologies

Uganda's groundwater chemistry reflects geogenic processes and 
potential anthropogenic influences, as revealed by the PCA biplot and 
dendrogram (Fig. 6a, b). The first two principal components explain 
62.3 % of the variance (cf. Fig. 5S), with major ions (HCO3

− , SO4
2− , Cl− , 

Na, Ca, and Mg) strongly associated with the positive PC1 axis, along 
which borehole samples predominantly cluster. This association sug
gests a dominant control of water-rock interaction and mineral disso
lution, with the positive co-variation of these ions, indicating shared 
geogenic sources. However, NO3

− and SO4
2− , despite aligning with the 

positive PC1 axis, may also reflect anthropogenic inputs, particularly in 
settings influenced by land use and sanitation (Wilson et al., 2024a).

Hierarchical clustering further distinguishes groups of geochemical 
indicators (HCO3

− , SO4
2− , Na, Cl− , Ca, Mg, and TDS), representative of 

natural water-rock interactions, from contaminants (NO3
− , NO2

− , PO4, 
and K), which are likely associated with agricultural fertilisers (e.g., 
NPK; IFDC and AFAP, 2018; Luswata and Mbowa, 2015), and 
urban-derived pollution (Lapworth et al., 2017; Wilson et al., 2024a, 
2024b).

Notably, fluoride showed positive associations with both HCO3
− and 

Na, consistent with the increased solubility of fluorite in Na-rich waters 
through base exchange processes that reduce Ca2+ concentrations. This 
pattern aligns with global and regional observations that Na–HCO3 
water types can enhance fluoride release from fluorite and other 
fluorine-bearing accessory minerals (Edmunds and Smedley, 2013; Haji 
et al., 2018; Rusiniak et al., 2021). In addition, Na and SO4

2− align 
together in C2, suggesting potential contributions from domestic 

Fig. 5. A Spearman's rank correlation matrix of key water quality parameters 
computed using data from all hydrogeological settings. Each cell in the matrix 
shows a correlation coefficient, with only statistically significant correlations 
(p < 0.05) displayed, while insignificant correlations are left blank. Correlation 
strength is visually represented through shading (darker shading is a stronger 
correlation) and the r values within each cell.
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wastewater sources, including laundry detergents (Bajpai, 2007), espe
cially in the urban or peri-urban settings. A detailed investigation of the 
impact of land use and anthropogenic influences on these ions is a topic 
of ongoing research by co-authors and extends beyond the scope of this 
manuscript.

4.3. Mechanisms and geochemical processes influencing groundwater 
chemistry

Most groundwater samples fall within the rock-weathering zone, 
indicating that rock–water interactions predominantly control ground
water chemistry (Fig. 7; Gibbs, 1970). This observation is consistent 
with the regional findings by Guma et al. (2021) and Owor et al. (2021), 
as well as Nyakairu et al. (2023) in the Kibiro springs.

Cation exchange and silicate hydrolysis generally outweigh halite 

dissolution as primary sources of Na, as most samples plot above or 
below the 1:1 line, with exceptions in MS and SDM (Fig. 8a). This 
interpretation is supported by mean (Na+ + K+)/Cl− ratios >1 across all 
hydrogeologies (Table 1), highest in MV and lowest in SDM, which is 
consistent with minimal evaporative concentration.

Carbonate dissolution is notable and may occur concurrently with 
silicate hydrolysis, for example Ca-rich plagioclase incongruent disso
lution, as several samples plot close to the theoretical 1:2 line (Fig. 8b). 
Deviations from this trend, especially in GG and MS, suggest the influ
ence of additional ion exchange processes.

Gypsum dissolution is minimal, with most samples above the 1:1 
gypsum line except in GG and MS (Fig. 8c). (Ca2++Mg2+)/SO4

2− ratios 
(>1; Table 1), particularly in VO, are consistent with the observation by 
Westerhof et al. (2014), who noted that evaporites like gypsum are more 
common in semi-arid areas than in tropical, rainfall-fed regions like 
those sampled in this study. Thus, the calcium-sulphate correlation 
(Fig. 5) likely reflects the dissolution of other sulphate-bearing sources – 
potentially of anthropogenic origin – other than gypsum alone.

Cation exchange processes are indicated by inverse paired changes in 
alkali and alkaline earth cations (Fig. 8d). The dominance of Ca and Mg 
over Na and K, especially in MS and VO (Table 1; Fig. 6S), suggests a 
plausible contribution from reverse cation exchange in addition to other 
Ca and Mg sources. In contrast, the lower (Ca2+ +Mg2+)/(Na+ + K+) 
ratios and Na-dominant facies in SDM and MV suggest a greater influ
ence of cation exchange and progressive geochemical evolution, 
alongside other Na and K bearing sources such as silicates.

Silicate weathering relative to carbonate dissolution is further re
flected in low-to-moderate HCO3

− /Na+ ratios (~1–4; Table 1), highest in 
VO and lowest in SDM. Notably, most samples are clustered at lower Ni/ 
Cr ratios (Le Vaillant et al., 2016), even with increasing HCO3

− levels 
(Fig. 7S a), suggesting that felsic rocks, rather than mafic or ultramafic 
sources, dominate incongruent dissolution. The Na-normalized plots 
(Fig. 8-e; Gaillardet et al., 1999) further support the predominance of 
silicate weathering with minimal evaporite dissolution. Deviations from 
end-member ratios indicate additional modifications, particularly by 
ion-exchange processes that alter the relative abundances of the major 
cations.

4.4. Geochemical behaviour and equilibrium states: saturation indices 
and stability of dominant mineral phases

The saturation indices (SI) for various mineral phases were examined 
to assess thermodynamic equilibrium conditions and to infer the po
tential for mineral dissolution or precipitation during geochemical 
interaction with aquifer host minerals (Fig. 9). Stability diagrams for 
feldspars, representing key silicates in the aquifer host rocks, were 
constructed to evaluate mineral stability and infer weathering trends 
across different hydrogeological settings (Fig. 10).

4.4.1. Saturation indices of the mineral species and implications
The saturation indices (SIs) for calcite and dolomite are mostly 

negative, indicating widespread thermodynamic undersaturation with 
respect to these minerals and potential dissolution in the aquifer matrix 
(Eq. [1] and [2]). However, calcite SIs exceed 0 in some samples from 
MS, SDM, and VO, suggesting localised supersaturation. Similarly, while 
dolomite is generally undersaturated, supersaturation occurs in samples 
from these settings and in GG. This occasional supersaturation likely 
reflects site-specific geochemical conditions, such as lower CO2 partial 
pressures (Benavente et al., 2015; Drever, 1988; Fussmann et al., 2020).

In addition, supersaturation may be influenced by the common ion 
effect, particularly through Ca2+ enrichment from gypsum dissolution, 
other Ca-bearing minerals, or water mixing processes (Langmuir, 1997). 
Notably, the geochemical behaviour of dolomite and calcite appears 
similar, as indicated by a strong relationship between their SIs (Fig. 7S 
b). Dolomitization, however, is unlikely, as the Mg/Ca ratio remains low 
(<1) across all samples. Moreover, the consistently high Ca/Mg ratios 

Fig. 6. a) Principal Component Analysis (PCA) biplot showing the relationships 
among various water quality parameters across different hydrogeologies and 
water sources. Colours represent hydrogeological units (GG – Granulitic 
Gneissic complex, MV – Metavolcanics, SDM – Unconsolidated sedimentary, VO 
– Volcanics, MS – Precambrian Metasedimentary), and shapes indicate different 
water sources (BH – Borehole, PH – Piped groundwater supply pumps, PS – 
Protected Spring). The axes represent the first two principal components, 
explaining 50 % and 12.3 % of the total variance, respectively, b) - Dendrogram 
illustrating the hierarchical clustering of Water Quality Parameters across the 
overall dataset based on scaled activity ratios. The plot shows four distinct 
clusters (C1–C4), determined by silhouette and elbow analyses, with branches 
coloured according to cluster membership. The dissimilarity in height indicates 
the degree of similarity between parameters. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.)
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(>1) suggest that calcium primarily comes from the dissolution of 
calcite and other Ca-rich minerals, such as anorthite, in the surrounding 
rock formations (Mayo and Loucks, 1995,Fig. 7S c).

4.4.1.1. Calcite dissolution 

CaCO3 (s) + CO2 (g) + H2O (l)→Ca2+ (aq)+2HCO3
− (aq).                [1]

4.4.1.2. Dolomite dissolution 

CaMg(CO3)2 (s)+2CO2 (g)+2H2O (l)→Ca2+ (aq) + Mg2+ (aq)+4HCO3
−

(aq).                                                                                              [2]

Gypsum, anhydrite, and halides (e.g., halite) consistently show 
negative SI values across all samples, indicating undersaturation. This is 
typical for non-saline, freshwater environments, where low levels of 
SO4

2− and Cl− are present due to the ongoing dissolution of these evap
orites rather than their precipitation (Eid et al., 2024; Getenet et al., 
2023). Despite their dissolution, gypsum and halides are not the primary 
ion sources in the sampled waters, with their contribution to overall ion 
concentrations being minimal (cf. Fig. 8a–c).

4.4.1.3. Gypsum dissolution 

CaSO4⋅2H2O (s)→Ca2+ (aq) + SO4
2− (aq)+2H2O (l).                         [3]

Interestingly, despite the general dominance of Ca as a major cation 
across the settings (cf. section 3.2.2), most samples remain undersatu
rated with respect to fluorite (CaF2). This undersaturation reflects the 
generally low fluoride concentrations across all settings, insufficient to 
reach CaF2 equilibrium. A few samples, however, approach saturation. 
In such cases, competing carbonate mineral equilibria become impor
tant. Precipitation of dolomite and calcite can lower dissolved Ca2+, 
which in turn can promote fluorite dissolution and lead to localised 
enrichment of fluoride in groundwater (Edmunds and Smedley, 2013).

4.4.2. Stability of feldspars
Unlike the carbonates and evaporate minerals, whose saturation 

indices can be directly interpreted (cf., section 4.4.1), the equilibrium of 
aluminium silicates requires careful consideration. As Appelo and 
Postma (2004) noted, dissolved Al concentrations in near-neutral pH 
groundwater are typically low and difficult to measure accurately. 
Additionally, Al-hydroxy complexes may persist in solution and not be 

fully removed by filtration, leading to uncertainties in speciation 
models.

To address these uncertainties, mineral relative stability diagrams 
are used as they assume that Al is conserved in the mineral phases. These 
diagrams reveal that silicate weathering, through ion release from 
feldspars (albite, K-feldspar, and anorthite), which are widespread in 
Uganda's granulites and sediments (Schneider et al., 2016; Westerhof 
et al., 2014), influences groundwater chemistry by forming stable sec
ondary mineral phases (Fig. 10). The incongruent dissolution equations 
are as follows:

Albite dissolution 

2NaAlSi3O8 (s)+ 2H2CO3+ 9H2O→ Al2Si2O5(OH)4 + 2Na+ (aq)+
2HCO3

− (aq) + 4H4SiO4(aq)                                                             [4]

K-Feldspar dissolution 

2KAlSi3O8 (s)+2H2CO3+9H2O→Al2Si2O5(OH)4+ 2K+ (aq)+ 2HCO3
− (aq) + 4H4SiO4(aq)                                                                      [5]

Anorthite dissolution 

CaAl2Si2O8 (s)+ 2CO2+ 3H2O→Al2Si2O5(OH)4 + Ca2+ (aq)+ 2HCO3
− (aq)                                                                                             [6]

Most samples across all feldspars fall within the clinoptilolite sta
bility field (e.g., clinoptil-Na for Albite, Fig. 10 A; clinoptil-K for K- 
feldspar, Fig. 10 B; clinoptil-Ca for Anorthite, Fig. 10 C). Around 35 % of 
all samples, including ~40 % of VO samples, lie within the pyrophyllite 
field for albite. Few MS samples for Anorthite and none for K-feldspar 
fall within pyrophyllite. Most VO samples for Albite and anorthite trend 
towards the kaolinite field. Most samples are on the right side of the 
quartz saturation line, indicating supersaturation with respect to quartz, 
consistent with its supersaturation (cf. Fig. 9). Conversely, most samples 
are on the left of amorphous silica solubility line, indicating under
saturation, except for a few borehole samples in SDM, MS and MV 
settings.

The dominance of samples plotting within the clinoptilolite stability 
field suggests conditions favourable for zeolite formation. Zeolite de
posits have been reported in eastern Uganda (Wangi et al., 2023), 
although the actual clinoptilolite occurrence in these aquifers is uncer
tain and its presence is theoretically modelled based on equilibrium 
conditions. Even at low abundance, clinoptilolite can influence 
groundwater chemistry by facilitating active ion exchange 
(Rodríguez-Iznaga et al., 2022).

Fig. 7. Gibbs diagrams (Gibbs, 1970) showing the relationship between water chemistry and TDS across different water sources and hydrogeologies. a) -TDS Vs 
Na+/(Ca2+ + Na+); b)- TDS Vs Cl− /HCO3− . All ionic concentrations are in mg/L. Dashed lines mark the key zones of precipitation, evaporation, and rock-weathering 
dominance. Water sources (BH – Borehole, PH – Piped groundwater supply pumps, PS – Protected Spring) are distinguished by shape, while hydrogeological settings 
(GG – Granulitic Gneissic complex, MV – Metavolcanics, SDM – Unconsolidated sedimentary, VO – Volcanics, MS – Precambrian Metasedimentary) are represented 
by different colours. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Samples plotting towards the pyrophyllite field reflect aquifers that 
have undergone substantial leaching, producing high dissolved silica 
relative to alkali and alkaline-earth cations. This chemical composition 
is consistent with long-term weathering of the low to medium-grade 
metamorphic basement of Uganda's older continental crust (Schlüter, 
2008; Westerhof et al., 2014), where cations are preferentially leached 
while silica accumulates in solution, driving the system towards condi
tions that stabilise pyrophyllite. In contrast, VO samples occupying the 
kaolinite stability field, reflects monosiallitisation in well-drained 

environments (Gountié Dedzo et al., 2017; Langmuir, 1997; Tardy, 
1971).

The limited gibbsite formation and observed monosiallitisation align 
with expected less aggressive post-Neogene weathering conditions 
(Modenesi-Gauttieri et al., 2011) characteristic of the prevalent 
Neogene rocks, particularly in the country's volcanic areas (Westerhof 
et al., 2014). In the VO setting, low dissolved silica levels reflect 
advanced silicate weathering of reactive volcanic rocks (Appelo and 
Postma, 2004), such as basalt and rhyolite in the Elgon volcanic region 

Fig. 8. Geochemical processes controlling groundwater chemistry across contrasting hydrogeological settings. Scatter plots show the relationships between key ion 
pairs for various processes: (a) - Evaporite Dissolution ((Na+ + K+) vs Cl− ); (b) - Carbonate Weathering ((Ca2+ + Mg2+) vs HCO3

− ); (c) - Gypsum Dissolution ((Ca2+ +

Mg2+) vs SO4
2− ); (d) - Cation Exchange ((Na+ + K+) - Cl− ) vs (Ca2+ + Mg2+) – (HCO3

− – SO4
2− )) (Blanchette et al., 2010; Fisher and Mullican, 1997); and (e)- 

representation of all geochemical processes (Molar (HCO3
− )/Na+) vs (Ca2+

+ Mg2+)/Na+) (modified from Gaillardet et al., 1999). Dashed line is included to indicate 
an ideal stoichiometric relationship for dissolution processes. Different hydrogeologies are represented by distinct colours: GG – Granulitic Gneissic complex, MV – 
Metavolcanics, SDM – Unconsolidated sedimentary, VO – Volcanics, MS – Precambrian Metasedimentary. Water sources are indicated by different shapes: BH – 
Borehole, PH – Piped groundwater supply pump, PS – Protected Spring. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)

Table 1 
Mean major ionic ratios across contrasting hydrogeologies (HG) in Uganda. All ionic concentrations are in mmol/L.

HG (Na++K+)/Cl− (Ca2++Mg2+)/SO4
2‒ (Ca2++Mg2+)/HCO3

− (Ca2++Mg2+)/(Na++K+) HCO3
− /Na+

GG 3.4 6.4 0.3 1.0 1.8
MS 2.6 6.1 0.8 1.4 1.9
MV 17.5 5.3 0.6 0.9 1.7
SDM 2.3 4.4 0.7 0.7 1.3
VO 5.2 74.3 0.5 1.6 4.0

D. Muloogi et al.                                                                                                                                                                                                                                Applied Geochemistry 200 (2026) 106738 

11 



(Williams, 1969), with potential contributions from nepheline 
(Westerhof et al., 2014). The rapid flow within the sampled springs and 
corresponding lower silica accumulation favour kaolinite stabilisation, 
while other hydrogeologies likely experience less intense weathering, 
stabilising clinoptilolite and retaining higher dissolved silica.

5. Conclusion

Assessment of groundwater chemistry across Uganda's contrasting 

hydrogeological settings revealed distinct hydrogeochemical patterns. 
The SDM showed the highest major ion concentrations (Ca, Mg, Na, K 
Cl− , F− , SO4

2− , and HCO3
− ), while VO exhibited the lowest, likely due to 

limited rock-water interactions and rapid flow rates. MS showed the 
greatest variability in Ca, Mg, and Na, consistent with heterogenous 
geochemical controls. Elevated NO3

− , especially in MS groundwater, 
likely reflects anthropogenic contamination, noting detailed tracing of 
anthropogenic contributions is a topic of ongoing investigation.

Exceedances of (provisional) WHO guidelines values for selected 

Fig. 9. Saturation indices (SI) of various minerals as a function of Total Dissolved Solids (TDS) across different water sources and hydrogeological settings. The 
minerals include carbonates (calcite, dolomite), gypsum (or anhydrites), halides (halite, fluorite), and quartz. Colours represent different hydrogeologies (GG – 
Granulitic Gneissic complex, MV – Metavolcanics, SDM – Unconsolidated sedimentary, VO – Volcanics, MS – Precambrian Metasedimentary) and shapes indicate 
water sources (BH – Borehole, PH – Piped groundwater supply pumps, PS – Protected Spring). The dashed horizontal line (SI = 0) indicates equilibrium between 
dissolution and precipitation for each mineral, where values above 0 signify supersaturation and values below 0 indicate undersaturation. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Relative mineral stabilities plotted on (A) log (aNa+/H+); (B) log (aK+/H+); (C) (aCa2+/(H+)2) vs log (a (H4SiO4) activity ratio diagrams. Points are shaped 
by water source (BH – Borehole, PH – Piped groundwater supply pumps, PS – Protected Spring) and coloured by hydrogeology (GG – Granulitic Gneissic complex, MV 
– Metavolcanics, SDM – Unconsolidated sedimentary, VO – Volcanics, MS – Precambrian Metasedimentary).
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target analytes were relatively low; only 3 % of total samples surpassed 
limits for Fe, F− and Cl− , 5 % for Mn, while 14 % for NO3

− . By hydro
geological settings, exceedances were: (i) MS – 20 % NO3

− , 13 % Mn, and 
7 % Cl− ; (ii) GG – 14 % NO3

− , and 5 % Fe; (iii) MV –17 % Fe; and (iv) SDM 
– 10 % F− .

Groundwater in Uganda is generally fresh and shallow, dominantly 
Ca–HCO3 type, reflecting limited geochemical evolution typical of 
shallow, discontinuous aquifers. Exceptions occur in MV and SDM, 
where Na–HCO3 and Na–Cl facies dominate respectively, consistent 
with cation exchange and advanced geochemical evolution. Despite the 
shallow nature of the groundwater, the weatherability of primary min
erals strongly influences groundwater chemistry. Silicate (dominantly 
felsic) weathering, cation exchange, and carbonate dissolution 
contribute to baseline ion concentrations, while evaporative concen
tration and gypsum dissolution are minor across all settings. Most 
samples across all settings showed undersaturation for calcite, dolomite, 
gypsum, and halides, but supersaturation of quartz. Kaolinite is ther
modynamically stable only in volcanics, where active monosiallitisation 
likely occurs, and the rapid water flow, well-drained conditions, and low 
silica content favour its stabilisation. In other settings, clinoptilolite is 
favoured, consistent with active cation exchange and early-to- 
intermediate stages of silicate weathering under higher dissolved silica 
conditions. These findings reveal diverse geochemical processes shaping 
Uganda's groundwater chemistry, emphasising the need for 
hydrogeologically-tailored groundwater monitoring and management.
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